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PREFACE TO THE SECOND EDITION

AN inspection of the chapter and section-headings set out in
order on pages viii to xii, and of the subject index at the end
of the book, will make it evident that the general structure of
this edition is similar to that of the first edition; but in this
second edition notice has been taken of some of the recent
advances in certain of the aspects of plant physiology that
were discussed in the first edition. The most extensive changes
will be found in the chapter on respiration, and in scattered
sections dealing with oxidation enzymes, the zymase-complex,
the absorption of solutes, the translocation and storage of
solutes in the cotton plant, mineral nutrition, the composition
of chloroplasts, the reactions occurring in photosynthesis, and
plant hormones. To some extent old matter has been deleted
to make way for the new, but the increase in the number of
pages is substantial.

I express my thanks to my sister and to Dr. W. E. Foster
for help given in the revision of proofs.

M. THOMAS.

PREFACE TO THE FIRST EDITION

* ON all great subjects, much remains to be said.” This is in
several senses applicable to the study of the functional processes
that occur in plants, and no apology is necessary for the pub-
lication of a new book on this great subject. It is true that
excellent recent and older works exist, but they are not
numerous, and there is still room for several more in which the
subject is treated from different standpoints and with different
objects in view.



vi PREFACE

The present book has been written to assist students who
wish to develop the knowledge of plant physiology that they
have acquired in general courses on botany given in the higher
forms at school or in the first year at a university. It is
therefore hoped that it will prove useful to students of
chemistry, physics, agriculture, and other subjects, who have
acquired such knowledge, as well as to students who are making
a special study of botany. It cannot be too strongly emphasized
that there is immense scope for pioncering investigation for
those who can apply in the field or in the laboratory modern
knowledge of physics and chemistry to problems of plant
physiology.

The range and limits of this work and the plan adopted are
indicated by the list of contents. A few additional remarks
may prove helpful. The first point to note is that anyone
competent to produce a completc work on the physiology of
plants would require for his discussions the accommodation of
several volumes, each of considerable size. I only accepted
the invitation to write this book because the limits of size set
—which my publishers have since generously allowed me to
exceed—precluded my attempting to trcat the whole of the
subject. I decided to confine my attention to the analysis of
the principal physiological processes that occur in green plants,
and to have in view the formulation in terms of physico-
chemical concepts of problems for further consideration by the
reader. Even within these limits the trcatment is far from
complete. For instance very little attention is given to the
physiology of development and none at all to the question of
reproduction.

Students who already possess some knowledge of the subject
should be able to recad with understanding the chapters in the
sequence in which they appear.! But it must be pointed out

1 The lecture course on which the subject-matter of this book is based
actually begins with the study of biophysics as represented by chaps. I,
II, and 1V, taken in conjunction with appendix II. Questions of
general physiology are then considered, and the course ends with the
study of biochemistry as represented by chaps. I (sections A and
C), 111, XI, XII, XIII (section D), XIV (sections E, ¥, and G), and
appendix I.



PREFACE vii

that as a result of the arrangement adopted it has sometimes
been nccessary to usc for illustration in the earlier chapters
facts and ideas that are more ‘ully considercd in a subscquent
part of the book. There are, however, ample cross-references
in the text, and the index is of fair size. Secctions on such
aspects of organic chemistry and physical chemistry as have a
bearing on the arguments in the main body of the book have
been brought together in appendices I and II. In writing
these I have been forced to assume in the reader an elementary
knowledge of physics and chemistry.

It is hoped that when this book has been mastered the
reader will derive increased profit from his study of larger or
more advanced works, monographs, reviews, and accounts
and discussions of original work in current periodicals. I
have not attempted to make this book a key to modern
literature. Other books, such as that of Barton-Wright (11)
in the *Recent Advances” scries published by J. & A.
Churchill Ltd., scerve this purpose. For certain subjects,
however, I have pointed out the sources from which more
complete and original information may be obtained. The
italicized numbers appearing after the namec of an author
refer the reader to the citation of a published work in the
bibliography which constitutes appendix III.

My sincere thanks are offered to my sister Dr. Nesta
Ferguson, who has carefully and critically read the whole of
the manuscript and proofs; to Professor A. Ferguson for
much valuable advice; and to Dr. R. D. Haworth of Arm-
strong College for the considerable help he gave me while I
was writing appendix I and for reading the proofs of this
appendix. All tho illustrations in the book have been drawn
by Mr. P. Gibson of the Department of Botany, Armstrong
College.

M. THOMAS.
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PLANT PHYSIOLOGY

PART 1
PROTOPLASM

CHAPTER I
THE LIVING CELL AS A WHOLE

A. The Biological Concept of Protoplasm

THeE term life, used in some such sense as “ the active
principle peculiar to animals and plants and common to them
all,”” denotes an abstraction, for the active principle has so far
eluded man’s powers of perceptual apprehension. The task
of discussing this term must be left to philosophy, for biological
science is an objective study, which starts by assuming the
existence of material things, and uses certain criteria to distin-
guish living organisms, as material things, from non-living
objects. It is not generally agreed that a sharp distinction
between biological and physical science is justified by the data
which have been acquircd by observation and experiment.
Some_ investigators have maintained that there is a gradual
transition from non-living to living things (as defined below)
and others that the gulf between these two classes has not been
bridged in recent times. Possibly, however, all would agree
to class as living organisms things that can grow by assimilating
dissimilar substances in a specific manner, and display powers of
reproduction, i.e., of yielding progeny similar to the parental
form or forms.

Visible objects that could grow and multiply were in our
earliest records described as living, but, with one or 1wo notable

THOMAS'S PLANT PHYS. 1 ’ 1



2 THE LIVING CELL AS A WHOLE

exceptions (e.g., Leecuwenhock, 1673), observers did not apply
these criteria to distinguish between minute living and non-
living objects when these were first seen as single units with
the aid of the newly discovered microscope (Locy, 88;
Singer, 131). Knowledge of the internal structure of visible
living organisms grew steadily in the seventeenth and eighteenth
centuries, and, with the development of the achromatic
microscope, rapidly in the early part of the nineteenth century.
Furthermore, as a result of again observing the behaviour
of objects of microscopic dimensions, biologists came to
recognize the existence of what we now term micro-organisms.

Sturdy opposition had to be overcome before it was generally
accepted that certain minute objects were living. Thus the
nineteenth century was far advanced before Pasteur finally
convinced certain chemists that the agents of fermentation
and putrefaction must, on the score of their powers of growth
and multiplication, be considered as living! (Huxley, 69).
By then it was realized that all the known forms of living
organisms, plant, animal, or plant-animal, large or small, simple
or complex, automata or rational beings, are bound together
in a single class, the living kingdom, by virtue of their
possessing in common one kind of basic structure, and one
kind of active matter. This fundamental generalization, which
was arrived at by drawing inferences from the data of observa-
tion and experiment, correlated the display of vital phenomena
with the occurrence in all organisms of an essential and concrete
basis, which, unlike an ** active principle ”” or a ‘ vegetable
soul,” could be subjected to closer scrutiny.

The enunciation of the cell theory, in 1888, by Schleiden
and Schwann marked the beginning of a new phase in the
progress of biological investigation, for the causation and
control of vital phenomena in all living organisms were

1 At the present day doubt exists concerning the status of certain
ultramicroscopic agents such as the so-called bacteriophage. The
?uestion is, do such agents possess individuality, and grow and multiply ?

f they do, they must be classed as living objects, until such time (if it
ever comes) as man decides upon some other method of distinguishing the
living from the non-living,
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virtually attributed to the properties of their constituent
cells. It was soon established for plants that, whereas a
cell as a whole, including the cell-wall, is the basic unit of
structure, it is the slimy mucus inside the cell-wall that is the
active matter of the kind common to all living organisms, and
that in this mucus reside the causal factors governing the
vital phenomena that lead to specific growth and develop-
ment, and to reproduction. Thus, naked masses of mucus (e.g.,
the zoospores of Vaucheria) had been observed to form cell-
walls and give rise by growth and development to adult forms
of well-known species. Von Mohl, in 1844, gave the name
protoplasm to this mucus, and this name is still used to
describe all forms of *“ living matter.” Previous observations
-on the distribution of cell mucus in plants and on its micro-
scopic appearance were confirmed and extended. It was
cstablished that plants are built of living cells and dead cells,
and a living cell was defined as a *“ mass of protoplasm con-
taining a nucleus.” * The foundations had been laid for those
microscopical observations which have since revealed that
each cell, nucleus, and chromosome, in a multicellular organism
comes from a pre-existing cell, nucleus, or chromosome, and
ultimately from a single nucleated mass of protoplasm. We
now know that this initial living cell carries the factors of
inheritance, which are derived from the parent or parents, and
predetermine, within limits, what characters will develop, and
what will be the bchaviour of the organism during subsequent
growth. Nucleated protoplasm, then, governs growth and
development, and, in the reproductive phase of the life-cycle,
by forming the connecting link between successive generations,
serves to perpectuate the general characters of the race to
which an individual belongs.

The simplest aggregation of matter in which these phenomena
have been observed is protoplasm containing nuclear material.
The living cell, as defined above, therefore represents one of the
irreducible concepts of biology.

1 Atthe present day, one adds, *‘ or nuclear material.”” Cells,such as those
of bacteria, which do not contain a well-defined nucleus, are thus included.

1-—3



¢ THE LIVING CELL AS A WHOLE

B. The Functional Endowments of Living Cells

By attributing to the powers resident in protoplasm such
increase in size and change of substance and form as occur
during cell-division and differentiation, one assigns to proto-
plasm the power of transforming matter and cnergy in a specific
manner. Every initial living cell is a specific metabolizing
system, and every living tissue produced during growth
possesses specific metabolic powers.  Protoplasm in growing
regions assimilates some of the food material with which it is sup-
plied and derives energy for this essential synthesis by oxidizing
another part of this food (pp. 220 and 308). Oxidations in
which energy is liberated occur in all living cells, and comprise
the respiratory processes of cells. Respiration is thus one of
the signs of life ; even dormant sceds show this sign.

Some of the respiratory energy that is not used in vital
processes is liberated as heat (p. 319). Recent work suggests that
electrical energy as well as chemical and heat energy may be
generated inside living cells. In Osterhout’s laboratory during
the course of certain experiments on the marine alga Valonia,
immersed in sap expressed from the large central vacuole, a
persistent electromotive-force of approximately 14-5 millivolts
was observed across the thin protoplasmic film which lined the
cell-wall of this ceenocyte. No clectromotive-force was
detected when killed cells were used. Consequently the
generation of electrical energy in living cells has been de-
scribed as a bio-electric phenomenon, and protoplasm as ¢“a
self-charging accumulator capable of doing work " (Gray, 61,
p- 24).

Inheritance determines not only the specific metabolic
powers that are developed by living tissues, but also the relative
ease with which living cells allow substances to pass in and
out. Powers of specific absorption, and specific elimination
appear then to be among the endowments of protoplasm
(chap. IV, B).

The characters that develop during growth, and the total
behaviour of organisms, are not absolutely predetermined by
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the factors of inheritance contained in the protoplasm. They
are rather the products of the interplay between these factors
and certain significant environmental factors. The environ-
ment is said to have a modifying influence upon the develop-
ment and behaviour of growing organisms (p. 383). Thus the
environment provides the matter and energy for the healthy
growth of green plants, and, obviously, diffcrent environments
may have different nutritive values for a given race. For
descriptive purposes certain of the environmental influences
may be usefully grouped together as stimuli. The way is thus
prepared for further aralysis and for description in physico-
chemical terms of the chain of reactions involved. A stimulus
may be defined as an external or internal agent that evokes in
an organism a response in which the amount of energy liberated
greatly exceeds that brought into the reacting system by the
inducing agent.  In this book the term will be used in this
limited sense, and connoting no additional properties. Thus
we do not imply that a threshold value must be exceeded before
a stimulus is effective, nor that stimulus reactions are, like the
firing of a match, ** all or none.” 1

Formative stimuli (p. 883), and those governing the orienta-
tion of plant-members or inducing movement (p. 428) will be
considered later. Here we note that the power and mode of
response are governed by what is termed the specific irritability
of living cells, which are said to perceive stimuli; changes,
which lead to response, are wrought. Thus Chlamydomonas
swims towards a unilateral source of light of moderate intensity,
and Amaba ceases to show pscudopodial movement and
becomes spherical under the influence of an electrical stimulus.

In addition to external stimuli, which ecause induced
responses, stimuli may be generated within living protoplasm.
These will evoke autonomic responses. Sue¢h movements of
Chlamydomonas and Ameeba as are not directed by external
agencies may be described as autonomic. Other good examples

! Went and Thimann (262, p. 244) consider the stimulus concept to be
a ‘ somewhat old-fashioned idea.”” The question of the present utility of
this idea provides an interesting subject for debates.
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of autonomic movements that are readily observed in living cells
are the circulation of protoplasm in cells near the midrib of a
leaf of Elodea, in the staminal hairs of Tradescantia sp., and in
filaments of Nitella. The power of movement in response to
internal or external stimuli is another of the signs of life, for
such movement implies the presence of irritable living cells, and
therefore of protoplasm.

It appears then that two identical living cells, or two twin
complex organisms that have been derived from a given kind of
protoplasm, may exhibit striking differences in mode of growth
and general behaviour when placed under different environ-
mental conditions. This does not mean that protoplasm
becomes fundamentally changed by environmental agencies,
but it does mean that protoplasm of a given kind is endowed
with far more extensive powers than can be revealed by keeping
it continually in a single environment of fixed composition.

C. The Necessary Conditions for Protoplasmic Activity

It is obvious that constructive metabolic processes that lead
to growth depend upon the presence in the environment of
suitable food, or of raw material that can be transformed into
food. For this transformation to be effected at a sufficient
rate for the growth of green plants, light-energy of wave-
lengths 650-700up must be incident upon the leaves. In
certain plants (e.g., green plants) growth (p. 894) and
many associated processes (e.g., the circulation of protoplasm)
cease under anaerobic conditions. Such aerobic plants can
procure the necessary energy from food-stuffs only in the
presence of oxygen. Tissues of many aerobic plants can,
however, keep alive for short periods in the absence of oxygen,
and return to full activity on re-exposure to air ; but prolonged
exposure to anaerobic conditions may lead to injury and death,
as has often been found in attempts to prolong the lives of
fruits and vegetables by storing them in pure pitrogen. It is
not yet definitely established whether protoplasm suffers directly
from the absence of oxygen, or whether certain of the sub-
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stances produced during anaerobic metabolism (p. 847) are
toxic.

Active protoplasm usually contains more than 90 per cent.
water, but in certain cells (e.g., those of ripening seeds), this
amount may be reduced to well below ten per cent. without
injury. General activity is, however, greatly diminished, and
what is termed a state of dormancy may result. Full
activity may be regained after the air-dry cells have imbibed
water and regained turgor.

Protoplasmic activity is considerably affected by changes in
the temperature of the surroundings. Instructive experiments
may be performed on the cffects of temperature on the rates
(a) of circulation of protoplasm in the cells of Elodea, (b) of
growth of bacteria on slopes of nutrient agar, and (c) of
exosmosis of anthocyanin from the cells of red beet—three
phenomena depending upon protoplasmic activity—and
it will be found that protoplasm maintains its powers un-
impaired only between certain temperatures. Thus pro-
longed exposure to temperatures greater than 40° C. causes
irreparable injury. The higher the temperature the more
rapidly is protoplasm killed ; 50° C. has often been cited as
approximately the death temperature of protoplasm, but it
is now realized that the effect of temperature cannot be dis-
sociated from the duration of exposure (p. 894), and one may
state that, as a rule, protoplasmic activity can only be main-
tained at temperatures between 0° C. and 40° C.1 A rise of
temperature augments all forms of activity until a temperature
injurious to protoplasm is reached, when activity diminishes.

Low temperatures, but above 0° C., may have obscure
effects upon protoplasmic activity, some of which may lead to
injury and death. For example, no explanation can as yet be
given of the facts (a) that a certain minimum temperature,
which varies from plant to plant, is necessary for growth, and
(b) that certain varieties of apple turn brown prematurely
when stored at temperatures lower than 5° C. At temperatures

1 See Pfeffer (110), vol. 11, p. 75, for data for different plarts, including
thermophile bacteria and certain alge that can live in hot springs.
¥
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below 0° C., living cells may suffer from frost-injury, especially
if a period of severe frost is followed by a rapid thaw. For
instance, exosmosis of anthocyanin takes place rapidly from the
cells of a red beetroot which is subjected for a few hours to the
temperature of a salt-ice freezing mixture, and is subsequently
transferred to a temperature of 20° C. It should be noted that
the freezing-point of cell sap is lower than that of water, and
will depend upon the concentrations of solute molecules
dissolved in the sap.

The resistance of protoplasm to the injurious effects of low
and high temperatures increases as the water-content is reduced.
Thus dry bacterial spores have been kept at the temperature of
liquid air (—191-5° C.) without loss of vital powers, and
temperatures greater than 100° C. are often necessary to kill
such spores. A simple illustrative experiment with the higher
plants is to compare the effect, on their subsequent germination
capacity, of exposing dry and swollen seeds to low and high
temperatures (c¢f. p. 892).

Experiments on seed germination (p. 392) and on the rate of
exosmosis of the sap from cells of red bectroot (pp. 85 and 88)
show that protoplasmic endowments are maintained within only
a narrow range of hydrion concentration, and only when there is
a suitable balance between monovalent and divalent ions in
environmental solutions. The osmotic pressure of the environ-
mental solution must not be higher than that of cell-sap (¢f. water
requirement, mentioned above). Implicit in the terms narcotic
or toxic substance is the fact that protoplasmic activity may
be retarded or temporarily inhibited, or that protoplasm may be
killed by certain chemical substances which may be present in
the environment. Thus it has been suggested that the presence
of carbon dioxide in relatively high concentrations in the soil
may narcotize certain seeds, and so impose a state of dormancy
(p. 188) : and it has long been known that copper and certain
other metallic ions kill protoplasm ; hence the efficiency as
fungicides of spraying-mixtures containing copper.

Finally, we note that the presence of such stimuli as have
a formative influence on the development of essential organs
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(e.g., for green plants light from the blue-violet end of the

spectrum) is also a necessary condition for the display of the
full powers of growing living cells.

D. Visible Sub-cellular Functional Units

The study of function requires that attention be paid to both
agent and action, viz., for vital function, functional structural
unit, and physiological process. It should be noted that
whereas we regard the cell as the unit of structure, and must
allow that only nucleated protoplasm can grow and multiply,
the structural units which actuate the individual physiological
processes may be of sub-cellular dimensions.

It is easier to investigate process, and describe what is found
in suitable terms, than to attempt the eclucidation of the
structure and mode of action of minute protoplasmic machines.
Nevertheless, analysis of protoplasm has been attempted, and
proceeds in several ways. The observation and description
of what may be discerned with the aid of the microscope in
living cells at rest and in activity is included in the subject-
matter of cytology. In books on this subject (e.g., Sharp, 129)
will be found full descriptions of the structural heterogeneity of
typical living plant-cells—of the cytoplasm and such visible
structures as plastids and mitochondria, and of the nucleus
with its constituent parts. The structure and mode of action
of certain of these microscopically visible sub-cellular units
of function (e.g., chloroplasts) will be considered in later
chapters. It should be noted that genetics is a branch of
physiology, and the chromosome theory of heredity is one
which assigns to sub-cellular units within chromosomes func-
tions of carrying the factors of inheritance from parents to
offspring and of governing the modes of interplay between
organism and environment that come into action during growth
and development.

But it is usual, nowadays. owing to the rapidity with which
it has developed, to study genetics as a separate subject, and
a good choice of books is available (Babcock and Clausen, 6
Punnett, 118; Sansome and Philp, 127).
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Another way of analyzing protoplasm and the parts recog-
nized by cytologists, viz., the physico-chemical way, comes
within the province of physiology, but we have no space to do
more than indicate some of the problems. The aim of
physiologists, who approach the concrete object, living cell, with
a view to analysis, is to narrow the gap between the biological
concept of protoplasm and the physico-chemical concepts of
matter and energy. Those generalizations which resume the
properties of inanimate objects are used to describe the proper-
ties of the parts of living objects. Attempts are thus made to
describe the workings of whole cells in terms of the co-ordinated
physico-chemical activities of their parts.



CHAPTER II

THE PHYSICO-CHEMICAL HETEROGENEITY OF
PROTOPLASM

A. Gross Chemical Analysis

Tue formulation of biological problems in physico-chemical
terms requires a knowledge of the chemical composition and
the physical state of the functioning units in cells. Gross
chemical analysis of protoplasm collected from various sources
and killed in various ways has provided valuable information,
which has led to micro-chemical investigations on the distribu-
tion of substances in the microscopically visible structures in
living cells (section C), and to important anguments concerning
the physical state of cell-components (section D). For
example, the plasmodia of Myxomycetes, which consist of
nucleated protoplasm,! together with engulfed food-stuffs and
metabolic products of diverse functional value, have on several
occasions been analyzed. The results of an analysis by
Lepeschkin are recorded below.

Analysis of the plasmodium of a Myxomycete (probably
Fuligo varians)

A. Organic substances.

(i.) Water soluble. dl?yel;v cent.
Monosaccharides . . . . . 142
Proteins . . . . .22

Amino-acids, purines, asparagme, etc. . 2438

! The ides of a skeletal * living machine,” i.c., protoplusm proper, is a
pure abstraction : what one tries to do is mentally {0 separate executive
structural units in cells from the ** raw material ” and * fuel "’ that they
assimilate or consume during growth.

* The percentage of water in the living protoplasm was 82-6.

1
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(ii.) Insoluble. drs welght.
Nucleoprotein . . . . . 828
Free nucleic acid . . . . 2:5
Globulin . . . . . . 05
Lipoprotein . . . . . 48

Neutral fats . . . . . 68’
Phytosterol. . . . . . 82
Phosphatides . . . . 18
Polysaccharides, pigments, resins, etc . 35
B. Mineral matter . . . . . . 44

It is assumed that the insoluble organic substances, other
than those in the polysaccharide group, form the basis of the
executive structural units in protoplasm, since they have all
been detected in a wide range of plant-cells and animal-cells. It
should be noted that these organic compounds are always
associated with mineral matter in solution, and the presence of
free ions of potassium, calcium, magnesium, iron, chlorine,
sulphate, phosphate and, possibly, of traces of manganese,
copper, and zinc, may be essential for the activity of protoplasm.

Other substances, which do not appear in such an analysis
table, are probably invariably present, and form an essential
part of the working mechanism of living cells. The clucida-
tion of the chemical nature of enzymes, co-enzymes, activators,
etc., adds to our knowledge of such substances. Thus hamo-
chromogens (e.g., cytochrome), catechol compounds, certain
nucleotides, ascorbic acid, and the tripeptide glutathione,
may be essential components of the oxidation mechanisms
that actuate vital processes. In green cells, the chloroplast
pigments might be included among the executive substances,
seeing that they are essential for photosynthesis. It should
be noted that growth implies the synthesis by plants of the
essential components of protoplasm (p. 880). In order to define
problems of metabolism it is evidently of first importance to
have some understanding of the chemical composition of these
components. All the substances mentioned in this section are
considered in Appendix I,
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It is noteworthy that there is always a preponderance of
hydrogen ions over hydroxyl ions in plant-sap. Indeed, there
is some evidence that the pH often fluctuates between 4 and 6.
The isoelectric points of many proteins also lie between these
pH values. Cell-sap is usually on the acid side of the iso-
electric points, but, in spite of the presence of buffer-subst.nces,
metabolism may bring about fluctuations in the pH of a given
cell, and thereby induce changes in the physical state of cell
proteins, such as would affect the physiological behaviour of
the whole cell (Small, 133).

We may sum up by stating that chemical analysis indicates
that the protoplasm as a whole in any plant-cell appears to
be constructed from certain well-defined classes of organic

compounds in association with acidic aqueous solutions of
clectrolytes.

B. The Physico-Chemical Heterogeneity of Protoplasm in relation
to Varietal Differences

The chemical substances found on analyzing killed proto-
plasm were at one time regarded as decomposition products
of a single large living molecule, which was referred to as a
biogen (for a critical account of this view sec Hopkins, 68).
" The modern view is that many of these substances occur as
free molecules in protoplasm, and that protoplasm is therefore
chemically heterogenecous. Nevertheless, it is probable that
some separation of the molecular components of executive func-
tional units occurs during chemical analysis. These units may
be built up of chemical compounds more complex than those
indicated by the results of analysis, or of distinct molecules
which exist in some essential physical association within the
living protoplasm. It was Négeli who first suggested that
certain of the molecules might come together under physical (in
contra-distinction to chemical) forces to produce definite struc-
tural units, which he named micelle. We may picture a micella
as a unit composed of two or more molecules of the same com-
pound or of different compounds, the molecules retaining their
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identity within the whole physical aggregate. Furthermore,
ions may be adsorbed on the surface of a micella, and play a
part in its functional activity. Molecules and micelle may
remain free, or adhere under physical forces to produce fibrils
or other quasi-crystalline structures. It is possible that
X-ray analysis may in the future throw light on what is at
present an obscure problem,

Buildings are constructed according to plan from bricks and
mortar ; machines, in fulfilment of design, from spare parts ;
protoplasm, then, one may imagine, grows by the production
and coming together of molecules and micellz in a fashion
that is governed by the inheritance of the race to which the
protoplasm belongs. It is a highly significant fact that the
number of different living structures that might be constructed
from the classes of substances found in protoplasm greatly
exceeds the number of races of living organisms which now
exist, or have existed in the past and are now extinct. For
instance, the protein group comprises an immense number of
distinct individuals (p. 521), and certain delicate precipitation
tests have indicated that differences may be detected in the
proteins of two races of the same species. Racial differences
must be attributed to structural design as well as to chemical
differences in the building material. There will be variation in
ultra-microscopical structures as well as in those structures in
the nucleus and cytoplasm which can be studied with the
microscope. It is clear that an almost infinite number of
distinct structural forms might ! be constructed from the
large number of molecules present even in the smallest living
cell, by using for each constructive operation different numbers
of molecules and putting together in different ways those

1 Le., did man possess such powers of manipulation as would permit
him to work with individual molecules as a builder works with bricks. In
passing we may note here that since man does not possess such ultra-
delicate powers, it would be idle for him to attempt the synthesis of any
given form of protoplasm, man’s or amaeba’s. It is conceivable, however,
that molecules might by chance come together under natural forces under
experimental conditions, so as to yield structural forms capable of growth
and multiplication. It is highly improbable, however, that such forms
would exhibit kinship to existing forms of protoplasm, the products of
natural causation through the ages.
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selected for use. For example, Haldane (57, p. 178) has calcu-
lated that a single yeast cell may contain as many as 150,000
molecules of saccharase (invertase). This enzyme is only one
of the many enzymic and other components of the protoplasm
of yeast. One may sum up by stating that the term
protoplasm, when used in a physico-chemical sense, connotes a
kind of material, infinitely variable, but always built on a
similar general plan from molecules belonging to a limited
number of well-defined classes of compounds. All living forms
possess a certain community of structure as well as of faculty,
but each form is in some respect sui generts in point of structure,

and, consequently, of functional power (cf. older views as
expressed by Huxley, 70).

C. Distribution of Substances in Protoplasm

The inorganic constituents of cytopiasm and nuclei. Micro-
chemical tests have been used to study the distribution of cer-
tain inorganic constituents in protoplasm. Thus the presence
of iron in cytoplasm and nuclei has been demonstrated by the
use of potassium ferrocyanide and hematoxylin solutions, and
that of phosphates by the well-known ammonium molybdate
test. Potassium ions have been detected on the surface of the
chloroplast of Spirogyra by precipitating the metal as potassium
cobalti-nitrite. In their recent investigations on the distribu-
tion of potassium in the potato plant, James and Penston (72)
detected this element in the cytoplasm of the meristematic cells
of the stem, root, and tuber sprouts, and also in grecen cells.
The greatest precipitation with cobalt hexanitrite occurred
on the surfaces of the nuclei and plastids (including the
chloroplasts), but no evidence was obtained of the presence
of potassium inside these structures. Neish (226) isolated and
analyzed chloroplasts from clover leaves and found that the
concentration of ammonium, and possibly of other ions, was
higher, and that of calcium, magnesium, manganese, sodium,
and chlorine, was lower in the chloroplasts than in the rest of the
cell. He states that potassium was probably absent from the
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chloroplasts, thus agreeing with James and Penston. Such
unequal distribution of ions, if accompanied by unequal
distribution of electrical charges, might govern the develop-
ment of bio-electrical potentials in the protoplasm (p. 4).

The organic compounds in cytoplasm. Tests with Millon’s
and other protein reagents prove that proteins form the basis
of cytoplasmic structure. Certain chemical reactions suggest
that mitochondria contain lipoid substances, either free or
combined as lipoprotein. For instance, they dissolve in ether,
alcohol, chloroform, and other solvents for lipoids, unless
protoplasm has previously been treated with chromium or
certain other fixatives; and they occasionally react with
osmic acid, a reagent which darkens substances containing
unsaturated fatty-acids. Moreover, their smooth even outlines
recall the so-called myelin figures seen when water is added
to lecithin.,

In recent years methods have been developed for separating
certain cytoplasmic components from nuclear, cell-wall, and
vacuolar components of the cells of green leaves (see e.g.,
Chibnall and others, 193, Mencke, 225). Chibnall treated cells
twice with the same aqueous ether in order to increase their
permeability, and then with frequent washing squeezed out
under great pressure the water-soluble crystalloidal substances,
the cell-walls acting as ultra-filters. He ground the residue,
dispersed it in water, and separated fractions by filtration
through silk gauze and paper pulp. Mencke used a method
involving fractional centrifuging, fractional precipitation with
ammonium sulphate, and fractional heat coagulation, of green
aqueous extracts of crushed leaves.

Chibnall analysed and described the properties of proteins
that occur, so he maintained, in the cytoplasm of spinach and
certain grasses (e.g., cocksfoot). He also analysed the ether-
soluble substances present in the whole cytoplasm (¢.e., including
the chloroplasts) of the leaf cells of cabbage, finding in addition
to pigments, fats, and sterols, considerable fractions of saturated
and unsaturated unsaponifiable substances. Among the
saturated substances were higher paraffins (e.g., nonacosane),
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and alcohols and acids of high molecular weight. Mencke
succeeded in isolating chloroplasts from spinach leaves, and
compared their composition with that of the rest of the cyto-
plasm. In terms of dry-weight over ninety per cent. of the
cytoplasm was protein and less than one per cent. lipoid,
whereas the chloroplasts contained more than thirty yer cent.
lipoid, and only about fifty per cent. protein. Neish (226)
isolated chloroplasts from clover leaves. He, like Mencke, found
that they were relatively poor in protein and rich in lipoid. It
should be noted that lipoids contain phosphorus in organic
combination. He made several additional observations about
the constituents of chloroplasts. Thus he detected in them
copper and iron in organic combination. This finding suggests
the presence in chloroplasts of oxidizing enzymes. Catalase
activity was relatively high. Clearly these new methods of
mechanical fragmentation of protoplasm, when combined with
chemical analysis and the determination of enzyme and co-
enzyme constituents, promise to provide information not
only concerning the composition of recognized structures in
cytoplasm, but also concerning the metabolic activities of
these structures (sce p. 291).

The organic compounds in resting and dividing nuclei. The
presence of protein in nuclei can readily be demonstrated with
Millon’s and other reagents. Macro-cheinical methods indicate
that some of the protein occurs in association with nucleic acid
as nucleoprotein. Thus this alkali-soluble conjugate-protein
has been found in relative abundance in animal cells (e.g.,
sperm-heads of fish) and in plant-cells (e.g., yeast and wheat
embryos) in which the ratio of the volume of nucleus to the
volume of cell is high.

Nucleoproteins differ from ordinary proteins in not being
digested by gastric juice (pepsin in the presence of decinormal
hydrochloric acid). They are, however, soluble in alkalies and
sodium phosphate, and are digested by pancreatic juice
(trypsin in alkaline solution). Zacharias, in 1881, published the
first of a series of papers in which he reported the results of
certain micro-chemical experiments on plant-cells, He stated
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that the material in the nuclei of the epidermal cells of
Tradescantia virginica, Ranunculus lingua, and certain other
species, showed the properties of nucleoprotein (then known as
nuclein) towards gastric and pancreatic juices, alkalies and
sodium phosphate. He reported that in the cytoplasm there
was yet another protein, insoluble in gastric juice. This he
called plastin. He stated that the other proteins in cytoplasm
and in nucleoli were digested by gastric juice. But Wager in
1904 asserted that he found proteins insoluble in gastric juice,
and containing phosphorus, in the nucleoli of Phaseolus cells.
Similar experiments performed by other workers appear to
have established that the chromatin material of resting nuclei,
and of chromosomes of dividing nuclei, consists for the most
part of nucleoprotein. Thus, Earl (42) made serial sections of
the root-tips of beans, treated the fixed protoplasm with one
per cent. pepsin in decinormal hydrochloric acid, and by
staining showed that chromatin ‘was still present in resting
nuclei, and that the chromosomes in dividing nuclei had not
been digested. He found, however, that the spindle-fibres had
been digested, and concluded that they contained simple
proteins as the basis of structure. Furthermore, he inferred
that, had the chromatin been a simple protein, it also would
have been digested.

Shinke and Shigenaga (130) have recently confirmed the
fact that all the well-defined structures in living cells contain
protein. In addition to making use of solution tests and
staining tests for nucleoproteins, they succceded in getting
remarkably clear results by using the test elaborated by
Feulgen in 1923 for dectecting thymus-nucleic-acid.! By
means of this test they showed, for several plants, that nucleic
acid is present in the nuclear reticulum of resting cells, and in
the chromosomes of dividing cells, but failed to detect it in

1 Fresh material, or material that had been fixed in acetic acid and
mercuric chloride, is hydrolyzed with normal hydrochloric acid at 60° C.
for three to five minutes. After washing in water the material is immersed
in Schiff’s aldehyde-reagent (fuchsin containing free sulphurous acid)
for one to three hours. If thymus-nucleic-acid is present, u red or violet
colour develops.
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nuclear sap, nucleoli, or cytoplasm. But they found that
Feulgen’s test always gave negative results with the nuclei of
Spirogyra cells, and suggested that these nuclei contain some
nucleic acid other than thymus-nucleic-acid. They favoured
the view that nucleic acid occurs combined in nucleoprotein,
because the chromosomes dissolved in alkaline splutions.
Furthermore, Shinke had previously found that the optimum
pH for the precipitation of substances in the reticulum and
chromosomes was nearly the same as the isoclectric points of
certain nucleoproteins.

Great interest attaches to the composition of the substances
from which chromosomes are built. Recent observations
indicate that chromosomes possess a spiral structure. Shinke
and Shigenaga found that in the metaphase of the heterotype
division of the pollen-mother-cells of Tradescantia reflexa, the
thymus-nucleic-acid reaction was exclusively given by the
spiral part, and that the matrix contained lipoid substances as
well as proteins. They detected the presence of lipoids by
observing the effects of lipoid-solvents (e.g., chloroform, ben-
zene, and amyl alcohol) and of lipoid-stains (e.g., Sudan III,
and chlorophyll tincture) on nuclear and eytoplasmic structures.
With the lipoid-stains they succeeded in staining the nuclear
reticulum, chromosomes, nucleolus, spindle-fibres, and parts
of the cytoplasm. They also found that lipoid-solvents
dissolved nuclei and chromosomes, and, by applying Feulgen’s
test, showed that nucleic acid was thus set frece and became
disseminated throughout the cell. There appears, therefore,
to be a variety of evidence that chromosomes, like the rest of
the cell, are chemically heterogeneous.

In the next chapter the recent work on the chemistry of
enzymes will be considered. We note here, however, that in
bringing about some enzymic changes (e.g., phosphorylation,
some oxido-reductions) a co-enzyme associates with a
proteinaceous apo-enzyme to constitute the holo-enzyme. The
suggestive fact has been established that at least three of these
co-enzymes (viz. alloxazine-nucleotide, pyridine-nucleotide, and
adenylic acid) have affinities to substances that occur in
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chromatin.  Such discoveries may lead to an understanding

of some of the functions of nuclear substances in the control of
metabolism,

D. The Physical Properties of Protoplasm

Protoplasm as a heterogeneous liquid system. Protoplasm
usually contains more than 90 per cent. water, and in active
cells shows many of the physical properties of liquids. Without
question one must regard protoplasm as liquid when it allows
Brownian movement of suspended particles or is capable of
flowing in a cell. Moreover, it has been obscrved that when
certain cells are ruptured the extruded protoplasm is miscible
with water, and that no phase-boundarics arec formed when
water is injected into whole living cells.

We may directly infer from our knowledge of its chemical
composition that protoplasm in the liquid state, although
optically homogencous, must actually be *“an extraordinary
complex heterogeneous system of numerous phases and com-
ponents ”’ (Bayliss, 14). It has the properties of a complex
hydrosol with disperse phases composed of molecules and
molecular aggregates (micelle) of proteins, lipoids, etc., and a
continuous phase of a crystalloidal solution containing many
different solutes, both electrolytes and non-clectrolytes.

It has for many yecars been generally agreed that vital
phenomena are in some way bound up with the properties of
matter in the colloidal state. More recently it has been
suggested that mechanical and electrical adsorption (p. 589),
and the forces determining the orientation of molecules at
phase-boundaries (p. 541), may cause order to develop in
what might otherwise be a chaotic mixture of solutes. Pro-
fessor Frey-Wyssling of Zurich has made a special study of what
he terms the submicroscopic morphology of protoplasm and its
derivatives. His suggestive ideas concerning the modes of
association of proteins, lipoids, and other components of proto-
plasm, have recently been summarized (Clarke, 194). He
visualizes a colloidal system in which there exists as solid
disperse phase a micellar framework of filamentous molecules
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of proteins, and in the intermicellar spaces a continuous phase
of water, inorganic salts, and other soluble substances, The
proteins are supposed to be compnsed of long polypeptide chains,
bearing side-chains, which may be hydrophilic, lipophilic,
acidic, or basic. He pictures other components (e.g., phospha-
tides, and lipoids) as associated with these side-chaius, and
orientated according to their chemical affinities (e.g., acidic
and basic side-chains will react with one another), or to the
polar properties of the molecules concerned (e.g., lipophilic
groups associate, hydrophilic groups will be directed towards
aqueous phases). Either this or any other view of the
ultramicroscopic structure of protoplasm will suggest that, as a
result of the colloidal dispersion of cell-components, the
surface-area between the dispersed and continuous phases
in protoplasm must be very great in proportion to the
volume of the protoplasm as a whole (cf. p. 537). In a single cell
there are many millions of molecules of organic and inorganic
solutes in solution, and their fate will be largely determined
by the physical and chemical forces resident in these extensive
and highly differentiated internal surfaces (see chap. III).
Changes in the viscosity of protoplasm. It is well known that
the consistency of certain emulsoid sols is not an unvarying
property, but alters with the temperature, and with the com-
position of the continuous phase. On lowering the tempera-
ture, or increasing the concentration, such sols may set to form
plastic or rigid gels (p. 534), which may be reconverted into
sols by warming or dilution. Reversible transformations of
sol and gel have also been observed in plant protoplasm. Thus
Siefriz found that the application of pressure with a glass
needle, so as to close a hypha of Rhizopus, caused protoplasm
in the sol state to be converted into a rigid gel. Scarth has
observed that the protoplasmic threads which traverse the
vacuole of a mesocarp cell of Snowberry sometimes behave as
inextensible threads, and snap when tensions are applied to
them. At other times, however, these threads are the seat
of active streaming movements, and may be pulled into

threads which possess clasticity. Clearly the physical state of
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the emulsoid systems in cells is highly variable. These systems
may be in the form of plasmasols or plasmagels, and the latter
may be rigid or elastic. It is not yet clear what biological
significance may be attached to these changes of state from sol to
gel, for the general activity of cells does not appear to be
impaired by the gelation of plasmasols. Stiles (146) has
severely criticized the view that viscosity may govern the
velocity of certain metabolic changes by affecting the rates of
diffusion of the reactive solutes. It appears that solutes
diffuse nearly as rapidly in gels as in sols. One must admit,
however, that we do not yet know whether convection currents
or other forms of mass movement of particles play a part in
distributing metabolites in cells other than sieve-tubes, traches,
and latex vessels. If they do, it is conceivable that viscosity
may at times have a considerable indirect effect on the rate of
metabolic events. v

Furthermore, the viscosity of protoplasm even when it
remains in the liquid state as plasmasoi is not of fixed magnitude.
The viscosity of plant protoplasm has been measured in a
number of ways. For example, determinations have been
made by measuring the rate of protoplasmic streaming, the
rate of fall of starch grains, the rate of movement in an electric
field of nickel particles introduced into cells, and the displace-
ment of particles showing Brownian movement. For many
years it was supposed that plasmasol is always highly viscous,
even more viscous than castor oil, which is one thousand times
as viscous as water. But Heilbronn concluded from his
measurements of the velocity of fall of starch grains within cells
of a section of Vicia faba, that protoplasm may be less than
eight times as viscous as water. In general, one may state
that the viscosity may range from such low values to the infinite
viscosity of plasmagels. And it must be realized that diverse
‘states may coexist in a single cell.

Alterations in the viscosity of a given plasmasol may be
effected in a variety of ways. The influence of temperature
has been carefully studied, and more than one type of altera-
tion has been observed. Thus the behaviour of certain forms
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of protoplasm resembles that of non-living systems, in that
the viscosity steadily diminishes with increasing temperature.
Baas Becking’s measurements »f the viscosity of the proto-
plasm of Spirogyra illustrate another type. The viscosity
increased only slightly between 10° C. and 20° C. At higher
temperatures it rosc sharply to a maximum at 27° ., and
then fell sharply. At temperatures just above 50° C., the
death-temperature, protoplasm quickly coagulates, and, of
course, the viscosity riscs. Doubtless coagulation must be
attributed to the effect of heat on one or more of the proteins in
protoplasm. It is important to note, however, that no protein
is known which will coagulate in solution at so low a temperature
as 50° C. This again illustrates the heterogeneity of proto-
plasm. The presence of all the different componeunts must be
considered in attempting to account for the physico-chemical
behaviour of protoplasm. The experiments of Heilbrunn (65)
indicate that changes in the state of the fats and lipoids in cells
play an important part in determining the behaviour of proto-
plasm to increasing temperatures, and that the presence of
metallic ions, particularly those of calcium, may lower the
coagulation-temperature of certain proteins.

There appears to be good evidence that whereas protoplasm
coagulates under the influence of alcohol, ether, chloroform,
and other fat-solvents in high concentrations, such fat-sclvents
in low concentration may cause a decrease in viscosity. Other
external factors which are known to affect the behaviour of
plant-cells (chap. IV, B) and also to affect viscosity are the
hydrion-concentration, and the balance between monovalent
and divalent ions. These same factors may also affect the
viscosity of protein hydrosols. It is probable that light
will be thrown on many obscure problems of cell physiology
by the use of physical methods in experimental cytology (see
Gray, 61).

Plasmatic membranes. It has for many years been widely
held that every protoplasmic mass is enveloped by a definite
structural unit to which the name plasmatic membrane has been
given. Thus it has been maintained that naked protoplasmic
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masses (e.g., Amceeba, zoospores, motile gametes) would become
colloidally dispersed in water were not each mass surrounded by
some sort of pellicle ; and it has been suggested that surface-
tension films, such as might be produced by mechanical adsorp-
tion at phase-boundaries (p. 589), would suffice for the main-
tenance of the integrity of cach mass. Such surface-tension
films would be invisible even under the highest powers of the
microscope. From certain electrical measurements it has been
calculated that the thickness might be as low as 3 x 1077 cms,
which is about the length of a single protein molecule. It is
possible that such a plasmatic membrane would be a mono-
molecular film.

Physical arguments, in addition to supporting the view that
plasmatic membranes exist, throw light on their composition.
Thus it is probable that proteins, lipoids, and any other com-
ponents of the complex protoplasmic hydrosol, that reduce
interfacial tensions, would be adsorbed at interfaces. Certain
experimental facts (see, e.g., p. 84) can be explained if it is
assumed that surface-tension films formed as a result of adsorp-
tion are heterogeneous structures composed of cohering aqueous
and non-aqueous phases—a sort of mosaic of lipoid substances
with no affinity for water, and a proteinaceous hydrosol or
hydrogel.

It should be noted that for each vacuolated plant-cell there
would be at least two films, viz., the outer plasmatic membrane
between protoplasm and the wet cell-wall,and the inner plasmatic
membrane between protoplasm and the vacuolar solution.
Since the conditions at a phase-boundary will be governed by the
composition of both phases, and since the composition of
vacuolar solutions usually differs from that of the solution held
by imbibition in cell-walls, one would expect the composition
and properties of inner and outer plasmatic membranes to
show differences. Osterhout (105) has adduced experimental
evidence in support of the view that the properties of the two
pellicles may differ. He found that magnesium was absent
from the cell-sap of the marine alga Valonia, and inferred that
the inner plasmatic membrane of this coenocyte is impermeable
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to magnesium ions. The other plasmatic membrane, he argued,
must permit the passage of magnesium ions, for, were it imper-
meable, chlorophyll, in each mclecule of which there is one
atom of magnesium (p. 511), could not be produced.

It must not be supposed that the plasmatic membranes of a
given cell possess a fixed composition and unvarying properties.
Rather they should be considered as mutable films in which
changes of composition or of distribution of phases in the
mosaic, with consequent changes of properties, may be the
sequel to the occurrence of events in the cell, or to alterations
in the environment. Spontancous and induced changes in
the permeability of protoplasm will be considered later
(p. 85). Here we note that plasmatic membranes may play
an important part in determining the osmotic propertics of
living cells. Consequently, considerable interest attaches to
such experimental facts and theoretical arguments as may
throw light on the mutability of plasmatic membranes. For
cxample, dilute solutions of lipoid-solvents (alcohol, ether,
chloroform, benzene, ete.) may occasion alterations in plasmatic
membrancs, and, accordingly, affect their physiological proper-
ties. In addition to exercising a solvent action, they act by
lowering interfacial tensions between protoplasm and the
solution in which the cell is immersed. Then, changes in
the hydrion-concentration of cell-sap, or of the solution which
wets a cell-wall, may affect the physical state of proteins in the
aqueous phase of the plasmatic membrane, and, consequently,
the permeability of the whole unit (¢f. p. 87). We point out
elsewhere (p. 87) that the properties of living cells are affected
by the ionic composition of the solutions which bathe the
protoplasts. We note here that salts of sodium (or potassium)
and calcium may have different effects on a complex hydrosol
containing lipoid. Clowes prepared a stable emulsion of oil
in water by shaking olive oil with water and a sodium salt, and
of water in oil when he used a calcium salt. FPhase-reversals
of aqueous and non-aqueous phases may thus be induced by a
change of balance bet ween monovalent and divalent ions in the
environment of protoplasts. Other physico-chemical effects,
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such as the dispersing effect on proteins of salts of monovalent
metals and the tendency shown by calcium to combine with con-
stituents of the plasmatic membranes, may affect the behaviour
of plasmatic membranes under certain conditions. And it must
be remembered that proteinaceous hydrosol or hydrogel systems
undergo spontaneous changes on keeping (pp. 524, 586) ; so to
speak, they age. The idea that plasmatic membranes exist arosc
from physico-chemical arguments. As physico-chemical know-
ledge has grown, pari passu the idea has been elaborated. It
must be remembered, however, that with the further growth of
knowledge the idea may prove no longer tenable, and may be
replaced by a new concept of the physical structure of
cytoplasm.



CHAPTER 111
PROTOPLASM AS A CHEMICALLY ACTIVE SYSTEM

A. Enzymes as Units of Chemical Activity

THEODOR SCHWANN (1889) coined the adjective metabolic
to describe the chemical changes that accompany or govern
vital processes. Shortly afterwards it became clear that
metabolism is a property of what we now term protoplasm, and
the view has since developed that the whole protoplasm in a
given living cell possesses extensive chemically active surfaces
on which highly diverse metabolic events occur in an organized
manner. It is supposed that there is division of labour among
different portions of protoplasm in a cell, and that the har-
monious behaviour of the whole results from co-ordinated
specific activities of these sub-cellular functional units.

Specific chemical powers have been attributed to a few
visible structures (e.g., plastids) in specialized cells, but, from
the outset, analysis of protoplasm as a chemically active
system has proceeded not along cytological but along bio-
chemical lines. Even before fundamental ideas concerning tbe
chemical powers of living cells were put forward, it was known
that living organisms contained catalysts. As an out-
come of later work these catalysts were termed enzymes, and
biochemical analysis has proceeded intensively with a view to
separating as many individual enzymes as possible from the
protoplasm of living cells, plant and animal, and to studying
the powers and properties of every single enzyme, as displayed
tn vitro under defined conditions. Enzymes are regarded as
sub-cellular functional units of chemical activity. It issupposed
that they possess the same powers and properties when they
form part of the living protoplasm, i.e., are functioning in
vivo, and that knowledge gained by studying their behaviour

- A
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in vitro may therefore be applied to describe more precisely
the metabolic events that occur in whole cells.

B. The Separation and Concentration of Enzymes

Most enzymes are soluble in water, and certain enzymes
(e.g., the exo-enzymes of saprophytes) readily diffuse out of
living cells ; but many are tenaciously held by substances in
cells, or protected by membranes, and cannot be separated in
appreciable amounts until cells have been subjected to prepara-
tive treatment., Extraction by water, dilute glycerine (in
which solvent enzymes appear to be more soluble and stable
than in water), or dilute acid or alkali, is facilitated if cells have
previously been dried, frozen and allowed to thaw, plasmolyzed,
or allowed to autolyze, so as to disintegrate cell-structures and
render membranes more pem‘leable. For example, emulsin
readily passes out from well-ground dry kernels of sweet almond
when these are placed in dilute clkali; and a good yield of
invertase can be obtained from yeast that has been allowed to
autolyze in the presence of toluene or chloroform for a few
days.

Very special interest attaches to the first separation of
zymase from yeast, for alcoholic fermentations had previously
been attributed to the activity of whole cells. Buchner (1897)
destroyed cell-structure by grinding yeast with a fine siliceous
earth called kieselguhr, and then, by subjecting the resulting
gritty paste to a pressure of 500 atmospheres in a hydraulic
press, squeezed out a cell-free juice which possessed fermentative
power. The enzyme responsible for fermentation was called
zymase, and it has since been shown that it is present with many
other enzymes (e.g., invertase, emulsin, maltase, protease,
peroxidase, catalase, reductase) in the powder called zymin,
which is obtained by treating yeast cells with acetone and
ether, and then drying the solid residue.

The first enzymic product separated from living cells always
consists of a mixture of several enzymes and a bost of accom-
panying inactive substances. The task of separating individual
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cnzymes from one another, and freeing them from impurities,
has raised difficult technical problems. The goal is the
preparation of pure enzymes of known composition, and a very
considerable concentration of various enzymes has been
achieved.

Since the amount of enzyme present in a given ‘product
cannot yet be measured by ordinary quantitative methods of
analysis, activity is taken as the criterion of concentration.
Virtually by this is meant the amount of substrate that under-
goes change in unit time when acted on, under defined condi-
tions, by unit mass of the product possessing enzyme activity.
For comparative experiments these conditions must be rigidly
adhered to. Thus temperature, pH (the optimum for the
enzyme action under investigation should be used), and the
initial concentration of substrate must be the same in every
estimation. These and other factors, and the definitions of
enzyme units of activity in present use, are considered by
Haldane (57, p. 166). Starting with experiments on a given
mass of living tissue, and proceeding to experiments on enzymic
preparations of increasing purity obtained from this mass,
investigators have found, as would be expected, that the
activity per wunit mass steadily increases. But the total
amount of enzyme present may steadily decrease, owing to
incomplete extraction from living cells and loss through
various causes during purification. Chief interest, however,
at present resides not in yield but in activity, and the objective
aimed at is to obtain a preparation which shows no further
increase in activity per unit mass after subjecting it again to the
purification process. Northrop (10I) succeeded in preparing
from commercial pepsin a crystalline protein with a powerful
peptic activity, which remained constant through seven
successive crystallizations.

The data in table I make it clear that very considerable
advances have been made in the direction of preparing certain
enzymes in pure form. The number given is the ratio of
enzymic activity per gram dry-weight of final preparation to
that per gram dry-weight of the original material.
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TaBLE 1. Concentration of enzymes

Ricinus lipase .. 100 Jack Bean urease .. 780
Almond glucosidase 60  Horse-radish peroxidase 20,000
Yeast saccharase .. 1,200 Aspergillus amylase .. 80

It has for many years been the practice to concentratc
certain enzymes (e.g., malt diastase) by first adding alcohol to
an aqueous extract of macerated tissue (e.g., germinating
barley) and then collecting the precipitate. This usually shows
greater activity per unit mass than the original tissue. A
simple illustrative exercise is to determine the times taken by
equal masses of crude malt and purified diastase to cause starch
to disappear completely from a given volume of a solution of
given strength, Diastatic activity will be inversely propor-
tional to the time.

Various methods (e.g., fractional precipitation with alcohol,
tannic acid, the salts of heavy rhetals, and solutions at different
pH values ; simple dialysis ; electrodialysis ; fractional sedi-
mentation in a centrifuge; and differential inhibition or
inactivation) have been employed in separating one enzyme
from another, and in subsequent purification.

Willstatter and his co-workers developed adsorption methods
and made notable advances, particularly in the direction of
purifying plant-peroxidase and invertase (sce Haldane, 57,
and Waldschmidt-Leitz, 158). Enzymes dispersed in aqueous
solutions can, under suitable conditions, be adsorbed on the
surfaces of certain substances (e.g., varieties of aluminium
hydroxide, kaolin, charcoal). It seems that adsorption is
partly governed by electrical forces, for *the enzyme can
generally, though not always, be eluted from the adsorbent by
altering the pH and the charge on the enzyme, adsorbent, or
both.”” Thus enzymes which arc adsorbed in an acid reaction
may be eluted with dilute alkalies. Another method of elution
is to displace the adsorbed enzyme by a substance for which
the adsorbent shows higher chemical affinity. Thus phosphate
acts as an eluent for alumina adsorbates, owing to the
formation of aluminium phosphate.
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The results of Willstitter’s intensive study led him to con-
clude that enzymes are micellwe consisting of an active prosthetic
substance associated with a colloidal bearer. In 1926 he
asscrted that enzymes do not belong to any of the known groups
of complex organic compounds, but since that date knowledge
of the chemistry of enzymes has increased rapidly. Sumner
(151) extracted decfatted Jack Bean meal with 31:6 per
cent. acetone, and filtered. He left the filtrate overnight
in an ice-chest, and obtained crystals of a protein which
possessed intense urease activity. By recrystallization he
prepared octahedral crystals which remained constant in
composition and in urease activity when subjected to further
processes of purification. Shortly afterwards Northrop obtained
a crystalline protein possessing the activities of pepsin, and more
recently (see Warburg, 258, Stern, 244, Northrop, 229) crystalline
proteins having in themselves enzyme properties have been
prepared from crude amylase, plant proteases (e.g., papain,
ficin), trypsin, and other crude products. Crystalline proteins
have also been obtained from other enzymes (see below), which
require a prosthetic group before they show their activity.
These achievements represent a big advance in the direction of
purification; but Stern maintains that crystalline form and con-
stancy of activity upon recrystallization must not be taken in the
protein group as a sufficient criterion of the presence of a single
substance ; crystalline enzymes or components of enzymes may
possibly consist of two or more proteins, and “ it cannot be
excluded that more refined methods might still reveal a
prosthetic group in these enzymes.” They would then accord
with Willstitter’s picture of an enzyme, as do those we shall
now describe, '

The activity of certain enzymes depends upon the presence
of a prosthetic group as well as of a protein component or
components. The whole enzyme is a conjugate protein, and
is sometimes described as a proteid. Thus iron-porphyrin
compounds (haemochromogens) are the prosthetic groups of
cytochrome oxidase, catalase, and peroxidase; copper in
organic combination has been found in the polyphenol oxidase
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obtained from potato tubers ; alloxazine nucleotide (riboflavin-
phosphoric acid) is the active group in the yellow enzyme ;
some dehydrases require for their action the diphospho- or
triphospho-pyridine nucleotides known as co-dehydrase I
(co-zymase) and co-dehydrase II; and the presence of
pyrimidine-thioazole-phosphoric ester (co-carboxylase) is neces-
sary for carboxylase activity. Some of these substances have
been prepared in the pure state, and their constitutions estab-
lished by analysis and synthesis. Highly important advances
in knowledge have resulted from the use of such purified active
substances in biochemical experiments.

It has been suggested that a prosthetic group is attached to a
protein through the heavy metal in the hamochromogen and
copper compounds, and through the phosphoric acid residues
in the others. Theorell demonstrated the reversible dissocia-
tion of the yellow enzyme into protein and alloxazine-nucleotide,
and he resynthesized the enzyme from its components.
Warburg carried out similar experiments with dehydrases
containing pyridine-nucleotides. These successes represent
noteworthy advances, but we cannot speak of the true synthesis
of such enzymes until chemists succeed in synthesizing the
specific proteins of the enzymes concerned from their elements.
The present position is that in these reconstructed conjugate-
proteins the protein component is exclusively a metabolic
product, but the prosthetic substance has in certain instances
been a synthetic product.

It should be noted that some of the prosthetic groups of
these active conjugate protcins have been described as co-
enzymes. A co-enzyme has been defined as a heat-stable
crystalloidal organic component of a complex enzyme system,
which is necessary for the display of at least one catalytic
activity of that system. Co-zymase (co-dehydrase I) was the
first co-enzyme to be discovered; the properties of co-
phosphorylase (adenosine triphosphoric acid), co-carboxylase,
and co-dehydrase II, have been described in recent years.
Euler denotes a complete complex enzyme by the term holo-
enzyme, and the parts by the terms apo-enzyme and co-enzyme.
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In addition inorganic components may be necessary for full
activity, e.g., phosphates and magnesium salts are necessary
for full zymase activity.

It is evident that for full activity the structure of both the
apo- and co-enzyme components must be in working order.
Interference with the structure of either would result in partial
or complete inhibition of the holo-enzyme, Inthe development
of knowledge of complex enzyme actions differential inhibition
of components has played an important part. For example,
the action of prosthetic groups containing heavy metals can be
stopped by hydrogen cyanide and by hydrogen sulphide;
evidently, therefore, the complete action of holo-enzymes
containing as prosthetic groups iron-porphyrin or copper in
organic combination will not be shown in the presence of these
poisons.

C. Notes on Hydrolytic Enzymes

Classification. In this group are included those enzymes
(e.g., esterases, carbohydrases, proteolytic enzymes, and
amidases) which catalyze hydrolyses.

I. ESTERASES. The hydrolysis of substances containing
an cster linkage with the formation of free acids and alcohols
are catalyzed by esterases.

Lipase is found in resting and germinating seeds containing
fatty oil as reserve food. It is usually stated, however, that
plant lipase is insoluble in water. It has been suggested that
either the enzyme itself is proteinaceous and insoluble, or is
adsorbed in an insoluble proteinaceous bearer. In wvitro it
hydrolyzes fats, giving free fatty acids and glycerol. The
properties of lipase in resting castor oil seeds are slightly different
from those of lipase in germinating seeds. The latter is active
in neutral and even in a weakly alkaline solution, while the
former displays activity only in acid solution, the optimum pH
being 4-7 to 5:0. Some authorities regard the lipase in resting
seeds as a pro-enzyme or zymogen, which is activated by
hydrogen ions. Phosphorylase is probably present in all living

TEOMAS'S PLANT PHYS. 2
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cells, Yeast serves as a useful source of the enzyme. It
effects the hydrolysis of hexosephosphates to hexose and
phosphoric acid. It may also act on other organic phosphates,
e.g., nucleotides, phytin. Chlorophyllase is present in green
leaves, and cleaves chlorophyll. In the presence of ethyl
alcohol, ethyl chlorophyllid, which is crystallizable, is produced.

II. CARBOHYDRASES. In this group it is convenicent to
separate the polyases, which hydrolyze polysaccharides, from
the glycosidases, which cause hydrolytic cleavage of glycosidic
linkages in di- and tri-saccharides. It must be noted, however,
that polyases may act on glycosidic linkages in the giant
polysaccharide molecules.

(i.) PoLyases. Amylases or diastases arc probably present
in all living cells that contain starch. Their occurrence in
germinating barley or in amyliferous leaves (e.g., those of
leguminous plants) is easily demonstrated. In certain leaves,
however, the presence of tannins may depress activity. Malt
amylase is obtained from germinating barley. In vitro it
catalyzes the hydrolysis of starch with the production of
erythrodextrin, achroodextrin, and maltose. It is easy by
experiment to demonstrate the successive disappearance of starch
and erythrodextrin, substances which respectively give blue and
red colours with iodine; and, if a sugar-free diastase is used, to
detect the production of the reducing sugar maltose, which yields
a characteristic osazone. In such experiments about 25 per
cent. of the products of hydrolysis consists of achroodextrin,
which is insoluble in alcohol, and consequently can be readily
separated from maltose. Amylases are probably compounded of
several enzymes, and there is evidence that one component acts
on amylose and another on amylopectin. In the presence of a
thermo-stable substance of unknown composition, which is
known as complement, amylases show extended activity.
They then readily hydrolyze dextrin. Possibly the fact that
dextrins are never found in the free state in vivo may be
accounted for by the association of amylase with complement
in living cells. Autolyzing yeast scrves as a source of
complement.
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Cellulase occurs in many fungi and bacteria, and may be
present in the germinating seeds of certain flowering plants.
It hydrolyzes cellulose to form glucose, cellobiose being an
intermediate product. Lichenase occurs in lichens and some
germinating sceds (e.g., barley). It cleaves lichenin to form
cellobiose.

Hemicellulases or cytases are found in seeds (e.g., date) that
contain hemicelluloses as reserve food. It is probable that this
group will be resolved into several individual enzymes. Thus
since cytases can cleave galactans to form galactose, and
mannans to form mannose, they may contain specific galac-
tanases and mannanases. Inulase has been detected in the
sprouting buds of storage-organs (e.g., the tubers of the
Jerusalem artichoke) containing inulin as a reserve food. It
effects the hydrolysis of inulin to fructose.

(ii.) GLycosiDASES. Maltase always occurs with amylase
in the cells of higher plants, and must be a vigorous enzyme,
seeing that maltose is never found in the free state in plants
(p. 262). Maltase hydrolyzes this disaccharide to glucose.
It may also hydrolyze other a-glucosides (e.g., a-methyl-
glucoside). Emulsin occurs in almonds, and hydrolyzes many
B-glucosides (e.g., amygdalin, salicin). It is compounded of at
least two enzymes, namely, amygdalase, which cleaves amydalin
to form glucose and prunasin, and prunase, which cleaves
prunasin to form glucose, benzaldehyde, and hydrogen cyanide
(which is volatile and may be detccted by the browning of
moist sodium picrate paper). It is probable that the specificity
of emulsin towards B-glucosides must be attributed to the
properties of the prunase component.

Invertase (sucrase, saccharase) is present in yeast, and in the
shoot- and root-systems of higher plants. It may readily be
shown that it hydrolyzes canc-sugar (a non-reducing sugar
which does not form osazones) to reducing sugars from which
glucosazone can be prepared. The hydrolysis may be followed
with a polarimeter. Cane-sugar is dextro-rotatory, and the
mixture of the products of hydrolysis, viz., equal amounts
of glucose and fructose, levo-rotatory, since glucose is less
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dextro-rotatory than fructose is leevo-rotatory. Because of the
change of rotation this mixture was termed invert-sugar, the
hydrolysis was described as an inversion, and the enzyme
received the name invertase. Invertase can also act on
trisaccharides containing the same linkage between glucose and
fructose as occurs in cane-sugar. For example, raffinose is
hydrolyzed to fructose and melibiose. Melibiase has been
detected in almonds. It hydrolyzes melibiose into glucose and
galactose, and cleaves the linkage between glucose and galactose
in raffinose, so yielding cane-sugar and galactosc as products of
hydrolysis. Cellobiase is associated with lichenase in the cells
of green plants. It hydrolyzes cellobiose to glucose.

III. PROTEOLYTIC ENZYMES. All enzymes which take
part in the hydrolysis of proteins to peptones, polypeptides, and
amino-acids, belong to this group, and possess in common
the power of effecting the hydrolytic cleavage of the
polypeptide linkage with the formation of free amino- and
carboxylic groups. Until recently they were divided into two
classes, viz., the pepsins and the erepsins. It was supposed that
the pepsins hydrolyze proteins to peptones, and the erepsins
peptones to amino-acids. At present a division into proteases
and peptidases appears to be favoured.

Proteases are easily detected in resting and germinating seeds,
green leaves, etc., by their power of dissolving proteins (e.g.,
blood-fibrin). Not only do they dissolve but they hydrolyze
proteins with the formation of polypeptides. Certain proteases,
for example papain of the melon tree (Carica papaya), and
bromelin of the pineapple, have for long been separated from
other enzymes of this class because of their peculiar properties.
Thus recent researches have shown that papain in the presence
of hydrogen cyanide, which acts as a co-enzyme, can hydrolyze
polypeptides, i.e., whereas proteins can undergo hydrolysis only
as far as polypeptides in the presence of papain, amino-acids
are produced when papain-hydrocyanic acid is employed.

Peptidases are associated with proteases in resting and
germinating seeds, green leaves, etc. They cannot cleave
proteins, but act on the products formed by the action of
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proteases on proteins. It was at one time thought that a
single enzyme, erepsin, brings about the second phase in
protein degradation, viz., that by which amino-acids are
produced. Specific peptidases have been found in animal-cells
and yeast, and it is probable that similar enzymes are present
in the higher plants. In yeast a polypeptidase cleaves poly-
peptides to form dipeptides, and a dipeptidase effects a
further hydrolysis, which liberates amino-acids. The presence
of erepsin (i.e., a mixture of peptidases) can be detected by
allowing the enzyme preparation to act on a peptone (e.g.,
Witte’s peptone), and demonstrating the production of amino-
acids. Among these tryptophane is readily recognized, since
it is acted on by bromine water to give a pink product,
which is soluble in amyl alcohol.

IV. AMIDASES AND AMINASES. Amidases govern the
hydrolytic deamidation of amides. Ammonia and an acid are
produced. Thus urease, which is widely distributed in plant-
tissues, hydrolyzes urea to form carbon dioxide and ammonia ;
and asparaginase, which is also probably widely distributed,
hydrolyzes asparagine to form aspartic acid and ammonia.
It is supposed that aminases hydrolyze and deaminate amino-
acids with the formation of hydroxy-acids and ammonia.

Syntheses by hydrolytic enzymes. It follows from the law
of mass action (p. 477) that the equilibrium position attained
in a reversible reaction is governed by the initial concentration
of the reactants. Hence in a reversible hydrolysis = con-
densation reaction, hydrolysis would tend to be favoured in
dilute solution, and condensation in strong solution. Now
enzymes as catalysts are supposed to accelerate opposed
reversible reactions to the same extent, and thus not to affect
the final equilibrated state. Consequently it appeared to
van’t Hoff (1898) that hydrolytic enzymes might under suitable
conditions catalyze reactions in the direction of synthesis. In
the same year Croft-Hill, then a medical student, established this
contention by experiment, when he synthesized maltose from a
strong solution of glucose under the agency of yeast maltase.
Later investigations have shown that Croft-Hill’s condensate
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was a mixture of maltose and iso-maltose, and that the produc-
tion of the latter form, a B-glucoside, was attributable to the
presence of emulsin in the enzyme preparation used. Owing
principally to the work of Bourquelot and Bridel, it is now
clear that emulsin (or its component prunase) is capable of
synthesizing the same B-glucoside as it hydrolyzes, and that
maltase can synthesize other a-glucosides besides maltose.
Thus it appears that the specificity of hydrolytic enzymes
extends to the products of hydrolyses as well as to condensates.

Other syntheses which have been established beyond doubt
and much investigated (see Bayliss, 13) are those of esters
(e.g., amyl butyrate) and fats (e.g., tri-olein) by lipase. At
various times it has been asserted that syntheses have been
effected by invertase, proteases, and other hydrolytic enzymes,
but the evidence is not yet generally accepted as satisfactory.
Experimental investigations present great difficulties, because in
aqueous solutions in vitro hydrolysis rather than synthesis is
favoured. But as Bayliss (loc. cit.) has pointed out, even a
small amount of synthesis may be of great importance, since,
in a living cell, the condensate may be removed by further
metabolism, diffusion, precipitation, ete., as soon as it is
produced. Under such circumstaaces condensation rather than
hydrolysis would be favoured. Moreover, it may be that in
vivo synthesis by enzymes is promoted in certain phases of
protoplasm (e.g., lipoid phases) owing to the fact that only a
small amount of chemically active water is present.

D. Enzymes and Carriers concerned with Oxidations and
Reductions

Many substances which are stable in the presence of molecular
oxygen rapidly undergo aerobic oxidation in living cells, It has
consequently been inferred that every living cell contains
enzymes which occasion oxidation by activating either oxidiz-
able substances, or molecular oxygen or some other oxidizing
agent. Excepting when oxidation occurs by the addition of
molecular oxygen—apparently a rare event in living cells—the
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oxidizable substance, in effecting oxidations, becomes reduced
(see p. 478). Thus the same enzyme system may be concerned
with oxidation and reduction. For example, there is present
in the cells of potato tissue an enzyme which oxidizes certain
aldehydes (e.g., acetaldehyde) in the presence of nitrates, with
the reduction of the latter to nitrites.

Direct and indirect oxidases. It can readily be demon-
strated that protoplasm possesses powers of oxidation.
About fifty per cent. of the higher plants can effect the
aerobic oxidation of gum-guaiacum (a substance which
is not autoxidizable) dissolved in alcohol, and a blue
product is formed.  There can be separated from such
plants (e.g., potato) an enzyme system which effects the direct
blueing of guaiacum in the presence of oxygen. It is called the
direct-ovidase system. Cells possessing this type of system
become discoloured after injury. Thus brown colours may
develop as a result of the enzymic oxidation of polyphenolic
substances dissolved in cell-sap (e.g., in autolyzing cherry
laurel leaves) ; and other tissues (e.g., potato, broad bean) may
turn first red and then black owing to the action of a peculiar
oxidase tyrosinase which oxidizes tyrosine.

It appears that these direct oxidases, of which there are
many varieties, are complex systems. They have been the
subject of extensive work, and some controversy (see Onslow,
102, chap. I1I, and Graubard, 205). Resulting from the work
first of Onslow and later of Szent-Gyorgyi it is now established
that a system termed catechol-oxidase is responsible for the direct
blueing of guaiacum, and the oxidation of polyphenols. A
comparable system, but presumably of different composition,
is present in yeast, bacteria, and the cells of higher animals. It
oxidizes the so-called nadi reagent (a mixture of a-naphthol
and dimethylparaphenylenediamine) to indophenol blue, and
has therefore been called the indopherol oxidase. It has recently
been suggested (see Dixen, 198) that this enzyme should be
called cytochrome oridase, since it shows activity only in the
presence of cytochrome (p. 47). The enzyme system is
probably identical with Warburg’s respiratory enzyme (sce
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below), and owes its oxidative activity to its prosthetic group,
which is an iron-porphyrin compound. Doubt still exists
concerning the chemistry of the prosthetic group of catechol-
oxidase. The name polyphenol-oxidase (see Warburg, 258)
has recently been given to an enzyme, occurring in potato
tubers, which has oxygen and polyphenols for its specific
reaction-partners. Kubowitz has purified this enzyme, and
shown that it is a copper proteid. The most active preparation
contained 0-165 per cent. copper, and the activitics of
Kubowitz’s preparations were governed in linear fashion by
their copper content, his results indicating that in the absence
of copper the preparations would be inactive. The copper
proteid can oxidise catechol, but it is not yet established that
all catechol-oxidases are copper proteids. It would be interest-
ing to know whether plants that normally contain catechol-
oxidase can be grown in culture solutions completely free from
copper (cf. p. 208), and, if growth occurred, whether the
developing plants contained catechol-oxidase. Clearly, were
this enzyme present it could not be a copper proteid ; were it
absent the inference would be that catechol-oxidase did not
play an essential part in the metabolism of the experimental
plants.

Cells of such plants (e.g., horse-radish) as cannot directly
occasion the aerobic oxidation of gum-guaiacum, in common
with all living cells, contain an enzyme peroridase which
activates hydrogen peroxide, and thereby greatly enhances the
oxidizing powers of this substance. For example, neither
horse-radish root alone nor hydrogen peroxide alone can oxidize
guaiacum, but a blue colour develops if both guaiacum and
hydrogen peroxide are applied to the cut surface of horse-radish
root. Coloured products are also given if phenolic substances
(e.g., pyrogallol, catechol, quinol), benzidine, or p-phenylene
diamine, are used instead of guaiacum. There is little doubt
that all peroxidases contain iron-porphyrin (i.e., haematin)
prosthetic groups.

Plants containing peroxidase, but not direct oxidase, have
been classed as indirect-oxidase plants, because they will not
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blue guaiacum until hydrogen peroxide has been added. Such
plants, when injured, do not turn brown. It should be noted
that on account of the presence of peroxidase, colour changes
brought about by direct oxidase plants may be intensified
upon adding hydrogen peroxide.

It appears that a direct oxidase, considered as a system
which causes the colour changes we have described, is com-
pounded of two enzymes, viz., catechol-oxidase and per-
oxidase, and that the essential properties of a direct-oxidase
may be attributed to the catechol-oxidase component. This
enzyme is a dehydrase or dehydrogenase, and activates a
cellular substance containing a catechol grouping, which then
becomes converted by dehydrogenation into an orthoquinone.
It is supposed that molecular oxygen is also activated and then
functions as a hydrogen-acceptor, i.e., it is reduced. For
catechol itself one may summarize the reaction thus:

OH

Y
< > OXIDASE
OH + 0 ——> ©=0+ H,0,

Orthoquinone is a very strong oxidizing agent, and can itself
effect all the colour changes by which direct-oxidases are
characterized. It is also possible, however, that peroxidase
will immediately act on the hydrogen peroxide, and thus
contribute to the oxidation powers of direct oxidases. Accord-
ing to this view the system responsible for the colour changes
would be compounded of a catechol compound, catechol-
oxidase, molecular oxygen, and peroxidase.

Catalase. Hydrogen peroxide is produced when molecular
oxygen acts as the hydrogen acceptor in oxidations by dehydro-
genation, as, for example, in the action of catechol-oxidase on
catechol. The enzyme catalase is invariably present in the
cells of aerobic organisms. Inasmuch as it decomposes the
peroxide as soon as it is produced, catalase has the functional
value of preventing this compound from exerting a toxic effect.
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It should be noted that molecular oxygen is liberated (cf.
peroxidase action).
catalase
H,0, =2H,0 + O,.

One of the reasons why certain obligate an@robic bacteria are
killed upon exposure to oxygen is that they do not contain
catalase. Dehydrogenations normal to the anaerobic life of
such bacteria continue to occur, but under aerobic conditions
oxygen acts as a hydrogen acceptor. Consequently hydrogen
peroxide progressively accumulates and kills the bacteria. Life
may be prolonged by adding catalase to the culture media.

Catalase is a protcid consisting of a protein, which has been
obtained in crystalline form, combined with a heemochromogen
of known composition. Its activity, like that of other enzymes
containing heavy metals, is inhibited by hydrogen cyanide and
by hydrogen sulphide.

Warburg’s respiratory enzyme. ' Twenty years ago Warburg
strongly urged that the activation of molecular oxygen is a
necessary preliminary to such oxidations as are accompanied
by oxygen-uptake. He attributed this activation to the
properties of a single respiratory enzyme, and portrayed this
enzyme as a sort of organic colloidal micella containing iron.
He held that the function of the iron is to activate the oxygen
(see (i.) below), and that the oxidations subsequently occur on
the surface of the micella (see (ii.) below).

X.Fe (respiratory enzyme) 4+ O, = X.FeO, . . . (i)
2A (respirable substrate)+X.Fe.0,=2A0+4X.Fe . . (ii)

He obtained evidence that such a catalytically active complex
containing iron is present in the respiratory system of living
cells. Thus he found that the extent to which cell-respiration
is inhibited by narcotics (e.g., phenyl urethane) is proportional
to the amount of narcotic which is adsorbed on the intra-cellular
surface, and concluded that respiration is a surface-reaction.
Now hydrogen cyanide and hydrogen sulphide inhibit
(a) chemical reactions that are catalyzed by heavy metals
(including iron), and (b) cell-respiration as judged by oxygen-
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uptake. Warburg’s quantitative experiments showed that
these poisons had inhibitory effects which were far greater
than could be accounted for by surface-inactivation. Thus
hydrogen cyanide in M/10,000 solution markedly depressed
respiration. Warburg concluded that such depression occurs
because cyanides and sulphides combine with the iron in the
respiratory enzyme, and thus prevent the metal from taking
part in the activation of oxygen.

From the results of his investigations on the properties of
diffecrent charcoals, Warburg adduced further evidence in
support of his view that respiration is a surface-reaction
in which iron acts as a catalyst. He found that charcoals
(e.g., blood-charcoal) containing iron and an organic nitrogen
compound could, in aqueous solutions, catalyze the oxida-
tion by molecular oxygen of amino-acids and oxalic acid.
He also showed that catalysis by these cell-models was inhibited
by narcotics proportionately to, and by cyanides out of all
proportion to, the surface occupied.

The fact that carbon monoxide inhibits cell-respiration
suggested to Warburg that the respiratory enzyme is a heematin
derivative, since thesc derivatives form additive compounds
with carbon monoxide. It appears that these additive com-
pounds of hematin are dissociated by light. Hence great
significance attaches to Warburg’s discovery that the respiration
of yeast-cells, which had previously been depressed by treatment
with carbon monoxide, was restored to full activity by illumi-
nating the cells. By showing that only those wavelengths
of light that correspond to the absorption-bands in the CO-
hemochromogen spectrum can thus restore respiration,
Warburg established beyond reasonable doubt that hematin
derivatives play a part in the respiratory mechanism.

It is widely accepted that there are present in living cells
oxidizing enzymes of the kind that Warburg has so thoroughly
investigated. But it is not generally agreed that active systems
containing hematin or copper in organic combination provide
the only enzymes that play a part in respiratory oxidations.

Dehydrases. The work of Thunberg and others has in recent
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years provided much evidence that Wieland’s views on oxidation
by dehydrogenation are applicable to respiratory events in
living cells. It is supposed (a) that labile hydrogen in a
respirable substrate (AH,) is acted on by an enzyme that is
now frequently termed a dehydrase, and (b) that this activated
hydrogen may be transported to any hydrogen-acceptor (B)
that has a higher affinity for hydrogen than the affinity possessed
by A. As a result of this transfer of the activated hydrogen,
the hydrogen-donator, AH,, is oxidized by dehydrogenation to
a substance A, and the hydrogen-acceptor B is reduced to BH,.

(AH, + dehydrase) + B — A + BH,

In such oxido-reductions we shall refer to the system (AH, +
dehydrase) as the dehydrase-system. It is important to realize
that neither the substrate AH, alone nor the dehydrase enzyme
alone can reduce B. Reduction of B requires the presence of
both an oxidizable substrate and the proper enzyme. Plainly
it follows that for the oxidation of a respirable substrate a
suitable hydrogen-acceptor must be present as well as the
proper dehydrase enzyme.

The activity of certain simple dehydrases, and of more
complex systems (e.g., the cytochrome system) containing
dehydrases, may be determined by measuring the rate of
oxygen-uptake in a Barcroft-Warburg manometer (p. 815).
The activity of formic-dehydrase (p. 58) provides an example.
Alternatively Thunberg’s beautifully simple method may be
used. This depends upon the fact that under anaerobic condi-
tions methylene-blue may accept hydrogen from certain
donators and become reduced to leuco-methylene-blue.
Thunberg carried out the reductions in specially designed
tubes from which air could be readily evacuated, and deter-
mined the activity of the dehydrase from the time taken for the
blue colour to disappear.  Methylene-blue is rapidly
decolorized by the donators and dehydrases that act together in
yeast, and in many animal tissues. The donators may be
removed from yeast, animal tissues or from certain plant-
tissues by washing with water. With the removal of such
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oxidizable substrates the rate of decolorization decreases.
Then the types of dehydrase enzymes present may be deter-
mined by the addition to the washed cells or tissues of sub-
stances that are selected because they are potential hydrogen
donators. For instance, Thunberg (see Onslow, 102, p. 152)
found that washed seeds of mallow, orange, and plum, decolorize
methylene-blue in the presence of oxalates, and inferred that
the seeds contained an oxalic-dehydrase. Further, he reported
the presence of malic-, formic-, and succinic-dehydrases in
the seeds of the runner bean, and of citric-dehydrase in the
seeds of cucumber.

It is known that purely chemical oxidations by dehydro-
genation may occur both in the presence and absence of oxygen.
Thus Wieland found that glucose in aqueous solutions containing
palladium as a catalyst is, at room temperatures, oxidized by
the molecular oxygen of the air. He also found that the
oxidation proceeded anaerobically in the presence of quinone
(C¢H,0,). This substance acted as a hydrogen-acceptor (i.e.,
as an oxidizing agent) and during the course of the reaction
was reduced to hydroquinone (C¢HyO,). Wieland concluded
that atmospheric oxygen acted as a hydrogen-acceptor in the
aerobic oxidation. A point to notice again is that hydrogen
peroxide is the initial product when molecular oxygen acts as
the acceptor of activated hydrogen.

Dehydrase-systems in living cells belong to two classes.
In the first class are included the systems that can co-operate
directly with the molecular oxygen of the air. These are called
aerobic dehydrase-systems. 'Tissues containing such systems
absorb oxygen. This element then acts as the hydrogen-
acceptor of the labile hydrogen of the dehydrase-system. The
reaction may proceed thus :—

(AH; + dehydrase) + O, = A + H,0,

The fate of the hydrogen peroxide may be twofold. First, it
may be acted upon by peroxidase, which is universally present
in living cells, and yield atomic oxygen. This intensely active
form of oxygen may then effect various cell-oxidations. Some
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experimental support for this idea of the coupling of aerobic
dehydrase-systems with peroxidase has already been obtained.
Secondly, hydrogen peroxide may be acted on by catalase (see
above).

A point of great importance is that aerobic dehydrases do not,
as a rule, show the sensitivity to cyanides that Warburg
believes to be a property of his respiratory enzyme. This
indicates that aerobic dehydrases are distinct from Warburg’s
respiratory enzyme, i.e., dehydrases arc not micellc containing
iron or copper. Dixon and Elliot showed that (a) the oxygen-
uptake of yeast was not completely inhibited by M/10 hydrogen
cyanide, and (b) the maximum inhibition {or animal-cells was,
on the average, about 60 per cent. They attributed the
residual oxygen-uptake to the activity of aerobic dehydrase-
systems. It appears therefore that, besides Warburg’s respira-
tory enzyme, there are other systems which play a part in
respiratory oxidations.

The term anaerobic dehydrase-system is used to describe the
second class of dchydrase-system. Such a system cannot
co-operate directly with the molecular oxygen of the air, 7.e.,
molecular oxygen cannot act as the hydrogen-acceptor of the
labile hydrogen in the system AH, plus anacrobic dehydrase.
There must be present some substances or systems with a
higher affinity for hydrogen than that possessed by molecular
oxygen. The investigation of such substances or systems has
been a major biochemical research.

The presence of anaerobic dehydrases is readily detected by
means of methylene-blue ; for example, the oxidation of lactic
acid to pyruvic acid in yeast, certain bacteria, and animal-
tissues, takes place anaerobically in the presence of methylenc-
blue :—

(Anaerobic dehydrase + CH; . CHOH . COOH) + MB
= CH;. CO.COOH +4 MBH,

As the lactic acid is not oxidized if molecular oxygen is substi-
tuted for methylene-blue, it is concluded that the dehydrogena-
tion is governed by an anaerobic dehydrase. A point to notice
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is that anaerobic dehydrases, like the aerobic dehydrases, are
not inactivated by cyanides.

Respiratory oxidations in aerobic organisms are always
accompanied by oxygen-uptake. The question arises whether
such oxidations are in any way related to the activity of
anaerobic dchydrase-systems. Before this question can be
profitably discussed in chapter XIV, we must consider the
properties of certain cell-substances which may be connecting
links between these dehydrase-systems and systems under the
control of Warburg’s respiratory enzyme.

Keilin's cytochrome gystem. Keilin discovered by spectro-
scopic methods that three closely allied hamochromogens,
which he named cytochromes a, b, and ¢, were present in the
living cells of all the aerobic organisms he examined. It
appears that, in the presence of oxygen, these forms of cyto-
chrome exist in an oxidized state. When, however, the
supply of oxygen is cut off, they are rapidly reduced. It is a
simple matter to recognize the processes of oxidation and
reduction, as the absorption spectrum of the reduced forms
contains four distinct bands which are not present in that of the
oxidized forms. To examine the spectrum of reduced cyto-
chrome, place a flat-sided vessel containing a yeast-suspensicn
in an aqucous solution of sodium hydrosulphite, between a
source of bright light (e.g., light of the arc-lamp) and the
spectroscope. ~ The ycast-suspension should have the
consistency of a paste.

Keilin has investigated certain well-known oxidations,
brought about by animal-cells and yeast, in which anaerobic
dehydrases are believed to play a part, and there is a con-
tinuous uptake of oxygen. The results obtained indicate that
cytochromes a and ¢ act as intermediate carriers of hydrogen.
Keilin’s view is that oxidized cytochrome acts as a hydrogen-
acceptor of the labile hydrogen in an anaerobic dehydrase-
system. As a result all the cytochrome tends to pass into the
reduced form.

(AH; + anaerobic dehydrase) 4 Cyt = A 4- CytH,
Thus in the presence of phenyl-urethane, oxidized cytochrome
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cannot be reduced owing to the fact that dehydrases are
inhibited by certain narcotics.

Were there no mechanism in the cell for re-oxidizing reduced
cytochrome, this intermediate carrier would remain in the
reduced state. We have already seen that this happens under
anaerobic conditions, and we shall point out below that this also
happens under aerobic conditions in the presence of cyanides.
Under natural conditions, however, cytochrome exists in
aerobic organisms partially, at least, in the oxidized form.
Now it appears that, whereas cytochrome b is oxidized by
molecular oxygen, cytochromes a and ¢ are not autoxidizable
substances ; hence we cannot attribute the re-oxidation of
such cytochrome as has just been reduced during the dehydro-
genation of a metabolite to the direct action of the molecular
oxygen that has been absorbed from the environment. It is
at this stage, according to Keilin, that the system governed by
Warburg’s respiratory enzyme plays its part in respiratory
metabolism. He believes that the function of this enzyme is
not, as Warburg has stated, to co-operate with oxygen in
bringing about the oxidation of respirable substrates, but to
co-operate with oxygen in the oxidation of reduced cytochrome :
CytH, + (Warburg’s respiratory enzyme + O,) = Cyt + H;0,
The regenerated oxidized cytochrome can then once more act
as the hydrogen-acceptor in an anaerobic dehydrase-system.
Plainly the contention is that respirable substrates are oxidized
by dehydrogenation when the complete complex cytochrome-
system is active, the hamochromogens functioning in the
transfer of hydrogen.

Keilin did not use the term respiratory enzyme for the
system that governs the oxidation of reduced cytochrome,
He referred this oxidation to the activity of indophenol-oxidase

in animal cells and yeast, and to catechol-oxidase in the higher
plants.

CytH,; 4 (indophenol-oxidase + O,) = Cyt + H,0,

The fact that indophenol-oxidase and catechol-oxidase are
inhibited by cyanides and sulphides accorded with this view,
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seeing that the cells treated with cyanides or sulphides cannot
under any conditions oxidize reduced cytochrome. Still
stronger evidence was obtained when Keilin succeeded in
oxidizing reduced cytochrome ¢ by means of the indophenol-
oxidase of yeast. It is probable that the name indophenol-
oxidase will be replaced in the future by the name cytochrome-
oxidase (see p. 39).

The aerobic oxidation of succinic acid to fumaric acid provides
an example of an oxidation by the complete complex of the
proper dehydrase, cytochrome, and indophenol-oxidase. The
name succinoxidase was at one time given to this particular
complex. Experiments showed that whereas the action of this
oxidase was inhibited by cyanides when molecular oxygen was
used as hydrogen-acceptor, succinic acid could be oxidized in
the presence of cyanides when methylene-blue was used as the
acceptor. This difference can now be readily explained.
Methylene-blue virtually replaces the complex system [cyto-
chrome, indophenol-oxidase, and molecular oxygen]; hence
the oxidation is brought about by the dehydrase-system, which
is insensitive to cyanides, coupled with the methylene-blue.
The aerobic oxidation, however, depends upon the activation
of the oxygen which is absorbed, and this activation requires
the presence of active centres of iron in the indophenol-oxidase.
Cyanides inactivate these centres, and as a result the aerobic
oxidation of succinic acid is inhibited.

This continuous oxidation would, according to Keilin, proceed
in the following stages :—

(a) Activation of hydrogen in succinic acid by anaerobic dehydrase.
This continues as long as the succinic acid remains in the reacting
sy(s;.; m’l‘.ransfer of the activated hydrogen to oxidized cytochrome,

which is thereby reduced. The succinic acid would be oxidized by
dehydrogenation to fumaric acid.

(Anaerobic dehydrase + COOH . CH, . CH, . COOH) + Cyt
= COOH .CH : CH.COOH + CytH,

This reaction would continue as long as some oxidized cytochrome
remained in the reacting mixture.

(c) The oxidation of reduced cytochrome by oxygen acting with
indophenol-oxidase. The regenerated oxidized cytochrome then acts
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again as in (b) on the activated succinic acid produced as in (a).
It is possible that during the oxidation of reduced cytochrome,
hydrogen peroxide may be produced. This compound, however,
will not accumulate, as catalase is also present in the tissue.
Peroxidase may also act on the hydrogen peroxide to yield active
oxygen (cf. p. 41).

Holo-dehydrase systems composed of apo-dchydrases and
co—dehydrases.! In 1934 Warburg and Christian announced
the discovery in red blood-corpuscles of a co-enzyme containing
the pyridine compound, nicotinic acid amide (p. 508). The
wide distribution in plant and animal cells of two complex
chemicals containing this amide and possessing co-enzyme
properties has since been reported. These two co-enzymes
have been separated in crystalline form, and the constitution
of each compound has been determined by analysis and
synthesis. One of them, viz., co-dehydrase I, is identical with
Harden and Young’s co-zymase (p. 56). It is a dinucleotide
(p. 515), but as a chemical substance is still referred to as
diphospho-pyridine-nucleotide. The other, co-dchydrase II
(Warburg’s co-enzyme), possesses an extra phosphoric acid
residue. It, also, is a dinucleotide, but is described as tri-
phospho-pyridine-nucleotide.

These co-enzymes are the prosthetic groups of certain
dehydrases, each complete enzyme (holo-dehydrase) being
composed of a proteinaceous apo-dehydrase combined with
co-zymase or with Warburg’s co-enzyme, through one of the
phosphoric acid residues in these nucleotides. The apo-
dehydrase probably activates two hydrogen atoms in its proper
substrate, and the co-dehydrase accepts these atoms, the
diphospho- or triphospho-pyridine-nucleotide being reduced to
diphospho- or triphospho-dihydropyridine-nucleotide.

apo-dehydrase
AH, + co-dehydrase = A + dihydro-co-dehydrase

The specificity of the holo-dehydrase is determined by the

properties of the proteinaceous apo-dehydrase component ;

! The notes in this and the next sub-section are based on the reviews
written by Theorell, 250, Warburg, 258, and Fischer, 202. Veegv recently
an important review in English (Dixon, 198) has been published.
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the same co-dehydrase may be active in different dehydrase
systems.

Important pioneering studies .vere made on the activity of
co-dehydrase II, which, in association with one specific apo-
dehydrase, oxidizes Robison’s ester (hexose monophosphate),
and with another specific apo-dehydrase oxidizes phospho-
gluconic acid. We are more interested, however, in the
activities of certain holo-dchydrases containing co-zymase,
which probably play an essential part in fermentation. One of
these is called alcohol dehydrase. It consists of an apo-
dehydrase, which has been separated from yeast and purified
as a crystalline protein (p. 81), and of co-zymase, The apo-
dehydrase activates hydrogen in the cthyl alcohol, which is
oxidized to acetaldehyde while the co-zymase is reduced. The
reaction is reversible, pH and other conditions determining the
position of equilibrium.

alcohol apo-dehydrase

C,H,OH -+ co-zymase _=> CH,CHO +- dihydro-co-zymase (1)
A different specific proteinaceous apo-dehydrase is associated
with co-zymase in triosephosphate dehydrase, which catalyzes

the oxidation of glycericaldehyde-phosphoric acid to phospho-
glyceric acid.

CH,0H,PO,.CHOH.CHO + co-zymase + H,0
triosephosphate apo-dehydrase
= CH,0H,P0,.CHOH.COOH +dihydro-co-zymase (2)

There is reason to believe that while fermentation is in progress,
reactions (1) and (2) are coupled. Phosphoglyceric acid is
produced, with the reduction of co-zymasec, before acetaldehyde
arises from the decarboxylation of pyruvic acid (p. 58); and
alcohol dehydrase acts in the reverse way to that to which it
owes its name, reducing acetaldehyde to ethyl alcohol, and
oxidizing dihydro-co-zymase to co-zymase, which enters again
into reaction (2).

It is evident that oxidation of reduced co-dehydrases I and II
is essential if the proper substrates of holo-dehydrases are to
undergo continuous dehydrogenation; and speciai interest
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attaches to linkages with systems (e.g., cytochrome systems)
that are concerned with oxygen-uptake by aerobic organisms.
Linkage with systems containing flavin will be considered in the
next section, Here we note that neither dihydro-co-zymase
nor dihydro-co-dehydrase II is autoxidizable. They are,
indeed, but slowly oxidized by methylene-blue or cytochrone,
suggesting that each of the co-dehydrases has a relatively high
affinity for hydrogen. This affinity can, apparently, be
weakened by a specific catalyst, called co-enzyme factor by
Dewan and Green (196), and diaphorase by other workers (see
e.g., Lockhart, 219), and the reduced co-dehydrases may then
be dehydrogenated by cytochrome. Accordingly, continuous
oxidation of the substrate of a holo-dehydrase containing
co-zymase would then occur either anaerobically in the presence
of methylene-blue, or aerobically with oxygen-uptake in the
presence of cytochrome oxidase.
apo-dehydrase
AH, + co-zymase = A + dihydro-co-zymase.
co-enzyme factor

Dihydro-co-zymase + cytochrome = co-zymase + reduced

cytochrome,
cytochrome oxidase

Reduced cytochrome + O, = cytochrome + H,0,.
catalase
H,0, = H,0 + 1/20,.
It will be observed that the complete oxidation may be repre-
sented by the equation,

AH, +1/20, = A + H,0,

and that the participating catalysts are all unchanged at the
end of the reaction.

Yellow enzyme (flavoprotein dehydrase). Warburg and
Christian obtained from yeast a yellow enzyme, which catalyzed
certain oxidations, and is now known to be widely distributed in
plants and animals. Thanks to the analytical and synthetical
work of Kuhn, Theorell, and others, it is established that this
holo-dehydrase (flavoprotein) consists of a proteinaceous apo-
dehydrase combined with alloxazine nucleotide (riboflavin
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phosphoric acid, see p. 516). When oxidations are in progress
the nitrogen atoms of this prosthetic group function in the
transport of hydrogen. The dihydropyridine nucleotides (i.e.,
reduced co-zymase and reduced co-dehydrase II) appear to be
the specific reaction-partners of the yellow enzyme, donating
to this enzyme hydrogen, which wanders from the nitrogen of
the pyridine ring to that of the isoalloxazine ring. The flavo-
protein is thereby reduced, and the yellow colour tends to
disappear. The leucoenzyme (i.e., dihydro-flavoprotein, con-
taining now dihydro-alloxazine nucleotide) is autoxidizable,
but appears to be more rapidly oxidized by cytochrome
than by molecular oxygen. It is also rapidly oxidized by
methylene-blue or by the complete cytochrome system in the
presence of oxygen. Rates of oxidation may therefore be
determined anaerobically by Thunberg’s technique, or aerobic-
ally by measuring oxygen-uptake in the Barcroft-Warburg
apparatus (p. 815). Moreover, flavoproteins show absorption
bands in the visible spectrum, which shift as the state of
oxidation changes. Special photoelectric methods have been
developed for measuring these changes.

The action of yellow enzyme may be illustrated by the aerobic
oxidation of formic acid by an enzyme system containing formic
apo-dehydrase, which Adler and Sreenivasaya (180) separated
from pea meal. In the presence of co-zymase the holo-dehydrase
was reconstituted ; oxygen was absorbed, and the formic acid
dehydrogenated with the production of carbon dioxide and
water. The enzyme preparation contained flavin compounds.
It was found, however, that the rate of oxidation was greatly
increased by the addition of flavoprotein. These facts strongly
suggest that flavins, possibly as yellow enzyme, participate in
the oxidation. The whole oxidation was found to proceed
according to the equation

HCOOH + 1/2 0, = CO, + H,0.

The experimental evidence suggested that the intermediate

stages were
formic dehydrase
HCOOH + co-zymase == CO, + dihydro-co-zymase.
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Dihydro-co-zymase + flavoprotein = co-zymase -+ dihydro-
flavoprotein.
Dihydro-flavoprotein + O, = flavoprotein + H202.
catalase
H,0, =H,0 4 1/2 0,

Glutathione. ‘‘ The first hint that intermediate hydrogen
transport might be a process proper to living tissues >’ appears
to have come from the results of experiments in which gluta-
thione, isolated by Sir Frederick Hopkins from yeast, acted as an
intermediate carrier. The thiol group in this tripeptide (p. 522)
can exist in a reduced form (G-SH) or in an oxidized form
(G-S-S-G). Oxidized glutathione may act as acceptor of
labile hydrogen transferred from a donator AH,. The reduced
form is oxidized by molecular oxygen in the presence of iron
salts. Clearly, the continuous oxidation of a substrate AH, is
possible in systems containing glufathione, but there is as yet no
convincing evidence that such systems occur in the tissues of
higher plants.

Ascorbic acid (see p.482) and ascorbic oxidase. Because of
its vitamin action in animal nutrition much attention has been
given to the chemistry and physiological properties of ascorbic
acid (Szent-Gyorgyi’s hexuronic acid). This acid may be
oxidized by dehydrogenation in a number of ways, but not by
molecular oxygen in the absence of metallic catalysts.

Ascorbic acid + A = dehydroascorbic acid + AH,.

Co-zymase and quinones are among the substances that can
act as hydrogen acceptors. Coupling of such systems with
others in which dihydro-co-zymase or catechol are oxidized,
would result in the continuous oxidation of ascorbic acid.
Some investigators have attached importance to copper
proteids as enzymes oxidizing ascorbic acid aerobically, but
others (e.g., Tauber, 249) maintain that there is widely distri-
buted in the higher plants a specific enzyme, distinct from
copper proteids or iron-porphyrin compounds, that can effect
this oxidation with oxygen-uptake. This ascorbic oxidase
appears to be identical with the hexoxidase prepared by Szent-
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Gyorgyi from minced cabbage (sce Onslow, 102, p. 171). Itis not
yet established that dehydroascorbic acid can be enzymatically
reduced to ascorbic acid. This is a nccessary condition if
ascorbic acid is to act as a carrier substance (¢f. co-zymase and
flavoprotein) in biological oxidations.

Mutases. The name mutase is given to an enzyme which
catalyzes a hydrolytic oxido-reduction known as a dismutation
(p- 473). Acetaldehyde mutases obtained from liver, yeast, and
certain bacteria, have been intensively studied (Dixon, 197).
It is uncertain whether an aldehyde mutase is a single enzyme
or consists of two linked dehydrogenases, but it has been shown
that co-zymase is an essential component of the reacting
system. The following stages may occur in the dismutation of
acctaldehyde under mutase influence :

CH,CHO + H,0+4-co-zymase = CH,COOH + dihydro-co-
zymase.

CH,CHO + dihydro-co-zymase = C,H,OH 4- co-zymase.

Mutase actions are met with in alcoholic fermentation, e.g.,
triosephosphate mutase promotes the dismutation of triose-
phosphate to phosphoglyceric acid and glycerophosphoric acid,
and also hydrolytic oxido-reduction in the system containing
triosephosphate and acetaldehyde.

The presence in yeast and the higher nlants of an enzyme
called methyl glyoxalase should be noted. It converts methyl
glyoxal into lactic acid,

CH,.CO.CHO -+ H,0 = CH,CHOH.COOH.
It has been described as ketonaldehyde mutase, but this intra-
molecular oxido-reduction is not a true dismutation (Dixon, loc.
cit.).

E. The Zymase-complex and Fermentation

Components of the reacting system. The substrate and end-
products of alcoholic fermentation, whether by the yeast
organism or by zymase (sce p. 28), are described by Gay-
Lussac’s equation,

CgH,,0, = 2C0, + 2C,H,OH.
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The hexose may be d-glucose, d-fructose, or d-mannose (see
p. 66), but d-galactose is not fermented.

Products, such as the so-called fusel-oils, which accumulate
when fermentation is carried out by growing yeast, do not
concern us here, since they result from the metabolism of
proteins and other substrates in the living organisms, and
never arise from zymase cleavage in vivo or in vitro.

Harden and Young (see Harden, 59) discovered that zymase
in cell-free juice prepared by Buchner’s method is compounded
of a thermo-labile part, now called apo-zymase, and a thermo-
stable diffusible organic substance (co-zymase), which they
separated from apo-zymase by ultrafiltration through a gelatine
filter. Phosphorylase, glycolase, mutases, dehydrases, and
carboxylase, are now known to be among the enzymes present
in the apo-zymase complex. The chemical composition of
co-zymase has been established by synthesis (p. 515). It is
only one of the co-enzymes that ta{e part in zymase cleavage ;
the others are co-phosphorylase (see below) and co-carboxylase
(p. 58). Harden and Young also discovered that the con-
tinued activity of zymase depends upon the presence of an
inorganic phosphate in the reacting medium, and more recently
Lohmann has maintained that the presence of magnesium ions is
essential.

Twenty or more primary reactions and a large number of side
reactions may take place when the whole zymase-complex
(holo-zymase, phosphates, and magnesium salts) is assembled
in vitro with its proper hexose substrate.l With the disappear-
ance of sugar there accumulate not only ethyl alcohol and
carbon dioxide, but small amounts of the intermediate products
of alcoholic fermentation (e.g., trioses, acetaldehyde) and of the
end-products (e.g., glycerol, methyl-glyoxal) of side reactions.
Consideration here will be confined to such reactions as lead to
the production of ethyl aleohol and carbon dioxide. Separate
treatment will be given to those reactions (viz., hexose phos-

1 Parnas (231) has written a brief but comprehensive summary of our
present-day knowledge of these reactions and of the enzymes and co-
enzymes involved.
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phorylations) which occur before and to those which occur
after the cleavage of Cy compounds, <.e., after glycolysis.

Phosphorylations before glycelysis. Harden and Young
discovered that during alcoholic fermentation ¢n vitro hexose
esters of phosphoric acid accumulate and then break down.
The development of this work has established that phosphuryla-
tion under the agency of phosphorylase and co-phosphorylase
with the production of hexosemonophosphates and hexose-
diphosphates is the first process that occurs when the zymase-
complex acts on a hexose.

C.H,0, + 2R,HPO, — C.H,,0,(PO,R,), + 2H,0,
C,H,,0, + R,HPO, — C.H,,0,(PO,R,)+H,0

Morgan and Robison have shown that the ester of Harden
and Young is fructofuranose-1-6-diphosphoric ester, and that
this ester is produced whether one starts with glucose or
fructose. Three monophosphoric esters are known, viz., the
Cori-ester (glucopyranosec-1-monophosphoric ester), the Robison
ester (glucopyranose-6-monophosphoric ester), and the Neuberg
cster (fructofuranose-6-monophosphoric ester).

Phosphorylation of hexoses appears to depend upon the
transfer to the hexoses of phosphoric acid from adenosine
monophosphoric acid (adenylic acid, see p. 515), adenosine
diphosphoric acid (ADP), or adenosine cri-phosphoric acid
(ATP). These three phosphorylated adenosines function as
co-phosphorylases. During the enzymic production of hexose-
monophosphate from hexose, or of hexosediphosphoric acid
from hexosemonophosphoric acid, ATP would be converted
into ADP, ADP into adenylic acid, and adenylic acid into
adenosine. The reversc changes take place when adenosine,
adenylic acid, or ADP, combine with phosphoric acid that is
added to the reaction medium or set free during fermentation.

Glycolysis and the production of ethyl alcohol and carbon
dioxide. (i) Neuberg's theory of glycolysis and of post-glycolytic
change. Neuberg’s theory that glycolysis is governed by an
enzyme, glycolase, and results in the production of methyl-
glyoxal was, for a period, widely accepted. He advanced this
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theory when he obtained high yields of methyl glyoxal in a
system containing magnesium hexosediphosphate, yeast (or
other living cells containing zymase), and chloroform. He
assumed that there exists in the zymasc-complex a mutase
component that normally converts methyl glyoxal into pyruvic
acid and glycerol, and that this mutasc is inhibited by chloro-
form. Consequently he maintained that the properties of
glycolase, acting singly, could be studied in this system. Since
phosphorylase is also inhibited by chloroform, a hexosephos-
phate and not a hexose was used. Neuberg’s theory of glycolysis
has now been supplanted by Mcyerhof’s, and the accumulation
of methyl-glyoxal accounted for in another way.

The convincing evidence Neuberg has gathered that pyruvie
acid and acetaldehyde are the immediate precursors of ethyl
alcohol is his major contribution to our present-day knowledge
of the chemistry of fermentatio‘n. He discovered that cells
capable of fermenting sugars contain an enzyme, carboxylase,
which can cleave pyruvic acid with the production of
acetaldehyde and carbon dioxide.

CH,.CO.COOH = CH,.CHO + CO,.

Recent work suggests that this enzyme acts only in the presence
of co-carboxylase (see p. 516). As far as we know all the carbon
dioxide of fermentation is produced by this decarboxylation.

By a brilliant series of researches Neuberg obtained con-
vincing evidence (p. 263) that acetaldehyde is the immediate
precursor of ethyl alcohol. We shall describe below present-
day views concerning the reduction of acetaldehyde to ethyl
alcohol. Historically it is of interest to record that Neuberg
suggested that reduction is effected by a Cannizzaro reaction,
under the agency of a mutase, between acetaldehyde and
methyl glyoxal.

CH,.CHO + H,0 + CH,.CO.CHO
= C,H,OH + CH,.CO.COOH.

The ethyl alcohol would accumulate as an end-product of
fermentation. The pyruvic acid would be decarboxylated ;
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thus carbon dioxide would again be liberated and accumulate,
and the acctaldehyde would combine with a fresh supply of
methyl-glyoxal produced by fur.her glycolysis. Accordingly,
fermentation would continue until all the fermentable sugar had
been used up.

(ii) Meyerhof’s theory. It haslong been known that yeast can
ferment the triosephosphates, dioxyacctone phosphoric acid, and
glyceric aldehyde phosphoric acid. More recently it has been
demonstrated that phosphoglyceric acid and glycerophosphoric
acid accumulate when fermentation is carried out in the presence
of sodium fluoride. These and other experimental observations
have led Meyerhof (173) to account in a different way from
Neuberg’s for the formation during zymase cleavage of pyruvic
acid, and for the reduction later of acetaldehyde to ethyl
alecohol. During the last few ycars his scheme has been
developed by other workers (see Paruas, 231).

It is supposed that there exists during fermentation a
reversible equilibrium between hexosediphosphates and the
triosephosphates produced as a result of glycolysis.

Fructosediphosphate 7> phosphoglyceric aldehyde +
) phosphodioxyacetone.

There is also an equilibrated reaction between these triose-
phosphates, which results in the conversion of the major part
of the phosphodioxyacetone into phosphoglyceric aldehyde,
because this phosphoaldotriose is acted on by triosephosphate-
mutase and undergoes dismutation (see Pp. 55) with the
production of 8-phosphoglyceric acid and glycerophosphoric
acid.

2CH,0H,PO,.CHOH.CHO +H,0 =CH,0H,PO,.CHOH.COOH

phosphoglyceric aldehyde phosphoglyceric acid
+ CH,0H,PO,.CHOH.CH,0H.
glycerophosphoric acid

The glycerophosphoric acid is then hydrolyzed to yield phos-
phoric acid and glycerol, which is always formed in small
amounts during fermentation. The phosphoric acid set free
in this and in later reactions may be taken up by one of the
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co-phosphorylases ; for example, adenylic acid may produce
ADP or ATP. There is also evidence that co-zymase, acting
in the triosephosphate-dehydrase, may dehydrogenate phospho-
glyceric aldehyde with the production of phosphoglyceric
acid.

The 8-phosphoglyceric acid is then acted on by an enzyme
component of apo-zymase and undergoes intra-molecular
transformation into 2-phosphoglyceric acid

(CH,OH.CHOH,PO,.COOH,) ;

as a result of enzymic dehydration the latter substance is
changed into phosphopyruvic acid, which by enzyme hydro-
lysis yields pyruvic acid and phosphoric acid.

CH,:COH,PO,.COOH -+ H,0 = CH,.CO.COOH + H,PO,

It should be noted that sodium fluoride stops the production
of phosphopyruvic acid from phosphoglyceric acid. This
explains why phosphoglyceric acid accumulates when yeast
ferments sugar in the presence of sodium fluoride.

Meyerhof considers as well established Neuberg’s contention
that acetaldehyde is the precursor of ethyl alcohol and is formed
together with carbon dioxide by the decarboxylation of pyruvie
acid through the agency of carboxylase and co-carboxylase.
He attributes, however, the reduction to ethyl alcohol of
acetaldehyde, not to combination with methyl-glyoxal, but to
a dismutation with phosphoglyceric aldehyde. This triose-
phosphate is simultaneously oxidized to phosphoglyceric acid.
Triosephosphate-mutase may be the active enzyme (p. 55).

CH,OH,PO,.CHOH.CHO + CH,CHO + H,0
= CH,0H,PO,.CHOH.COOH + C,H,OH.

Sodium iodoacetate, in such concentrations as inhibit fermenta-
tion (p. 878), prevents this reaction from occurring. It may
also stop the cleavage of hexosephosphates to triosephosphates.
It does not inhibit any of the enzymes concerned with the
conversion of phosphoglyceric acid into acetaldehyde and
carbon dioxide.

It should be noted that acetaldehyde may be reduced to
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ethyl alcohol by dihydro-co-zymase, when this reduced
diphospho-pyridine-nucleotide is acting as the prosthetic group
of alcohol-dehydrogenase ; and that this reduction may be
coupled with the oxidation of phosphoglyceric aldehyde in the
presence of water and co-zymase (i.e., oxidized diphospho-
pyridine-nucleotide), and thus lead to the production of
phosphoglyceric acid. Equations are given on p. 51.

Ethyl alcohol accumulates as an end-product of zymase
cleavage, but the phosphoglyceric acid that is simultaneously
produced undergoes conversion in the manner described above.
Its production and conversion will continue until all the
fermentable sugar has been used up.

It will be observed that Meyerhof makes no mention of
methyl-glyoxal as an intermediate product of alcoholic
fermentation. He attributes the formation of this substance
under the conditions of Neuberg’s evperiments to a chemical
decomposition of triosephosphates, when the enzymes that act
on these esters have been inhibited by chloroform. The
presence in yeast of methyl-glyoxalase (p. 55) suggests that
methyl-glyoxal may also be produced by the metabolism of this
organism. It possibly arises from the action of enzymes
that work in close conjunction with the zymase-complex. In
living cells, the consequences of zymase-cleavage may be
manifold ; some of them will be considered in later chapters
(pp. 228, 382, 373).

F. Enzymes as Thermo-labiie, Colloidal, Biochemical Catalysts,
showing Specificity

The enzymes that have been separated from living cells appear
to fulfil the principal requirements of a catalyst, in that without
themselves serving as the sources of the end-products, they
either accelerate reactions which can proceed spontaneously
but slowly, or promote reactions which could not occur in their
absence. An enzyme may enter into chemical combination
during the course of a reaction, but the cnd-products are
entirely derived from the substrate. Indeed, for reections of
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short duration, at moderate temperatures and constant and
favourable pH, with a limited amount of substrate, the concen-
tration of enzyme will bc the same at the end as at the beginning
of the reaction, i.e., the initial catalytic powers of the enzyme
system remain unimpaired. Hence a small amount of enzyme
may possess and show prodigious powers. Thus it has been
calculated that one ‘‘ molecule” (see footnote on p. 63) of
purified catalase can decompose a hundred thousand molecules
of hydrogen peroxide per second; that one ‘ molecule” of
yellow enzyme may react twenty thousand times per minute ;
and that in the presence of adequate amounts of substrate and
co-zymase 0-001 mg. of alcohol-dehydrogenase may bring about
oxygen-uptake at the rate of 0-35 cubic mm. per minute,

It must be remembered, however, that enzymes are readily
inactivated under unfavourable conditions, such as sometimes
arise during the course of a reaction. For example, trypsin is
only active in alkaline solution, and is gradually inactivated by
the hydrogen ions set free when this enzyme cleaves proteins
into amino-acids in unbuffered solutions. This particular
inactivation is reversible, for tryptic activity is restored hy
once more making the solution alkaline.

The velocity of an enzyme action, like that of any other
catalysis, is proportional to the concentration of the substrate,
and to that of the enzyme. The quantitative relations, which
depend on these concentrations, temperature, pH, and often
on other factors, are various and complex, and, for most
enzyme actions, our knowledge has, until recently, been obscure.
They have formed subjects for much discussion in special
monographs (e.g., Bayliss, 13; Haldane, 57) and articles (e.g.,
Moelwyn-Hughes, 99) on enzymes. Morc satisfactory evidence
concerning the kinetics of certain cnzyme actions has been
obtained in recent experiments in which purified enzymes
and co-enzymes have been used under strictly controlled
conditions. Thus Dixon (797) proved that dismutation of
acetaldehyde proceeds stoichiometrically in accordance with the
equations given on p. 55 ; that whereas the initial velocity for
a given substrate concentration varies with the enzyme
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concentration, the reaction proceeds to completion at all
enzyme concentrations ; that the initial velocity for a given
enzyme concentration varics with the initial substrate con-
centration ; that the most rapid rate of change occurs at
pH 7-7 ; and that the enzyme is thermo-labile.

Experiments have shown that, if the reaction catalyzed by an
enzyme is reversible, the enzyme, like an ordinary catalyst, will
accelerate both reactions to about the same extent. Conse-
quently, the position of equilibrium will not be appreciably
altered. It is important to note, however, that the rate at
which equilibrium is reached may be greatly accelerated. The
metabolic significance of these findings is discussed clsewhere
(p. 38).

With few exceptions enzyme preparations do not dialyze, and
estimations of their molecular weights1 by physical methods
(e.g., determinations of the rate of diffusion or of sedimentation
in an ultra-centrifuge) have given numbers (e.g., 86,000 for
pepsin, 260,000 for catalase) of the same order as the molecular
weights assigned to certain proteins, polysaccharides, and
other giant molecules, Enzymes, therefore, have always been
regarded as colloidal catalysts, which develop extensive
active surfaces when dispersed in a reaction medium. It is
supposed that enzymic reactions take place on these surfaces.
Certain enzymes (e.g., lipase) can actually bring about chemical
change when dispersed in liquids (e.g., water, or ethyl aleohol, for
lipase) in which they are quite insoluble. Such enzymic
reactions resemble surface-catalyses induced by certain mectals
(e.g., colloidal platinum). As might be expected, the degree of
dispersion of enzymes appears to exercise an important influence
on surface activity. Evidence exists that dispersion is affected
by temperature, pH, and other environmental factors.

But it can hardly be denied that chemical forces also govern
and direct enzyme actions. The whole surface of an enzymic
micella or molecule may be chemically active, or there may be
active areas on the surface. The chemically active regions

1 Kvidently this term is used loosely, since it has not yet been definitely
proved that enzymes are single chemical compounds.
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would possess affinities for and powers of effecting change in its
appropriate substrate or substrates. What may happen
during the reaction is that the enzyme combines chemically
with and activates the substrate, which is then decomposed.
The products of the reaction may have little affinity for the
enzyme. Accordingly by diffusing from the enzyme surface,
they would make room for further molecules of substrate.

Enzymic activity may sometimes be reduced or stopped either
by narcotics or by traces of inorganic poisons. It is supposed
that substances (e.g., phenylurethane) included in the former
class of inhibitors are adsorbed by enzymes, and so occupy the
active surfaces to the exclusion of the substrate molecules.
Certain inorganic poisons (e.g., mercuric chloride) may act by
precipitating the dispersed enzyme. Others may combine
chemically at the active centres, as happens, for example, when
oxidation enzymes containing iron are inactivated by hydrogen
cyanide or hydrogen sulphide.

It has long been known that most enzymes, when dispersed
in water at temperatures greater than about 50° C., are gradu-
ally and irreversibly inactivated, 7.e., they are thermo-labile.
The higher the temperature the more rapid is the inactivation.
The enzymic powers of aqueous systems can usually be
completely destroyed by boiling for a few minutes. When
coagulation of protein accompanies inactivation there is
evidently an enormous decrease of surface. Moreover, spon-
taneous chemical changes may destroy active centres. It
should be noted that temperature has another effect on enzyme
action, viz., that of accelerating the chemical changes involved.
Such an accelerating effect occurs in all chemical reactions,
whether catalyzed or uncatalyzed. The value of the tempera-
ture coefficient (see p. 290) is usually about 2. Up to a
certain temperature, this effect predominates in a given
enzyme action, under defined conditions. Above that
temperature, the inactivation of the enzyme by heat
becomes relatively more powerful, and consequently the
whole process is retarded. The temperature at which
these two opposing effects of heat balance has been
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described as the optimum temperature. This, however, is not
a constant, even for a given enzyme preparation. It varies
according to the conditions of the experiment, the time-
factor (see p. 841) playing an important part. In experi-
mental work enzyme actions are usually hastened by allowing
them to progress at temperatures between 80° C. and 40° C.

In recent years it has been established that the pH of the
medium may have far-reaching effects upon enzyme activity.
An unfavourable pH may destroy enzymic properties: e.g.,
yeast invertase undergoes fairly rapid inactivation at pH
values less than 8. Optimum values of pH have been
determined for certain enzyme preparations under defined
conditions, and lie, for certain plant-enzymes, between 4 and 5,
a range not infrequently met with in plant-cells. Doubtless
one effect of pH is upon the dispersion of ampholytic com-
ponents (e.g., proteins, see p. 528) of enzyme preparations, but
electrical effects concerned with the mode of ionization of
ampholytes or the adsorption of hydrogen or hydroxyl ions
may also play a part. It is possible that some form of chemical
change occurs at active centres, when enzymes are irreversibly
inactivated in solutions which are too acid or too alkaline.

The term specificity of enzymes implies that the chemical
structure of substrates exerts an influence on enzymic cata-
lyses, There is no universal enzyme which can act on all
metabolites, and Nature has not been so lavish as to produce
a specific enzyme for every metabolite. Simplifying what is
an exceedingly complex analytical study (see Haldane, loc. cit.,
chap. VI), one may state that individual enzymes have been
separated which appear to be specific either for a single com-
pound (but this is rare), or for a single type of chemical linkage
which may occur in many different compounds. Catalase may
be cited as an enzyme which appears to be specific for a single
compound, viz., hydrogen peroxide. Usually, however, an
individual enzyme can act on more than one compound (see
notes on enzymes, section C). Linkages which are attacked by
a given enzyme may be sparsely distributed among metabolites,
or the name of possible metabolites may be legion. All
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proteins are hydrolyzed by the proteases, all starches by the
amylases, and all fats, and indeed other substances possessing
the ester linkage, by the lipases. In contrast, invertase can
act on but few substrates because its activity is specific for a
linkage, viz., that between glucose and fructose in cane-sugar,
that is not widely distributed in natural products. This
linkage is found, however, in certain trisaccharides ; conse-
quently, these compounds are hydrolyzed by invertase. Thus
raffinose yields fructose and melibiose (p. 86). The hydrolysis
of raffinose into cane-sugar and galactose by melibiase provides
further evidence of specificity. Evidently the linkage between
galactose and glucose in the melibiose molecule is attacked.
The specificity of the prunase component of emulsin is towards
substances containing a fB-glucoside linkage (e.g., prunasin,
sambunigrin, salicin, raffinose), while maltase acts only on
a-glucosides. Specificity among , the oxidases may either
relate to the oxidizable substances or to the oxidizing agent.
Catechol-oxidase in the presence of oxygen appears to
act only on substances that contain a catechol grouping. In
vitro, hydrogen peroxide appears to be the proper substrate for
peroxidase. Flavoproteins and dihydro-co-dehydrases are
reaction partners.

The specificity of an enzyme complex (e.g., zymase,
p. 56) should be distinguished from that of the simple enzymes
and co-enzymes of which it may be compounded. For instance,
zymase in the absence of co-phosphorylase is specific for certain
hexosephosphates, but in the presence of co-phosphorylase,
phosphates, and magnesium salts, the whole zymase complex
is assembled, and specificity becomes extended to d-glucose,
d-fructose, and d-mannose. The structural relationship of
these hexoses is indicated by the fact that they have a common
enolic form (p. 492). It is noteworthy that d-galactose, which
would give a different enol, is not fermented. Apo-zymase
itself is complex : among other active components, it contains
glycolase which is specific for hexose-phosphates ; aldehyde
dehydrases, which in the presence of co-zymase, act on triose-
phosphates and acetaldehyde; and carboxylase, requiring
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co-carboxylase, which is specific for certain a-ketonic acids
(e.g., pyruvic acid).

G. The Ordered Metabolism of Whole Cells, and Autolysis

Complex enzyme systems, such as zymase, may be regarded
as fragments of protoplasm which have escaped disintegration
during the processes of extraction and purification. Certain
complex systems for the existence of which there is good
evidence, e.g., the cytochrome oxidation system, dehydrase-
cytochrome-oxidase (p. 47), have not yet been separated as
wholes. It may be that a more complex fragment consisting
of the whole cytochrome system, flavoprotein, together
with zymase, would effect the complete aerobic oxidation
of sugar, in vitro. Continuing with this conception of
synthesis from active fragments, we arrive at the conclusion
that the whole protoplasm is compounded of thermo-
labile complex systems and single enzymes, and of asso-
ciated physiologically active substances (e.g., hydrogen
ions, activators, inhibitors, ctc.). Thus zymin contains
zymase, invertase, emulsin, protease, peroxidase, dehydrases,
cte., .., a single cell may accommodate many different
enzymes. The extensive enzymic surfaces in the colloidal
protoplasm of any given cell will, owing to their specificity,
direct metabolism along certain lines : for example, glucose is
fermented by yeast, yielding alcohol and carbon dioxide, but is
cleaved to lactic acid by myozymase in the muscle cells of
animals. Itis probable that anabolic as well as catabolic events
are governed by these surfaces, i.e., enzymic micelle govern
specific syntheses as well as specific degradations. Accordingly,
under favourable conditions in vive, syntheses by enzymes such
as invertase, emulsin, pepsin, may be more efficient than in
vitro, and enzymic syntheses that could not be foreshadowed
by studying the results of single enzymes in vitro, may govern
and direct growth processes. It is evident that during growth
the balance between anabolism and catabolism is in favour of
the former. Now anabolism requires energy. Apart from

3—2
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the absorption of solar energy by green cells, it is the energy
released in catabolic processes, in particular in respiratory
oxidations, that is used. Hence it may be inferred that in the
whole protoplasm enzyme systems may be coupled to each
other in such a manner as to enable centres of synthesis to
obtain and use the energy liberated elsewhere. If this is
granted, it follows that it will be found impossible to carry out
certain biochemical syntheses in vitro until such time as the
proper coupled systems are assembled under suitable conditions.

Finally, we note that ordered metabolism in a cell is governed
not only by the specificity of enzymes, and the coupling of
anabolic and catabolic processes, but also by the physical
structure of protoplasm, which may regulate the migration of
substrate molecules, and, consequently, the order and rate of
enzymic changes. Injury to cell-structure leads to disordered
metabolism, which is often called autolytic metabolism or
autolysis, and end-products not normally present in healthy
cells may then accumulate. Thus, owing to the hydrolysis
of prulaurasin by prunase, hydrogen cyanide is produced by
cherry laurel leaves autolyzing in chloroform vapour. Further-
more, glycosides may be hydrolyzed under natural conditions
as cells age and die. For instance, coumarin-glucosides yield
o-coumarin in the dying cells of harvested sweet vernal grass and
of the shoots of sweet woodruff in the late spring. In apples,
pears, and certain other fruits, at a late stage of storage, or
after mechanical or frost-injury, disordered metabolism may
lead to the accumulation of considerable amounts of ethyl
alcohol and small amounts of acetaldehyde. It has been
suggested that such spontaneous or induced alterations in the
physical structure of protoplasm disturb the normal relations
between zymase and other enzymic systems, and occasion
unregulated zymasis. Very striking colour changes often
accompany autolysis. A reasonable explanation is that the
oxidation systems (direct-oxidase, tyrosinase, etc.), substrates
(polyphenols, tyrosine, ete.), and oxygen, which, when brought
together, yield brown, red, blue or black oxidation products, do
not commingle in healthy cells, and that obstacles to the free
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diffusion of suitable substrates and dissolved oxygen are removed
by injury to the physical structure of the protoplasm. In fine,
a comparison of normal metabolism with autolysis compels
belief in the controlling influence that the physical organization of
protoplasm exerts on the total chemical behaviour of living cells.



PART 11

THE ABSORPTION, TRANSLOCATION, AND
ELIMINATION OF WATER, SOLUTES,
AND GASES

THERE are several reasons why a plant cannot grow without
water. First, and above all, turgor is a necessary condition for
growth. Again, water is essential for plant-life because it is
the solvent in which metabolites migrate, the medium for
metabolic change, and is itself a reacting component in cer-
tain important metabolic events (e.g., photosynthesis and
hydrolyses).

The water for land plants Is supplied by the soil, which also
provides essential elements for plant-nutrition in the form of
mineral salts. The water and solutes are absorbed by the root-
system and the solution is conducted upwards and outwards to
all parts of the plant by osmosis in parenchyma and by mass-
movement in the vessels and tracheides of the xylem. Some
of the water is retained, but much is lost by transpiration. The
mineral salts, together with water and carbon dioxide, are used
in the manufacture of metabolic products. Some of these
dissolve in water, and the conduction of organic solutes is an
essential operation in plant-nutrition. Loss of solutes by the
external secretion of solutions is rare and of little quantitative
significance, but solutes are lost when leaves, etc., fall, or when
bark is shed. Possibly woody perennials thus get rid of toxic
waste-products. In association with the processes of photo-
synthesis and respiration, gases pass in and out through stomata
and lenticels, and diffuse in the intercellular spaces.
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CHAPTER 1V

THE VACUOLATED CELL AS AN OSMATIC
SYSTEM !

PLANT-CELLS cannot absorb solids. They are dependent for
their vital activities on a continuous supply of nutritive liquid
and of water-soluble gases. The properties of non-living cell-
walls and of protoplasmic membranes govern the passage of
water, and determine which solute molecules can enter or leave
living plant-cells.

A. The Water Relations of a Vacuolated Cell 2

The osmotic pressure of cell-sap. A vacuolated living
plant-cell may be regarded as an osmotic system. Like a
parchment membrane, the cellulose cell-wall imbibes water,
and the wet wall readily allows the passage of water and
solute molecules in crystalloidal solution. But for our dis-
cussions in this section the permeability of the fully imbibed
nucleated protoplast that lines this wall in vacuolated cclls is,
for simplicity, compared with that of a porous pot impregnated
with copper ferrocyanide, i.e., we shall consider that a healthy
protoplast possesses the properties of a truly semi-permeatle
membrane. Actually many vacuolar substances can pass in
and out through protoplasts, but, as a rule, only at a slow rate
(see section B). Since by comparison water passes rapidly,
our assumption that protoplasm is a semipermeable membrane
often approaches the truth.

The cell-sap of plants consists of many solutes (e.g., mole-
cules of glucose, fructose, and cane-sugar, and molecules and

1 This chapter should ke read in conjunction with Appendix II, sections
D and E.

* Non-vacuolated cells (e.g., meristematic tissue) of plants imbibe
water and swell, in & manner analogous to the swelling of gelatin (p. 536).
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ions of mineral salts, and of organic acids and theirsalts) dissolved
in water. Some are dissolved in colloidal and others in crystal-
loidal solutions. The osmotic pressure of cell-sap is governed by
the number of particles present in unit volume, and is inde-
pendent of their nature. Its magnitude varies greatly from
plant to plant, and from tissue to tissue in a given plant.!
Apparently it is rarely less than 8-5 atmospheres, even in
starved cells. In storage-organs rich in sugar, it may be greater
than 20 atmospheres, and a value of 40 atmospheres (approxi-
mately) has been found in the fruit of the grape. Largely
owing to the high concentration of sodium chloride in the sap,
the cells of halophytes have exceedingly high osmotic pressures,
sometimes over 150 atmospheres (see also p. 75).

Plasmolysis and recovery from plasmolysis to a state of
turgor. When isotonic solutions of different substances are placed
inside and outside a rigid semipermeable membrane (see fig. 61),
endosmosis and exosmosis of water will occur at equal rates,
and the level of the liquids will not change. With a hypotonic
solution outside, endosmosis of water takes place, making the
solution outside more concentrated, and diluting the solution
inside. The osmotic pressure of the external solution con-
tinues to increase, and that of the internal solution to diminish
until the solutions become isotonic. With a hypertonic solu-
tion outside, equilibrium is reached by the exosmosis of water
until the solutions become isotonic.

If a turgid vacuolated cell containing sap that has an osmotic

1 Methods of determining the osmotic pressure (P) of cell sap :

(a) Measure the volume of the cell (V), and place the cell in a hypertonic
solution of cane-sugar of known osmotic pressure (P,). The whole cell
will first contract, and then plasmolysis will take place and proceed until
the osmotic pressure of the sap has increased to P, owing to the contraction
of the solution in the vacuole to a volume V,. This should be meas“red.

Then P = PyV,/V.

(b) Surround a vessel containing the tissue with a mixture of ice and
salt. Allow the frozen tissue to thaw, and then express the sap with a
hand-press. Determine the freezinﬁ point (— A° C.) of the expressed sap.
The average osmotic pressure of the sap of the tissue in atmospheres is
approximately equal to 12A. For more accurate determinations, the
molar strength of a solution of cane-sugar freezing at — A° C. should be
found. The osmotic pressure of the sap will be the same as that of t
solution of cane-sugar.
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pressure P, is immersed in a hypertonic solution of cane-
sugar of known osmotic pressure P,, cell-sap and bathing
solution can become isotonic by the exosmosis of water, and in
this way only if the protoplast is semi-permeable. Cell-mem-
branes differ from rigid pots in being elastic, and exosmosis at
first causes the whole cell to shrink. Let us suppose that the
volume of the whole cell thus diminishes from an initial value
V, to a minimum value V,,! and that the osmotic pressure of
the sap increases to P,. At this minimum volume the proto-
plast is just pressing against the cell-wall over the whole surface
of the latter, .., the cell just possesses turgor. Further
exosmosis occurs, however,
provided that the bathing 5}???&
solution is still hypertonic

towards the cell-sap (i.e.,
P, > P,); and, owing to
the resulting diminution in
the hydrostatic pressure of g\“_ s
the vacuolar solution, the
protoplast, which is highly Frc. 1. Changes in the osmotic pres-
elastic, will withdraw from (Sslgtet(e))f(t()??“-sap during plasmolysis
the cell-wall.  Plasmolysis

has occurred ; the cell has lost its turgor, and there is a space
between protoplast and wall that is filled with the bathing
solution (see fig. 1).

Plasmolysis is readily demonstrated with cells containi.g
coloured plastids, since the pigments make the shrinking
protoplasts easy to sec. And plasmolysis is readily observed
in red and blue tissues, since healthy protoplasm is impermeable
to anthocyanins ; it should be noticed that the colour intensifies
owing to the diminution in the volume of the cell-sap. Plas-
molysis continues until the cell-sap becomes isotonic with the
bathing solution. If, as is usual, the volume of the bathing
solution greatly exceeds that of the tissue, we may neglect the

1 This magnitude is determined by the mechanical properties of the cell-
wall. The amount of contraction (V;—V,) often differs for cells from
comparable tissues of different plants. This fact probably possesses
ecological significance (see p. 139).

It
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volume of water that has passed out from the cells during
plasmolysis, and state that equilibrium is reached when the
osmotic pressure of the cell-sap has increased to P,, i.e., we
may regard the osmotic pressure of the bathing solution as
being only imperceptibly reduced by the trifling dilution which
results from exosmosis.

If the protoplast has not been injured during plasmolysis,
and thus may be regarded as still possessing the properties of
a semi-permeable membrane, the plasmolyzed cell will recover
from plasmolysis when it is transferred to pure water. Plasmo-
lysis in a hypertonic solution followed by de-plasmolysis in
water indicates that a cell is in a healthy state. This recovery
is a result of #he endosmosis of water. The vacuolar sap
increases in volume, and, when the osmotic pressure of the cell-
sap has fallen to Py, the cell will have regained turgor.

The suction pressure of turgid cells. After turgor has been
regained, turgor pressure (T), i.e., the hydrostatic pressure
exerted by the cell-sap against the protoplast and the cell-wall,
increases upon the further endosmosis of
water. This entry of water will be opposed,
however, by the inwardly directed pressure
of the cell-wall. This pressure, which is
always equal bhut opposite to the turgor
pressure, will, evidently, become progres-
sively greater as the cell enlarges. (Cf. the
progressive increase in the resistance offered
FlSé?l'as t'lr‘nl:;et 'liﬁum: by a bicycle tyre to the pumping of air into

trated in Fig. 1 8D inner tube.)

when fully The term suction pressure (S) denotes the

turgid.

net pressure that causes water to enter a
plant-cell. For an isolated cell in pure water, the full suction
pressure is at the outset exerted, and, if the imbibitional
capacities of ccll-wall and protoplasm are ignored, is equal to
the osmotic pressure (P) of the cell-sap (i.e., the force causing
water to enter) less the wall pressure (i.e., the force opposing
entry).

S=P—-T . .. ....(3)
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Clearly, during de-plasmolysis, T is zero and S is always
equal to P, and decreases as P decreases. When turgor has
been regained, wall pressure enters as a factor; and as the
cell volume increases, the dec-ease in P is accompanied by an
increase in T, i.e., the suction pressure progressively diminishes
(fig. 3). Finally, a state is reached when S becomes zero,
because T = P. The cell has attained its maximum volume
(V); it is fully turgid (sce fig. 2).

For a cell taken from a land plant, V is usually markedly
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Fic. 3. Changes in the magnitudes of osmotic pressure, suction
pressure, and turgor pressure, accompanying changes in volume
of cell-sap. (From Thoday, 152, modified.)

greater than the original volume (V,) of the cell when removed
from the plant. Under natural conditions tissues of land plants
are rarely fully turgid, and expand when placed in water: e.g.,
the diameters of circular discs of carrot root increase, and the
hydrostatic pressures that are developed often fracture the
dises. It should be noticed that only at full turgidity does the
hydrostatic pressure of the cell-sap (i.e., turgor pressure) become
equal to the osmotic pressure of the sap. Thus when we stated
(p. 72) that the osmotic pressure of the sap of halophytes
sometimes exceeds 150 atmospheres, we did not imply that
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the hydrostatic pressure in the cells even approached this high
value. These plants live in salt-water, and would have to be
transferred to pure water for full turgor to be developed.
Actually, the cells would be killed by the high pressures
developed, long before they became fully turgid.

For cells in media other than pure water, forces other than
wall pressure may oppose the entry of water. For instance,
when a plant-cell is placed in a hypotonic solution possessing
an osmotic pressure P,

S=P—-T)—P, . . . ... (i)

and, clearly, for water to enter it is necessary that P — T
should be greater than P,, i.e., in a cell possessing moderate
turgor, the osmotic pressure of the cell-sap must be considerably
higher than that of the bathing solution. A fully turgid
cell (i.e., a cell that has been immersed for a period in pure
water) shrinks when it is placed in,a bathing solution hypotonic
with respect to its cell-sap.

Equation (ii.) suggests methods by which the full suction
pressure (see equation (i.) ) of a cell or a tissue may be readily
determined. The experimental material is immersed in different
solutions of cane-sugar of known molar strength, and hence of
known osmotic pressure. The full suction pressure of the cells
may be taken as being equal to the osmotic pressure (P) of that
solution in which the weight or the volume of the material
remains unchanged : for, clearly, in this solution, S is zero, and,
consequently, P — T = P,. Stiles and Jorgensen showed that
tissue from a potato tuber neither gained nor lost weight in
M/4 cane-sugar, and concluded that the full suction pressure of
this potato was 6-5 atmospheres. For tissue from carrot root,
the full suction pressure worked out at 17 atmospheres. The
volume-method may be illustrated by experiments with short
strips cut from the inflorescence stalk of the dandelion. The
average suction pressure of the tissue parenchyma is equal to
the osmotic pressure of a solution of cane-sugar in which no
change of curvature, i.e., of volume of the parenchyma, occurs
(see p. 561).



PERMEABILITY OF MEMBRANES 7

B. The Solute Relations of Vacuolated Cells -

The necessary conditions for the penetration of solutes into
living cells.  Although prowoplasm generally allows the
passage of water more readily than that of dissolved solutes,
the growth of plants at the expense of materials contained in
the environment, and the presence of solutes in the cell-sap,
force one to admit that protoplasm is not a truly semi-permeable
membrane, and that many solutes can penetrate through cell-
walls and protoplasm into vacuoles.

Elsewhere (p. 554) we point out that in physical systems with
crystalloidal solutiors inside permeable membranes and pure
water outside, endosmosis of water is always accompanied by
exosmosis of solute. Hence it appears that the movements of
solute and solvent are controlled by different causal factors,
Nevertheless the diffusion of a solute, by altering the osmotic
pressure of solutions on two sides of a membrane, may bring
about secondary movements of water.

We have seen that positive suction pressures occasion the
passage of water into cells, and in the present section we shall
consider, among other matters, the factors that govern the
absorption of solutes (viz., the permeability of cell-membranes,
the steepness of the diffusion gradients from source to sink, and
the fate of the diffusing solute at the sink).

The permeability of cellulose cell-walls. It is supposed
that cellulose cell-walls, like collodion or parchment membranc s
(p. 580), readily permit the passage of substances in crystal-
loidal solution but do not allow that of solutes in colloidal
solution. When cell-walls beconie lignified, cutinized, or
suberized, or when they become associated with hemi-celluloses
or mucilage, their permeability alters. Some non-living dermal
coverings actually become semi-permeable, e.g., the pericarp
of barley grains is semi-permeable towards dilute sulphurie
acid. .

Plasmolysis experiments confirm the view that inorganic
salts, sugars, and other solutes can pass through cellulose
cell-walls ; for the solutes must reach the outer surface of
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the shrinking protoplast to bring about the exosmosis of
water from the cell-sap. Also it can be shown that the
exosmosis of soluble vacuolar pigments, sugars, and other
substances, is not stopped by cell-walls when the protoplasm
of plant-cells (e.g., cells of red beet) is injured by raising the
temperature above 40° C., by treating the cells with chloroform,
or by immersing the cells in decinormal acid or alkali. So far
as we know none of these conditions, which are injurious to
protoplasm, affects the normal properties of cell-walls.

The experimental investigation of the permeability of proto-
plasmic membranes. We cannot by studying the behaviour
of physical models obtain even presumptive evidence con-
cerning the permeability of the protoplasmic membranes,
Every living tissue has distinctive properties, which may be
modified by changes either in the internal or in the environ-
mental conditions. Consequently the gathering of experimental
data under defined conditions is the first requirement in this
complex study. The following notes are based on the valuable
survey of Stiles (145).

(a) Chemical and physical investigations on expressed sap
and on external liguids. One can determine what substances
have been absorbed from an external liquid of known composi-
tion by performing chemical tests upon expressed sap of the
plant under experiment. For example, the sap expressed from
washed mustard seedlings, which have been grown in a solution
of potassium nitrate, turns blue when treated with diphenyl-
amine in the presence of strong sulphuric acid. This is a colour
test for nitrates. Hence we conclude that the seedlings have
absorbed nitrate ions from the external liquid. As a control
experiment the sap expressed from seedlings that have been
grown in water should be subjected to the same treatment,
As a rule no blue colour is given.

Much information has been gained about the absorption and
excretion of solute molecules by performing, over a period, a
series of quantitative tests on the liquid that surrounds a plant-
tissue. Thus we may find out by chemical analysis whether a
given solute is absorbed, and, if it is, we may then follow the
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course of absorption. Or, if the solute is an electrolyte,
conductivity changes may be measured. For acidic and
alkaline substances, changes in hydrion-concentration may be
followed electrometrically, or by means of suitable indicators.
In all three types of experiment it must be remembered that
endosmosis may be accompanied by exosmosis. The extent of
exosmosis may be estimated by immersing comparable samples
of the tissue in pure water and determining the changes in
chemical composition, electrical conductivity, or hydrion-
concentration, that occur in the external liquid over the same
period as that used in the experiments on absorption.

(b) Visible or easily detected changes in cells. We cannot
conclude from the results of experiments of the type
described in (a) that protoplasts have been penetrated by the
solutes that are absorbed or excreted, for, conceivably, inter-
change might have taken place between the cell-wall and the
external solution. For certain solutz particles, penetration into
the vacuolar sap is readily demonstrated with the aid of a
microscope. Thus we may observe that, first, an intense blue
colour appears, and then a blue precipitate gradually accumu-
lates in the vacuoles of Spirogyra or in the mesophyll cells of
many green leaves when filaments of the alga or sections of the
leaves are kept in dilute aqueous solutions of methylene-blue.
By direct observation the permeability of plant-cells towards
other coloured solutes has been tested, and informative results
have been obtained.

Several types of visible or readily detected change may result
from the penetration of non-pigmented solute particles. Thus
crystals of calcium oxalate are produced when calcium ions
reach the vacuoles of the cells in the roots of Dianthus barbatus,
because the sap ir. these cells contains free oxalic acid.  Caffcine
penetrates rapidly into the vacuoles of Spirogyra and combines
with phenolic substances to yield a grey precipitate. Changes
in the colour of the petals of certain flowers may be brought
about by injecting the intercellular spaces with weakly acidic
or weakly alkaline solutions. Starch-formation in certain
leaves, which have been floated in the dark on solutions of sugars
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and other organic solutes (p. 266), demonstrates that these
solutes reach the plastids of the cells.

(c) Plasmolysis experiments. If a cell when immersed in a
hypertonic bathing solution of a single substance becomes
plasmolyzed, one may infer that the protoplast is more per-
meable to water than to the dissolved solute. It is not neces-
sary that the protoplast should be quite impermeable to the
solute. Plasmolysis might, indeed, be brought about by a
strongly hypertonic solution of a solute to which the proto-
plasm is readily permeable, provided the living membrane were
relatively more permeable to water. Two very important facts
should be carefully noted about plasmolysis that is effected by
solute molecules to which protoplasm is permeable, viz. :
(i.) a higher concentration of solution is necessary to cause
plasmolysis than would be required were the protoplasm
impermeable to the solute; and (ii.) a cell that has been
plasmolyzed in a solution of a solute to which it is permeable
may recover from plasmolysis after prolonged immersion in this
solution. Use has been made of these two facts to obtain
numbers that indicate the relative permeability of protoplasm
towards substances in solution.

(i.) PERMEABILITY COEFFICIENTS. Since cane-sugar pene-
trates protoplasm extremely slowly, solutions of this compound
have been taken as standards in attempts to measure the
permeability of protoplasm to other compounds. Experiments
are performed to determine the molar strengths of solutions of
different compounds that bring about the same degree of plas-
molysis in the cells under investigation as is effected by a
solution of cane-sugar of known molarity, due regard being
paid to the effects of ionization when electrolytes are used.

Let us suppose that an z molar solution of cane-sugar just
causes plasmolysis. Then, were the protoplasm impermeable
to another non-electrolyte, this other compound should also in
« molar solution just bring about plasmolysis. Should, how-
ever, the protoplasm be relatively more permeable to this other
compound, a greater molar strength would be required, i.e., the
isotonic coefficient as determined by this plasmolytic method
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would be less than that found by a physical method (p. 560).
Thus in a class experiment it was shown that the cells in
Spirogyra filaments were plasmolyzed in 0-2 M cane-sugar, but
remained turgid in 0-5 M ethyl alcohol. Plasmolysis was
observed in M ethyl alcohol. The cells after treatment with
0-5 M ethyl alcohol could be plasmolyzed in strongly hypertonic
cane-sugar and deplasmolyzed in water, i.e., the protoplasts
had not been injured.

For an electrolyte, not an equimolar but a physically isotonic
solution would have to be used in the first place. Were
the protoplasm impermeable to the electrolyte, this isotonic
solution would also just cause plasmolysis, but were the
protoplast permeable, a stronger solution would be required.
Again, the isotonic coefficient obtained by physical methods
would differ from that determined by plasmolytic methods.

Numbers for the relative permeability of a given protoplast
to different solutes have been obtained from the relation p =
1 — i’[i, u being the coefficient of permeability in respect to the
solute under investigation, ¢ the isotonic coefficient as deter-
mined by a physical method, and ¢’ the isotonic coefficient as
calculated from the results of plasmolysis experiments. For a
solute in a solution to which the protoplast is truly semi-
permeable, ¢ = ¢/, and therefore p is zero. For a solute to
which the protoplast is permeable, ¢' wil! be less than ¢, and »
will work out at some positive value between zero and unity.
The fraction ¢'/¢ will diminish as the protoplast shows increasing
permeability to individual solutes in a set of solutions contain-
ing different solutes, i.e., p will approach unity.

(ii.) PLASMOLYSIS FOLLOWED BY D:PLASMOLYSIS. When the
protoplast of a cell undergoing plasmolysis in a hypertonic
solution of a single salt has reached maximum contraction, the
osmotic pressure of the cell-sap will be equal to that of the
solution which occupies the space between the cell-wall and the
protoplast. The concentration of the solute in this solution
will, however, still be higher than its concentration in the
vacuole ; for in the vacuole this solute is only one component
of a mixture of substances, each one of which contributes to the
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osmotic pressure of the sap. Hence, if the protoplast is not
truly semi-permeable, this solute will diffuse into the vacuole.
The osmotic pressure of the cell-sap will thus be increased, and,
when the external solution becomes hypotonic towards the
cell-sap, water will pass in from the external solution, and the
volume of the sap in the vacuole will increase, i.e., the cell will
begin to recover from plasmolysis.

It should be noted that the failure of a cell to recover from
plasmolysis does not necessarily mean that its protoplast is
impermeable to the solute in the solution which induced
plasmolysis. For example, exosmosis of solute particles from
the vacuole might compensate for the endosmosis of this
solute from the bathing solution. Or, as happens when cells
of the red beet are plasmolyzed in solutions of sodium chloride,
the solute in the bathing solution passes into the vacuole, but
the osmotic pressure of the cell-sap does not increase because
the diffusing solute is either adsorbed or forms an additive
chemical compound, i.e., the total number of particles in the
vacuole remains unchanged.

Filaments of Spirogyra have frequently been used for experi-
ments of this kind. Thus de Vries, who was the first to point
out the significance of recovery from plasmolysis, noticed that
cells in a sample of Spirogyra nitida were strongly plasmolyzed
in less than half an hour by 8-8 per cent. glycerol, and that
they had become turgid again after twenty-four hours. In
69 per cent. glycerol the protoplast first separated into
ellipsoidal and spheroidal masses, but after two days many of
the cells were again turgid. He concluded that after two days
the osmotic pressure of the cell-sap of the deplasmolyzed cells
had increased to that of a 6:9 per cent. solution of glycerol, since
the deplasmolyzed cells remained turgid when the filaments
were transferred to solutions of potassium nitrate, sodium
chloride, glucose, and cane-sugar, isotonic with 69 per cent.,
glycerol. Numbers purporting to represent the permeability
of protoplasm to various solutes have been obtained by
measuring the rate of recovery from plasmolysis. Usually the
cell under investigation is first plasmolyzed in a cane-sugar
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solution of known molar strength (say, C gm. mols per cc.).
The volume (V,ccs) of the vacuolar sap enclosed by the con-
tracted protoplast is then calculated from measurements made
with a standardized micrometer eye-picce. After this has been
done, the cell is transferred to a solution containing the solute
whose power of penetrating the protoplast is to be gruged.
This solution should be isotonic (as judged by physical methods)
with the cane-sugar solution. Clearly, if the protoplast is as
little permeable to this solute as it is to cane-sugar the volume
of the vacuolar sap will not alter. But for a solute that can
penetrate protoplasm, a gradual increase in volume of the
vacuolar sap will be observed. Let us suppose that the increase
is to V, after ¢ minutes. Then the amount of solute that
has passed through the protoplast in one minute will be
(V, — V,)C/t gram molecules. The whole outer surface of the
protoplast is exposed to the external liquid, and by deter-
mining the mean surface-area exposed by the protoplast during
the experiment, one may express permeability to the solute as
gram molecules penetrating per unit area per unit time. By
this method Lepeschkin calculated that ( from 67 to 183) x 10~*
gm. mols of glycerol passed through each square centimetre of
protoplast surface of Spirogyra cells per hour. We note that
permeability towards a given solute may vary from cell to
cell.

The permeability of a membrane may be defined as the
amount of solute passing in unit time through unit area of the
membrane when there is unit difference betwcen the concen-
trations of the diffusing solute in the solutions on opposite
sides of the membrane. Criticisms of plasmolytic and of other
methods purporting to give numbers expressing permeability
have been made, because the importance of taking into
account the magnitude of the concentration gradient has been
ignored.

(d) Electrical conductivity as a measure of the permeability of
protoplasts to ions. Healthy plant-tissues strongly resist the
passage of electrical currents, but the resistance decreases
when the protoplasts are injured. In other words, the electrical
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conductivity of healthy tissues is low, but increases when
protoplasm is injured. Since conductivity in liquid systems
depends upon the migration of ions, Osterhout supposed that
dissolved ions can only migrate slowly across healthy proto-
plasts, and in certain important researches (p. 87) used change
of electrical conductivity (which is a8 measure of the rate of
migration of ions) as a measure of change in the permeability
of the protoplasts in the constituent cells of living tissue
to the migrating ions.

General conclusions arrived at from experiments on the
permeability of protoplasts.! Although protoplasts are usually
more permeable to water than to solute molecules, it appears
that most substances that dissolve to give crystalloidal solutions
can penetrate protoplasmic membranes. For a given tissue the
rate of penetration depends upon the nature of the solute and
upon the environmental conditions. Further, the permeability
of the cells of a given tissue to a given solute may change
as the tissue ages. We note also that cells of different tissues
under identical environmental conditions may show very
different permeabilities to a given solute.

(i.) Permeability and the nature of the solute. It is usual to
find that healthy protoplasts of plant-cells are only slowly
penetrated by sugars, amino-acids, and inorganic salts, i.e.,
substances of importance in nutrition. Protoplasm appears
to be more rapidly penetrated by glycerol, glycol, and other
polyhydric alcohols, and it is extremely permeable to ethyl
alcohol. There is also good evidence that compounds con-
taining certain nitrogenous groups (e.g., urea, urethanes,
purines and other substances containing amide or imide groups)
may sometimes enter cells rapidly. Facts such as these may
throw light on the composition and structure of plasmatic or
other bounding membranes. One may, for the present, picture
these membranes as thin films composed of protein and lipoid
material. The protein part absorbs water and permits the
passage of inorganic salts, sugars, and other solutes (e.g., certain

1 Critical discussion of the subject-matter of this and later sections of
this chapter will be found in the books of Stiles (145, 246) and Gray (51).
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dyes) that are insoluble in lipoids but soluble in water. More-
over, substances (e.g., other dyes) that dissolve in lipoids are
readily absorbed by plant-cells. It is supposed that they pass
in through the non-aqueous (i.e., iipoid) phase of the plasmatic
membrane.

Dyes have been much used in experiments on perme=bility
because it is usually easy to see whether they have penetrated
into living cells, and how far. Only those dyes that dissolve
to give crystalloidal solutions can pass into the vacuoles of
plant-cells. The cell-wall prevents the passage of colloidal
solutions of dyes. Moreover, it is far easier to observe the
penetration of basic dyes (e.g., methylene-blue), since these may
accumulate in the vacuole owing to combination with phenolic
and other acidic substances in the sap. It is sometimes
difficult to decide whether acidic dyes have penetrated, for the
colour of the cell-sap when equilibrium is attained may be
very faint.

(ii.) Permeability changes occasioned by environmental
agencies, and by metabolic products. Changes in permeability
to water as well as to solute particles may be brought about by
varying the external conditions ; and many investigations have
been made on the effects produced by variations of light-
intensity, temperature, and of the hydrion-concentration of the
external liquid. The effects of single inorganic salts and pairs
of salts, and of narcotic and toxic substances, have also been
much studied.

Such alterations in conditions as may lead to injury cause
permeability to increase. Irreversible increase is followed by
the death of the cell, which often undergoes post-mortem change
of colour (in the apple, for example, brown oxidation products
are produced). Tissue of the red beet provides suitable material
for studying the conditions that lead to an increase in permea-
bility. The protoplast of a healthy cell is impermeable to the
anthocyanin pigment dissolved in the cell-sap, but, upon
injury, this red pigment diifuses out of the cell. Experiments
show that exosmosis occurs fairly rapidly from washed discs
placed in chloroform water, decinormal hydrochloric acid,
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decinormal sodium hydroxide,! or in hypotonic solutions of
sodium chloride, at ordinary temperatures; and in water at
temperatures greater than 40° C. Moreover, the pigment
passes out rapidly at ordinary temperatures from discs which
have been frozen and thawed rapidly. Thus it appears that the
relatively low permeability of healthy protoplasts is only
maintained within certain limits of temperature and hydrion-
concentration, in solutions containing more than one inorganic
salt (see also p. 87), and in the absence of toxic substances.

Toxic metabolic products sometimes accumulate in ageing
plant-cells, and may cause an irreversible increase in permea-
bility. Such increase leads to the injury and death of cells,
It has been suggested that some of the so-called physiological
diseases of stored fruits are thus caused by acetaldehyde and
other toxic metabolic products. Thus the flesh-tissue of
certain varieties of apple and pear suffers injury when the fruit
is stored at temperatures less than 5° C. There is little doubt
that changes that lead to an irreversible increase in permeability
play an important part in the sequence of cvents that leads to
tissue-browning. Clearly, fundamental researches, such as
those of Stiles (147) upon the effects of toxic substances and of
injurious conditions on the permeability of protoplasm, may
have important practical applications.

Reversible changes in permeability, which may play an
important part in governing the behaviour of certain plant-
organs, are sometimes termed functional changes in permea-
bility. Such changes may be brought about as direct responses
to alterations in environmental conditions, Thus there is
evidence that diurnal and seasonal fluctuations in permeability
may be effected by diurnal and seasonal fluctuations of
temperature and light-intensity. Reversible changes in
permeability may also be controlled by metabolic events, such
as photosynthesis and respiration. Touching these functions
one may note that importance has been attached to the hydrion-

1 The anthocyanin of beet loses its colour in alkaline solution, but
flavonic substances pass out also, and turn yellow in the external liquid.
Flavonic substances do not pass out through the protoplasts of heglthy
cells that are placed in neutral water.
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concentration of cell sap. In photosynthesis, carbonic acid is
changed into a neutral substance ; and, in respiration, carbonic
acid and, possibly, other acidic substances are produced. Much
depends upon the buffer-capaci.y of cell-sap ; but it has been
suggested that diurnal alterations of hydrion-concentration may
sometimes occur (e.g., in stomatal guard-cells), and by affect-
ing the state of cell proteins induce functional changes in
permeability.

(iii.) Antagonism. The effects of solutions of single and of
pairs of inorganic salts on permeability are still imperfectly
understood, but certain curious facts seem to be well estab-
lished. Itappears that the permeability of protoplasts increases
when cells are immersed in solutions of a single salt of sodium,
potassium, or magnesium. Prolonged immersion leads to
injury. The permeability of the protoplasts often decreases
at first when cells are placed in solutions containing a single
salt of calcium, but over a longer period the effect of calcium
ions in the absence of other metallic ions is the same as that of
sodium, potassium and magnesium ions, namely, to increase
the permeability and to injure the cells.

Over twenty years ago, Osterhout made the remarkable
discovery that this effect of the metallic ion in a single salt in
bringing about an increase in permeability may be antsa-
gonized by adding to the solution a relatively small amount
of a second metallic salt containing a different metallic ion.
Very striking antagonism was displayed between salts of
monovalent and divalent metals in Osterhout’s experiments
on the electrical conductivity of the thallus of Laminaria in
different saline solutions. The electrical conductivity was low
in sea-water, but progressively increased after the thallus was
transferred to an isotonic solution of sodium chloride, i.e., the
permeability of the cells to ions progressively increased. In
isotonic caleium chloride there was first a decrease and then an
increase in electrical conductivity. When the thallus was
transferred from sea-watei' to an isotonic solution of a mixture
of sodium chloride and calcium chloride in which the concentra-
tion of the sodium salt was in considerable excess over that of
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the calcium salt, there was hardly any alteration in the electrical
conductivity. The calcium ions, even in low concentration,
had effectively antagonized the injurious influence of the
sodium ions.

Phenomena of antagonism may be encountered when cells
of the higher plants are placed in solutions containing two or
more solutes. For example, Bayliss showed (cf. p. 86) that the
permeability of the cells of red beet to anthocyanins was
increased by transferring discs of tissue from pure water to
hypotonic sodium chloride, but that less exosmosis of antho-
cyanin occurred when the transfer was made from water to a
hypotonic solution containing a small amount of calcium
chloride in addition to sodium chloride.

As a result of the extension of Osterhout’s pioneer work it is
now generally agreed that there must be a suitable balance
among the various ions (anions as well as cations) that are
dissolved in solutions outside ‘plant-cells, in order to maintain
the relatively low permeability possessed by healthy cells. Sea-
water, the fresh water of pools and rivers, and soil-solution,
may be regarded as being suitably balanced for the cells that
these liquids bathe. Much experimental work has been carried
out with a view to determining the proportions in which
nutrient salts should be used in order to provide a well-balanced
culture-solution for the growth of plants.

The position of equilibrium attained when diffusible solutes
are absorbed by plant—cells. (i) Differences between the com-
position of cell-sap and external solution. When two different
crystalloidal solutions are separated from one another by means
of a permeable membrane, the solute particles, whether mole-
cules or ions, tend to diffuse until their concentrations become
the same throughout the system (p. 551). This tendency must
always exist where there are permeable membranes and concen-
tration gradients. If there is a heterogeneous system inside the
membrane, as happens in living cells and in certain physiecal
models in some ways analogous to living cells, the final distribu-
tion of diffusible particles, especially of ions, may be profoundly
affected. Adsorption may take place on internal surfaces, and
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if colloidal ions are present in the heterogeneous system (and
they always are present in cytoplasm), tendencies towards the
occurrence of Donnan-equilibria (p. 551) would be expected.
Both of these contributory causes may result in differences at
equilibrium between the concentrations of diffusible solutes inside
and outside the permeable membrane, whether livin_ or non-
living. Recent work suggests, however, that in their relations
to diffusible solutes living cells may differ from any model so far
constructed in that their metabolic activity may exercise a
predominant influence on the rate of absorption of solutes and
on the final amounts absorbed (see pp. 98, 117), and render
difficult to detect the purely physical influences, which must
also be at work. One of the major recent physiological
researches has been the investigation of the absorption of
inorganic solutes by living cells.

Comparisons of the composition of plant-sap with that of a
solution outside the plant definitely indicate that it is rare
for a diffusible substance to exist at the same concentrations
inside and outside living cells (see Stiles, 145). Thus the
figures given in table II show that the concentration of
certain ions in the cell-sap of the large marine alga Valonia
differ from those of the same ions in sea-water. This coenocytic

TaBLE II, Differences between the ionic composition of the
cell-sap of Valonia and sea-water

Parts per 1,000
Sea-water Cell-sap
CcYr . . . . 19-6 21-2
Na' . . . . 10-9 2:1
K . . . . 0:46 20-14
Ca . . . . 0-45 0-07
Mg . . . . - 181 Trace
SO/ . . . . 8:38 0-005
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alga was selected for experiment, since several cubic centi-
metres of sap can be expressed from the large central vacuole
which permits accurate quantitative analysis to be performed.
Similar results have been obtained with Nitella (see p. 93).

Only general statements can be made for land plants. The
salt composition of the sap expressed from a whole plant usually
differs widely from that of the solution in which it has been
grown, Variations occur, however, from tissue to tissue in a
given plant, and in a given tissue at different stages of develop-
ment. Also we must remember that different plants growing
together may make different demands upon the mineral
substances in the soil-solution. Until much more is known
about the behaviour of single cells and of isolated tissues in
solutions of known composition, it is useless to face questions
so difficult as those presented when one considers whole land
plants in relation to diffusible solute particles.

(ii.) The preferential absorption of ions. Experiments have
disclosed the surprising fact that living cells generally absorb
cations and anions from a solution of a single salt at different
rates. (Cf. a physical system consisting of a colloidal solution
of protein inside a parchment membrane, and a crystalloidal
solution outside (p. 551).) Thus Patanelli and Sella discovered
that the roots of Cucurbita pepo preferentially absorbed anions
from solutions of chlorides, sulphates, and phosphates, of
potassium and calcium. And Redfern found that after
thirty-six hours Pisum sativum had absorbed far more calcium
ions than chlorine ions from a solution of calcium chloride. In
decinormal solution, 17-7 per cent. of calcium ions and 8:6 per
cent. of chlorine ions were simultaneously absorbed. Smaller
differences were found with more dilute solutions.

When preferential absorption occurs, electrical equilibrium is
maintained in various ways. Thus Redfern noticed that the
exosmosis from the cells of the pea of potassium and magnesium
ions compensated for the excess of positively charged particles
passing in from the solutions of calcium chloride. The electrical
neutrality inside and outside a cell, when ions of a dissolved
solute are being absorbed at different rates, may also be main-
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tained by the passage in or out of an excess either of the hydrion
or the hydroxyl ions contributed to the system by the dissocia-
tion of the solvent, water. For example, when the ion M is
preferentially absorbed from & salt MX dissolved in water,
electrical neutrality might be maintained by the endosmosis
of hydroxyl ions in electrical equivalence to the evcess of
positive ions absorbed from the solute. At the end of the
experiment the bathing solution would then be acid. It is a
significant experimental fact that water-culture solutions in
which plants have been grown under experimental conditions
may gradually become acid as the experiment proceeds. It
has been suggested that this is owing to the preferential
absorption of excess of cations from the solutes in the culture
solution, and of hydroxyl ions contributed by water to an
amount corresponding in electrical charge to this excess.
There would then remain in the culture solution the hydrogen
ions set free with the hydroxyl ions by the ionization of water,
i.e., the acidity of the solution would steadily increase.

(iii.) The course of absorption and the absorption-ratio for
single salts.  Stiles and Kidd by measuring the change in the
electrical conductivity of solutions of single salts placed outside
cut discs of certain storage-tissues were able to follow the
course of the absorption of these salts. By plotting the
amount of solute absorbed against time . logarithmic curve was
obtained, indicating that the further away the system was from
equilibrium the more rapid was the rate of absorption. Plainl,
it is not the permeability of cell-membranes which alone
determines the rate of penetration of a dissolved solute.
Account must also be taken of the equilibrium conditions for
the dissolved solute in the cell under experiment. For example,
it is conceivable that experiments might fail to show the
absorption of a substance to which the cell-membranes are
permeable, were this substance already present in the cell and
equilibrium conditions by chance satisfied when the cell is
immersed in a solution of the substance.

Stiles and Kidd also determined the ratio of the final internal
concentration ¢ to the final external concentration e. This
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they termed the absorption-ratio ife. In a typical experi-
ment with sodium chloride and carrot tissue they found that
the absorption-ratio varied with the initial concentration, and
was unity for only one of the initial concentrations. They
showed that it is a property of the living cell to maintain
different concentrations of the salt inside and outside the cell ;
for, on killing the tissue, the absorption ratio approached unity.
For sodium chloride solutions of normalities 0-0002, 0-002, 0-02,
and 0-1, the absorption-ratios worked out at 46-7, 27, 8-5, and
0-88 respectively. As would be expected from the physical
laws of diffusion, with increase in the initial external concentra-
tion, the rate of absorption and the absolute amount of salt
absorbed increased ; but the absorption-ratio (which indicates
the relative amount of substance absorbed) decreased, being
more than fifty times higher at the lowest than at the highest
initial concentration. The absorption-ratio decreased as the
initial concentration was raised. \With the lower concentra-
tions the salt heaped up inside the cell, and with the higher
concentrations the absorption-ratio became less than unity.
Stiles and Kidd pointed out that this is what would happen
were salts adsorbed on protoplasmic or other surfaces after
entry, and educed from their results some evidence in support
of this view when they found a linear relation to hold between
log © and log e (see p. 540). But they never maintained that
they had proved absorption to be a process of adsorption
(Stiles, 246, p. 72). Nevertheless, Stiles (145) considered it a
reasonable hypothesis that adsorption of electrolytes on intra-
cellular surfaces might account for the absorption by living
cells of ions against a concentration gradient.

During the course of his later experiments Stiles (245) made
the interesting observation that conditions that favoured the
aeration of solutions (e.g., shaking, removing stoppers from
bottles) also promoted the absorption of solutes. Using well
aerated solutions in a specially designed apparatus Steward
found that the duration of absorption by discs of storage
tissue could be extended very considerably, and some of the
absorption ratios he obtained for dilute solutions of potassium
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bromide were greater than 1,000. Moreover, he proved that
the absorbed ions penetrated the protoplasts of the storage cells,
and accumulated in the vacuoles. Hoagland and Davis
(see below) had earlier argued from the results of their experi-
ments on Nitella that ions may be absorbed against a concen-
tration gradient and accumulate as free ions in the vacuoles.
These experiments have brought to light new facts about the
behaviour of living cells, and we note that whereas Hoagland
and Davis, and Steward and his collaborators, emphasize the
connection between the metabolic activity of living cells and
their power to accumulate solutes in their vacuoles, other
investigators (e.g., Osterhout, Brooks, Briggs, Petrie) have
considered and still are considering the extent to which know-
ledge of the behaviour of physical models, and of various kinds
of Donnan-equilibria, may contribute to the elucidation of the
experimental facts known about the distribution of ions
between living tissues and the environment (see Stiles, 246,
Hoagland, 166, Steward, 174).

Since both cation and anion of a diffusible electrolyte may
heap up inside a cell (i.e., the absorption ratio for each ion may
be greater than unity), it follows that absorption may go on
after the product of the internal concentrations of the ions has
become greater than the product of their residual concentrations
outside the cells. No simple explanation of such results can be
given in terms of Donnan-equilibria (see p. 551). Briggs has
pointed out, however, that conditions existing in a living cell
may lead to a complicated series of Donnan-equilibria.
Cytoplasm is a heterogeneous system composed of many phases,
in each of which there are indiffusible cations and anions
(e.g., protein ions), and he has suggested a number of different
possibilities which might account for some of the observed
distributions of ions in the environment, vacuoles, and the
various phases of the cytoplasm.

Metabolic activity as a controlling factor in the absorption of
salts against concentration gradients. It is clear from the data
in table II that Valonia absorbs potassium ions against a
concentration gradient. Working on Nitella clavata, Hoagland



94 CELLS AS OSMOTIC SYSTEMS

and Davis found that the conductivity of the cell-sap was
twenty-five times greater than that of the pond water in which
this coenocyte was growing, and concluded that inorganic salts
accumulated in the vacuoles and were electrolytically disso-
ciated, and that the ions were dispersed and not adsorbed.
From the results they obtained for individual ions it was evident
that movement of some of the cations (e.g., potassium) and
anions (e.g., chloride) present in the sap had taken place from
lower to higher concentrations. ‘ Mass action relations,
Donnan effects, protein isoelectric points, may all be, and
probably are, of utmost importance to the functioning of the
cell, and yet fall far short of explaining the final distribution of
ions.”” The general conclusion drawn was that plant-cells must
perform work in absorbing ions. Careful studies on the absorp-
tion of bromide,! chloride, and nitrate, by green cells elicited the
interesting result that the accumulation of these ions was
considerably augmented in the presence of light. Hoagland
and Davis (sec 166, 168, 169 and 170) attributed this increase
in absorption to the enhanced metabolism and growth that
resulted from the photosynthesis of carbohydrates. Emphasis
was thus laid on the intimate relationship between absorption
and energy exchanges.

Steward and his collaborators (see 174 and 175 for biblio-
graphy) have obtained evidence that, provided acrobic
metabolism with the liberation of respiratory energy is vigorous
and provided conditions are in general suitable for growth, but
only under such conditions, potassium and bromide ions may
be absorbed against a concentration gradient by dises of
storage-tissue of the potato, artichoke, and carrot, and by plant
roots, and that these ions accumulate in these tissues. They
made the surprising and important discovery that the rate of
respiration and of salt absorption were often simultaneously
depressed upon lowering the concentration of oxygen in the
environment, and, accordingly, concluded that oxygen con-

1 Bromide was selected for use because it is not toxic, and because no
difficulties arise from fluctuating values in a control experiment since this
anion is absent from cell-sap under natural conditions.
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centration is one of the factors which may govern the rate of
salt-absorption (see table III). Since accumulation of cations
as well as of anions was observed, and for other reasons, they
rcjected the possible interpretation that anion accumulation
results entirely from the exchange of bromide for such bicar-
bonate ions as arc produced from respiratory carbon dioxide,

TasLE III.  Effects of oxygen tension upon the relative rates of
absorption of K- and Br' by carrot and artichoke discs from
0-00075 N potassium bromide at 23° C., and upon the relative
rates of respiration of these discs. (Data from Steward,
Berry, and Broyer, 175).

CARROT. ARTICHOKE.
. Jative olativ . lative Relative
SRR | i, | o, | avspion | LS | abaption | S
_| 3r’.

27 44 22 42 63 12 17
12-2 78 96 86 85 74 76
20-8 100 100 100 100 100 100
43-4 106 117 118 112 100 1038

and held that it is “ the energy value of the oxidation which is
the factor most probably involved.”

It appears that whereas high respiration is one of the
necessary factors fo1 rapid absorption, it is not in itself a
sufficient cause. Thus in some of Steward’s experiments, high
rates of CO,-output were shown by tissues which absorbed
feebly. Apparently, what is required for high absorption is
intense general metabolic activity, of which the rate of CO4-out-
put is, in some tissues, a reliable as well as a convenient measure.
For storage-tissues the conclusion drawn is that the principal
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factor in salt absorption is * their ability for renewed active
metabolism and even growth, and consequently the amount of
salt accurmulated is closely related to the rate of aerobic
respiration, which represents the major source of energy for the
whole system.”

The maintenance of diffusion-gradients. Although pecu-
liarities associated with the metabolic activities of certain
tissues may mask purely physical effects, there is no reason to
abandon as yet the straightforward view that the endosmosis
and exosmosis of solutes are in the first place determined by the
existence of permeable membranes and of diffusion-gradients.
Under these conditions it is clear that the duration of diffusion
will depend upon the fate of the diffusing solute. Solutes
entering living cells may be variously dealt with. It has been
suggested (p. 92) that they may be adsorbed on cell surfaces.
Further, they may combine with a cell component, as happens
when methylene-blue reaches the vacuoles of cells containing
tannins or simple polyphenols, or they may undergo metabolic
change, as happens when starch-formation follows the pene-
tration of sugar molecules into mesophyll cells of leaves floated
on solutions of various sugars.

One may suppose that a diffusion-gradient will be main-
tained until the diffusing solute is no longer removed from the
medium of diffusion. Thus methylene-blue continues to enter
cells containing tannin until the external solution no longer
contains the dye or until all the tannin has combined with the
dye (see remarks on p. 558 concerning an analogous physical
system).

Although simple chemical combination as well as adsorption
may occur in growing plants under natural conditions, it is by
metabolism that diffusing substances are usually removed.
When a diffusing substance is consumed in an irreversible
metabolic process equilibrium can never be reached. Thus
equilibrium is never attained when yeast is fermenting glucose
solution. During fermentation glucose continuously diffuses to
the zones in the yeast’s protoplasm that possess zymase activity,
and is there fermented. The ethyl alcohol and carbon dioxide
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that are produced continuously diffuse out of the cell. Fermen-
tation goes on until all the glucose has been consumed or until
the cells have been killed by the alcohol that is produced.

For the higher plants under uatural conditions diffusion-
gradients are maintained by the continuous replenishing of
solutes at sources of supply (soil-solution, air, storage-cells,
etc.), and the incessant metabolism in consuming cells which
serve as sinks. Moreover, by cell-multiplication, new sinks are
created throughout the growing period, and, as we have seen,
recent work suggests that young cells possess a high capacity
for absorption, and can absorb salts even against a concentration
gradient.

THOMAS'S PLANT PHYS,



CHAPTER V
NOTES ON SOILS!
A. Soil Texture

THE term soil is used to denote the uppermost horizon in the
profile of detritus that extends vid the subsoil to the underlying
igneous or sedimentary rock. Soils (other than leaf-moulds and
peat) owe their origin to the weathering of native rock. The
process of soil formation is initiated by mechanical weathering
through the agency of water, ice, and wind. This causes the
comminution of mineral particles which, however, retain their
chemical identity. Chemical weathering acts on some of the
comminuted particles. Whereas some of the present-day soils
have been derived from the weathering of the underlying rock,
others have been carried, in an earlier geological period, to
their present situations by river, ice, or wind. In addition,
substances contained in organisms living above ground often
becomeincorporated in thesoil. Thus the soilreceives deciduous
members of living plants, droppings of animals, and whole
organisms after death. Soils nearly entirely composed of organic
matter result from the localized accumulation of plant-remains.
Thus a litter of leaves in deciduous forests quickly decays to
form leaf-mould ; and, over lengthy periods, deposits of plant-
remains have by slow carbonization and compression yielded
peats. Furthermore, we may distinguish the soil horizon from
underlying horizons by the fact that it supports life. It is
the milieu of a mixed society of roots, earthworms, and a
most varied assemblage which is included under the terms
micro-flora and micro-fauna. The substance of these organisms

! The highly complex physical and chemical problems included in
Pedology, the scientific study of soil, have recently been discussed in

monoqraphs (Russell, 123, and Robinson, 120), on which the present
writer’s notes are based.

08
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and of plant-members living underground also becomes incor-
porated in the soil, after their death.

In addition to mineral matter and organic matter, all soils
contain soil-air and soil-moisture. By the cultivator’s art,
mineral matter, organic matter (already present or added), and
moisture, are amalgamated into crumb-like particles which,
in association, give the characteristic porous structure of
productive soil of good tilth. Earthworms in temperate, and
termites in tropical regions, feed on soil and mix and excrete
moist crumb-like particles. In this way they play an important
part in the development of the structure of uncultivated soils.
In all soils the alternate freezing and thawing, which occurs in
the winter, is another factor of great importance in the produc-
tion of soil-crumbs. In soils that are not waterlogged, soil-air
occupies the space between these crumbs, which at the present
day is regarded as cellular and not capillary (see Keen, 216). Its
composition depends on the respiratory activity of the living
population, and the porosity of the soil. Thus in grassland
there may be three times as much carbon dioxide (1-5 per
cent.) as in arable land (05 per cent.). Under conditions
favourable for plant growth, soil-air is saturated with water-
vapour,

It is convenient when considering certain of the physical
properties of soils to group mineral particles according to
their size. For this purpose special methods of mechanical
analysis are used to separate the various fractions. Mineral
particles, the shapes of which are actually highly diverse, are
treated as if they were spherical, and equivalent diameters
are then calculated. The International Society of Soil Science
has decided to group fractions thus :—

Fractions. Diameter limits (mm.).
Coarse sand . . 2:0—0-2
Fine sand . . . 0-2—0-02
Silt . . . . 0:02—0-002
Clay . . . . <0002

Many soils (e.g., loams) are mixtures containing all these
42
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fractions. The properties of such soils will, of course, be inter-
mediate between those of soils composed nearly entirely of
coarse sand or of clay.

There is little cohesion between particles of coarse or fine sand,
and although the surface of each particle may be wetted with
water there is no imbibition. Consequently the water-holding
capacity of sand masses is low, and water readily percolates
through them to the water-table below. On the other hand,
there is never a shortage of air in sand masses ; they are always
open soils.

As the diameters of the particles in the fractions decrease,
surface properties become more emphasized. Thus, the
cohesiveness and water-holding capacity of silt, though con-
siderable, are much less than those of the fraction denoted as
clay. Furthermore, clay possesses distinctive properties. For
example, when moistened it imbibes water and swells. The
sticky mass so formed is impervious to air and water (¢f. sands),
is plastic, and can be moulded into any desired shape. The
object so produced shrinks on drying or baking, but remains
whole if sufficient compression has been used in the moulding
process. Cracks appear, however, in drying clay soils.

The particles belonging to the clay fraction are of very
different size-grades, as may readily be shown by shaking a
clay with water. The relatively coarse particles quickly
settle, but other particles do not settle at all, and will pass
through a filter-paper. Examination under the ultra-microscope
shows that the filtrate is a colloidal solution containing dispersed
particles in Brownian movement. Cataphoresis experiments
prove that the dispersed particles carry a negative charge.
Russell (123) has stated that * the properties of clay are now
associated with : (1) The constitution and the very small size
of its particles; (2) their affinity for water; (8) the negative
electric charge which they take on in the presence of water.”
The clay colloid is in the gel state in soils, and, as Robinson
(120) has stated, *is pre-eminently the reactive constituent
of the mineral portion of soil.”

The physical properties of sands, silts, and clays, may be
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greatly altered in the presence of organic matter. A distinction
may be made between recognizable plant-remains and animal-
remains, and the dark amorphous product (conveniently termed
humus) which results from the decomposition of such
remains. Humus is a complex colloidal aggregate, and gives
rise to the organic gel of soils. It provides certain essential
elements of the food supply of plants. Itisalso highly important
because of its physical properties. Thus it gives cohesive
properties to and augments the water-holding capacity of
sands, Together with the undecomposed plant-remains it
tends to make clay soils more open. Colloidal clay and colloidal
organic matter associate to give a single colloidal-complex.

Special mention must be made of calcium carbonate. This
mineral, though absent in very open sands and vegetable peats,
is present in most soils. The amount present is high in soils
formed by the weathering in situ of chalk or limestone. Its
association with clays and silts is a matter of considerable
importance. Under the influence of dissolved carbon dioxide
calcium carbonate is changed to the soluble bicarbonate.
The positively charged calcium ions, by neutralizing the
negative charges of the dispersed particles in colloidal clay, may
flocculate the colloidal clay, and the aggregate of crumbs so
formed becomes permeable to air and water. The soil thus
acquires a good tilth. Unfortunately calcium ions are readily
washed out of soil by rain, and by deflocculation colloidal clay
may be regenerated. In agricultural practice, lime (calcium
hydroxide) is added in order to improve the tilth of heavy
soils. Secondary advantages may accrue. Too great a soil-
acidity may be corrected, and the growth of certain important
micro-organisms may thereby be promoted.

B. The Organic Matter in Soil

The dead vegetable matter that becomes incorporated in soil
consists of a mixture of mineral salts, which are immediately
available for plant-nutrition, and of complex organic molecules,
which must undergo a series of decompositions before the
essential elements they contain can be re-absorbed by
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green plants. These residual organic compounds largely
consist of cell-wall substances. Substances containing nitrogen
represent but a fraction of the whole mass. The ratio of carbon
to nitrogen in dead vegetable matter varies from 25/1 to 40/1.
Usually traces of organic compounds containing sulphur or
phosphorus are also present.

The decomposition of organic compounds is for the most
part effected by saprophytic fungi and bacteria. The com-
pounds are consumed as foodstuffs by these organisms, and
some of the metabolic products are excreted into the soil.
Thus the aerobic oxidation of carbon compounds leads to the
production of carbon dioxide and water. The carbon dioxide,
upon diffusing through the pore-spaces of the soil into the air,
becomes once more available for the nutrition of green plants.
Catabolism of nitrogenous substances yields amino-acids, amides,
and ammonium salts (the fate of which will be discussed below),
and that of organic compounds containing sulphur or phosphorus
yields sulphates or phosphates, which may be immediately
absorbed by roots.

Humus, the dark brown amorphous material of the soil,
consists of partially decomposed organic matter. Owing to
loss of carbon by aerobic oxidation, while humification under
the agency of the micro-flora of soil is in progress, the ratio of
carbon to nitrogen diminishes from the value mentioned above
to about 10/1 to 12/1. Humus is a complex mixture of organic
compounds, the composition of which will, of course, vary
according to the source of the humus. The results of chemical
analysis suggest, however, that certain types of substance may
be present in all forms of humus. Thus, on treating humus
with cold alkali, certain acidic substances dissolve, while a
nitrogenous residue termed humin remains undissolved.
Attempts have been made to separate single acidic substances
from the soluble fraction, and much discussion has centred
on the chemistry of the product known as humic acid. Odén
regarded this acid as free from nitrogen, and assigned to it the
formula C4oH ;,0,4,(COOH),, but it is not yet generally accepted
that he experimented with a single substance.
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It should be noted that the dead individuals of the hypogeal
micro-flora and micro-fauna also contribute to the organic
matter of the soil. Of particular interest are certain groups
of heterotrophic bacteria (nitroge.i-fixers) which possess the
power of using molecular nitrogen for the synthesis of protein.
Energy for the synthesis is derived from the oxidation of
organic foods which these organisms absorb from humus.!

NITROGENOUS ORGANIC COMPOUNDS
IN
PLANTS

MICRO-ORGANISM

GASEOUS _¢ REOUCTION NITRATE

NITROGEN LOST IN DRAINAGE WATER
Fig. 4. The nitrogen cycle. (From Russell (loc. cit.), slightly modified.)

Thus Clostridium Pasteurianum, an anaerobic organism, while
fixing 2-8 mg. nitrogen, decomposes 1 gm. of carbo-
hydrate ; and Azotobacter chroococcum, an aerobic organism,
can fix 10 mg. nitrogen per gram of carbohydrate oxidized.
Plainly, through the activity of these bacteria, soil will become

1 Cf. the nimen-ﬂxing bacteria which live symbiotically with green
plants (e.g., Bacillus radicicola in the nodules of the roots of leguminous
glanta) and derive energy for protein-synthesis from the carbohydrate
'oods made by the plant.
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richer in complex organic compounds containing nitrogen.
When the bacteria die, these compounds will be acted on in
the usual way by saprophytic fungi and bacteria, and by
humification and hydrolysis will be converted into amides,
amino-acids, and ammonium salts. In rich cultivated soils
(e.g., those in market gardens), loss of nitrogen may be incurred
by the activity of Bacillus denitrificans, which oxidizes nitro-
genous compounds to molecular nitrogen.

Although some green plants (e.g., the potato) can absorb
the ammonium salts produced by the ammonification of
complex nitrogenous compounds and use them for growth, for
most plants the presence of nitrates in soils is essential. The
conversion of ammonium salts to nitrates is therefore an
all-important phase in the nitrogen cycle (fig. 5). This
conversion, which is termed nitrification, is effected in two
distinct stages by the nitrifying bacteria. In temperate
regions Nitrosomonas oxidizes athmonium salts to nitrites, and
Nitrobacter oxidizes the nitrites so produced to nitrates. These
bacteria are aerobic organisms, and can grow in the absence of
organic foods, i.e., they, like green plants, are autotrophic
organisms. They use the energy set free in the oxidations that
lead to nitrification, for the chemosynthesis of carbohydrates
from carbon dioxide and water (p. 310). Since only small
amounts of nitrate are added by rainfall, and since nitrate is
readily leached out of soils, we may infer that under natural
conditions a continuous nitrate supply, upon which the growth
of green plants depends, is the result of a nutritional
process in these chemosynthetic bacteria. These and other
(p. 810) chemosynthetic bacteria are, however, in no way
dependent on green plants. ‘With the intensive cultivation
of land to meet the food requirements of an increasing
world population, it became imperative to supplement the
nitrates produced by these autotrophic bacteria, and those
contained in nitre beds: and one of the most valuable
achievements of chemistry and engineering has been the develop-
* ment of a method for fixing atmospheric nitrogen. The amount
of nitrate so manufactured has increased in a remarkable fashion
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during the last thirty years, and there is now no danger that
the world’s food-supply will fall short owing to a deficiency of
combined nitrogen in soils in a form suitable for absorption by
green plants.

C. The Chemical Weathering of Mineral Matter and the
Production of the Colloidal Clay-complex

Many of the mineral particles produced by mechanical
weathering are subject to chemical weathering under the agency
of water, dissolved carbon dioxide, and the organic acids in
humus. For instance, felspars, micas, and ferromagnesian and
other mineral silicates, undergo hydrolysis and produce what has
been variously termed the weathering-complex, clay-complex,
zeolite-complex, or inorganic soil-colloid. Much discussion
has centred on the question of the chemical composition
of the products of hydrolysis, but no general agreement
has yet been reached. It may be definitely stated that no clay
has been found to possess the composition of kaolin, which was
once supposed to be the essential product of weathering.

Analyses have revealed a wide variation in composition, and
few general statements can be made. But it appears that silica
and the hydrated sesquioxides of aluminium and iron may
account for as much as 90 per cent. of the weathered preduct.
For example, Robinson has reported that the clay fraction of a
shale soil from North Wales contained 46-6 per cent. silica,
83-8 per cent. alumina, and 12-6 per cent. oxide of iron. He also
found small amounts of basic compounds containing potassium,
sodium, calcium, and magnesium. These are exceedingly
important components of plant-food.

In soils containing sands, and in the coarser silts, unweathered
mineral particles may be abundant. Comminuted particles
of quartz do not undergo chemical weathering. These, and other
mineral fragments which have retained their native composi-
tion, constitute the relatively inert framework of soil. They
mingle in moist soil-crumbs with the clay-complex and organic
matter, and serve to give soil an open structure.
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D. Soil-solution ! and the Colloidal-complex of Soils

Apart from the elements in water, the essential elements for
plant-growth that the soil provides are derived from decaying
plant-remains and the clay-complex. Humus yields a mixture
of mineral salts (plant ash), and the nitrates, phosphates,
and sulphates, produced during decay; and the clay-complex
yields potassium, calcium, magnesium, and iron. All these
elements tend to go into solution in the soil-water, to give the
¢ culture-solution of the plant.”” This is retained by absorption
and surface attractions in and on the soil-particles (fig. 6).

The composition of soil-solution is, of course, highly variable.
Even over short periods in a given field, the composition is
continually changing owing to the activities of plants and
micro-organisms ; furthermore, evaporation concentrates the
soil-solution, and rain-water dilutes it or leaches out soluble
ingredients of the soil. The results of an analysis by Schloesing
of a soil-solution displaced from a soil, which contained 19-1 per
cent. water, are given below. The numbers represent mgs/litre.
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This soil also contained traces of phosphorus and ammonia,
The total concentration of solids works out at about 0-08 per
cent.

The results of this and other analyses permit the general
statement to be made that soil-solution is a mixture of the
bicarbonates, sulphates, chlorides, nitrates, phosphates, and
silicates, of calcium, magnesium, potassium, sodium, and iron.
At the dilutions encountered, the salts will be nearly completely
dissociated into ions. In soil, therefore, we have a complex
heterogeneous system, the solid phase being composed of the
hydrogels of the colloidal-complex, which contain ions in the

"1 The availability of water in soil-solution is considered later
(chap. VI, section A).



IONIC-EQUILIBRIA IN SOILS 107

imbibed water ; and the liquid phase consisting of a solution
which contains ions. It appears that all the ions excepting
those of nitrate and chloride may occur in the solid as well as
in the liquid phase.

Nitrates and chlorides occur only in the soil-solution. They
are not chemically absorbed by the colloidal-complex, and,
consequently, if not absorbed by living cells, they are rapidly
leached out of soils. The other essential ions are chemically
absorbed by the colloidal-complex, and the distribution between
solid and liquid phases for varying concentrations of a given ion
appears to be governed by the adsorption-equation (p. 540).
It is possible therefore that adsorption plays a part in absorp-
tion by living cells and by the colloidal complex. The power
of absorption is an important property of the colloidal-complex,
for it opposes the leaching out by rainwater of certain of
the essential elements. Solution occurs sooner or later, how-
ever, and of all the bases calcium is the one most easily lost
(¢f. p. 101).

Equilibria between ions in the soil are dynamic, and are
governed by the distribution of electrical charges. The ions
in the colloidal-complex may be exchanged for others that
are contained in the soil-solution and bear equivalent electrical
charges. For example, if a solution of potassium chloride is
added to a soil containing calcium ions in the solid phase,
base-exchange is effected ; potassium ions are absorbed by
the colloidal-complex, and calcium ions pass out into the soil-
solution :

[Ca-soil] + added 2KCl = [K,-soil] + CaCl,

Such exchanges are parallel to those which occur when
living cells are immersed in saline solutions (p. 90). Now the
soil-solution bathes the outer walls of the living cells of roots
(fig. 6) and of soil micro-organisms. Hence, for a given moist
soil in which plants are growing we must, as far as ionic
exchanges are concerned, consider the whole system as
composed of

living cells—soil-solution—colloidal-complex].
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Thus the exosmosis of an electrolyte from roots, or from the
cells of micro-organisms, would affect the relations between the
soil-solution and the colloidal-complex. For example, the
liberation of nitrates during nitrification often leads to the
elution of calcium ions from the colloidal-complex. During
the growth of plants, however, it is the endosmosis of electrolytes
from the soil-solution which mainly directs the transfer of ions.
The general tendency will be for electrically charged particles
to leave the colloidal-complex, which will thereby become
depleted of plant-food. Weathering and the decay of humus
will slowly restore fertility, and roots by growing and branching
will tap new sources of supply.



CHAPTER VI

THE ABSORPTION OF WATER AND SOLUTES
FROM THE SOIL BY ROOTS

A. The Absorption of Available Water

THE experimental system illustrated in fig. 11 can be used
to demonstrate that roots absorb water, and to determine the
rate of absorption under various conditions. Experiments have
shown that temperature has a marked effect on this rate, and
that certain plants can be made to wilt simply by lowering the
temperaturc of the water around their roots; recovery may
subsequently be effected by raising the temperature. More-
over, if the osmotic pressure (P,) of the external solution is
greater than the suction pressure (P — T) of the absorbing
cells, water is not absorbed, and plants wilt. As regards the
composition of the external liquid it must suffice here to state
that since the entrance of water is affected by the state of the
protoplasmic membrane, factors such as hydrion concentration,
the balance of inorganic salts, and concentration of physio-
logically active organic solutes, may, at times, exert an influence
on the rate of absorption.

Since the corky coverings of old roots are impermeable to
water, the plant’s water-supply must be derived through the
functional activity of young roots. Whenever present, root-
hairs, by extending the surface exposed to the external liquid, will
facilitate absorption. We may regard these thin-walled living
tubular elements as being in intimate contact with soil-water
(fig. 6). Russell (123) classifies the physical forces, other than
the osmotic pressure of the soil-solution, that oppose absorption
of water from the soil as: (1) Gravity, which acts on all the
water, and tends to pull it down to the water-table. The effect
of gravity is equivalent to a pressure of about 1 atmosphere.

109
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(2) Surface forces of capillarity and imbibition, which may
range from one up to several hundred atmospheres. Capillarity
tends to retain water on the surfaces or in certain of the smaller
interstices of soil particles ; the water of imbibition, which is
sometimes called vesicular water, is held in the interstices of
the gels in soil colloids. (8) High surface forces of magnitudes
equivalent to several hundred or a thousand atmospheres.
So-called gel-water, the water imbibed by the molecules of
soil colloids, is thus held ; it represents only a small proportion
of the total water.

The classification of soil-water into the sharp groups of
gravitational water, capillary water, imbibitional water, and
hygroscopic water, was given up when it became apparent that
the forces included above under 1, 2, and 8 *“ overlap in their
operation and that the state of soil-water is continuous.”
The older view that water rises in soils from the water-table by
capillarity is not accepted by Hdines and Schofield (see Keen,
216), who regard the pore space in soils as essentially cellular,
and not capillary. They consider that movements of water
are sudden, corresponding with abrupt emptying and filling of
the cellular spaces, and that the colloidal properties of soil gels
exert a powerful controlling influence over this movement. It
still remains true, of course, that water will rise to greater
heights in glass tubes packed with fine soils (clays and loams),
but that more rapid initial movement occurs in the coarser soils
(medium loams and sands). These are experimental facts and
independent of interpretative theory.

One essential condition for growth is that the roots must
absorb water at a sufficient rate to maintain turgor in transpir-
ing members, and to effect turgor-enlargement. The first
requirement is that the suction pressure of the absorbing cells
must overcome the physical forces with which a portion of the
water in the soil is held. Water which can be absorbed may be
described as available water and such water as is too firmly
held for absorption may be termed unavailable water.

The suction pressure approaches zero in absorbing cells
which are nearly fully turgid, after wet weather. Under dry
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conditions the suction pressure is principally determined
by the osmotic pressure of root sap, and magnitudes varying
from 7 to 20 atmospheres have been recorded for different
plants. Obviously, available water must be held by forces of a
smaller magnitude.

For a given species grown in different kinds of soil, the
actual amount of available water depends upon the magni-
tudes of the capillary and imbibitional forces with which
water is held by the particles in the different soils. It has
long been known that the composition of soil exerts an
influence on these magnitudes. Thus Sachs experimented on
tobacco plants which were growing in different kinds of
soils. He allowed the soils to dry, and determined the water
content of each soil when the plants began to wilt. The
figures he got were : for a sand, 15 per cent. ; clay, 8 per cent. ;
and a mixture of sand and humus, 12-5 per cent. These
figures were supposed approximately to represent the amounts
of non-available water in these soils so far as the tobacco plant
is concerned. Actually, of course, they represent the amount
of water in the soil when absorption does not proceed rapidly
enough to prevent wilting. For this reason certain authors
denote this amount by the term, the wilting-cofficient of the
soil. Variations in the same sense have since been found
for other plants. One may conclude that the water-supplying
power of a soil is limited by the surface forces exerted by
clay and the organic gels in humus. It appears that for
quick survey-work a rough idea of the amount of unavailable
water (and hence also of available water) in any soil may be
obtained by assuming that all the water left in soil, which has
been dried in air at 15° C., is unavailable. Reckoned as parts by
weight of water per 100 parts of dry soil, unavailable water
determined in this way varies from under 2 per cent. in coarse
sands to over 40 per cent. in peats; and figures between
5 and 10 per cent. have been found for clays and loams. For
natural soils composed of diverse admixtures of sand, clay,
humus, and, at times, chalk, the amounts of unavailable water
are, of course, highly variable,
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Maximov (95, chap. II) discusses the controversial questions
concerning the availability of water for different species growing
in a given soil, including the surprising conclusion reached by
Briggs and Shantz, viz., that the amount of the available water
in a soil is nearly independent of the properties of the plant,
and is almost entirely governed by those of the soil.

B. Root-pressure and the Lateral Transfer of Water
in Roots

Stephen Hales in the eighteenth century demonstrated and
measured root-pressure. He attached a mercury manometer
to the rooted stump of a severed vine shoot (cf. fig. 5),
watered the plant well, and, from the difference in the final
levels of mercury in the two limbs of the manometer, concluded
that a pressure of 107 cm. of mercury had developed. Since
Hales’s time measurements have' shown that root-pressures
fluctuate widely. They may be lower than 1 em. mercury.
Until recently values higher than 200 em. mercury were held to
be exceptional, but White (264) has stated in a preliminary
report that he has found pressures up to ten atmospheres (i.e.,
760 cm. mercury) in excised roots growing in water-cultures.

For a given plant seasonal periodicity has been observed.
Wieler concluded from his experiments that (a) most hibernat-
ing trees lose the power of exuding water for a certain period
during the winter, and (b) maximal exudation occurs in the
spring, but not necessarily when buds are sprouting or new
roots forming. Furthermore, it has been found that root-
pressure may decrease to an extremely low value by the time
that transpiration becomes vigorous owing to the production of
leaves.

External conditions may affect root-pressure at a given
season. For example, it is governed by the conditions (water-
supply, temperature, etc.) that influence absorption. More-
over, certain experimental facts indicate that the process is
dependent on a secretory activity of protoplasm, for which
respiratory energy must be available. Thus Wieler discovered
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that on inhibiting respiration, by cutting off the oxygen supply
or angsthetizing with chloroform, root-pressure ceased.
The lateral transfer of water from the soil-solution has been a

Fie. 5. Apparatus for demonstrating root-pressure.

subject of some research and much discussion. For lack of
reliable experimental data all we can do at present (see Stiles,
246) is to infer from the fact that water moves from soil solution
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to trachee the existence of regular suction pressure gradients in
the tissues of roots (say from A to L in fig. 6). Anomalies in
the region of the endodermis and pericycle were reported by

Fia.6. Diagrammatic representation of the contact made by soil-
solution with a root-hair (A) and with soil particles (from
Sachs, modified), and of a transverse section through a root
(from Priestley, 114). Note the Casparian thickenings on
the radial walls of the endodermis AG) as seen in section, and
the whole Casparian band in the drawing of a single endo-
dermal cell.

Ursprung and Blum (see Thomas, 252). They suggested that
the pericycle might act as a combined suction and force pump ;
but these anomalies have since been attributed to the unsatis-
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factory methods they used for evaluating from the behaviour
of isolated tissue the suction pressures that existed in the living
plant (Ernest, 201, Dixon, 199).

Thoday (152) has pointed vut how the living cellsin the absorb-
ing region of a root may, layer by layer, gradually become fully
turgid under what we here term a suction pressure gradient. In
the fully turgid state the living cells can absorb no more water.
Then, as Atkins (§) had earlier suggested, one may regard
the cortical cells as a single complex semi-permeable membrane,
on the outside of which is the soil-solution (fig. 7), and on the
inside the solution in the xylem vessels. The force with which
water is drawn in would then solely depend on the difference
between the osmotic pressure of the xylem sap, and that of the
soil-solution. Priestley (114) incorporated these notions in the
hypothesis he put forward to account for the lateral movement
of water and the development of root-pressure. He clearly
formulated the central problem of accounting for a supply of
solutes to the xylem at a sufficient rate to maintain the sap
at a higher osmotic concentration than that of the soil-solution.
As a result of his anatomical and experimental investigations
he came to the conclusion that the maintenance of this supply
of solutes required : (a) a functional endodermis with imperme-
able radial and transverse walls (such as would be ensured by
the Casparian band (fig. 6) ), which prevents the outward leakage
of solutes ; (b) the constant diffusion of solutes into the xylem
sap through relatively permeable protoplasts within the endo-
dermal cylinder. Evidence was obtained in his school that
dyes penetrated cells near the xylem vessels relatively rapidly ;
and chemical analysis showed that, in the vine, organic solutes
(particularly di- and mono-saccharides) and inorganic solutes
were present in the xylem sap. The concentration of the latter
kept fairly constant, but that of the organic solutes fluctuated ;
exudation pressures fluctuated correspondingly. Priestley con-
cluded that organic solutes filtering into the xylem vessels,
through the neighbouring living parenchyma, are * more directly
responsible for the osmotic pressure effective in causing the
flow of sap.” )
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There appears, therefore, to be general agreement that
osmotic suction plays an important part in the lateral move-
ment of available water from soil-solution to the living cells
bordering xylem vessels, and that the unilateral exudation of
water from the living cells is also an osmotic phenomenon. But
it must not be forgotten that the secretion from a living cell
into a dead xylem-element resembles other secretory processes
occurring in plants and animals in being dependent on oxygen-
uptake, and, presumably, therefore, on respiratory energy.

C. The Absorption of Solutes

During their growth period, roots continually tap fresh
regions of soil, and absorb ions from the mineral salts in the soil-
solution, and hence from the colloidal-complex (p. 105)
produced by chemical weathering and the decomposition of
organic remains. It is no longer held that roots significantly
help in preparing their own mineral food, for it appears that
they do not secrete organic acids, and such respiratory carbon
dioxide as is produced has only a trifling solvent action.

Absorption was for a long time regarded as a purely physical
process, each particle diffusing independently of others in the
continuous liquid medium of soil-solution and plant-sap from
regions of higher to regions of lower concentration. On this
view any ion occurring in the soil-solution is absorbed by
plants, provided cell-membranes are permeable to that ion
(¢f. p. 77). There is no evidence that ions are passively
absorbed with the water taken in by osmotic suction. Indeed,
physical experiments (p. 554) have shown that solute and
solvent particles may be moving simultaneously in opposite
directions.

Under favourable conditions for growth, molecules and ions
of the essential elements are present in the colloidal-complex,
and are continually liberated into the soil-solution. Diffusion
across permeable membranes into and through the plant then
takes place. It has been suggested that solutes also migrate
in the wet cell-walls. Thus diffusible ions travel towards regions
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where they are consumed in metabolism or removed from
the medium of diffusion by adsorption. Removal by
leakage into the transpiration stream or the phloem slime
will have the same effect. As long as a plant is living
and as long as chemical change goes on in the soil, there
can be no equilibrium for any of the essential ions, since the
continual production in the soil (the source of ions) and con-
sumption in the plant (the sink for ions) will maintain diffusion
gradients. What these gradients will be for a given soil at a
given time will depend upon the nature of the metabolic and
other processes going on in the plant. Different demands are
made by different plants at a similar state of development,
and by a single plant at different stages of development. The
analysis of the apparent selective—or preferential—absorption
by different plants would require a profounder insight into the
physical and metabolic processes than we at present possess.
Clearly the experimental results obtained by Hoagland and
Davis, and by Steward et al., suggest that a complete description
of the absorption of solutes by roots, or by the submerged
shoots of water-plants, cannot be given at present in purely
physical terms. Solutes are sometimes absorbed against a
concentration gradient ; accumulation of a salt in a plant-
tissue may be determined by the tissue’s powers of growth and
development ; and the intensity of respiration may control the
rate of absorption. Recent work has emphasized the import-
ance of a sufficient supply of oxygen (and, incidentally, there-
fore, of good aeration of soil) for roots to show their maximum
power of absorbing solutes. Many years ago Stiles and
Jorgensen (247) observed that aeration of water-culture
solutions caused an increased yield of barley and balsam
(though not of buckwheat), and suggested that growth inhibi-
tions resulting from poor aeration might be attributed either
to lack of oxygen or to injurious concentrations of carbon
dioxide. Hoagland and Broyer (211) have reported that the
absorption of potassium, nitrate, and halides, by excised
barley roots was promoted by increasing the oxygen concen-
tration of the culture solutions up to some value equivalent
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to that found in water standing in contact with air containing
rather less than 10 per cent. oxygen. Steward, Berry, and
Broyer (175) recorded a similar effect of raising oxygen concen-
tration on the power of potato roots to absorb potassium
bromide. These authors note and discuss the interesting fact
that for roots maximum absorption appears to occur at lower
oxygen concentrations than those which Steward et al. (see
p. 95) found necessary for maximum absorption by discs of
storage tissues. Altogether it appears that the peculiar
activities of protoplasts may exercise control over the absorp-
tion of solutes so as to mask the operation of physical laws of
diffusion and of membrane equilibria (e.g., the Donnan-equili-
bria), which, according to classical views, primarily determine
the behaviour of plants towards substances in solution.



CHAPTER VII
TRANSPIRATION
A. Introduction

TRANSPIRATION is the giving off of water-vapour from the
surfd{;é_of ‘a plant. The phenomenon is readily demonstrated
by showing that drops of water condense on a bell-jar covering
a potted plant before they appear on the surface of the plant
(see fig. 7). When the outside air is unsaturated all shoot-
systems lose water by transpiration, and the rate of loss is often
high. Thus it has been estimated that in the growing season
the Egyptian cotton crop loses 50 tons of water per acre per day,
or 8 pints per plant per day. Secretion of liquid water may
occur in saturated atmospheres, as may be demonstrated by
leaving oat seedlings under a bell-jar for a period under condi-
tions favourable for the absorption of water.

High rates of transpiration may be a real menace to the
well-being of land plants, for the maintenance of turgor and the
possibility of growth depend upon the absorption by the roots
and the conduction to the transpiring organ of a sufficient
supply of water. In the lives of most plants there are critical
dry periods in which turgor is lost. During prolonged spelle
of drought the growth-rate will be reduced, and the wilted
shoot-systems may become injured beyond repair.

The structure of plants renders transpiration inevitable. In
the first place, although cuticularized and suberized dermal
coverings serve adequately in restricting water-loss—the
fact that a land flora exists is sufficient testimony to their
general efficiency—they are not completely impermeable to
water. Water-loss through cork may be neglected,! but loss

1 Since whole potatoes love weight very slowly and peeled potatoes

uickly, we may infer that even a dermal tissue composed of cells with

aﬂn suberized walls and less than a dozen cells thick effectively reduces the
rate of water-loss,
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Fic. 7. Apparatus for demonstrating and meusuring the
transpiration of potted plants. Water-loss from the surface
of the pot is prevented by encasing the pot in an aluminium
shell, and from the surface of the soil by covering, as shown,
with rubber sheeting attached to the base of the stem, and
held by a clamped band to the aluminium shell. Water
should be placed in the aluminium shell at the beginning
of the experiment. The presence of inlet and outlet tubes
germits the apparatus to be used for measuring transpiration

y absorbing the water given off (p. 128).
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from epidermal cells through the cuticle is often considerable
and is termed -cuticular transpiration. The presence of
lenticels in cork-tissue and of stomata in cuticularized epidermal
layers makes possible gaseous exchanges between the living
cells in the interior and the outside atmosphere (see p. 179), but
inevitably leads to the loss of water-vapour by diffusion from
the intercellular spaces. The amount which diffuses through
the lenticels is negligible, but, in unsaturated air, there is
continuous diffusion of water-vapour out through open stomata.
Stomatal transpiration, then, is chiefly responsible for the
loss of water from shoot-systems, and is the price shoot-systems
have had to pay for possessing facilities for gaseous exchange.
This price may at times severely tax a plant’s resiliency.
Hence it is important to realize that through stomatal move-
ments plants possess means of regulating stomatal transpira-
tion. 'The night-closure of stomatal apertures when photo-
synthesis is in abeyance conserves water without hindering
a vital gaseous exchange (see also p.179). For the short periods
involved there is always sufficient oxygen for respiratory
purposes in the air contained in the intercellular spaces.

It has often been debated whether transpiration, which is a
necessary result of the plant’s structure and is fraught with
so many harmful consequences, serves any uscful purpose.
One suggestion is that transpiration may facilitate the move-
ment of solutes. The experimental evidence is conflicting.
Thus the results of analyses indicate that the concentration of
minerals is sometimes, but by no means always, highest in
those regions which have been transpiring most vigorously.
On theoretical grounds one might expect the passive carriage
of solute molecules in the conducting tracts of the xylem to be
governed by the rate of movement of sap, and hence by the
rate of transpiration. But there is no evidence to suggest that
the rate of movement of solutes through living tissue is affected
by the rate of passage of water. Indeed, the movements of
water and solutes are governed by different laws, and in a given
tissue solute and solvent may move over a given period in
opposite directions (cf. parallel physical systems, p. 554).
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A second suggestion is that transpiration is mainly responsible
for keeping below injurious levels the temperatures of various
coloured shoot-systems exposed to light. For instance, in one
typical experiment it was estimated that 70 per cent. of the light
energy absorbed by insolated green leaves was used in trans-
piration, t.e., was converted into the latent heat of evaporation
of water. Only 1 per cent. was used in photosynthesis. The
remaining 29 per cent. caused the temperature of the leaf
temporarily to be higher than that of the air, but as a result of
convection and conduction of heat in and radiation from the
plant, the temperature of the leaves once more became the same
as that of the environment. Furthermore, direct measurements
have shown that the temperatures of feebly transpiring plant-
members exposed to the sun may rise considerably above
the temperature of the environment. Temperatures higher
than 50° C. have been noted in the succulent leaves of desert
plants. These plants appear not to be so susceptible to
heat-injury as are the leaves of mesophytes. Under conditions
when mesophytes transpire feebly, as in greenhouse plants
growing in saturated atmospheres, the leaves may suffer
injury from overheating by the sun’s rays. Consequently it
has been argued that the cooling effect of transpiration may
on humid sunny days save certain plants growing in the open
from injury.?

B. Experimental Methods for Measuring Transpiration
and the Expression of Results

(1) The measurement of transpiration. (i.) By absorption of
the transpired water-vapour. For certain purposes (e.g., the
comparison of the transpiration of the upper and lower surfaces
of a given leaf), the time taken for dry cobalt chloride paper,
placed against a transpiring surface, to change from a standard
shade of blue to a standard shade of pink, may be conveniently

! For a fuller discussion of the functions assigned to transpiration, and
of Ivanov’s suggestion that transpiration maintains an optimal turgor in
growing shoots, the reader is referred to Maximov (95, p. 102),
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used as a measure of transpiration. The paper should be
protected from atmospheric moisture by a glass plate or mica
sheet, and moist air should be prevented from entering at the
joins by sealing these with vaseline. Alternatively, changes in
weight of calcium chloride tubes affixed by wax or gum to the
transpiring surface may be measured. The objections that
have been raised against these methods are that the cobalt
chloride paper shades the transpiring member, and that the
calcium chloride desiccates the air in contact with the surface
under investigation. Freeman’s method meets these objections.
Moist air is drawn from a reservoir in two streams moving at
the same slow rate. One stream should first pass over the
transpiring organ, suitably secured in a covering of glass, mica,
or other translucent waterproof covering, and then through
weighed absorption-tubes containing calcium chloride, or
phosphorus pentoxide. The other stream should pass directly
into weighed absorption-tubes. From the differences between
the increases in weight of the absorption-tubes in the two
streams, the rate of transpiration can be calculated.

(ii.) Loss in weight owing to transpiration. Using Freeman’s
method again with two streams of moist air, but this time with
a whole encased potted plant under a bell-jar (c¢f. fig. 7),
experimenters have found that the weight of water absorbed
by the calcium chloride or phosphorus pentoxide is approxi-
mately equal to the loss in weight of the encased potted plant.
It appears, therefore, that, under conditions favourable for
transpiration, changes in dry-weight of the plant (see p. 400)
over short periods in the growing season are negligibly small
when compared with the weight of water lost. A simple and
satisfactory method for determining the rate of transpiration
is thus available, and has very often been used in field experi-
ments. Experimental systems are set up which can lose water
by transpiration only, and are periodically weighed in order to
determine the amount of water lost. For laboratory experi-
ments, systems like that illustrated in fig. 7 are customarily
used ; in field experiments plants have been grown in glazed
pots. Analogous systems can in a variety of ways be set up for
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i .

Fic. 8. The potometer, for measuring the relative rates of
absorption of water by a given cut leafy shoot under different
environmental conditions. The glass pieces must first be
completely filled with water, then a small air bubble is
introduced into the horizontally placed graduated tube,
and the rate of travel of the bubble over a selected distance
is measured. The solid glass rod is used to adjust the position
of the bubble in the graduated tube.
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detached leaves and cut shoots, and suggestive results have
sometimes been obtained simply by weighing at intervals
unwatered plant-members as they dried in air.

(iii.) The rate of absorption of water by transpiring members
as an indirect measure of water-loss. The potometer (fig. 8)
has frequently been employed in researches upon transpiration.
Actually this instrument is used to measure the rate of absorp-
tion of water by a cut shoot. It can be shown in a variety of
ways, however, that the rate of absorption is frequently
governed by the rate of water-loss. Thus the rate of movement
of the bubble in a potometer is reduced by covering with
vaseline the surfaces of the transpiring leaves. Moreover,
alterations of temperature, humidity, light-intensity, and rate
of air movement (three factors which, as we shall shortly learn,
influence transpiration), affect the rate of absorption. When
there is a constant ratio between transpiration and absorption,
but then only, the potometer may be used to evaluate variations
in the rate of transpiration under different physiological
conditions. Shoots for potometer experiments should be cut
under water and kept under a bell-jar for at least twelve hours
before use, with their cut ends in water.

(2) The expression of the results of measurements. (i.) The
intensity of transpiration. In physiological experiments on
transpiration the same transpiring shoot is as a rule under
different environmental conditions, and it is suflicient to
express transpiration by a number representing the amount of
water lost in unit time for the given shoot-system. For certain
purposes, however, attention must be paid to the extent of the
transpiring surface, and the term intcnsity of transpiration
has been given to the rate at which water is lost by unit surface
of the transpiring organ. The area of the transpiring surface
is best measured with a planimeter, but approximate measures
can be obtained by cutting out paper areas equal to those of the
transpiring members, and weighing the picces of paper. The
area of the transpiring surface may thus be calculated if the
weight of unit area of the paper is known,

In experiments on the intensity of transpiration, transpiring
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surfaces not under investigation should be covered with tinfoil
or vaseline.

(ii.) Relative-transpiration. A difference (between T, and T,,
say) in the rate of transpiration of a given shoot-system during
two successive periods must be attributed to alterations in the
environmental factors that affect evaporation (e.g., tempera-
ture, humidity, or wind-velocity), or in the internal factors
(e.g., width of stomatal apertures, or water-holding power of
cell-walls) that have a regulatory effect on transpiration.
Simultaneous alterations in the evaporating power of the
atmosphere (e.g., from E, to E,) are readily determined by means
of evaporimeters or atmometers (see Maximov, 95). Living-
ston’s concept of relative-transpiration has been used in
attempts to assess changes in the regulatory power of a plant
over its own transpiration. Relative-transpiration is given
by the ratio of the rate of transpiration per unit area (T) to the
rate of evaporation per unit area (E).

Livingston supposed that were T,/E, found to be equal to
T,/E,, the changed transpiration rate could be entirely attributed
to alterations in the evaporating power of the atmosphere,
but that inequality in the two ratios would indicate that the
plant’s resistance towards water-loss had altered. Thus he
made investigations on the influence of light on the relative-
transpiration of certain desert plants, and concluded that
internal regulation by these plants is more effective at night
than by day. For example, he found that the relative-trans-
piration of a certain species of Euphorbia showed a maximum
during the day of about 0-07, and a minimum at night of less
than 0-01.

For the use of relative-transpiration as a valid measure of
internal regulation, the rate of the evaporation component of
transpiration must vary proportionately with the rate of
evaporation from the evaporimeter or atmometer, under
changing environmental conditions. Unfortunately it is
probable that evaporation from physical instruments may at
times be more strongly affected by changes in environmental
factors, particularly wind-velocity, than is the evaporation
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component of transpiration. And it has been stated that
alterations in T/E might thus measure the altered responses of
the physical instrument and not those of the plant. Certain
authorities maintain, however, that, provided the wind-velocity
remains constant, changes in relative-transpiration actually
do reflect changes in the plant’s regulatory power.

C. Cuticular and Stomatal Transpiration

Hypostomatal leaves serve for experimental investigations
on the efficiency of cuticle, and on the relative magnitudes of
cuticular and stomatal transpiration. The transpiration from
the upper and lower surfaces of a given hypostomatal leaf may
be readily compared (section B, 1 (i.) ), or the percentage loss in
weight, over a period, of a sample of hypostomatal leaves with
their under stomatal surfaces vaselined may be compared with
that of another sample with vaselined astomatal upper surfaces
(section B, 1 (ii.) ). Experiments with a potometer (section B,
1 (iii.) ) may also prove instructive, if a shoot bearing hypo-
stomatal leaves is used. Under constant external conditions,
measurements should be made of the relative rates of absorp-
tion of water by the untreated shoot, by the shoot when the
upper surfaces of the leaves have been covered with vaseline,
and by the shoot when both surfaces have been vaselined.

Similar experiments have been performed with shoots bearing
amphistomatal leaves, in order to determine whether the rate
of transpiration from the surface of a given leaf bears a quantita-
tive relation to the number of stomata on that surface.
Moreover, suggestive results have been obtained by varying
the conditions around a given shoot-system so as to permit
measurements of changes in transpiration when stomatal
apertures are widening or narrowing.

The experimental results indicate that some water is evapo-
rated from the outer walls of most epidermal cells and escapes
as vapour through the cuticle. The rate of such cuticular trans-
piration may be considerable in young leaves, and even in older
leaves when the cuticle remains thin ; but thick cuticle is very
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efficient in preventing water-loss. Additional layers of wax
(as, for example, in the apple), or of resin (as in horse-
chestnut buds), sometimes add to the efficiency of cuticularized
dermal coverings.

Transpiration is usually more vigorous from the stomatal
than from the astomatal surface of a given hypostomatal
leaf, and correlations have been found to exist between the
numbers of stomata on and the rates of transpiration from the
upper and lower surfaces of a given amphistomatal leaf.
Although the simplest and most probable explanation of these
differences in rates of water-loss from opposite surfaces of the
same leaf is that stomatal exceeds cuticular transpiration, it
should be realized that cuticular transpiration is also taking
place from the stomatal surfaces, and that it may be greater
there than from the astomatal surfaces. Further evidence
must therefore be sought for the general predominance of
stomatal over cuticular transpiration. This is given by the
results of measurements of the diurnal transpiration of leaves
whose stomata are closed during the night. In one experiment
on maize it was found that, after making allowance for change
in the evaporating power of the atmosphere, the direct effect
of darkening the leaves was to reduce transpiration to one-
twelfth of the maximum daytime value. This reduction may
have been in part brought about by a diminution in cuticular
transpiration, which, of course, persists during the night.
Experimental data on the direct effect of light on the evapora-
tion of water from living cells show, however, that cuticular
transpiration, at the very most, would not have been reduced
by more than one-half by darkening the leaves. Consequently,
we may infer that the chief. cause of the reduction was the
cessation of stomatal transpiration when the apertures closed.
It would follow that stomatal transpiration was, in the
daytime, much more vigorous than cuticular transpiration.
Thus, assuming that stomatal transpiration ceased completely,
and that cuticular transpiration was actually reduced to
one-half on darkening, we can calculate the ratio, cuticular
transpiration/stomatal transpiration, for the leaves transpiring



CUTICLE AND STOMATA 129

in the light. In the daytime, cuticular transpiration 4 stomatal
transpiration = 12 units ; at night, cuticular transpiration (day
value)/2 = 1 unit. Hence cuticular transpiration (day value)
= 2 units, and stomatal transpiration (day value) = 10 units.
Consequently, stomatal transpiration would be five times
greater than cuticular transpiration during the day.

It appears that when stomata are wide open, stomatal
transpiration on the average accounts for 80 per cent. of the
water-loss from the surfaces of leaves. There is, however, much
variation from lcaf to leaf. For young leaves with thin cuticle
and partly developed stomata, cuticular may exceed stomatal
transpiration. On the other hand, stomatal transpiration
accounts for nearly all the water lost from a fully developed
leaf with a thick cuticle.

Finally we note that whercas cuticular transpiration simply
consists in the cvaporation of water from the wet walls of
epidermal cells, stomatal transpiration proceeds in several stages.
When the stomata of a leaf placed in unsaturated air begin
to open, water-vapour will diffuse out from the intercellular
spaces through the stomatal apertures at a rate which, for a
turgid shoot, will depend upon the diameter and length of the
pores, and the pressure gradient (see Chapter X, section D).
The result of this diffusion will be an increase in the
saturation-deficit (p. 130) in the intercellular spaces. Hence
the evaporation of water from such wet cell-walls as abut upon
these spaces will be promoted. As long therefore as stomata
remain open and the onutside air remains unsaturated, water
will be lost from the leaf as a result of the combined action of
these two component processes of stomatal transpiration, viz.,
evaporation and diffusion.

D. The Rate of Transpiration

The interpretation of the results of fleld experiments. Briggs
and Shantz, and Maximov (see Maximov, 95) have indepen-
dently collected strong evidence, for a wide range of plants,
that transpiration under natural conditions often marches with
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solar radiation. In this respect they found that transpiration
resembled the physical process of evaporation, which was
simultaneously measured. Their results showed that during
the day both transpiration and evaporation marched with the
saturation-deficit, and they concluded that solar radiation
affected the evaporating power of the atmosphere by influencing
the saturation deficit. In Maximov’s experiments, however,
wind produced a marked effect on evaporation, but no apparent
effect on transpiration. But there is other evidence that at
times transpiration is markedly increased by air movement.

The term saturation-deficit refers, of course, to the difference
(P, — P,) between the saturation-pressure (P,) for water-
vapour in air at the temperature of thc experiment, and the
actual pressure of water-vapour (P,) in the air at the time of the
experiment. Clearly the two factors which determine the
magnitude of the saturation-deficit are temperature and
humidity, for the saturation-pressure P, is solely governed by
the temperature, and P, is a measure of the humidity.! Pre-
sumably, solar radiation affects saturation-deficit by governing
the temperature of the atmosphere. )

In the field experiments under discussion, the close corre-
spondence of transpiration to evaporation did not continue for
all the plants during the hours of darkness. As the temperature,
and hence the saturation-deficit, diminished, both evaporation
and transpiration decreased. In some of the plants, however,
transpiration fell relatively far more than evaporation, ..,
relative transpiration (T/E) was higher during the day than the
night. It was inferred that the powers possessed by these plants
of regulating transpiration are relatively more effective after
sunset. In these experiments stomatal closure induced by the
absence of light was probably responsible for such falls in
relative-transpiration as were observed.

1 (a) The difference between saturation-deficit and humidity should be
carefully noted. Consider, for example, two separate localities where the
humidity of the air is the same and the temperature different. The
saturation-deficit would be higher in the warmer locality.

(b) Another point to note is that saturation-deficits raay be higher on
oold dry days in the winter than on warm moist days in the summer.
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The results of these and of other important experiments
under natural conditions have served to indicate that transpira-
tion for a given plant is a process which may be affected by
many separate factors, viz., the external factors, (a) saturation-
deficit (which is the resultant of the effects of temperature and
humidity) ; (b) wind-velocity ; (c) light-intensity ; and (d) the
water-content of the soil; and the internal factors, (e) the
dimensions of stomatal apertures; and ( f) the water-holding
power of transpiring cells. We may suppose that the rate of
transpiration at any time will be limited either by the rate of
the evaporation component, or by that of the diffusion com-
ponent of the whole process. All the factors listed above can
affect evaporation, and all, excepting (f), diffusion. The
influence of (¢) and (d) on diffusion is indirect, and is exerted
on (e).

The influence of external factors on the rate of transpiration.
For the consideration of the effcct of external factors we must
postulate that the plant itself is well supplied with water, and
that the stomata are wide open, i.e., internal factors are tending
to facilitate and not to hinder transpiration. Under constant
light-intensity in still air, transpiration is governed by the
saturation-deficit. In a shoot well supplied with water the
pressure of water-vapour in the intercellular spaces may be
represented by P,, the saturation-pressure of water-vapour at
the temperature t. Diffusion of water-vapour will inevitably
take place through the wide-open stomata so long as P, exceeds
P,, the actual pressure of water-vapour in the outside air. The
rate of diffusion will be proportional to (P, — P,)/L, where
L is the mean length of a stomatal pore. For a given shoot-
system, L is constant; consequently transpiration would be
proportional to P, — P,, the saturation-deficit. The rate of
transpiration could be increased at constant temperature by
lowering the humidity, or at constant humidity by raising the
temperature.

Further, for a given shoot-system well supplied with water,
with wide-open stomata, and kept in air at a constant satura-
tion-deficit, there is some evidence that transpiration may rise

52
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in response to an increase in light-intensity or to the occurrence
of gentle air-movements.

Light-energy when absorbed by plant-members is largely
converted into heat-energy. The temperature of illuminated
leaves thus tends to rise, and transpiration is promoted. But
light-energy may, without conversion into heat-energy, occasion
changes in the rate of transpiration. It has been suggested that
increase of light leads to an increase in the permeability of
protoplasm, and hence to an increased rate of supply of water
to the wet walls. It should be noted that we have ruled out any
possibility of stomatal movements under the influence of light
by postulating that the stomata were wide-open all the time.

In practice it is not easy to ensure during an experiment
constant sizes of open stomatal apertures. In order to eliminate
the effect of stomatal movements, F. Darwin covered the
lower surface of a hypostomatal leaf (e.g., cherry laurel) with
vaseline, and arranged for communication with the oatside
atmosphere by making small slits between the veins. This
work has been repeated by Henderson (66), who avoided some
possible sources of error in Darwin’s experiments.

Air-movements remove from the surfaces of leaves, particu-
larly in the vicinity of the stomata, layers of air richer in water-
vapour than is the main body of the air. In still air the presence
of these layers would reduce the diffusion-gradient along the
stomatal pores. Consequently the rate of diffusion through the
stomata would be diminished, and transpiration retarded.
Strong air-movements, by causing branches to sway, lead to the
expelling of water-vapour in mass. Sccondary effects, as a
rule, result during windy weather, e.g., stomata often tend to
close, and thus the intensity of transpiration diminishes.

The influence of internal factors on the rate of transpiration.
Livingston, by showing that relative transpiration (T/E)
fluctuates during the course of twenty-four hours, has provided
us with the clearest demonstration that transpiration for a
given plant is not wholly governed by the evaporating power of
the atmosphere. There are internal factors which appear to
contribute to the power a plant possesses of regulating its
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transpiration. Of these factors, (i.) the width of stomatal
apertures, and (ii.) what has been termed the water-holding
power of cells, have received the greatest attention. It is
difficult to arrange ideal conditirns for the separate study of
these two factors. When stomatal control is to be studied the
transpiring shoot should be well supplied with water, in order
to keep the water-content of the cells as high as possible. In
contrast, for the study of controls other than stomatal, measure-
ments have been made of the transpiration of shoots which were
incurring an increasing water-deficit, or were wilting, owing
either to an inadequate water-supply or to the high evaporating
power of the atinosphere. Although in such experiments there
is no way of controlling the size of stomatal apertures, inferences
concerning the water-holding power of the plant may some-
times be made from the data gathered. For instance, it was
observed that under constant external conditions the transpira-
tion of a wilting leaf diminished while the stomata showed a
tendency to open. Hence it was concluded that the leaf had
exercised over its transpiration a control which was independent
of stomatal movements. Maximov studied this phenomenon
by working in the afternoon and evening with plants (e.g.,
maize) whose stomata closed at about noon, and found that
transpiration, which was, of course, entirely cuticular, was
markedly affected by the water-supply.

(i.) The width of stomatal apertures and the rate of transpi-
ration. The extreme view was once held that transpiration is
wholly governed by stomatal guard-cells. The results of
experiments in which transpiration, evaporation, and stomatal
apertures, have been simultaneously measured (for a brief review
see Barton-Wright, 11) have, however, established the fact that
the width of stomatal apertures is only one of the restrictive
influences, external and internal, which are operative in
determining the rate of transpiration. For instance, Loftfield
found (a) that only cuticular transpiration can occur when
stomata are completely shut; (b) that stomatal regulation
of the transpiration of a leafy shoot well supplied with
water usually occurs during the final phases of a closing
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movement and during the initial phases of an opening move-
ment (thus, in general, stomatal apertures and transpiration
increase together early in the day) ; (c) that stomatal regulation
during closure often has the functional value of facilitating the
recovery of healthy turgor by shoots which have shown a
tendency to wilt (thus closure by night aids the making good of
water-deficits incurred by an excess of transpiration over
absorption by day); and (d) that when stomatal pores are
wider than one-half of their maximum width, either some other
internal factor or an external factor (e.g., saturation-deficit)
governs the rate of stomatal transpiration to an ever increasing
extent.

Since the laws governing the diffusion of gases through
minute apertures (p. 187) apply also to the diffusion of water-
vapour, it follows that when the rate of stomatal transpiration,
for a given leaf, is restricted by the sizc of stomatal apertures,
it will be the mean diameter of the pores and not their mean
area which will govern the rate. The mathematical relations
that have been developed from the diameter-law indicate that,
for many leaves, far more water-vapour could diffuse in unit
time through fully open stomata than is ever actually lost
by transpiration. This supports Loftfield’s contention that
stomatal regulation is not encountered when stomatal pores
are wider than one-half of their maximum width : other factors
then limit the rate of transpiration. For narrower pores, when
stomata exert a regulatory influence, the fact that the transpira-
tion is governed by a diameter-law is not an advantage to
the plant, since the rate of decrease of transpiration during
closure is less than it would be were diffusion governed by an
area-law. For example, for circular apertures, halving the
diameter would approximately halve the rate of transpiration,
and not reduce it to one-quarter, as would result under an
area-law.

(ii.) Water-holding power of cell-walls, and the rate of
transpiration. Livingston and others have reported that
relative transpiration (T/E) sometimes falls during the course
of the day before stomatal closure begins, and they have
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consequently inferred that plants are capable of a non-stomatal
foliar regulatory response. On the other hand, this fall may
have becn due, not to regulation by the plant, but to the fact
that a new meteorological cordition (e.g., increased wind-
velocity) had an accclerating effect on evaporation from the
atmometer used, without perceptibly influencing transpiration,
1.e., the decline in T/E was due, not to a diminution in T, but
to an increase in K (see also p. 126). Livingston and Brown
supposed that a state of incipient drying may be set up when
the transpiration rate is high, and that this lcads to an increasc
in the water-holding power of the cells in the transpiring
shoot.

Sresnevski’s theorctical considerations suggest that foliar
regulation of this type would be a purely physical phenomenon.
One may picture the cellulose cell-walls of plants as porous
fabrics which imbibe water from the saturated protoplasts or
directly from the conducting tissue-elements in the xylem. If
the rate of water-supply is high, the minute capillaries in the
walls will be filled—and there may even be liquid water on the
outside. Evaporation would then occur as from the surface of
water in a vessel filled to the brim. But in detached tissues
drying in air, or in attached shoots when transpiration is in
excess of the supply arriving at the transpiring regions, the
outer layers of the cell-walls will inevitably tend to dry.
Consequently the curved menisci of the fine water columns will
. gradually approach the protoplasts. Sresnevski pointed out
that physical theory supports the view that as water thus
recedes in the minute capillaries of cell-walls, the rate of
evaporation will progressively decresse.

Experiments also lend support to these views. Thus it is
well known that the rate of drying out of water-saturated
fabrics decreases as their water content falls, and that it is with
difficulty that the last traces of water are expelled. Plant-
tissues behave similarly. For example, the rate of water-loss
from ripening seeds is at first rapid, but later diminishes ; and,
after gathering, the mature seeds may retain water for long
periods even when stored in dry air. The drying-out of leaves
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in air illustrates the same principle. Bews found that the
average rate of water-loss from certain leaves on the first
afternoon immediately after cutting was 0-12 grams per leaf
per hour. On the next afternoon for the same leaves under the
same conditions the rate had fallen to 0-08 grams per leaf per
hour. Had the original rate of loss been maintained the leaves
would have been quite dry after sixteen hours, but they still
contained 0-004 grams of water after three and half days.
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Fi16. 9. The influence of water-content of the leaves on the
transpiration of Eupatorium adenophorum. (From Knight,
see text.) S = stomatal aperture, E = evaporation (as
measured by an atmometer), T = transpiration. The air-
current was stopped at 3.30 p.m. and started again at 4 p.m,

Knight (82) by an ingenious method investigated the effect
of less drastic drying on retentivity. He found that the
rate of transpiration of a leafy shoot of Eupatorium adenophorum,
although it was throughout the experiment greater than
absorption, diminished when the shoot was exposed to an
artificially generated current of air, in spite of the facts that
the evaporating power of the atmosphere remained constant,
and that the stomatal apertures widened slightly (see fig. 9).
The total water-content of the shoot decreased by 418 mg., and
Knight inferred that the incipient drying represented by this
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deficit was responsible for the in-
crease in the water-holding power
of the cell-walls, and hence for
the fall in the rate of transpiration.
For a short period during the
course of the experiment the air-
current was stopped, and absorp-
tion temporarily exceeded trans-
piration, which fell to a low level.
Consequently the water-content of
the shoot increased during this
period. When the air-current was
started again, transpiration at
once increased, and attained a
value that was greater than the
rate just before the current was
stopped, i.e., when the water-
content of the shoot was con-
siderably lower. This increase of
rate, therefore, provided further
evidence that the rate of trans-
piration bore a relation to the
water-content of the transpiring
shoot.

E. Notes on the Water-balance of
Transpiring Members, Water-
deficits, Wilting, and Drought-
resistance 1

The total water-content of a
transpiring member fluctuates daily
owing to changes in the relative
rates of supply (compounded of
rates of absorption from the soil

! Suggestive and critical discussions
of these important topics will be found
in Maximov (95), Part 111,

Fi1c. 10. Apparatus for demon-
strating and measuring the rate
of absorption of water by roots
under various conditions (see
p-109). Bydeterminingchanges
in weight of the whole system,
transpiration may be measured
simultaneously.
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and of conduction in the plant) and transpiration. When
supply exceeds transpiration there will be a positive water-
balance, and the turgor of the living cells will increase. Such
a state would favour growth in length, and might be brought
about (a) by the promotion of absorption and conduction
through an abundant supply of soil-water, and warmth, or
(b) by the restriction of transpiration through the narrowing
of stomatal apertures, or the decreasing of the saturation-
deficit.

A negative water-balance results when transpiration exceeds
supply. The creation of water-deficits on balance are due,
not to a stoppage of supply, but to an insufficiently rapid
supply. Thus they may be brought about (a) by the pro-
motion of transpiration through the opening of stomatal
apertures, the drying of air, or the rising of the wind; or
(b) by the retarding of absorption and conduction through
the drying of the soil, or the reduction of temperature.
Simple experiments on the water-balance of plants may be
performed with the apparatus illustrated in fig. 10.

Turgor pressures will be reduced in the cells of plant-members
which are incurring water-deficits, and there will be danger of
wilting. Drooping leaves are familiar objects in all seasons.
Thus in winter, on dry frosty days, water is absorbed extremely
slowly, and the leaves of evergreens may wilt ; transpiration may
be slow, but supply is even slower. We associate wilting in the
summer with periods of drought, i.e., with high saturation-
deficits and soils which lack available water. The old tag
** soils physically wet may be physiologically dry ”’ has point
here ; since it has been found that, for a given plant, the per-
centage of water that a soil must contain to save the plant from
wilting depends upon the nature of the soil. Thus Briggs and
Shantz found that what they termed the ** wilting coefficient
of the soil ” (i.e., the water-content of a soil, expressed as a
percentage of its dry-weight, when wilting was observed)
might fluctuate for a given plant from less than one per cent.
for a dune sand to seventeen per cent. for a clay loam. It is
not surprising that values for the unavailable water (p. 110) and
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the wilting coefficient march together in the different soils of
the series sands, clays, loams and peats.

The unsatisfactory terms transient wilting and perma-
nent wilting have been used to describe degrees of wilting.
Transient wilting can be corrected simply by shading plants
so as to reduce transpiration, but root-systems do not recover
from permanent wilting unless they are watered. Wsg may
group these together as reversible forms of wilting, since both
are transient and neither is permanent, and use the term
irreversible wilting when, even under the most favourable
conditions, turgor is not regained.

It will be realized that during wilting, as turgor pressures
decrease, cells contract. Certain observations suggest that
whereas the volumes of the cells of herbaceous plants living in
the open may contract considerably before turgor is finally
lost, quite small contractions lead to the loss of turgor by the
cells of shade-plants. Consequently shade-plants tend to wilt
more readily than plants which normally grow in the open.
During prolonged periods of drought, however, all plants are in
danger of injury. Resistance to water-loss may increase owing to
the narrowing of stomatal apertures,! and the drying cell-wall, or
substances (e.g., mucilages) within the cells, may hold water
ever more tenaciously ; but sooner or later cells in which the
water-deficit steadily increases will cease to possess turgor.
At this stage the cells, which will have contracted to their
maximum extent, will be surrounded with air (cf. cells which
are just plasmolysed : these are immersed in a hypertonic
bathing solution). Further evaporation leads to the contraction
of cell contents, and the cell-wall, being drawn in with them,
becomes folded and wrinkled (c¢f. plasmolysis, in which the
protoplast withdraws from the cell-wall, the intervening space
being filled with the hypertonic bathing solution). Iljin has
suggested that injury and death, which follow irreversible
wilting, are caused by the deformation or tearing of the shrink-

! Actually during wilting there is a complicated succession of closing
and opening movements of stomata. Of course, closure is an effective
protective mechanism ; but opening, although it may serve to prevent
starvation, aggravates ‘the menace of persistent conditions of drought.
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ing protoplasts of drying cells, and has thus virtually related
all the mechanisms for drought-resistance to the necessity of
maintaining the structure of living protoplasm. The considera-
tion of problems concerning these mechanisms belongs to the
province of ecology.



CHAPTER VIII
THE CONDUCTION OF WATER

A. The Channels and Rate of Conduction

Conduction in xylem tissue. The phrase ‘‘ up the wood and

down the bast”” summarizes the views that have long been
held concerning the movement of liquid in plants. What is
meant is that water, and mineral salts and other solutes,
migrate to all parts of the plant in the xylem, and food-
materials manufactured in green cells are conducted in the
phloem to regions of growth and storage. Malpighi’s ringing
experiments performed in the late seventcenth century indi-
cated that different powers of conduction arc possessed by
wood and bark. He removed a girdle of bark from a woody
stem, and found that, although the growth of roots was inhibited
below the girdle (cf. pp. 160 and 162), leafy branch shoots
devcloped above. Malpighi thus demonstrated that bark need
not be present for the upward conduction of water, but must be
present for the downward conduction of food. The importance
of xylem in the conduction of water, with which we are at
present concerned, was established in the last century, when
it was shown that the leaves of a cut shoot (e.g., elder), with the
cut end submerged under water, did not wilt rapidly when a
girdle of extra-cambial tissues was removed, and a length of
pith bored out. Moreover, it was observed that when measures
were taken to prevent morbid changes such as drying and
rotting in the region of the ring the leafy crown of girdled trees
remained alive and grew for a long time. Clearly water must
have been conducted in the xylem across the girdled portion
of the trunk sufficiently rapidly to replace the water lost by
transpiration and to effect turgor-enlargement in the growing
regions. ’
141
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Ringing experiments have also shown that older woody
tissue may lose the power of conducting water. Thus, when
it was observed that shoots wilted above the girdles made by
removing bark and the outer regions of wood from the stems of
oak, pine, and some other trees, it was concluded that the
inner duramen layers cannot conduct water sufficiently rapidly
to maintain turgor in the leafy shoots.

Conduction in the lumina of vessels and tracheides. The earlier
anatomists ascribed to the woody fibres the function of con-
ducting water, and to the tracheal elements that of providing
conduits for the movement of air. But it is now established,
and readily demonstrated, that water ascends in the lumina
of the vessels and tracheides. Cut leafy shoots, placed in
water, wilt if the lumina of the vesscls have previously been
blocked with gelatine or a wax that has a low melting point.
After occlusion has been effected by placing the cut shoot in the
molten substance for a period and then cooling, a thin section
should be removed from the basc of the stem, so as to ensure
that the cell-walls of vessels and parenchyma are exposed to
water when the cut end of the shoot is submerged.  This
experiment shows that the residual conducting power of
the shoot after blocking the lumina is insufficient to maintain
turgor. Hence it follows that water cannot ascend along cell-
walls (as Sachs believed it could), or through parenchyma,
sufficiently rapidly to prevent wilting. The suppression of
conduction by the occlusion of the lumina of vessels may also
be demonstrated by applying pressure with a screw-clamp to
the stem of a leafy shoot fixed in a potometer (fig. 8). Com-
pression leads to a reduction in the rate of absorption, which
may fall to zero, and the leafy shoot wilts. If the screw-clamp
is then loosened, water is again absorbed. In an experiment
of this kind Dixon and Ballard (799) have recently observed
that cutting under water a wilted shoot of Vitis striata above
the clamp, led to elastic recovery in a few minutes, * petioles
and tips of stems . . . often moving through 90° in a few
minutes.” They consider that the water in the lumina of
vessels is under tension (see below), which increases during
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wilting with resulting contraction of the vessel walls, and that
this tension is rapidly released as liquid enters the vessels after
the shoot is cut under water.

A simple method of demonstrating that water can ascend in
vessels is to leave cut transpiring shoots of a herbaceous plant
in a solution of a dye (e.g., eosin) for a period, and then to
make transverse sections at different levels, and examine
under a microscope. The dye, which will be passively carried
in the ascending liquid, will stain the walls of the conducting
tissue-elements, viz., the vessels. In the light of the knowledge
gained from other experiments we may assert that the coloured
liquid ascends in the lumina of the vessels.

The downward conduction of sap.  Strasburger obtained con-
vineing evidence that sap can move downwards as well as
upwards in the conducting channels. He observed a pair of
trees whose stems, having come into contact, had become
organically fused, and scvered the stem of one of the trees
below the region of fusion. He thus arranged that the leafy
branches of the severed tree below this region were dependent
on the water absorbed by the roots of the entire tree, and,
finding that these leafy branches lived for a long time, con-
cluded that water was supplied to them by an upward move-
ment of sap in the wood of the entire tree, and a downward
movement in the basal part of the severed limb of the other
tree.

A recent experiment of Dixon’s is also informative. He
introduced a dye into the cells of a foliage leaf, and showed
that it migrated in the wood vessels into the stem below,
Clearly, therefore in considering the movement of liquid in the
wood, we must remember that, in addition to the ascent of sap,
downward movement may be occurring simultaneously.

The rate of conduction of sap. Much variation occurs in
the rate at which sap moves in the conducting channels of
a given plant. The rate is relatively high when a leafy
shoot is transpiring freely, and may be extremely low when
transpiration is feeble. When, during dry summer weather,
turgor is maintained in the cells of growing shoots at the top of
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a tall tree with a great leafy crown, the average rate over a
twenty-four hour period approaches a maximum value.

Sachs obtained numbers representing relative rates of ascent
for different plants by watering the roots with solutions of
lithium nitrate, and tracing the ascent of this salt by means
of a spectroscope. He found that, under the conditions of the
experiment, the lithium salt migrated at a rate which varied
from 0-2 to 2 metres per hour. Numbers of a similar order
have been obtained by measuring the rates of ascent of eosin
in cut shoots of various species. The observed rate was,
however, higher in stems possessing vessels with large dia-
meters. For example, a rate of 6 metres per hour was measured
for shoots of climbing plants (e.g., Bryonia). Clearly, if a given
area of conducting tissue is occupied by a few vessels of large
diameter, the frictional resistance offered by the tracheal walls
would be less than if the area were occupied by a large
number of narrow tracheal elements.

In performing experiments on the rate of movement of
sap, Farmer (43) employed the notion of the specific con-
ductivity of wood, which he defined as * the absolute volume
in ces of water passing through 1 sq. cm. of a 15 cm. length
of cut stem or root in fifteen minutes under a pressure head
of 80 cm. mercury.” The variakility of frictional resistance
from species to species is illustrated by the fact that the specific
conductivities he measured ranged from 0-86 to 95. As might
be expected, the specific conductivities were found to be rela-
tively high for trees that can transpire freely.

B. On the Motive Power that Propels Sap

Vital activity of zylem-parencinyma not necessary. A compre-
hensive theory of the ascent of sap must be able to account
for the movement of sap, in the lumina of vessels and tracheides,
from the absorbing regions of roots to the tops of the tallest
trees, at a sufficient rate to replace the water lost by transpira-
tion, and to bring about turgor-enlargement in the growing
regions. We can therefore at once rule out the idea that atmo-
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spheric pressure is the sole agency, for its maximum effect would
be to support a 84-foot column of water, whereas a general
explanation must account for ascents of 300400 feet in trees
such as the giant Sequoias of California. Furthermore, capillary
rise in the lumina of vessels is of trifling significance in tall shrubs
and trees, since in narrow vessels of diameter 0-:08 mm., the
capillary rise would be less than 4 feet.

Many physiologists have favoured the view that the ascent
of sap is effected by a sort of pumping action of the living
parenchyma in proximity to the conducting vessels and
tracheides. Concerning the older theories, Jost (74) states
that : ‘ the essential point in all these theories is that parenchy-
matous cells abstract water from one vessel and hand it on to one
higher up.” Bose has recently advocated a vital theory of the
ascent of sap, in which he attributes the ascent to pulsations in
the inner parenchyma of the cortex. And there are others who
support the view that the ascent of sap is dependent on the
vital activity of living cells in or adjoining the vascular systems
of root and stem. The majority of physiologists, however,
have attached great significance to experiments, such as those
of Strasburger, in which it was demonstrated that sap can
ascend along lengths of stem which had previously been killed
by heat, or with cell-poisons such as picric acid.

Strasburger sawed through the base of the bole of a young
oak tree, and slung the severed trunk and branches by ropes
attached to supports. He then caused the severed bole to be
swung so as to bring its cut end into a tilted tub containing
picric acid. This poison reached the top of the tree. Eosin
was added to the liquid in the tub three days after the beginning
of the experiment, and it was observed that this dye was
passively carried to the top of the tree in spite of the fact that
the picric acid had previously killed the living cells in the
neighbourhood of the conducting channels. It was considered
that this and other similar experiments demonstrated that
sap can ascend in xylem containing no living cells. Applying
Occam’s razor, * Entia non sunt multiplicanda praeter necessi-
tatem,” many physiologists have therefore concluded that the
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actual mass movement of sap in vessels and tracheides of living
trees is a purely physical process. Those who hold such views
regard these conducting elements as so many pipes along which
water is propelled in living trees by forces that are operative
either in the absorbing regions of the roots or in the living
regions to which water is conducted in the leafy shoot.

Root-pressure alone inadequate. In the spring just before
buds develop the water that is absorbed from the soil may be
secreted into xylem-vessels under considerable pressure (p. 112).
According to older measurements root-pressure may attain
magnitudes of 8-4 atmospheres, but the maximum for a given
plant is as a rule well under 2 atmospheres. It was thought,
therefore, that in the spring, when transpiration is low and root-
pressure is at its maximum, sap may be raised from 50-100 ft.,
but no more, by forces operative in living cells within the
endodermal cylinder of roots. Moreover, the evidence indicated
that root-pressure rapidly diminishes and may fall to a very low
level when transpiration becomes active, after the unfolding of
the leaves. When leafy stems are cut, water does not exude ;
on the contrary when cut under coloured liquids they are seen
to be easily injected both upwards and downwards, indicating
the existence in them cither of tensions in the sap or of negative
gas pressures. Hence it has been argued that root-pressure
cannot be the prime operative force when sap is ascending most
rapidly. )

We must note again, however, that Whitc (see p. 112) has
recently reported that in his experiments on growing excised
roots in vitro he measured root-pressurcs that increased daily
to magnitudes probably greater than 10 atmospheres. The
bearing of these experiments on problems of the ascent of sap
has not yet been considered by authorities on this subject.
White has suggested that root-pressure may be important
under conditions of low transpiration, e.g., in tropical forests
during the rainy season.

The exertion of the motive power as a property of the shoot
system. Having eliminated the possibility that pump action
from below, or at different levels along the conducting channels,



Figs. 11 and 12. Experimental systems for demonstrating that
both transpiration and the evaporation of water from a porous
pot may set up pulling forces which cause liquids (c.g.,
water and mercury) to ascend in vertical glass tubes.
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causes the ascent of sap to the tops of tall trees, physiologists
then considered those forces which may be operative in trans-
piring shoots. The preliminary work justified the formulation
of a tentative hypothesis, viz., that tensile pulls exerted in the
transpiring shoot may provide the motive power that propels
sap, and led to the development of the cohesion theory of
Dixon and Joly.

C. The Cohesion Theory of the Ascent of Sap

The pulls occasioned by transpiration,and caused by imbibition
or osmotic suction. Parallel experiments (figs. 11 and 12)
indicate that evaporation from the wet walls of a porous pot,
and transpiration by the living cells of a leafy shoot, may cach
give rise to pulling forces on continuous columns of liquid, and
thereby actuate an upward movement. Considering the
physical model (fig. 12) first, we note that a *‘ tendency to a
vacuum ”’ will not alone account for the ascent of liquid, seeing
that the mercury has, in certain experiments, been pulled up
to heights greater than 76 cms. A reasonable explanation may
be offered if we suppose that there are minute capillaries
within the walls of porous pots. In such a system a relatively
long continuous column of liquid can be supported : for it is
well known that the height to which a given liquid rises in a
capillary tube of given material is inversely proportional to
the diameter. For example, water rises 8 cms in a glass capillary
tube of 1 mm. bore, 30 ems when the bore is 01 mm., 800 cms
when the bore is 0-01 mm. etc. The entry of water into the
minute capillaries of a dry pot actuates an upward move-
ment in the whole liquid column within the pot and glass
tube and causes a slight rise. Owing to the powerful forces of
adhesion between water and earthenware, water and glass,
and water and mercury, and of cohesion between the
molecules of water, the liquid column keeps entire.! When

1 The water hammer (fig. 13) may be used to demonstrate the existence
of forces of adhesion and cohesion. Thus by carefully tiiting the water
hammer from position A to position B and finally to position C, it can be
shown that the forces of adhesion betwcen water and glass, and cohesion
between water molecules, may be sufficient to resist the sction of the
gravitational force on the whole column of water,
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of water of heights far greater than those of the tallest trees.
The first stage in transpiration would then be the absorption
of heat energy and the evaporation of water from the concave
menisci of the exceedingly narrow water columns in the
capillaries, and the second, diffusion into the outer atmosphere.
Once more, therefore, we have a dynamic system open to the
atmosphere. In this system evaporation leads to the develop-
ment of unsatisfied imbibitional forces. These occasion ten-
sions on the solutions in the turgid transpiring cells of the leaf,
which are transmitted to the liquid in the conducting channels
of the xylem, and thence to the continuous column of liquid
(water and mercury) in the glass tube below.

In saturated atmospheres transpiration ceases ; but, according
to Dixon, secretory activity of living cells, promoted by
respiratory energy, may initiate pulls. In 1897 he observed
that eosin solutions rose in cut lower ends of branches of certain
plants, whose leafy shoots were either enclosed in a saturated
space or even completely submerged in water. Smith, Dust-
man, and Shull (136), in similar experiments failed to obtain
rises of eosin when water-deficits in the experimental branches
had previously been satisfied. Dixon (199), however, has
made further experiments and maintains his original conten-
tions. For example, he observed moderate rises of eosin, even
at low temperatures (e.g., 9:5° C.) and in rather a weak speci-
men of Chrysanthemum sinense that had previously been totally
submerged in aerated water for twenty-four hours. Aeration
is important to provide oxygen for respiration ; sometimes the
supply may be assured by illuminating submerged green shoots.

Dixon and Joly maintained that in a whole plant rooted in
the soil, tensions are transmitted by the continuous columns
of liquid in the xylem all the way down to the level of the
absorbing region of the root. At this level, lateral movement
of water under tcnsion may occur from the soil-solution, and
induce an upward movement of water in the soil from
the water-table. The continued movement of water in soil
and plant depends upon the existence in the shoot-system of a
pulling force occasioned by transpiration (hence the term
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transpiration stream), and on the cohesive properties of
sap (see next sub-section). The forces of adhesion between
water and cell-wall material, which are operative in the
capillaries of cell-walls tending tu dry during transpiration, are
sufficiently high to account for the ascent of sap to the tops of
the tallest trees. Other tractions arc also effective. In
wilting tissue positive suction pressures develop and increase,
and water is drawn from trachex until new cquilibria are
established between the tensions existing in the trachea: and the
turgor pressures in the adjacent cells. In shoot apices,
unfolding buds (see Priestley, 237), differentiating secondary
tissues, ete., forces of imbibition and osmotic suction will draw
water in the direction of newly formed and enlarging cells.

Several phenomena may be explained by supposing that
distributed pulls of different magnitude are simultaneously
operative on the continuous columns of sap. For instance,
competition between the transpiration pull and the suctional
pull in growing regions would explain the fact that the 1ates of
growth and transpiration are often inversely related. An
interesting illustration of competition between distributed trans-
piration pulls has been recorded. Yapp (see Maximov, 95)
observed that during a period of drought the shaded leaves of a
weeping ash wilted every day while those directly exposed
to the sun’s rays remained perfectly fresh. We may suppose
that the intense transpiration pulls exerted by the leaves that
were exposed to the sun deflected water from the conducting
channels on the shaded side of the tree.

The tensile strength of sap and its taxation. Dixon and
Joly attributed the upward movement of sap at the rate
of the transpiration stream to the tensile forces exerted by
the ultimate parts of the shoot-system on the continuous
column of liquid below. They suggested that a column
of sap is comparable with a steel wire, in that sap as well
as wire may be stretched by tensile forces. To test their
hypothesis they performed experiments to determine what
tensions would be necessary to pull the sap up at the requisite
rate, and whether the forces of cohesion and adhesion operative
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in the sap were sufficiently high to prevent the breaking of
columns of liquid in the conducting channels. In short, they
set out to determine what taxation is imposed on the tensile
strength of sap, and the sap’s capacity to meet this taxation.
It is clear that a tension of 10 atmospheres would be required
to hold in position a vertical 840-foot column of water. In a
840-foot tree, not only must the sap be held in a continuous
column in the xylem, but it must move at a sufficient rate to
make good the water transpired. The frictional resistance of
the walls in the conducting tracts tends to retard movement.
Consequently, in order to overcome this resistance, greater
tensions than 10 atmospheres must be exerted in the trans-
piring regions of a 340-foot tree. Dixon found that sap moved
at the rate of the transpiration stream in a piece of horizontally
placed yew stem, of length L feet, when propelled by a pressure-
head of water equal to the length of the piece of stem used, z.e., a
pressure of L/84 atmospheres was' required to overcome the
frictional resistance in the conducting channels. Clearly, in
order to propel water at the same rate against the gravita-
tional force in a piece of stem placed in a vertical position a
pressure of 2L/84 atmospheres would have to be applied.
Since the frictional resistance offered by wood to the passage
of water varies from plant to plant (c¢f. specific conductivities
which are the inverse of specific frictional resistances), we
must not suppose that the relation, tension required = 2L/84
atmospheres, is applicable to all stems. But assuming this
relation to hold for a certain 840-foot tree, we should con-
clude that a tension of 20 atmospheres would have to be
exerted to effect the ascent of sap at the rate of the transpiration
stream. We have taken a very tall tree as an example:
10 atmospheres would suffice for the tallest British trees.
It is, therefore, a significant fact that osmotic pressures of the
order of 10-20 atmospheres have been measured in the leaves:
of trees. These would become operative in drawing water
from trachez into the cells of wilting leaves. In turgid shoots
the living cells possess high turgor pressures. These enable
such cells to withstand without crumpling the high tensions
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that may be transmitted through them to the trachea from the
evaporating surfaces of transpiring tissues. Inasmuch as the
forces of adhesion between water and cell-wall materials may
be well over 1,000 atmospheres, we know of the existence of
tensile forces in transpiring regions that are more than
sufficient to actuate the ascent of sap at the requisite rate.

The critical question now arises, can sap withstand tensions
greater than 20 atmospheres ? In other words, are the forces
of cohesion between like and of adhesion between unlike
molecules of sap, and of adhesion between molecules of sap
and the lignified walls, sufficient to maintain continuous upward
moving columns of liquid when these are subjected to pulls
greater than 20 atmospheres ?

Dixon and Joly cxtended the physical experiments carried
out last century by Berthelot. They placed a volume (v, ccs,
say) of air-free water in a thick-walled capillary tube at ¢,° C.
The water was heated to t,° C., at which temperature it
completely filled the tube. Let us suppose it then occupied
v, ccs. The tube was sealed and cooled to ¢,° C. It was found
that the water still filled the tube ; i.e., water which had initially
occupied v, ces at ¢,° C. was occupying in a state of tension
v, ccs at the same temperature. In order to find the
magnitude of this tension, Dixon and Joly calculated the pressure
required to bring about a diminution in the volume of water
from v, ces to v, ces at ,° C.  In their experiments they used
different lengths of tube and different initial volumes of water,
and their results indicated that the stretched water must often
have been under tensions far greater than 100 atmospheres, i.e.,
the forces of adhesion between water and glass, and cohesion
between water molecules, proved high enough to maintain
a continuous column of liquid under tensions greater than
100 atmospheres. Dixon performed experiments with plant-
sap also, and obtained remarkable results. He found that
sap extracted by centrifuging pieces of a branch of Ilex
aquifolium withstood a tension of 207 atmospheres. It should
be noted that this sap was saturated with air. He suggested
that the cohesion of sap would be increased by substances
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present in the colloidal state. It has since been found that
higher tensions than those demonstrated by Dixon can be
withstood by plant-sap; and it appears that the tensile
strength of plant-sap might be such as would permit the
ascent of sap at the rate of the transpiration stream in a
tree of greater height than Ben Nevis! These experimental
results indicate that the tensile strength of sap is but lightly
taxed even in the tallest trees of the existing flora, and that
this physical property of liquids is not the factor that limits
the height to which trees have so far attained in the evolu-
tionary process.

Summarized statement of the theory. According to the
theory of Dixon and Joly, which has appropriately been termed
* The cohesion theory of the ascent of sap,” the following
forces are operative in the living cells of the shoot-system :
(i.) in transpiring regions, secretion and capillarity, (ii.) in
growing regions, imbibition and osmotic suction. It is supposed
that these forces exert pulls on sap, which possesses great
tensile strength, and that mass movement of liquid in the
xylem vessels and tracheides is thereby induced. The supply
of water is maintained by the absorption of water by the root-
system and the secretion of water, usually under gentle pressure
when transpiration is high, into xylem vessels. No functional
significance in the conduction of water is attached to the
presence of living cells in the xylem of the stem.

Dixon pointed out that the formation in any place of an
unbroken diaphragm of air across the xylem would destroy
the possibility of the transmission of tensions. It cannot be
denied that the constant presence of air in the xylem of the
stem must be a grave menace to conducting powers that are
dependent upon the cohesion of sap. Air dissolved in sap does
not appear to affect the sap’s immense tensile strength (p. 158),
and the great forces due to the minute size of the bubbles in
the sap are probably sufficient to prevent their enlarging. It is
when air exists as a gas that stability is threatened, and it has
long been thought that more than 50 per cent. of the conducting
elements in xylem may contain air under negative pressure.
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Dixon (39a) maintained that ** observation supports the view
that always during transpiration there are continuous tracts of
trachee free from air of considerable cross section,” i.e., in
spite of the presence of abundant air, there are continuous
columns of sap for the transmission of tensions, and sap streams
would pass the air bubbles, ¢ as water in a river passes islands ”’
(Schwendener). It appears, therefore, that the expansion »f air
so as to form unbroken diaphragms is in some way prevented.
Dixon suggested that several anatomical structures might be
interpreted as adaptations to this end. Furthermore he
maintained that the water forced up every spring by root-
pressure would dissolve many of the air bubbles formed in the
winter, and thereby promote the conditions for tension in the
conducting channels.

More recently Dixon (799) in further support of his theory has
referred to investigations in which, he maintains, it has been
shown that the rates of movement of water in cut branches are
greater than can be accounted for by atmospheric pressure and
must be explained by traction from above. Measurements of
the dimensions of the trachex during transpiration indicated
that an internal tension was drawing their walls together.
The majority if not all of the bubbles observed in the trachez
were deemed to be artifacts, and even wilted plants were said
to contain continuous water columns completely free from gas
bubbles.

Priestley (237) is among those who are not satisfied with the
evidence for the cohesion theory. His anatomical researches
bear on problems of the ascent of sap in trees, especially when
buds are developing in the spring. He admits that water and
plant-sap can withstand very high tensions under certain
conditions, but maintains that ‘ attempts to raise a moving
column of water far above atmospheric height, so that it moves
upwards under tension, are far from successful and in all such
cases when the liquid column is agitated it breaks.” Moreover,
contrary to Dixon and other authorities he considers the
evidence points clearly to the existence in certain trachez of

gas or of water-vapour at low_puessd??. —The-tgkes pains to
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insist, however, that expanding and differentiating trachez,
formed as a result of cambial activity and in conjunction with
the unfolding of twigs, are filled with liquid. Preston (236)
reported that many of the vessels of Frarinus americana
contained gas under pressures varying from 0-4 to 0-9 atmo-
spheres, and as a result of experiments with twigs of Acer spp.
he suggested that the vessels containing gas are located deeper
in the wood than those with continuous liquid columns.
Priestley considers that older trachex may act as reservoirs for
water, which may move radially, possibly as a result of osmotic
suction, into expanding water-filled vessels, where it moves
under some mechanism that requires further elucidation.
Although he admits the existence of continuous liquid columns,
especially in the long vessels of ring-porous trees (i.e., trees
with vessels of large diameter predominantly present in the
spring wood), he clearly does not believe that the sap contained
in them is ever moving rapidly under tensions of high magnitude
resulting from pulls that may originate in developing buds or
transpiring leaves, as may still be contended by supporters of
Dixon’s theory. Priestley also dismisses root-pressure as a
cause of the ascent of sap for reasons (see p. 146) that have for
many years appeared suflicient to others. It remains to be seen
whether, in the light of White’s work, views will change
concerning the ascent of sap in the spring.



CHAPTER IX
THE CONDUCTION OF SOLUTES

A. The Conduction of Solutes Across Parenchymatous
Tissues

WERE the conduction of solutes in parenchyma purely a
physical process one would expect the rates of conduction, for
a given solute, to be governed by diffusion-gradients and the
permeabilities of membranes. The migration of the ions
absorbed from the soil has already been considered from this
standpoint. Other important sources of diffusible solute
molecules (i.e., solutes in crystalloidai solution) are green cells
in the light, and storage-cells in which reserve foods are being
hydrolyzed. The production of a diffusible solute at these
sources would steepen a pre-existing diffusion gradient for that
solute, and so promote conduction. Diffusion-gradients may
also be steepened by the removal of the diffusing solutes from
the medium of diffusion (¢f. p. 96), as happens in the con-
sumption of migratory solutes in growth and respiration, and
in the formation of storage-products. Upon such removal
solutes will continue to diffuse towards the regions where they
are consumed or stored, until supply fails at the source.

One would expect that the slowing down of processes con-
cerned with removal would lead to a reduction in the rate of
conduction, and that more rapid removal would promote
conduction. Experimental evidence supports this view. For
example, Puriewitsch excised the embryo from a grain of
maize planted in the soil, and observed that the removal of
carbohydrate from the endosperm was inhibited by this opera-
tion. When the endosperm was placed on the point of a little
cone of plaster of Paris dipping into water, i.e.,, upon substi-
tuting an artificial sink for the natural one, viz., the embryo,
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the carbohydrates migrated from the endosperm through the
plaster of Paris into the water.

In growing plants production and metabolic removal work
together in maintaining diffusion-gradients. In a growing
potato plant the sugars, and other diffusible solutes (e.g.,
amino-acids and amides) that accumulate in green leaves as
a result of photosynthesis and subsequent changes, continually
migrate to the growing regions, to the storage-cells of the
enlarging tuber, and to other tissues where metabolism is
in progress. When potato tubers sprout, food-reserves are
mobilized, and migrate as diffusible sugars, amino-acids, amides,
etc., to the metabolizing cells of the developing shoots. So
also for germinating seeds, and at all stages during the growth
of herbs, shrubs, and trees, the migration of solutes is governed
by metabolic events at source and sink. Thus greater activity
at a sink means more rapid removal from a source. An
observation of Mason and Phillis (221) illustrates this point.
Cotton plants were grown in water-cultures containing different
amounts of nitrogen. Growth, which is a sign of utilization of
food at sinks, was most active in those plants which received
most nitrogen ; and it was observed that their leaves contained
little or no starch at dawn each day. On the other hand starch
was usually present at dawn in the leaves of plants poorly
supplied with nitrogen ; the nightly activity at the various
sinks had not been sufficient to deplete the leaves of foods
stored during the day.

We do not yet know what processes other than physical
diffusion in a continuous liquid system comprised of wet cell-
walls, protoplasts, and vacuolar sap, play a part in the con-
duction of solutes in parenchymatous tissue. The physical
diffusion of solutesis an extremely slow process. Thusit hasbeen
estimated that in an aqueous system in which a 10 per cent.
solution of sodium chloride, a salt possessing high mobility,
is continuous with pure water, it would take nearly a year for
1 mg. of the salt to travel 1 metre by diffusion. It would appear
that in living tissue there must be some protoplasmic mechanism
for promoting along the directing concentration gradients the
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conduction of solutes that diffuse in water even more slowly than
does sodium chloride. Moreover, cell-walls and protoplasmic
membranes resist the passage of diffusible substances (Steward,
143). It has been suggested thai streaming movements in
living cells may, by mechanically mixing solutes, promote
migration, and that migration may take place from cell to cell
along the minute canals enclosed by the protoplasmic threads,
which often penetrate the cell-walls of parenchymatous
tissue. And it must be borne in mind that solutes may be
secreted from cell to cell, energy for the process coming from
respiration. But the question of what mechanism, if any,
promotes translocation across living tissue is far from being
settled. There is, however, abundant evidence that rapid
longitudinal transference of solutes is effected in the specially
differentiated conducting elements of the xylem and phloem.

B. The Conduction of Solutes in the Xylem

The sap that is conducted in the xylem is not pure water but
a solution of mineral salts and metabolic products. The
solute particles are passively carried in any mass movement
of the sap that may occur under the agency of transpiration
pulls, osmotic and imbibitional suctions, or root-pressure. One
may assume that the rate of migration of solutes would be that
of the transpiration stream, which, as we have seen, may be
considerable. There are not wanting supporters for the
view that transpiration serves the useful or even essential
function of promoting the conduction of solutes in the xylem
(p. 121).

Dixon and Atkins analysed the sap obtained by centrifuging
trachez that had been removed from the branches and roots of
a number of trees, and found that in addition to inorganic
salts, sugars, particularly cane-sugar, were present, and usually
in higher concentrations than the inorganic salts. They came to
the conclusion that the starch in the sheath of wood-parenchyma
round the vessels is the proximate source of the carbohydrates
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that pass into the transpiration stream. Fisher had earlier
detected reducing sugars in wood-vessels, and proteins, amino-
acids, and amides, in sap issuing under pressure during
bleeding. More recently the presence in the transpiration
stream of organic as well as inorganic solutes has been demon-
strated by Priestley for the vine and by Anderssen for the pear
tree.

Since the middle of last century Malpighi’s ringing experi-
ments (p. 141) have been used as a pattern in many systematic
investigations of the translocation of solutes. Hartig’s experi-
ments, reported in 1858, appear to have been the first in the
opening phase of renewed enquiry into the subject of the
physiology of conduction. He removed a girdle of bark from
a stem of a woody sapling in the autumn after starch had been
stored in the basal part of the plant. He found that in the
following spring all the starch, which had been held in the
winter months as solid grains in the xylem-parenchyma and
medullary rays, disappecared from the basal part (i.e., from
below the girdle). He suggested that starch was changed into
soluble products which migrated to the vessels and tracheides,
and were carried upwards in the ascending sap. Curtis in a
recent publication has, however, offered an alternative explana-
tion, viz., that foods stored below the girdle might have been
used in local growth, or have travelled downwards in the phloem
to the roots (section C).

The functional significance attaching to the presence of
inorganic and organic solute molecules in tracheal sap has been
the subject of much debate. It appears that the concentration
of sugars is relatively high in the tracheal sap of woody
perennials in the spring, but falls when transpiration becomes
active after the unfolding of the young leaves. For the con-
centration of sugars Atkins (5) has reported that * the vernal
maXximum coincides with the period of greatest root-pressure,
and is simultaneous with or just prior to the opening of the
leaf-buds.” It is difficult to resist coming to the conclusion
that those solutes which are rapidly carried in the rich tracheal
sap in the spring are of great nutritional value to the developing
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buds. Doubtless in the summer, organic solutes, although then
in much greater dilution, are still passively carried in the
transpiration stream, and some will be consumed and some
stored. But it has long been held, and recent work substan-
tiates the view (section C), that it is nutritive sap from green
leaves which is chiefly used in the summer, and that this is
conducted in the sieve-tubes. In 1928 Dixon criticized this

. view. He measured the rate of accumulation of carbohydrates

in a potato-tuber, and the cross-sectional area of the phloem,
and calculated that conduction of carbohydrates in the sieve-
tubes would necessitate a rate of migration of solute particles
as high as 50 centimetres per hour. He pointed out that there is
no evidence that mass movements of liquid occur in sieve-tubes,
and concluded that these tissue-elements could not therefore
be the channels for so rapid a migration of carbohydrates. He
suggested that only by the passive carriage of solute particles
in the sap moving under tensile forces in the xylem could such
high rates be attained, and performed experiments with dyes
to show that solutes may be carried in the transpiration stream
downwards as well as upwards.

Whereas Dixon, for a period, attached supreme nutritional
importance to the solute molecules in tracheal sap, not only in
the spring, but at all times in the growing season, other workers
have held that the nutritional significance of solutes in tracheal
sap is negligible. Curtis (sec 165) asserted that even mineral
salts (e.g., nitrates) can be conducted upwards by way of the
tissues external to the wood at a sufficient rate to allow normal
growth. But Mason and Maskell found in their experiments on
the cotton plant that the amount of inorganic nitrogenous com-
pounds in the stem and leaves above that part of the stem
from which a girdle of bark had been removed continued to
increase after the girdling operation. This finding, although not
disproving Curtis’s assertion, provided substantial evidence in
support of the widely and long held view that, throughout the
growing season, inorganic salts absorbed from the soil are

normally carried to all parts of the plapt in the transpiration
stream.

THOMAS'S PLANT PHYS. 6
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C. The Conduction of Solutes in the Phloem

In this section we must note that evidence exists of the
conduction in the phloem of salts absorbed from the soil, and
then proceed to consider a subject that has attracted far more
attention, viz., the probable function of phloem in the transloca-
tion to all parts of a plant of foods manufactured in green
leaves.

Possible movement of absorbed salts in the phloem. Several
workers have considered the possibility that mineral salts
absorbed from the soil may under certain conditions move
upwards in the phloem as well as in the xylem. Using a novel
and interesting method Gustafson and Darken (208) obtained’
results which support Curtis’s evidence of such a movement.
They traced by means of an electroscope the upward movement
in the bark of certain cuttings, of radio-active potassium
dihydrogen phosphate, which had been prepared from red
phosphorus irradiated in a cyclotron apparatus, and concluded
from their results that movement is just as rapid in the phloem
as in the xylem. Measures were taken to prevent leakage of
solutes from the xylem into the tested portions of bark.

Sieve-tubes as the channels for !ransport of foods from leaves.
By the middle of last century the extension of knowledge of
plant anatomy had considerably increascd the scope of ringing
experiments.! Thus Hartig had in 1887 described sieve-tubes
and their contents, and it was known that the arrangement
of vascular bundles and the distribution of tissue-elements
varied from plant to plant. Hanstein (1860) found that
root formation was inhibited by the removal of extra-
cambial tissues from dicotyledonous plants with a single
ring of collateral bundles. Girdling the stems of mono-
cotyledonous plants, which, of course, possessed scattered
bundles, or those of certain dicotyledonous plants that
possessed an inner ring of bundles or a single ring of bicollateral
bundles, had no such inhibitory effect. It was concluded from

1 See Jost (7£), and the article by Mangham (91) for !uiler accounts of
the experiments made in the last century.
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these experiments, in which growth was used as an index of
translocation, that, in the absence of phloem, nutritive sap
could not be conducted at a sufficient rate for root formation,
but whenever phloem was present this necessary rate was
attained. Hanstein assigned to the sieve-tubes the function of
conducting the necessary food-stuffs from green leaves or
other sources of supply. The same inference has been drawn
from the results of nearly all the later work on the conduction
of solutes.

In his experiments Hartig (1858) used the appearance or
disappearance of starch as an index of the migration of carbo-
hydrates, and reported that starch accumulated above, but
not below, a ring cut in the stem of a leafy shoot. He inferred
that wood cannot carry products of assimilation downwards
(¢f. his conclusions concerning the upward conduction of foods,
p- 160). He also found that when he left a narrow vertical
strip of bark starch formed at its base, while a bridge of step
form did not allow downward migration to occur sufficiently
rapidly for starch formation. He concluded that conduction
in the bark takes place only in a longitudinal direction. Sieve-
tubes have long been regarded as well adapted for this
purpose.

The results of experiments on green leaves have, in general,
substantiated Hartig’s and Hanstein’s conclusions. Sachs
found that starch disappeared in the dark from leaves attached
to shoots more rapidly than from single detached leaves, and
inferred that translocation of carbohydrates as well as respira-
tory oxidation had occurred in the experiments with attached
leaves. Later workers have operated on petioles of attached
leaves to ascertain the effects of removing various tissues on the
rate of depletion. Czapek, for example, selected for experi-
ment plants with petioles which possessed different anatomical
structures. When the vascular bundles ran separately through
the petioles (e.g., Vitis), he found that by making incisions
into the petioles so as to remove the vascular tissue he could
almost completely prevent the removal of starch from that part
of the leaf above the incision. Starch disappeared rapidly from

6—2
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the other side of the leaf. The operation was performed so as
to maintain connection, by parenchymatous tissue, between
the leaf-blade and stem on the cut side of the petiole. Czapek
inferred that the migration of carbohydrates through paren-
chyma was not sufficiently rapid to account for the removal of
carbohydrates along the intact part of the petiole. His experi-
mental results also lent support to Hartig’s view that the
deflection of migrating solutes through parenchyma to intact
clongated tissue-elements in the vascular bundles occurs to but a
negligible extent. When, however, he made incisions in petioles,
in which there was anastomosing of bundles (e.g., Lady-fern), or
cross-connecting of sieve-tubes (e.g., Gourd), deflection of the
migrating carbohydrate molecules must have occurred, for that
part of the blade above the incision lost starch at about the
same rate as the other part. Czapek concluded that the
essential structural requirement for the conduction of carbo-
hydrates is a continuous system of sieve-tubes. It must be
remembered, however, that he never succeeded in removing
the parenchymatous bundle-sheath. Schimper had earlier
suggested that this sheath might function in the conduc-
tion of carbohydrates (see Mangham’s experiment, below).
Nevertheless, general support was given at the beginning
of the present century to Czapek’s hypothesis that starch
in the mesophyll undergoes hydrolysis to sugar, which then
migrates by way of the bundle-sheaths into the phloem.
Although there had been no visual demonstration of this
migration, it was known that more than half the dry-weight
of sieve-tubes may consist of sugars. Mangham applied micro-
chemical tests in order to follow the actual movements of
sugars in leaves. He demonstrated the presence of cane-sugar
in the sieve-tubes, and, by detecting the emptying of this sugar
from the parenchyma of the bundle-sheath into the sieve-
tubes of the small veins of leaves, refuted Schimper’s hypothesis,
and provided strong support for Czapek’s view.

It has long been known that the slimy contents of sieve-
tubes are proteinaceous, and weight has been attached to this
and certain other facts (e.g., the free passage that is provided
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for solutes in colloidal dispersion by the pores of sieve-plates)
by those who have supposed that nitrogenous organic substances
and carbohydrates migrate together. Indeed, until Dixon
made his provocative suggestion (p. 161), the hypothesis that all
food-stuffs move ¢ down the bast ”’ was not seriously challenged.
Curtis had already begun his important researches,! and :20n
entered the lists in opposition to Dixon. His work and that of
Mason and Maskell (93) very quickly left defenders of the
view that food is conducted in the sieve-tubes, in renewed
possession of the field.

In the last century the development first of plant anatomy
and then of micro-chemistry promoted researches on conduction.
In the present century quantitative methods for estimating
carbohydrates and nitrogenous substances have been con-
siderably improved, and are being increasingly used in attempts
to elucidate physiological problems. It must be realized,
however, that these methods are as yet by no means perfect.
Particularly may this be said about the methods of estimat-
ing nitrogenous substances. Nevertheless, the quantitative
experiments of Mason and Maskell have already defined many
new problems for detailed enquiry, in addition to confirming
the general conclusions arrived at by Czapek and others from the
results of cruder experiments. Mason and Maskell determined
the changes which occurred in the amounts of various diffusible
carbohydrates and nitrogenous substances (which term they
shorten to nitrogen) in leaves, wood, and bark (i.e., tissues
external to the wood), when plants of a selected strain of
Sea Island cotton were placed under diverse experimental
conditions. They subjected their experimental results to
statistical analysis, and, after making proper allowance for
sampling and experimental errors, drew conclusions only when
the numerical differences observed after changing the experi-
mental conditions were greater than those which might have
resulted from pure chance. The results indicated that * the

1 Curtis (165) has recently written summarized accounts of his and other
researches on translocation in plants. In this monograph he surveys
critically the experimental evidence and theories concerning the paths and
the methods of movement of solutes.
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gross phenomena of nitrogen transport show a striking simi-
larity to phenomena of carbohydrate transport.” For the sake
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Fie. 14. Diurnal vanations in sugars expressed as grams of
total sugars in 100 ccs of sap of the leaf, bark, and wood
of the cotton plant. (From Mason and Maskell, §3.) Notice
that the variations in the leaf and bark exceed the significant

differences for these parts, while the variations in the wood
are not significant.

of brevity, therefore, we shall here consider nitrogen and
carbohydrate transport together.
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It was found that diurnal variations in total sugars and
nitrogen in the green leaf led, after a lag period, to significant
variations in their concentration in the bark ; the concentrations
in the wood, however, remained constant (see figs. 14 and 15).
Plainly these facts could be explained by supposing the bark
(cortex plus phloem), and not the wood, to be the chanu-l of
translocation. Moreover, fluctuations in the concentrations of
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Fie. 15. Diurnal variations in the total nitrogen content of the
leaves and bark of the cotton plant. Results expressed per
100 gm. residual dry-weight. Standard deviation due tosam-
pling shown by vertical lines on the right. (From Mason
and Maskell, 94.)

carbohydrates (particularly cane-sugar) in the sieve-tubes corre-
sponded with those occurring in the bark, and much weight
was attached to the fact that from zone to zone a high positive
correlation was displayed between the number of sieve-tubes and
the concentration of cane-sugar. Suggestive results of a similar
kind were obtained for residual nitrogen (see below), and the
general conclusion arrived at was that carbohydrates and
nitrogen migrate in the bark, and particularly in the sieve-
tubes.

Ringing experiments added weighty evidence in favour of
the view that downward migration occurs in the bark and not
in the wood. Complete ringing of a stem below a foliage region
caused carbohydrates and nitrogenous organic compounds to
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accumulate above the ring in the bark, wood, and leaves, and
interrupted the flow below the ring. It was inferred that the
wood alone could not conduct the descending nutritive sap.
Nevertheless, Mason and Maskell, on repeating Dixon’s experi-
ment (p. 161), found that dyes moved across the ringed portion
of stem. Hence it appears that, although food-stuffs travel in
the phloem, certain solutes might, on occasions, pass out of
leaves vid the xylem. By showing that transport of organic
solutes occurred at nearly the normal rate after a ring of
paraffined paper had been inserted between bark and wood of
an unringed stem, Mason and Maskell established the fact
that contact between wood and bark is not essential for normal
conduction. Having previously demonstrated that wood does
not conduct they concluded that continuity of the tissue-
elements in the bark is the sole structural necessity for the
downward flow of dissolved foods. They confirmed this
conclusion by demonstrating the passage of solutes into
levered-up flaps of bark.
’ Mason and Maskell found that the effects induced by remov-
"ing developing flower-buds or bolls (the fruit of the cotton
plant) were the same as those induced by isolating the root-
system through ringing the stem, viz., food-stuffs accumulated
in the bark of the rest of the plant, and noteworthy increases
occurred in the amounts of sugar (mostly of cane-sugar) and
residual nitrogen in the sieve-tubes. It was therefore concluded
that these tissue-elements also serve as the channels for the
upward conduction of {ood-stuffs from the foliage leaves to the
flower-buds and bolls, where they are converted into the
substances present in the developing parts of the cotton
seed. '

Direction and rate of movement of solutes. Mason and
Maskell concluded from theirresults that longitudinal conduction
of mobile carbohydrates from green leaves towards roots, or
developing flower-buds and bolls, takes place in the sieve-tubes
along a positive dynamic concentration gradient, i.e., from
regions of ever-changing higher to regions of ever-changing
lower concentration. Consequently they inferred that trans-
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location is effected by a process analogous to diffusion (see
below).

There can be no doubt that hexose sugars are mobile sub-
stances, but Mason and Maskell found that, in the cotton plant,
carbohydrate migrates in sieve-tubes pre-eminently in the form
of cane-sugar. They suggested that hexose sugars diffuse along
a concentration gradient towards the sieve-tubes, where a
considerable fraction is changed to cane-sugar. Possibly
companion-cells assist in this synthesis. A considerable
head of sugars (mainly cane-sugar) would thus be set up in
the sieve-tubes. The simultaneous production of hexoses in
the mesophyll (either as a result of photosynthesis or through
the hydrolysis of higher carbohydrates) and the synthesis to
canec-sugar in the sieve-tubes, would preserve concentration
gradients for hexoses from mesophyll to sieve-tubes, and for
cane-sugar away from the head in the sieve-tubes. Since leaf
cells are impermeable to cane-sugar, carbohydrate cannot leak
back as cane-sugar into the mesophyll.

Mason and Maskell found that during development and while
sugars were diffusing away from green leaves an acid-hydrolyz-
able polysaccharide was stored in the bark and in the wood.
Its concentration in the bark increased from the upper regions
of the stem downwards to the root. This negative gradient
steepened as development proceeded. Since sugars are easily
estimated independently of polysaccharides, a negative
gradient for such a storage carbohydrate does not obscure a
positive gradient for mobile carbohydrates, viz., sugars.

It is not so easy to distinguish between storage and mobile
components of nitrogenous substances. Total nitrogen, protein
nitrogen, and crystalloidal nitrogen fractions, have been
quantitatively estimated in this research. Crystalloidal
nitrogen has been split up into amino-acid, amide (mainly
asparagine), ammonium and nitrate fractions; leaving a
considerable residue unaccounted for, which is described as
residual nitrogen. Mason and Maskell have not yet determined
beyond doubt what fraction or fractions of the nitrogenous
substances in the bark represent mobile nitrogen. They
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tacitly admit that what cannot be defined cannot be estimated.
Nevertheless, they have collected much valuable quantitative
data, and have made certain noteworthy tentative suggestions.
They found that the concentration of total nitrogen increased
from the upper regions downwards to the root, and the results
of more recent work (Mason and Phillis, 221) showed that this
negative gradient exists during development independently of
the nitrogen supply to the roots. Nitrogen starvation did not
reverse the gradient. Clearly, therefore, a diffusive migration
of nitrogen, longitudinally downwards, is not determined by
the existence of positive gradients for total nitrogen. Although
there is a protein component of this total nitrogen, Mason and
Maskell found that negative gradients mainly result from
changes in the concentration of crystalloidal nitrogen. They
assert however, and this is a crucial point in their argument,
that these negative gradients for total nitrogen (and, therefore,
for crystalloidal nitrogen also) are compounded of a positive
dynamic gradient of mobile nitrogen, and a steeper negative
gradient of storage-products containing nitrogen. The latter,
they state, has no concern with the diffusive migration of
nitrogen. As a result of this earlier work they concluded
that, in the cotton plant, asparagine in crystalloidal solution
is the main constituent of such storage-products as mask the
positive component for mobile material. Moreover they found
positive gradients in the bark for residual-nitrogen, and inferred
that this fraction contains mobile material. Movement of
amino compounds, ammonium salts, and nitrates, was not
excluded.

In a later contribution they summarize evidence in favour
of their views. They maintain (a) that when longitudinal
movement of carbohydrate and nitrogen was stopped, the
original positive vertical gradient was steepened, and () that
the reversal of the normal direction of the movement of
tnaterials along the main axis was accompanied by a reversal
of the gradient of sugar concentration in the inner region of the
bark, and the original negative gradient of crystalloidal
nitrogen was steepened. They attributed this steepening to
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the persistence of the negative gradient for the storage com-
ponent of crystalloidal nitrogen, accentuated by the abolition
or reversal by experiment of the positive gradient for the
mobile component. Since there was no masking storage
component among the sugars (the storage carbohydrate being
a polysaccharide) experiments led to the abolition or reversal
of gradients for sugars as a whole.

Moreover they submitted new and cogent evidence in
favour of their diffusion hypothesis. Analyses were made from
time to time during the growth of the cotton plant, whilst it was
still in the vegetative state, i.e., before flowering began. The
concentration gradients for total sugar were consistently
positive (Fig. 16, a). Cane-sugar concentrations primarily
determined the gradients, but those of hexoses also contributed
cspecially from the base of the shoot to theroot. The gradients
were steeper at early stages when growth was most vigorous,
During vegetative development crystalloidal nitrogen accumu-
lated in storage products (see p. 217) in the bark, reaching a
maximum concentration after about four months from sowing
the cotton seed. At all stages gradients were negative from
the upper regions of the stem to the roots (fig. 16, b). It was
found that asparagine was mainly responsible for accumulation
and for the existence of the negative gradients. Residual
nitrogen showed positive gradients at all stages of development
(fig. 186, ¢), providing further evidence in favour of the diffusion
hypothesis for mobile nitrogen.

Evidence consistent with the diffusion hypothesis is the
reported existence in the phloem of positive gradients for cane-
sugar and for residual nitrogen from leaves to developing cotton
bolls, which act as sinks because of their anabolism and
respiration. Mason and Phillis (221) obtained further sup-
porting evidence that positive gradients for mobile nitrogen are
masked by negative gradients for storage mitrogen when they
found that with flowering and the development of bolls,
nitrogen was withdrawn from leaves and bark. The original
negative gradient in the bark was reversed, because there was
a relatively greater depletion of nitrogen from the lower regions,
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where, it was suggested, nitrogen is stored during vegetative
development in greater concentrations than in the upper
regions. The existence of positive gradients for mobile
nitrogen became manifest after the translocation of storage
crystalloidal nitrogen to the flowers and bolls.

FIG. 16. Concentrations in the bark of the
cotton plant of total sugars (Fig. 16, a),
crystalloidal nitrogen (mainly aspara-
gine) (Fig. 16, b), and residual nitrogen
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(Fig. 16, ¢), expressed in mgs. per 100 gm.
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Mason and Maskell (see e.g., 220) have also obtained and,
in similar fashion, examined evidence of movement in the bark
of substances containing potassium, phosphorus, and calcium,
They consistently found positive gradients for potassium, but
in the earlier stages of development phosphorus showed a
negative gradient in the bark (and also in the wood). They
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attributed this negative gradient to the presence of a storage
component (cf. nitrogen). The general conclusion drawn was
that the downward movement, from the foliage regions, of
each class of substance, is determined by the existence in
the phloem of positive concentration gradients from sources
to sinks for the mobile forms within each class, and not for
the class as a whole. Also they favour the working
hypothesis that mobile substances from different classes move
independently in the phloem by a process analogous to
diffusion.

Now the observed rates of migration of food-substances are
much too rapid to be accounted for by simple physical diffusion
even along very steep diffusion-gradients. Mason and Maskell
estimated that the observed diffusion constant for cane-sugar
is forty thousand times greater than the diffusion constant for
2 per cent. canc-sugar in water at £5° Centigrade. The maxi-
mum concentration of cane-sugar in the sieve-tubes would
rarely be as great as this. Hence they insist that longitudinal
migration is by a process analogous to diffusion, and not by
simple physical diffusion. It is analogous to diffusion in that
the rate as well as the direction of migration is controlled by
concentration gradients. For example, it was observed that
variations in the sugar gradients and the rates of transport of
sugar from the bark to the bolls were significantly correlated.
In one experiment the rate by day, when through photo-
synthesis the head of sugar in the green leaves would be rela-
tively high, was 4-5 times greater than by night.

The weakness of the diffusion hypothesis, as Mason and
Maskell admit, is that no one has yet apprehended what
mechanism in the plant actually accelerates diffusion (i.e.,
enhances the value of the diffusion constant for a given solute
when dissolved in the sap of sieve-tubes) and so promotes
diffusion along concentration gradients. It should be noted
that streaming of protoplasm cannot afford a general explana-
tion, as it has but rarely been observed in mature sieve-tubes.
But it has long been known that the sap in sieve-tubes
exerts turgor-pressure on the walls, and may exude under



174 THE CONDUCTION OF SOLUTES

pressure when a stem is cut. The recognition of this fact led
to the enunciation of the ** mass-flow hypothesis,”” for which in
recent years Miinsch has been the most noted advocate. For a
considerable discussion see Curtis (165). The central idea in
this attractive hypothesis is that the dissolved particles are
passively carried (cf. the migration of particles in the xylem)
in the sap, which moves as a whole in the vacuoles of sieve-tubes
and through the pores of sieve-plates from regions of higher to
regions of lower turgor-pressure. It has been suggested that
the lower turgor pressures result from the withdrawal of water
from the sieve-tubes by the trachese, and the high turgor
pressures from the reverse movement, i.e., flow in the phloem
is connected with that in the xylem. Dixon (799) has recently
reported that by tracing the convection of heat in stems, he has
obtained  clear evidence that, while the transpiration stream is
moving upwards, there is often anether stream which is moving
simultancously downwards.” He suggests that this may be
mass-flow in the phloem, but points out that ¢ reversals of
water movement in the tracheal conduits are not excluded.”
We note that there is a fundamental difference between the
outlook of those who attribute the underlying mechanism of
conduction to diffusion and that of those who attribute it to
mass-flow. According to the mass-flow hypothesis all the
solutes should move in the same direction in the vacuoles of
the sieve-tubes, unless there are independent movements in
vacuoles and cytoplasm. The diffusion hypothesis assigns
independent power and direction of movement to each mobile
solute under its own concentration gradient. Mason and
Phillis (222), by establishing a carbohydrate source above and
a nitrogen source below, obtained evidence that nitrogen and
sugars might travel in the phloem simultaneously and in
opposite directions. This they state is consistent with the
diffusion hypothesis, but renders untenable any theory involv-
ing a directional mass-flow of solute, unless flow is accompanied
by a diffusive movement of solutes in the cytoplasm. In
further criticism of the mass-flow hypothesis they (223)
point out that when sieve-pores are partially or wholly blocked
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by cytoplasm great resistance will be offered to mass flow,
and that it is difficult to see how such flow can occur in the
Dioscoreacea, in which compact halls of parenchyma separate
sieve-tubes of neighbouring internodes.

Finally, there is the question, is conduction a purely physical
process or is it a vital process? There is some ev.dence
that protoplasm plays a part in conduction. For example,
Deleano (1911) discovered that the rate at which carbohydrates
left green leaves was considerably reduced by treating the
petioles with chloroform. More recent experiments indicate
that killing by heat has the same effect. It is noteworthy that,
although the rate was reduced, migration actually occurred
across the killed parts of the petioles. By covering surfaces
with rubber bands, wax, oil, ctc., Mason and Phillis (223)
attempted in certain ringing experiments to reduce the oxygen
supply to selected lengths of bark. They saw in their results
some indications that variation in oxygen concentration might
affect the rate of translocation of solutes in the bast, and
suggested that the cnergy rcleased by the respiration of sieve-
tubes may activate the diffusion of solute molecules in the
stationary cytoplasm of these tissue-elements. Doubtless

this highly important suggestion will stimulate further
research.

D. The Lateral Movement of Solutes

First Hartig and then Czapek demonstrated that in incom-
pletely ringed stems conduction proceeds at about the normal
rate down narrow bridges, provided these are vertical. With
step (p. 168) or oblique bridges conduction was extremely slow.
Apparently, therefore, the rapid transfer of food can only occur
in a longitudinal direction. Nevertheless, it is clear that some
lateral transfer must occur. The process is, however, a slow
one. Mason and Maskell, after calculating the rate of the
leakage of sugars from phloem to xylem in the cotton plant,
concluded that this horizontal movement was akin to ordinary
physical diffusion. Doubtless in woody perennials the
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medullary rays, in addition to acting as tissues for temporary
storage, facilitate lateral transfer over short distances. The
point to notice is that the internal organization of a plant
provides as well for lateral transfer as for the rapid upward
and downward movements of water and dissolved solutes.



CHAPTER X

THE GASEOUS EXCHANGES BETWEEN PLANTS AND THE
OUTSIDE AIR

A. The Nature of the Gaseous Exchanges !

Hicuner plants continually change the composition of the
surrounding air by the processes of respiration and photo-
synthesis. In respiration (chap. XIV), which goes on without
interruption in every living cell of a green plant throughout its
life cycle, oxygen is absorbed and carbon dioxide is liberated ;
organic matter is destroyed and the energy liberated is used
for vital purposes. In photosynthesis (chap. XIII), cells
containing chloroplasts (these will hereafter be called green
cells), and only such cells, in the light, but only in the light,
absorb carbon dioxide, synthesize carbohydrates, and release
oxygen as a by-product. This is the process by which air
fouled by the respiration of animals and plants is once more
made fit for acrobic organisms to live in.

More than ninety per cent. of the dry matter of a green plant
results from photosynthesis. Over a growing period the total
amount of carbon absorbed as a result of this nutritive process
is greatly in excess of the amount of carbon lost through
respiration, in spite of the facts (@) that non-green living cells
outnumber green cells, and (b) that photosynthesis occurs only
between dawn and dusk. It is not surprising, therefore, that
photosynthesis may mask respiration neatily completely in
illuminated green leaves of growing plants, i.e., most of the
respiratory carbon dioxide is at once used up again in photo-
synthesis instead of diffusing out of the leaf,

As a rule, in illuminated tissue containing both non-green

! Descriptions of the experimental methods used in studying this
subject are given in chaps. XIII and XIV,
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and grcen cells, only one type of gascous exchange can be
easily detected. Whether this will be the photosynthetic type

or the respiratory type will depend upon several factors.
(a) The proportion of green to non-green cells in the tissue. It is
difficult to detect respiration in illuminated green leaves
because green cells outnumber non-green cells, or to detect
photosynthesis in illuminated green fruits, such as green apples
and gooseberries, because non-green cells outnumber green cells.
(b) The relative activities of the chloroplasts and the respiratory
systems. The chloroplasts of green storage cotyledons, which
are packed with food, possess but feeble powers of photo-
synthesis, while the respiration of the cotyledons is often
notable. (c) The light-intensity. Twice a day there occurs for
most green tissues a light-intensity, termed the compensation
point, at which photosynthesis and respiration just balance.
(d) The temperature. In the leawes of winter evergreens on
frosty days photosynthesis may be stopped by the low
temperature, whereas respiration, although greatly impaired,
continues.

B. The Paths of Gaseous Exchange

The gases passing into and out of the submerged parts of
aquatic plants, or of the young active respiring parts of the
root-systems of land plants, are probably in solution, the
passage being governed by the laws for the diffusion of solutes
(chap. IV, section B). There are no visible discontinuities in
the dermal coverings of submerged shoots and roots, but
intercellular spaces permit gaseous diffusion to and from the
higher levels where stomata or lenticels are present.

Carbon dioxide and oxygen enter and leave the aerial parts of
land plants as gases, although they are used and produced in
living cells as solute molecules in solution. Experiments have
proved that dermal coverings of cork or cuticle are impervious
to oxygen and are not appreciably penetrated by carbon
dioxide in low concentrations such as exist in air, and that
the ventilating system of green aerial shoots consists of
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(a) stomatal pores, (b) spaces between the complementary cells
of lenticels, and (c) intercellular spaces in the interior.

Certain facts concerning dermal tissues may be summarized
at this stage. The chief function of cork and cuticle is to
prevent excessive water-loss (p. 121); the plant gains no advan-
tage from their impermeability to gases. Stomata and lenticels
primarily serve the plant by making gaseous exchange possible
(p. 121); their presence in dermal tissues, however, renders
transpiration— a process which may lead to wilting—inevitable
(loc. cit.). Stomatal movements have a twofold significance :
{i.) the narrowing of stomatal apertures is of functional
importance when the rate of transpiration is thereby reduced
(p. 184); (ii.) the opening movement, at least in the early
stages, facilitates gaseous exchanges (p. 189).

The impermeability of cork-tissue to gases can be demon-
strated by keeping air at different pressures on opposite sides
of thin shavings of cork, and it is easy to show that intercellular
and outside air communicate by the lenticels, and that the
intercellular air-spaces are continuous (see fig. 17),

The maintenance of the water-level in the vertical tube of
a porometer when the glass chamber is affixed to the astomatal
surface of a hypostomatal leaf (fig. 18) demonstrates that air
cannot pass through cuticle. A more or less rapid fall in level
occurs, however, when the glass chamber is affixed to the lower
surface. Accordingly, one may infer that air can pass under
suction through stomatal surfaces. The rate of fall of the
water-level, and, hence, that of the passage of air, is governed
by the size of stomatal apertures (p. 190). Thus as stomata
close in darkened or wilting leaves the rate of fall diminishes,
and may become extrcmely slow. Evidently the rapid entrance
of air noted above cannot be attributed to the presence of a
permeable cuticle on the lower surface. Hence one may infer
that passage is effected through the stomatal apertures. Since
a volume of air greater than the total volume of the inter-
cellular spaces of the leaf may pass out under suction, it follows
that air can enter the leaf by the stomata outside the glass
chamber, and then move in the intercellular spaces of the leaf.
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F16. 17 (see text). As long as suction is
applied at A bubbles of air escape from
the intercellular spaces through the
lenticels. Since bubbling may proceed
indefinitely, it is concluded that air (a) can
enter the cut stem through the lenticels
situated above the stopper, and (b) can
travel downwards in the intercellular
spaces to the submerged portion of the
stem.

Important experi-
ments, which were per-

formed towards the close
of the last -century,
established the fact that,
under natural condi-
tions, gaseous exchanges
occur nearly exclusively
through stomatal aper-
tures,! Stahl covered
the lower surfaces of
hypostomatal leaves with
wax and found that
the leaves did not
form starch when illumi-
nated in ordinary air.
This treatment did not
affect the chloroplast
mechanism, since starch
was subsequently pro-
duced in the neighbour-
hood of pin-pricks made
in the upper surface.
Stahl concluded that the
cuticle of the upper sur-
face was impermeable to
carbon dioxide, and that
this gas under normal
conditions diffuses into
a leaf through the sto-
mata. F.F. Blackman
compared the rates of
CO,-absorption through
the upper and lower

! Earlier work and the
experiments of Blackman,
and of Brown and Escombe,
are described by Stiles (144).
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surfaces of illuminated leaves with the stomatal ratios (i.e.,
the number of stomata on the upper surface: the number

of stomata on the lower surface) for these leaves. Air of

known composition was simultaneously passed through small
glass-sided gas-chambers, which were hermetically sealed by
wax to the upper and lower surfaces of leaves, and the
issuing gas was analysed. Striking results were obtained
for hypostomatal leaves covered with a very thin cuticle
(e.g., leaves of virginian creeper, and of plane), carbon dioxide
being absorbed at a considerable rate through the stomatal
surface, while mere traces passed through the cuticle of the
upper surface. According to Blackman, and to Brown and
Escombe, other factors were operative in amphistomatal leaves.
Thus the average degree of opening of the stomata sometimes
differed on the two surfaces, and the greater density of the
chloroplasts towards the upper surface caused steeper diffusion
gradients at this surface. Allowing for these factors, however,
they concluded that the relative rates of absorption closely
followed stomatal ratios. Blackman also demonstrated that
only negligible amounts of respiratory carbon dioxide diffused
through the upper surfaces of darkened hypostomatal leaves,
even when the cuticle was very thin, and that the relative rates
of diffusion through the upper and lower surfaces of amphi-
stomatal leaves were in direct proportion to the stomatal
ratios.

We are not concerned with the behaviour of cuticle towards
gases containing high concentrations of carbon dioxide, but we
note that experiments with such concentrations have shown that
this gas can penetrate cuticle. Clearly, however, Stahl’s and
Blackman’s experiments indicate that the rate of penetration
is negligible when the concentration is 0-03 per cent., as it is in
air.

From the experimental results described above one may
conclude that during photosynthesis by a green leaf, carbon
dioxide diffuses from the outside air, where its concentration is
0-08 per cent., through stomatal pores and intercellular spaces
towards the palisade and spongy cells of the mesophyll tissue.



182 GASEOUS EXCHANGES

This gas then dissolves in the wet cell-walls, and diffuses in
solution in the direction of the surfaces of chloroplasts, where it
combines with water to form carbohydrates. As long as carbon
dioxide is thus consumed, a gradient of diminishing concentra-
tion will be maintained and diffusion will be continuous. For
the oxygen produced the diffusion-gradient will be in the
opposite direction. Consequently, dissolved oxygen will diffuse
away from the chloroplast surfaces, and, upon reaching the
wet cell-walls, will be liberated as a gas. The concentration
of oxygen in the intercellular spaces will thus become higher
than that in the air outside, and this gas will therefore pass
out through the stomatal apertures. Similarly, during respira-
tion, gaseous exchange between living cells and the outside
air occurs through the stomata and lenticels along decreasing
concentration gradients of oxygen towards respiring surfaces
in protoplasm, and of carbon' dioxide away from these
surfaces.

C. Intercellular Spaces, and the Composition of the Internal
Atmosphere

Microscopical examination shows the presence of intercellular
spaces in all parenchymatous tissue. It appears that in land-
plants these spaces usually occupy more than 20 per cent. and in
water-plants more than 70 per cent. of the total volume of a
leaf. The volume can be measured by determining the change
of weight resulting from the injection of a leaf with dilute
alcohol (which penetrates more readily than water) of known
specific gravity. A detached leaf should be submerged in a little
dilute alcohol in a flask from which air is withdrawn by means
of a suction-pump until there is no further bubbling from the
cut surface of the leaf-stalk. When air is readmitted into the
flask the alcohol will pass through the stomata and inject the
intercellular spaces of the leaf.

Gaseous diffusion tends to equalize the concentration of the
gases inside and outside the leaf. The processes of photosyn-
thesis and respiration are, however, sufficiently vigorous to
maintain' marked differences. Thus it has been shown that
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during photosynthesis the internal atmosphere of green
shoots is richer than air in oxygen, and considerable differ-
ences in composition have been found for succulent fruits,
corms, bulbs, and other bulky organs, in which large numbers
of respiring cells are enclosed in dermal tissues that offer con-
siderable resistance to the diffusion of gases. For instance in
the carrot, the CO,-concentration in the interior may rise to
over 10 per cent., while the oxygen-concentration corre-
spondingly falls to approximately the same figure. Certain
experiments on stored apples indicated that these changes in
concentration depend upon the intensity of respiration. In
the experiments, the rate of respiration was increased by raising
the temperature, and the CO,-concentration rose while the
oxygen-concentration fell. For example, in one experiment,
when apples were stored at 5° C. the percentage of carbon
dioxide in the internal atmosphere was 1-5, and of oxygen
19, while with storage at 20° C. the pcrcentage of carbon
dioxide rose to 7-5, and that of oxygen fell to 11-5.

The considerations of the last paragraph bear on several
important problems. It has been shown that carbon dioxide
can act as a narcotic in certain plant processes. For example,
Kidd and West (80) found that the germination of white
mustard seeds can be inhibited by the presence of from
2 to 4 per cent. of carbon dioxide in the outside air. It has
been suggested that under natural conditions dormancy may be
occasioned by the presence of inhibiting concentrations of
respiratory carbon dioxide in the intercellular air surrounding
the embryo. When seed-coats offer resistance to the passage of
gases it is not improbable that carbon dioxide will accumulate
and act as a narcotic. Possibly under certain natural condi-
tions vital processes may also be arrested as a result of a
shortage of oxygen in the intercellular spaces, but there is no
definite evidence on this point.

This narcotic effect of carbon dioxide has been exploited by
Kidd and West for prolonging the storage lives of fruits.
These investigators have shown that respiration is retarded and
ripening is delayed when fruits are stored in gas-mixtures
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containing 10 per cent. carbon dioxide, 10 per cent. oxygen, and
80 per cent. nitrogen. This method of storage is termed gas-
storage (see Annual Reports of the Food Investigation Board
from 1919 onwards).

Plant-tissues may be injured by exposing them to gas-
mixtures containing certain conjunctions of CO,-concentration
and oxygen-concentration. For instance, Kidd and West found
that apples may incur brown-heart when exposed to external
concentrations of carbon dioxide greater than 18 to 14 per cent.
in the presence of oxygen. Thomas (see p. 867) discovered
that higher concentrations of carbon dioxide, by inhibiting
oxidations, may induce the formation of ethyl alcohol and
acetaldehyde. The latter substance is toxic, and brings
about aldehyde-poisoning, which is possibly identical with
brown-heart. It is not yet known, however, whether such
conjunctions of concentrations of carbon dioxide and oxygen
as would cause a disturbance of metabolism ever exist in the
intercellular spaces of plants under natural conditions.

Sufficient evidence has now been cited for it to be realized
that gas-mixtures containing carbon dioxide and oxygen have
peculiar physiological properties. These are still under
investigation, and it appears that they may possibly control
certain vital processes under natural conditions. It must be
remembered that it is the composition of the internal atmosphere
which has direct significance for living cells, and we have seen
that this may fluctuate considerably, and in certain organs
may differ strikingly from the composition of the external
atmosphere.

D. The Rate of Diffusion of Gases through Stomata

After definite experimental proof had been obtained that
gaseous exchanges in young shoots occur almost exclusively
through stomatal apertures, there arose the problem of account-
ing in terms of diffusion for the maximum observed rate of
CO,-absorption in photosynthesis under natural conditions,
Experiments had shown that a leaf of Catalpa bignonioides,
when illuminated, absorbed 0-07 ccs of carbon dioxide per sq.
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cm. of leaf surface per hour from ordinary air, 10,000 parts of
which contain only 3 parts of carbon dioxide. It was calculated
that the stomata occupied only 1 per cent. of the total area of the
leaf; hence, assuming stomatal diffusion to be the only means of
ingress, carbon dioxide was diffusing into the leaf at the rate of
over 7 ccs per sq. cm, of stomatal aperture per hour. This was
considered to be a surprisingly high rate, seeing that a strong
solution of caustic soda, when freely exposed to still air, only
absorbs carbon dioxide at the rate of 0-12 ccs per sq. cm. per
hour, i.e., nearly fifty times more slowly than an equal area of
green leaf. These considerations prompted Brown and
Escombe to investigate by means of physical experiments the
problem of the rates of diffusion of carbon dioxide through
small apertures. Some experiments were performed with
septa perforated by single apertures of different sizes, and
others with multiperforate septa. In table IV are recorded
results which show the relations of the rates of diffusion to the
diameters and areas of apertures.

TaBLE IV

Diffusion of carbon dioxide through apertures of various sizes
(data from Brown and Escombe)

. €O, . . Relative wts.
of :‘B‘e‘}%?.'m diffuding p‘éﬂ“&*‘;‘ﬁl Keomaof | dismeters of dl;fls(i)r?g’ n

in mm, per hour. per hour.. apertures. apertures, unit time.
227 0-24 0-06 1:00 1-00 1-00
1206 0-10 0-09 0-28 0-53 0-42

6:03 0-06 0-22 0-07 0-26 0-26

8-28 0-04 0-48 0-02 0-14 0-16

200 0-02 076 0-007 0:09 0-10

It will be seen that with increasing diameters (column 1) the
rate of diffusion of carbon dioxide increased (column 2), while
the rate of diffusion per unit area decreased (column 8). This
last result was new to physical science, for it had previously



186 GASEOUS EXCHANGES

been thought that the rate of diffusion would be proportional
to the area of the aperture. Brown and Escombe had dis-
covered the fundamental fact that a single pore allows the
passage of less gas in a given time than would a large number of
smaller pores having, in the sum, the same area as the large
pore. From other experiments with multiperforate septa the
conclusion was drawn that if pores were spaced at distances
greater than ten times their mean diameter each pore would
act independently. Now a cuticularized epidermis with
stomata may be considered as a multiperforate septum separat-
ing the outside air from the internal atmosphere, and in certain
leaves (e.g., those of sunflower) stomata are not much less than
ten diameters apart. The marked efficiency of green leaves in
absorbing carbon dioxide, as judged by the type of comparison
made earlier in this section, can now be readily explained. This
comparison was between equal areas (actually 1 sq. em.) of free
surface of caustic soda and of stomatal apertures. But the
1 sq. cm. of stomatal area comprised about 80,000 minute
apertures, each of which, according to Brown and Escombe,
would act independently, and the results for physical systems
indicate that under these circumstances the rate of CO,-absorp-
tion would be much more rapid than with a single pore of
1sq.cm. This view of Brown and Escombe has in recent years
been questioned. Probably the proximity of stomata on leaves
leads to reduced rates of diffusion, i.e., the rate of diffusion
through any two stomata is less than would be the rate were
the stomata twice as distant from one another. There are still
many undecided questions of detail concerning diffusion through
stomata, but it is improbable that the general principles that
we have briefly considered here will be affectcd by future work.

If we now compare column 5 with column 6 in table III we
see that in these experiments the rate of diffusion was propor-
tional to the diameters of the apertures. This means that the
rate of diffusion is doubled by doubling the diameter, while the
rate of diffusion per unit area decreases (column 8), since the
area is more than doubled.

Brown and Escombe summarized their experimental findings
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by means of the equation given below. This equation permits
the calculation of the volume (¢ ccs) of a gas possessing a
diffusion constant k, which passes per second through a septum
perforated by y pores of mean radius @ em. and mean length
L cm,, under a pressure difference of p, — p,.

_ kpy — py).y.ma
L+ ™
t 2

In the physical experiments of Brown and Escombe, L was
negligible in comparison with a. Clearly the equation then
indicates that the rate of diffusion is proportional to the mean
diameter of the pores. L must be taken into account, however,
in analysing the results of experiments on leaves, since the
length of a stomatal tube may be greater than its width. For
photosynthesis by a sunflower leaf in ordinary air, Brown and
Escombe collected the following data in order to calculate the
volume of carbon dioxide that could diffuse in one hour through
the stomata in an area of 1 sq. cm. of a leaf. It was assumed
that all the stomata were fully open, and that the air was not
moving.

k == (diffusion constant of CO,) = 0-145 c.g.s. units.

p, = (pressure of CO, in outer air) = 0-0003 atmospheres.

pg was assumed to be nil.!

y = (number of stomata per sq. cm.) = 33,000.

a = (mean radius of stomatal aperture) = 0-000535 cms.

= (mean length of stomatal tube) = 0-0014 cms.

From these measurements Brown and Escombe calculated
that, when fully open, the stomata in 1 sq. cm. of a sunflower
leaf could allow the passage by diffusion of 2-1 ces of carbon
dioxide per hour. But the results of experiments on the rate
of photosynthesis indicated that, under natural conditions, the
rate of CO,-absorption rarely exceeds 02 ccs per sq. cm. of
leaf surface per hour. Consequently Brown and Escombe

1 Le., it was assumed that carbon dioxide immediately upon entermg
the leaf was used in photosynthesis. Evidently this sxmphﬂeatlon is open
to criticism.
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concluded that diffusion through stomata could account for all
the carbon dioxide absorbed under natural conditions.

The general nature of the terms employed in the above
equation permits us to use it for computing the magnitude of
diffusion of any gas, e.g., that of water-vapour in stomatal
transpiration (p. 134). Brown and Escombe calculated that in
a still atmosphere with a relative humidity of 25 per cent., fully
open stomata on 1 sq. metre of a leal of a sunflower would
allow the passage of 17 gm. of water-vapour per hour. The
maximum rate of transpiration observed was less than 0-83 gm.
per sq. metre per hour.

It is probable that these investigators considerably over-
estimated the capacity of stomata to allow carbon dioxide and
water-vapour to pass, and their original equation has been
modified by later workers (see Stiles, 7144). The physical and
mathematical arguments are too involved for us to consider
them here. Accordingly, we have used Brown and Escombe’s
equation as a convenient summary of the diameter-law, and
of the parts played by factors which affect gaseous diffusion
through stomata. This procedure would not be justified were
it not for the fact that the gencral conclusions arrived at from
Brown and Escombe’s cquation are still widely accepted.

If for the sake of simplicity we accept Brown and Escombe’s
results, we may infer that when the stomata of a sunflower leaf
are fully open the rate of photosynthesis under natural condi-
tions is never restricted by the size of the stomatal apertures.
Now it follows from Blackman’s experimental results that the
rate of photosynthesis will approach zero during the final stages
of stomatal closure. '

One is forced to conclude that for every leaf under defined
external conditions there is a critical size of stomatal aperture
below which the rate of photosynthesis or of transpiration (see
p. 184) is restricted by the capacity of the stomata to allow
gaseous diffusion. Thoday virtually came to this con-
clusion when he attributed the diminishing rate of
photosynthesis, which he observed in wilting sunflower leaves,
to the reduction in the mean size of stomatal apertures.
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For a given leaf this size will depend upon the concentration
of carbon dioxide in the air, the light-intensity, the
temperature, and other factors which influence the rate of
photosynthesis (see chap. XIII). Thus Maskell (92), during the
course of his work on the photosynthesis of the cherry laurel
leaf, found that the rate of photosynthesis may be governed by
the size of stomatal apertures when the concentration of carbon
dioxide is relatively low and the light-intensity relatively
high.  Alterations in stomatal apertures had, however, no
perceptible cffect when the light-intensity, instead of the CO,-
concentration, limited the rate of photosynthesis.

We may note in conclusion that the arguments developed in
the last paragraph are in accord with the view expressed earlier
in this chapter, viz., that the opening phase of stomatal move-
ment should be regarded as of functional value in facilitating
gaseous exchange. Clearly, this is only true for photo-
synthesis between complete closure and the critical size of
aperture referred to above.

E. Movements of Stomata

Methods of measuring the dimensions of given stomatal
apertures under varying external conditions. (i.) Whole leaves
have been observed under the microscope and direct measure-
ments made with a standardized micrometer eye-piece. Find-
ing the average size of stomatal aperture on a given leaf surface
is a tedious operation, seeing that individual stomatal apertures
vary considerably in width, (ii.) Strips of epidermis have been
fixed in absolute alcohol and then mounted, before measuring
as in (i.). (iii.) For certain purposes, indirect measurements
have served. A rapid but rough method is to find out which
organic liquids will penetrate into leaves. Stomata must be
wide open before ethyl alcohol will penetrate ; benzole pene-
trates when stomata are less wide open; and xylol when
stomata are only slightly open. Thus if we find that the pene-
trative power of one of these liquids increases when a given leaf
is transferred from one set of conditions to another, we may
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infér that the stomata tend to open under the new conditions.
(iv.) The rate at which the level of water falls in the vertical
tube of a porometer (fig. 18) has often been used as a measure
of stomatal size, It appears that the rate is proportional to

the square-root of the average diameter of all the stomata
belonging to the surface under investigation.

Conditions affecting stomatal movement. It was long ago
demonstrated that every normal stoma has the power of
opening and closing, but Loftfield (89) has in recent years
shown conclusively that the behaviour of the stomata of different
plants is not uniform. In all plants the following external
factors are opcrative : the water-content of leaves—which is
governed by the saturation-deficit of the atmosphere and also
by the supply of available water in the soil—, the light-intensity,
and the temperature. But the relative effect of each factor
may vary from plant to plant. There is, moreover, the addi-
tional complication that in some plants at least there may
occur a rhythmical autonomic movement.

Broadly, we may state (a) that if, as generally happens,
stomatal aperturcs alter in width with changing light-intensity,
they tend to widen with increasing and to narrow with decreasing
light-intensity ; (b) that while in most plants stomata actually
close for some part of the night, in others closure is a rare
event; to this latter class belong many fleshy-leaved plants
and some thin-leaved plants, e.g. the potato; (¢) that the
behaviour of all stomata may, however, be modified by changes
in the water-content of leaves ; thus, in certain leaves, stomata
may be found widely open at noon on sunny humid days, and
closed at noon on sunny dry days.

The mechanism of stomatal movement. (u) Movements and
changes in shape and turgor of guard-cells. Direct observa-
tions and measurements under the microscope show that
stomatal movements are brought about by changes in the
volume and shape of the guard-cells. It haslong been recognized
(see Haberlandt, 54) (a) that the expansion and contraction of
guard-cells must be attributed to the passage of water in and
out of these cells; (b) that the shape of guard-cells changes
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Fic. 18. Darwin’s porometer for following changes in stomatal
apertures., At the beginning of an experiment the air in the
glass-chamber affixed to the leaf is under reduced pressure.
The rate of fall of the level of water in the vertical tube
between two fixed marks provides a measure of the rate
with whic!; air passes out under suction through the stomata
of the leaf.
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owing to the unusual thickening of their walls, and (c) that
peculiarities in the structure of neighbouring subsidiary cells
sometimes influence the mode of stomatal movements. Thus
for a given stomatal apparatus movements are determined
by the turgor-pressures of the guard-cells and of the subsidiary
cells. Imbibitional changes in cell-walls or vacuolar colloids
might account for the observed facts, but the most generally
accepted view has been that, for a given stomatal apparatus,
movements are determined by the turgor-pressures of the
guard-cells and of the subsidiary cells. This view has received
support from the observation of Heath (210) that guard-cells
collapse when they are punctured. We are thus faced with the
central questions concerning the mechanism of stomatal move-
ment, viz., how are the water relations of guard-cells and
neighbouring cells affected by light-intensity on the one hand
and by the water-content of leaves on the other ?

Our knowledge of the internal conditions that occasion
stomatal movements in wilting leaves is still obscure. There
is some cvidence that the biochemical phenomena that precede
stomatal closure when leaves are darkened (see below) may
also participate in causing closure in wilting leaves. Phases
of stomatal opening, however, may result directly from
the differential shrinkage of leaves as the water-content
diminishes.

It has now been established that the movements of water
that cause the differential changes of turgor-pressure in guard-
cells and subsidiary cells during the slow and gradual processes
of opening and closing under varying light-intensities, may be
attributed to alterations in the osmotic pressure of the sap in
the guard-cells, and possibly in some species to that of the sap
in the subsidiary cells. Wiggans ! found for a cyclamen leaf that
the osmotic pressurc of the sap of the guard-cells was more
than doubled when it attained a maximum between 7 a.m. and
11 a.m., while the osmotic pressure of the sap of the subsidiary
cells remained fairly constant and was always less than that of

! See Maximov (95) and Macgregor Skene (132) for further information
concerning the work of Wiggans, Iljin, and Strugger and Weber.
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the sap of the guard-cells. Iljin had for certain steppe plants
previously obtained even more siriking figures, viz. 90-100
atmospheres for the guard-cells of widely open stomata, and
10-20 atmospheres for those of closed stomata, while the
osmotic pressure of the sap of the subsidiary cells remained
constant. Strugger and Weber found that in Galium mollugo
the osmotic pressure of the sap of the subsidiary cells becomes
greater during closure than that of the guard-cells.

Accordingly one may suppose that during a twenty-four-
hour period the osmotic relations of guard-cells and subsidiary
cells are continually changing. Water will move in the direc-
tion of the guard-cells as the osmotic pressure (and conse-
quently the suction pressure) increases during the day. When
water enters from the subsidiary cells, the volume and
turgor-pressurc of the sap of the guard-cells will increase, and
because of the diffcrential thickening of the cell-walls the
shape of the guard-cells will change and the apertures will
open. The sharp fall in the osmotic pressure at night will
be followed by passage of water away from the guard-cells.
The turgor-pressure will thus diminish and apertures will
close. :

Stomatal movements are not always slow. For example,
Gregory and Pearse (207) observed an opening movement of
the stomata of Pelargonium after one minute’s illumination.

(b) Stomatal apertures, fluctuating osmotic pressures, and
carbohydrate equilibria. In attempting to account for the
alterations in the osmotic pressure brought about by the action
of light, physiologists have attached great significance to the
presence of plastids (usually chloroplasts) and starch in the
guard-cells of stomata that are capable of movement. Moreover,
chloroplasts are absent from the other epidermal cells of the
higher plants, and starch is not usually produced by these cells.
Opinions differ concerning the composition of the plastids in
the guard-cells of the white parts of variegated leaves.
Some observers have maintained that chlorophyll is present
in small amounts, and others that the plastids are free from
chlorophyll.

THOMAS’S PLANT PHYS. 7
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The rise in the osmotic pressurc of the sap of illuminated
guard-cells was formerly attributed to the production by photo-
synthesis of osmotically active substances. Doubtless this
happens under natural conditions when guard-cells contain
chloroplasts. But stomata in the white parts of variegated
leaves may also open by day and close by night, and it has been
found that stomata in general can open and close in the absence
of external carbon dioxide. Evidently a simple photosynthesis
hypothesis does not explain all the facts. It must be remem-
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Fig. 19. Graphs showing changes during a 12-hour period in
(A) the relative widths of the stomatal apertures in the
lower surface of a leaf of the Lombardy poplar, (B) the
relative amounts of starch in the guard-cells of this leaf, and
(C) the intensity of sunlight. (From Loftfield (89), modified.)

bered that big increases of osmotic pressure must be accounted
for. Feeble photosynthesis by pale green chloroplasts could
not bring these about. Green guard-cells could, of course,
compete with the mesophyll cells in using such respiratory
carbon dioxide as had been stored in the intercellular spaces.
Consequently, some photosynthesis would take place, but this
would soon cease in leaves placed in air free from carbon
dioxide.

The clue which has led to the modern interpretation of
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events was discovered by Lloyd. He found that carbo-
hydrate cquilibria in both green and non-green guard-cells
differ from those in ordinary green cells, in that the amount
of starch in a guard-cell increases by night and decreases by
day. These important observations have been confirmed many
times (see, e.g., the results of Loftfield’s experiments, which
are shown in graphical form in fig. 19). It has been inferred
that light cither directly or indirectly promotes the hydrolysis
of starch to sugar in these cells. Consequently, the osmotic
pressure of the sap of illuminated guard-cells will rise, inde-
pendently of the presence of chlorophyll, provided that starch
is present in these cells. The re-conversion of sugar to starch
in the dark will be accompanied by a lowering of osmotic
pressure,

(¢) Light, hydrion-concentration, and carbohydrate equilibria.
We are left with the problem of accounting for the carbohydrate
transformations that have been observed in guard-cells under
varying light-intensities. Sayre, in 1926, showed that the aper-
tures of the stomata of Rumex patientia can attain about half
their maximum size when leaves of this plant are placed in the
dark in air containing ammonia vapour, and that the stomata
can be made to close, even in the light, in an acid atmosphere.
He suggested that the position of carbohydrate equilibria in
guard-cells is governed by the pH of the sap in these cells, and
attributed the actual variations in pH that he observed to the
effects of respiration and photosynthesis.! He suggested that
in the dark the accumulation of respiratory carbon dioxide
causes a decrease in the pH of weakly buffered sap, and that
in the light, owing to photosynthesis by green guard-cells, the
respiratory carbon dioxide is used up, and, consequently,
the pH increases. Clearly he had proposed a new form
of photosynthesis hypothesis to account for stomatal move-
ment. But this hypothesis did not explain why an external

! We may note that Sayre also reported that during stomatal closure in
wilting leaves the pI in the guard-cells changes, and starch is synthesized.
Scarth (128) obtained similar results. Evidently the sequence of changes
that lead to stomatal closure in wilting leaves may possibly be the same as
that which occurs in darkened turgid leaves (but see p. 192).

T2
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supply of carbon dioxide and the presence of chloroplasts in the
guard-cells are not essential factors for the opening movement.
Scarth (128) has put forward a more comprehensive theory
on the basis of his own and of the earlicr experiments of Sayre
and others. In this theory he maintains that any response of
the guard-cells to the direct action of light is small, and attri-
butes stomatal opening in the light to the increase in the pH of
the sap of the guard-cells that results from the general reduction
of the CO,-concentration in the intercellular spaces of the leaf.
Evidently such an alteration in the composition of the internal
environment of guard-cells must always accompany photo-
synthesis by mesophyll tissue. Scarth considered that in
variegated leaves the effects of photosynthesis by the green
parts would spread some distance into the white parts, i.e., it
was not essential that the guald-cells themselves should be
green. Nevertheless, he found that stomata situated some
distance away from the assimilating tissuc were only slightly
affected by changes in light-intensity. He confirmed the fact
that the absence of carbon dioxide does not prevent, and,
indeed, may favour stomatal opening in the light; and he
concluded that the essential condition for opening is not that
continuous photosynthesis should occur, but that respiratory
carbon dioxide must not accumulate, i.e., the sap of the
guard-cells must not develop acidity. According to this view,
opening would occur independently of the presence of carbon
dioxide in the outside air, provided the light-intensity were
sufficient for photosynthesis to balance respiration. As soon
as respiration becomes the more vigorous process, carbon
dioxide accumulates, acidity rises, and stomatal closure is
induced.

Scarth has made numerous experimental investigations,
particularly on the behaviour of the stomata of Zebrina pendula
(Tradescantia zebrina). He has shown that only those wave-
lengths of light which are most strongly absorbed by chlorophyll
are appreciably active in causing stomatal opening. He
obtained evidence that stomatal movements are accompanied by
changes of pH in the guard-cells as well as by reversible carbo-
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hydrate transformations. For example, he found by Small’s
range-indicator method (scc p. 549) that in passing from
darkness to light the pH may rise from about pH 5 to
between pH 6 and pH 7, or perhaps higher. The fact that
changes of a similar order and in the same sense occurred
in the intercellular spaces lent support to his view that
it is the general reduction by photosynthesis of the CO,-
concentration in the leaf that occasions stomatal opening,
and its general incrcase by respiration that occasions
closure.

Scarth also found that when he placed epidermal sections of
a leaf in dilute ammonia (pH 7-3) the amount of starch in
the guard-cells diminished even in the dark, and stomatal
apertures widencd ; while in dilute acetic acid there was no
reduction in the amount of starch, and stomatal opening was
inhibited.

Results that are more informative have recently been
reported by Small and Maxwell (242). For example, the
natural pH of lecaves of Coffea arabica varied between 4-4 and
5-2 in the dark, and from 59 and 6-2 in the light. The maximum
possible change was thus found to be nearly pH 2-0, which was
greater than that which occurred in most of the other plants
that were cxamined. In Coffea leaves placed in buffer solutions
maximum opening was found at pH 5-7 (acctate buffer), and
6-6 (phosphate buffer). The influence of the buffer on the
maximum should be noted. In some of the tests starch was
absent from the guard-cells at pIl 57 to 5-9 (acetate buffer),
and at pH 67 to 7-2 (phosphate buffer). Small and Maxwell
point out that amylases from different sources have different
pH optima, but note that salivary amylase has activity optima
at pH 5-6 in acetate buffer, and at pH 6-6 in phosphate buffer.
By taking into account buffer effects, they have thus obtained
clear evidence for suggesting that change in the pH of the guard-
cells, such as might be brought by alternating light and dark-
ness, results in change in amylase activity, and consequently
in carbohydrate equilibria.

Summary. The facts that have been recorded in this
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section concerning stomatal movements in the light and in the
dark may be summarized thus :—

Darkened Guard-cells.!

Illuminated Guard-cells,

Respiratory carbon dioxide accu-
mulates in the intercellular
spaces.

Respiratory carbon dioxide con-
tained in the intercellular spaces
used up by the mesophyll.

pH of the guard-cells shows a
tendency to fall.

pH of the guard-cells shows a
tendency to rise.

The acid reaction favours the
formation of starch from soluble
sugars.

The alkaline reaction favours the
hydrolysis of starch.

The osmotic pressure of the sap of
the guard-cells decreases.

The osmotic pressure of the sap of
the guard-cells increases.

Water leaves the guard-cells, and
their turgor pressure and volume
decrease.

Water enters the guard-cells, and
their turgor pressure and volume
increase.

The guard-cells change their shape,
and stomatal apertures narrow.

The guard-cells change their shape,
and stomatal apertures widen.

In conclusion it must be pointed out that several workers

have inferred from their experimental results that, in addition
to carbohydrate transformations, swelling of colloids or
changes in permeability may be concerned in stomatal move-
ments. ‘ With increased permeability, turgor diminishes and
the guard cells approach each other; conversely, when
impermeability is again restored, turgor increases and the
stoma opens ”’ (Maximov, 95, p. 177).

1 Or wilting leaves, after the first stomatal opening brought about by
differential shrinkage (see footnote, p. 195).



PART III
NUTRITION AND METABOLISM

CHAPTER XI
GENERAL SURVEY OF PROBLEMS OF METABOLISM

A. The Nature and Sources of the Food of Green Plants

The essential elements of macro-nutrients. Until the signifi-
cance of the gaseous exchange shown by illuminated green
leaves (p. 177) was understood, it was generally accepted that
most of the food material necessary for the growth of rooted
plants is derived from the brown humus of the soil. Even when
it was realized that the absorption of carbon dioxide from the
air by green leaves is a nutritive process, enriching the plant
in carbon ecompounds, the possibility was not excluded that
the soil might supply additional and even essential organic
foods. It cannot be too strongly emphasized that before the
humus theory of plant nutrition could be set aside, plants had
to be made to pass through their life-cycles without receiving
any organic matter from the environment. By the middle of
last century success was achieved (see Sachs, 124, Russell, 123).
As a result of water-culture and sand-culture experiments it
appeared to be well established that the carbon dioxide of the
air can act as the sole source of carbon for green plants (a
conclusion which is supported by recent experiments, see p. 394),
and that the root system need only be supplied with solutions of
minerals containing the following elements : nitrogen, sulphur,
phosphorus, potassium, magnesium, calcium, iron. In the
absence of any one of these elements the growth of shoots or
roots or both was stunted, pathological effects (e.g., chlorosis,

100
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premature withering of leaves) became apparcnt, and the
plants died before flowering. Some authorities added chlorine
to the list of these elements, which, together with carbon,
hydrogen, and oxygen, constitute a group known as the
essential elements.

In table V the composition of two well-known culture
solutions is given, and a few remarks arc made about culture

TasLe V. Composition of solutions for the waler - culture
of green plants.

Sachs’ solution. Knop’s solution.
Potassium nitrate . . 1-00 Calcium nitrate . . 0-80
Calcium phosphate . 050 Potassium nitrate . . 020
Magnesium sulphate . 050 Potassium dihydrogen
Calcium sulphate . . 050 phosphate . . . 020
Sodium chloride . . 025  ‘Magnesium sulphate . 020
Ferrous sulphate . . trace Ferric phosphate . . trace

Grams of inorganic salts dissolved in 1,000 c.c. distilled water.

N.B. The culture solution should be continually aerated. It
should also be periodically renewed to guard against such alteration
of physiological balance among the constituents as might result
from the unequal absorption of ions. Among the other factors that
must be taken into account are the osmotic pressure, and the
hydrogen ion concentration (see Miller, 97).

solutions in general. It will be noticed that all the elements
excepting iron and, possibly, chlorine are supplied in concentra-
tions sufficiently high for them to be described as essential
elements for macro-nutrients.

The metallic and acidic ions shown by culture experiments
to be essential must be present in soils in which rooted plants
grow. These ions are derived from the chemical weathering
of mineral matter, the bacterial decay of humus, and from the
fixation of atmospheric nitrogen (chapter V). It should be
noted that ammonium salts as well as nitrates may be present
in soil solution, and that some plants grow equally well in
culture solutions containing ammonium salts as in solutions
containing nitrates. It is the concern of agricultural science to
investigate methods of manuring soils with elements (par-
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ticularly nitrogen, phosphorus, and potassium) in which they
happen to be deficient and to determine the effects of manuring
on plant yield. We note here that the knowledge gained by
experiments on the growth of plants in sand-culture or water-
culture has played and still is playing an important part in
developing the practice of mineral manuring. Fundamental
physiological researches, the results of which may later have
important practical applications, are being carried out in order
to ascertain at what stage or stages of development or reproduc-
tion each ecssential element plays its part; in what way the
element affects events occurring in the tissues of a growing
plant (for a short discussion, see p. 212) ; and how, in exercising
their functions, the essential elements may interact one with
another (Gregory, 206).

The occurrence in plants of non—essential elements. It has long
been known that elements such as sodium, aluminium, and
silicon, which are important constituents of soils, may occur in
plants in relatively high concentrations, although they are not
essential for growth and reproduction. On occasions, however,
they may serve a growing plant beneficially (e.g., sce p. 218).

From time to time the presence in plants has been reported
of most of the elements, common or rare, known to occur in
the mineral constituents of soils. Clearly, provided the
molecules or ions containing such elements are present as
solutes in soil-solution, and provided membranes are per-
meable to these molecules or ions, therc appears to be no
reason why they should not be absorbed and translocated
with the essential elements. Moreover conditions in certain
plants and environments may favour the accumulation in
these plants of an element which occurs in very low con-
centration in the soil-solution. For example, Trelease has
reported that certain plants may absorb and accumulate
selenium in sufficient concentration to poison browsing animals.
The question arises, are any of the elements that occur in low
concentrations in soil-solutions to be considered as beneficial or,
perhaps, essential for the growth of plants ?

The trace-elements (essential or non-essential)  of micro-
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nutrients. It is probable that impure inorganic salts were
used in all the earlier water-culture experiments, and that
little regard was paid to such traces of substances contained
in glass vessels, ete., as might dissolve in the water of the culture
solution, or as might originally have been present in the seeds
from which the culture plants were reared. Great importance
now attaches to the possible presence in nutrient solutions of
such additional elements, for it appears that *“ an element may
not be dismissed as unessential if it is present in concentrations
greater than one in a billion.” Mazé reported in 1914 that
the healthy growth and development of certain plants required
the presence in the culture solutions of low concentrations of
zine, boron, aluminium, and silicon. Using highly purified
inorganic salts, and employing silica vessels for the preparation
of distilled water and for holding the culture solutions, many
investigators have found that macro-nutrients containing the
essential elements that have been listed above were
insufficient to support a plant throughout its life-cycle.
Healthy growth and development were not observed unless
traces of salts containing other elements were added to the
culture solutions. In excess these salts caused injury or death.
Particular attention has been paid to boron, manganese, zinc,
and copper, as possible essential trace-clements to be supplied
in what have been termed micro-nutrients (for bibliography,
see Miller, 97; Brenchley, 192, Shive and Robbins, 241).
For instance, Brenchley and Warington have reported that
‘“ broad beans, grown in nutritive solutions composed of salts
spectroscopically free from boron, fail to complete their develop-
ment, . . . whereas with the addition of traces of boric acid
normal growth is made.” Concentrations from 0-1 to 40 parts
per million were effective; concentrations of 200 parts per
million caused injury. Attempts to substitute other elements
for boron were unsuccessful. Similar evidence has been
obtained suggesting that boron is essential for the growth of
a number of other plants (e.g., tomato, sugar beet). Zinc
has been placed among the micro-nutrients since it has
been found that certain plants show poor growth, and that
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others suffer from ¢ deficiency diseases” (e.g., rosette-
disease of apple shoots), in the absence of this element;
but, according to Chandler, it is usually present in sufficient
amounts as an impurity in macro-nutrient salts. McHargue
has reported that some of his experimental plants, especvially
those belonging to the Leguminos®, did not develop in
healthy fashion in the absence of manganese. Inadequately
supplied with manganese, Algerian oat suffers from a deficiency
disease called grey-speck ; lack of manganese in a soil in which
this oat is grown has been corrected by treating the soil with
solutions of manganous sulphate. It is not yet generally
accepted that copper is an essential trace-element. Stout
and Arnon (248), who give a clear account of the steps they
took to maintain pure culture solutions of known composition,
inferred from their experimental results that copper as well as
zine and manganese may be cssential for the growth of tomato
plants. The distilled water alone, taken from a tin-lined
copper still, was found at times to supply sufficient copper for
the promotion of growth. Excepting in very dilute solutions,
copper salts are extremely poisonous.

The results of recent work suggests that other elements,
present in soil-solution in minute quantity, without being
essential, may nevertheless favourably influence the growth of
plants. For example, Arnon (781) found that poor growth
was made by asparagus and lettuce when these plants were
reared in culture-solutions in the absence of any trace-elements.
Moreover, symptoms of a dcficiency disease were apparent.
These were not observed, and growth was more vigorous when
the culture solution contained minute amounts of boric acid,
manganous chloride, zinc sulphate, and copper sulphate.
The inference may be drawn that all the essential elements of
macro- and micro-nutrients were then present. When, in
addition, the plants were fed with a solution containing traces
of salts of molybdenum, vanadium, chromium, nickel, cobalt,
tungsten, and titanium, further stimulations of growth were
observed, and these were remarkably great in the experiments
with lettuce. Arnon suggests that one or more of these
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elements may play a part in the nutrition of the higher plants.
Evidently, there lies ahead a vast field for further investigation
of the actions, beneficial and harmful, exerted by trace-
elements in soil-solutions on the growth, development, and
reproduction of rooted plants. It must be remembered that
our knowledge is still insufficient for us to state that any of
these trace-elements arc essential for all plants.

B. The Chemical Composition of Plants

We shall here regard the whole green plant or any of its parts
as a mixture of chemical compounds, which may, like any
other mixture, be subjected to qualitative and quantitative
chemical analysis. As a rule the first step taken in an analysis
is the determination of the percentage of water present from the
difference betwcen the fresh-weight and the dry-weight. This
has been found to fluctuate from 50 to 90 per cent. in leaves and
from 88 to 65 per cent. in freshly felled timber, while in air-dry
seeds it may fall as low as 10 per cent.  The residual dry matter,
with which we are specially concerned here, may then be
analysed to determine its elementary and molecular composi-
tion. An immense amount of data has already been gathered,
particularly for crop-plants, and there is abundant scope for
further work, for it appears that the elementary and molecular
composition of whole plants and of equivalent organs and
tissues varies in different species growing in the same environ-
ment, in the same species growing in different environments,
and in the same species at different stages of development.

The elementary composition of plants. Evidently the
essential elements of macro- and micro-nutrients must neces-
sarily be present in all plants ; and, as has been pointed out on
P. 201, compounds containing many other elements may also
be absorbed from the environment.

The relative quantities of the different elements in plants
vary considerably. The bulk of the dry matter of plants
is composed of organic compounds. The amount of carbon
fluctuates around 45 per cent., that of oxygen around 45 per
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cent., and of hydrogen around 5 per cent. The percentage of
nitrogen is extremely variable. Tt depends upon the organ
analysed, and changes during development. The amount of
nitrogen in the dry matter of some tissues is less than 1 per
cent., but in that of others it may be as high as 10 per cent.
The remaining elements may be collectively considered as
constituents of the plant-ash inasmuch as they are not lost
by heating the dry matter until all the carbon has burned
away. Plant-ash usually represents about 5 per cent. of the
total dry matter of plants, but in certain tissues (e.g., wood)
the amount may be less than 1 per cent.

The molecular composition of plants. Since we discuss in
some detail in Appendix I the chemistry of the principal
organic compounds found in plants, it will suffice at this stage
to record the names and elementary composition of some of
these compounds. The extreme chemical heterogeneity of
plants, and the complex nature of many of the components,
should be noted.

CLASSIFICATION OF CHEMICAL COMPOUNDS WHICHI HAVE
BEEN FOUND IN GREEN PLANTS

INORGANIC COMPOUNDS. (i.) Water. (ii.) Inorganic salts :
nitrates, phosphates, sulphates, chlorides, ete., of potassium,
calcium, magnesium, iron, cte.

ORGANIC COMPOUNDS. (i.) Compounds containing C and H :
carotin. (ii.) Compounds containing C, H, and O : carbo-
hydrates (pentose and hexose sugars, disaccharides, pentosan
and hexosan polysaccharides); fats and fatty acids; waxes ;
sterols ; xanthophyll; terpenes; flavones, anthocyanins,
tannins, and other aromatic glycosides ; lignin; pectic sub-
stances which may also contain calcium ; the vegetable acids
(sometimes free but often as metallic salts) ; and a wide range
of other aliphatic and aromatic alcohols, acids, esters, ketones.
and aldehydes, and of homocyclic and heterocyclic phenols,
(iii.) Compounds containing C, H, O, and N : proteins (usually
also contain sulphur and sometimes contain phosphorus), and
their derivatives (peptones, polypeptides, and amino-acids);
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lecithins (which also contain phosphorus); porphyrins, of
which chlorophylls a and b also contain magnesium, and haemo-
chromogens (e.g., cytochrome) also contain iron; purines ;
nucleic acid and nucleotides (which also contain phosphorus) ;
some glycosides (e.g., indican, and amygdalin and other cyano-
genetic glucosides) ; alkaloids; and a variety of simple amines
and amides.

Some of the classes of compounds (e.g., those found in proto-
plasm, cell-walls, and the recognized food-substances) named
in the above list occur universally in plants.  Other substances
(e.g. glycosides, waxes, terpenes, alkaloids, purines) are not
widely distributed. = Sometimes the differences are between
different species in the same genus, e.g., Eucalyptus australiana
and Eucalyptus phellandra contain very different relative pro-
portions of the two terpenes, cintole and phellandrenc (Baker
and Smith, 7). Furthermore, for certain substances (e.g.,
anthocyanins) varietal differences occur within a single species.

It should be noted that the qualitative composition of a given
species may be affected by environmental stimuli. For
example, chlorophyll is only produced in the presence of light,
and when the environment can provide iron salts. Again, it is
known that the presence or absence of anthocyanins in certain
flowers (see p. 884) is determined by the tempcrature. And it
is common knowledge that the development of scent and
flavour of the fruit of popular varieties of apple (e.g., Cox’s
orange pippin), pear, grape, etc., is strongly influenced by soil
and climatic factors.

Usually more than 90 per cent. of the dry matter of plants
consists of organic compounds. It is clear from the results
of analyses (for example, see table VI) pecrformed on the
assumption that these compounds are exclusively present as
carbohydrates, fats, protein, and wood and fibre, that much
variation in the quantitative composition of certain comparable
fully-grown organs occurs from plant to plant.

During growth, the percentage composition continually
changes. For example, the concentration of the components
of wood and fibre increases during the growth of trees.
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TABLE VI. Percentage composition of the dry matter of
certain vegetable foods.

lg"gm;. Kat. | Protein. mvg [f’ﬂg .| Ash.
Wheat grain . . R £ 2 14 2-8 2-2
Broad bean seed . .| 585 1-8 | 28 8-2 85
Coconut (excluding the
shell) . . 2| 10 0-8 1

C. The Distribution of Chemical Compounds within Plants

Knowledge of the location of various substances may be
gained by direct observation (e.g., for pigments), macro-chemical
analysis of tissues or of collected sap, and micro-chemical
methods (i.e., chemical methods used in conjunction with a
microscope). Substances may be conveniently classified as
occurring in protoplasm, vacuoles or the cell-cavities of dead
cells, or cell-walls,

Substances in protoplasm. In addition to those compounds
which appear to form part of the living machinery (p. 12), plastic
and other substances which, though often essential for proto-
plasmic activity, are not part of thc living machinery, are
frequently located in protoplasm. The most easily recognizable
of these substances are the solid starch-grains found in chloro-
plasts or leucoplasts. Protein grains and crystals, and liquid
drops of fatty oils, have also been observed in protoplasm,
Further, the water in which the protoplasmic micelle are
dispersed always contains in solution various nutrient inorganic
salts and organic substances. It appears that inorganic
solutes are not always uniformly distributed in living cells
(p. 16).

Vacuolar substances. Mineral salts and sugars (d-glucose,
d-fructose, and sucrose) are invariably present in vacuolar sap,
and organic acids (such as malie, tartarie, oxalic, sucecinic, citrie,
ete.) frequently occur either free or as salts. Among the
other substances which have been detected are the pectins,
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inulin, many glycosides (including flavonic glycosides and
anthocyanins), polyphenols, tannins, amides (e.g., asparagine),
proteins, amino-acids, and alkaloids. Some of these sub-
stances (e.g., the tannins) are widely distributed in the higher
plants, and some (e.g., inulin) occur in but few species. In
many succulent plants, mucilages are distributed as slimy
masses in cells.

Some of the products mentioned in the last paragraph, and
others also, are occasionally found in specialized cells (see
Haberlandt, 54). Thus, essential oils, resins, gums, and
mucilages, occur in secretory glands. These glands are sometimes
external and sometimes internal. External glands secrete
substances to the exterior of plants; internal glands either
secrete substances to the cavities between cells or produce
their secretions and then degenerate. Other specialized cells
that are occasionally found are the sacs which act as the
repositories for resins, tannins, and crystals.

Soluble carbohydrates (e.g., cane-sugar), nitrogenous sub-
stances, and inorganic salts (e.g., potassium salts), have
been found in the cell-sap of sieve-tubes, and organic food
substances as well as inorganic salts may be present in the sap
which travels in xylem vessels and tracheides.

Cell-wall substances.! Cellulose forms the basis of all cell-
walls, and its presence may be detected by means of chlor-zinc
iodine, which stains cellulose blue, and by its solubility in zinc
chloride plus hydrochloric acid and in other solvents. Pectic
substances occur in association with cellulose in all parenchy-
matous tissue. They are not affected by the reagents used in
the detection of cellulose. They can be recognized by the facts
that they are soluble in ammonium oxalate, and are stained by
ruthenium-red. It seems to be generally accepted that the
middle lamella of cells, which is the first part of the cell-wall
to be laid down after mitosis, is composed of calcium pectate.
Much of the pectic substance in cell-walls is ordinary pectin
(soluble pectin or pectinogen). But some pectic substance is
present as insoluble pectin (pectose or protopectin), which may

1 See Onslow (102, chap. II).
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enter into combination with metallic salts of calcium, magne-
sium, or iron, or become associated with cellulose as pecto-
cellulose.

Pectic substances tend to form gels with water, as may be
shown by adding an aqucous extract of young clover leaves
or carrots, or any other tissue containing pectase, to a
pectin sol. The gel formed is more easily seen if a calcium salt
is present in the solution. It is possibly owing to the physical
properties of this gel that parenchymatous cells cohere to form
tissues. There is some evidence that the flesh-tissue of certain
fruits becomes mealy as they grow old because this gel is
converted by the enzyme protopectinase into soluble pectin.
This substance is often abundantly present in the cell-sap of
ripe fruits (e.g., red currant).

During the differentiation of permanent tissues from the
cells which are formed by the activity of meristematic tissues,
the composition of the cell-walls alters, either as a result of
chemical change brought about by secreted enzymes, or as a
result of the secretion of substances that become incorporated
within the existing cellulose micellee in the walls, or are
deposited in layers on the original cellulose framework.

When dermatogen differentiates into epidermis, a medley
of substances classed under the name cutin is produced. On
the exterior, cutin forms a layer, continuous save for the
stomatal pores, and called cuticle. Underneath the cuticle, cutin
and cellulose are intimately associated in varying proportion
as cuto-ccllulose. The cutin component of epidermal walls is
insoluble in the solventsused for cellulose, but a part may dissolve
in alkalies. Itisstained brown with chlor-zinc iodine, and takes
up Sudan III and other lipoid stains. The mixture of substances
called suberin is produced during the differentiation of cork
tissue from phellogen. The general properties of suberin are
similar to those of cutin. Priestley and his co-workers have
shown that the Casparian band (fig. 7) in young roots and in
certain stems (e.g., Potamogeton) contains substances akin to
cutin and suberin.

Tissue-elements with lignified walls are found in primary and
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secondary xylem, phloem (e.g., the secondary phlocm of the
lime stem), the cortex (e.g., the sclerenchymatous masses and
rings which occur in many monocotyledonous stems), and
the pericycle (e.g., in the stems of sunflower and the vegectable
marrow). In different clements lignification of walls occurs to
different degrees. Thus it is relatively slight in the annular
and spiral vessels of protoxylem, and profound in sclerenchyma.
Lignin is the essential component of lignified tissue and reacts
in lignified cell-walls to give a yellow colour with aniline
chloride, and a red colour with phloroglucinol and hydrochloric
acid. Lignin occurs in association with cellulose as ligno-
cellulose in lignified tissue, the amount present depending on
the extent of lignification. Furthermore, fats, resins, gums,
hemicelluloses, tannins, and colouring matter, may be present
in lignified walls. '

Besides occurring in woody elements hemicelluloses have
been found in pericarps and testas, and in the walls of the storage
tissues of seeds, shoots, and roots. Hemicelluloses do not
dissolve in acid zinc chloride. They are soluble in dilute
alkalies, which, it should be noted, have no effect on cellulose
proper,

Other cell-wall components of occasional occurrence are
waxes, gums, mucilages, and resins. Insoluble inorganic
substances are represented by silica and calcium oxalate.
Grains of silica are sometimes found in epidermal cell-walls,
e.g., those of certain grasses and cereals, and of horsetails.
This may be shown by burning a transverse section on a glass
slide in the presence of strong .sulphuric acid ; the cell-walls
will be represented in the residue as skeletons of silica. Cluster
crystals of calcium oxalate are occasionally to be seen hanging
from cell-walls. Similar clusters are sometimes contained in
specialized crystal-sacs.

The subject-matter of Appendix I permits the classification
of cell-wall substances by chemical criteria, as follows :
(a) Substances with polysaccharide affinities : cellulose, pectic
substances, hemicelluloses, mucilages, gums. (b) Substances
with fatty-oil affinities : cutin and suberin. (c) Higher paraffins,
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alcohols, esters : waxes. (d) Aromatic compounds : lignin, resins.
(e) Mineral substances : silica.

D. The Functional Importance of the Substances found in Plants

Protoplasm and skeletal substances. We note at the outset
that the constituents of the protoplasm in a living cell (p. 12)
form part of a metabolizing system which can produce
plastic substances, and manufacture substances of physiological
and ecological importance. In the course of metabolism
waste-products may also arise. It is probable, however, that
most of the substances that occur in a plant perform some useful
service at somc time in the life-cycle. Protoplasm, raw
materials for metabolism, and metabolic products, are all
accommodated within the skeletal framework of cell-walls,
These structures are composed of simple and compound
celluloses. Special functions are served by certain cell-wall
substances. For example, the pectin in cell-walls causes cells to
cohere (see p. 209). Again, the great mechanical strength of
sclerenchymatous tissue may be ascribed to the presence of
lignin in the cell-walls. It is important to notice that water,
by creating turgor in cells, contributes to the mechanical
resistance which shoot-systems and root-systems offer to
stresses and strains. Mincral salts (whether essential or non-
essential) and organic compounds in crystalloidal solution
contribute to the development of the osmotic pressures on
which the absorption of water depends. Evidently suberin,
cutin, and other dermal coverings (e.g., resins, waxes, and
gums), by restricting water-loss, help to maintain turgor, and
belong to the class of skeletal substances.

Substances of physiological importance. We shall include in
this class such substances as play a part in the events
concerned with the internal economy of plants.

Water. A brief statement will be found on p. 70.

1 This term denotes metabolic products which take a further share in
metabolism during growth processes subsequent to their formation (see
Sachs, 125).
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Inorganic salts. All soluble salts make important con-
tributions to the total osmotic pressure possessed by cell-sap
(p. 211). Some insoluble minerals (e.g., silica) that contain a
non-essential element may have a protective function (p. 218).
Here we shall consider the special functions of the inorganic
salts containing essential elements (p. 199). These salts,
together with carbon dioxide and water, serve as the raw
materials from which are manufactured the organic com-
pounds known as foods. During growth these foods migrate
to meristematic and developing regions of shoot and root,
and are there converted into the organic substances that are
found in the protoplasm, cell-walls or vacuoles of these regions.
Inorganic salts may also be used for anabolism in these regions.

It is instructive to consider the distribution of essential
elements among the anabolic products (p. 205, and appendix I)
out of which the various parts of cells in these regions are
constructed. Thus nitrogen is present in most of the substances
found in protoplasm. It occurs with sulphur in proteins ; with
phosphorus in lipoids, nucleic acid, and nucleotides (e.g.,
some, if not all, co-enzymes); with iron in the porphyrin
groups of heemochromogens (e.g., cytochrome, catalase) ; with
copper in copper proteids (e.g., in the polyphenol oxidase of
potato) ; and, in the green pigments of chloroplasts, with
magnesium. Considering these facts alone we can understand
why an adequate external supply of salts containing nitrogen,
phosphorus, sulphur, iron, magnesium, and possibly copper, is
essential for the continuous manufacture of protoplasm, and,
consequently, for the growth, the development of full vegctative
activity and the reproduction of a green plant. Apparently
this supply need not necessarily be a constant one, since
plants may accumulate salts very readily during the earlier
stages of a growth process, and use the surplus later, provided,
of course, the salt containing an essential element can migrate
in the plant. It is an important problem to determine for
crop plants, vegetables, and fruit trees, the best time to supply
to a soil an element in which it happens to be deficient.

It is clear that knowledge of the chemical composition of the
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functioning systems in green plants, of the activities possessed
by these systems, and of the relation of these activities to other
activities, may help in the interpretation of the visible effects
(stunted growth, physiological disease, premature withering,
ete.) seen in experiments on plants reared in water- or sand-
cultures (pp. 199, 202) deficient in an essential element. As a
further example let us consider the effect of mineral nutrition
on the development of respiratory activity. Inasmuch as
certain oxidation systems are constructed from nitrogenous
organic compounds that may also contain sulphur, phosphorus,
iron, or possibly copper, it is not surprising that a deficiency in
one of these elements, but apparently not in potassium (Gregory,
206) may result in a reduction in respiratory intensity and in
the diminished vigour of all the physiological processes governed
by the liberation of respiratory energy, ¢.e., of all processes of
growth and development. Possibly this is also the reason why
iron is necessary for the production of chlorophyll, a fact
demonstrated long ago by water-culture experiments; but it
should be noted that the absence of iron from the chlorophyll
molecule was a more recent discovery. Chlorosis seen in plants
reared in solutions deficient in phosphates or sulphates may
be similarly attributed to impaired oxidative activity. In
accounting for chlorosis when nitrogen is deficient we must
remember the additional fact that this element is essential for
greening because it is a component of the chlorophyll molecule,
i.e, nitrogen resembles iron, phosphorus, and sulphur, in that
it contributes to the development of oxidative activity, and
magnesium in that it provides one of the component elements
of the chlorophyll molecule.

Direct inferences concerning the functions of certain essential
elements may similarly be drawn from such knowledge as we
possess of the chemical composition of substances occurring
in cell-walls or vacuoles. For example, one of the functions of
calcium is to combine with pectic acid in the formation of
the calcium pectate contained in the middle lamella of a
cell-wall.

In addition to providing elements found in metabolic products



214 PROBLEMS OF METABOLISM

of functional importance, essential macro- and micro-nutrients
yield ions which may, in the free state, govern processes that
take place in meristematic, differentiating or permancnt
tissues. Thus it has been suggested that boron has a catalytic
function in mitosis ; but certain workers believe that boron is
continuously consumed during growth, and therefore cannot
strictly be regarded as a catalyst. It is known that magnesium
and phosphate ions act catalytically in zymase cleavage :
these ions are present in the free state when cleavage is com-
plete. It should be noted that such catalysts may act, not only
during the growth and development of the functional units of
plants, but also later when some of these fully developed
units are exercising their functions.

Potassium deserves separate consideration. It is a mobile
element, moving in the xylem and the phloem, and is found
in all parts of a plant, with considerable accumulations in the
leaves and meristematic cells. It is absent from nuclei and
plastids (p. 15), but may accumulate on the surfaces of these
structures. Potassium salts of vegetable acids may occur in
vacuoles, but organic compounds containing this essential
element have not been detected umong the components of
protoplasm. James and Penston have suggested, however,
that it may combine with proteins. But there is little doubt
that it is active in the ionic form; and many functions have
been attributed to potassiumn ions. Some authorities, but not
all (see Gregory, 206), consider that potassium promotes protein
synthesis in meristematic regions and elsewhere. According to
Briggs (27) the photosynthetic activity of chloroplasts is
depressed if leaves develop in soils deficient in potassium ; he
considers that this element promotes the development of activity
in the protoplasmic factor (p. 800). On the other hand, the
rate of respiration per unit mass of tissue shown by barley
leaves does not appear to be much affected by deficiency of
potassium, except when this is extreme (Gregory, loc. cit.). A
number of other special catalytic actions of potassium in
metabolism have been reported. It may promote the pro-
duction by leaves of the polysaccharides, starch and fructosan ;
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and it may bring about an increase in the amount of diastase
formed by a plant.

Culturc experiments have shown that vegetative develop-
ment is favoured by abundant potassium nutrition. Manuring
with potassium salts soils deficient in this element leads to the
production of a greater number of leaves, and, also, to an
increase in the average area of a leaf, Warne (259) reported
that, in his experiments on seakale bcet, increase in area
probably resulted from an increase in the size of cells and
not from the production of a greater number of cells. He
inferred that the potassium supplied must have been operative
during the period of cell-expansion. An important point to
notice is that potassium feeding slightly enhanced the water
content per unit area of leaf. Warne also observed that
potassium did not affect the total number of stomata produced
during the development of leaves, i.e., the frequency of stomata
was greater in the leaves of plants reared in soils deficient in
potassium, since the average area of such leaves was less. In
experiments with pot plants he found that transpiration was
proportional to stomatal frequency, and concluded that
potassium manuring may, as a consequence, reduce the rate
of transpiration, and “ affect all phases of the physiology of
the leaf in which gaseous exchange through the stomata plays
a part.”

Warne’s experiments on transpiration are: of particular
interest because Wallace and others have observed that the
leaves of apple trees and of other plants wither prematurely,
and show effects known as scorching, when they receive an
inadequate supply of potassium, suggesting that under certain
conditions potassium may affect the water-content of leaves.
This point, however, has not been firmly established (see
Warne, loc. cit.; Gregory, loc. cit.). Evidently, water-content
depends upon the balance between the rate of conduction of
water to a leaf and the rate of transpiration. Warne (260)
made experiments on apple shoots from trees receiving abundant
potassium, and from others receiving a poor supply of this
element, He found that potassium deficiency not only brought
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about an increase in stomatal frequency (and possibly, there-
fore, in transpiration per unit area), but also a decrease in the
ability of shoots to conduct water; he suggested that these
causes may contribute to the susceptibility of apple trees
to drought conditions when receiving an inadequate supply
of potassium.

Owing to the practical importance of mineral nutrition it is
not surprising that a great body of miscellaneous information
is available concerning effects, visible from the outside of
plants or from a microscopical examination of sections, that
result from a shortage in the supply of potassium, or, indeed,
of any of the essential elements of macro- or micro-nutrients.
Miller (97) treats extensively the subject of the functions of
elements absorbed from the soil, and gives a considerable
bibliography. \

Organic food-substances. Plastic carbohydrates (e.g., starch,
inulin, hemicelluloses, cane-sugar and hexoses), proteins and
their derivatives, and fatty oils, are usually regarded as con-
stituting the group of substances known as organic foods.
They may be immediately available for use in the cells in
which they are detected ; for example, the sugars which are
always present in meristematic regions participate in respiratory
oxidations and in the synthesis of the constituents of protoplasm
and cell-walls (pp. 220 and 380) ; but cane-sugar, amino-acids,
asparagine, and other migratory substances, found in the
phloem or elsewhere, may be diffusing to regions in which they
will later be used.

Reserve foods demand more detailed consideration here.

Before a substance is classed as a reserve food it must be
shown that a preliminary period of accumulation is followed
by a period in which the substance is maintained in situ at a
relatively high concentration ; and that later, in association
with physiological processes taking place in the immediate
vicinity or elsewhere, the concentration of the substance
diminishes, These conditions are satisfied for all the substances
we shall mention below. Storage of food may be (@) transitory,
as in the formation of starch in many green leaves in the light,
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and in certain tissues where differentiation is about to take
place ; or (b) of longer duration, as in hibernating organs.
Grains of starch or protein, globules of oil, and hemicellulose
thickenings of cell-walls, may occur in the endosperm or in the
cotyledons of seeds, and in the storage parenchyma of shoot - and
root-systems of herbaceous, shrubby, and woody perennials. In
swollen underground storage-organs, reserve carbohydrates are
frequently dissolved in cell-sap. Inulin occurs in colloidal
solution in certain species belonging to the Compositea, e.g., in
the tubers of the Jerusalem artichoke. Sucrose, glucose, and
fructose, exist in ecrystalloidal solutions in onion bulbs, and in
the turnip, beet, carrot, etc. The mobilization by enzymic
hydrolysis of insoluble foods and of such foods as exist in
colloidal solutions in cells, is discussed elsewhere (p. 252).
Quantitative researches in Trinidad have pointed the way
to testing by modern chemical methods the fallible eye judg-
ments of greater or less made after viewing microscopical
preparations, which had for so long bheen relied on in the study
of storage in stems and roots. Mason and Maskell (see p. 169)
found that, during the vegetative development of the cotton
plant, an acid-hydrolyzable polysaccharide accumulated in the
lower regions of the stem, especially in the bark, i.e., there
existed a negative concentration gradicnt from the leaves
downwards for this polysaccharide. A negative gradient in the
bark was also found for total nitrogen, and this was mainly
determined by the erystalloidal component, asparagine (fig. 16,
p. 172). The inference drawn is that amino-groups, which are
all-important to the plant for the synthesis of proteins, are
stored in molecules of asparagine. Moreover, the evidence
suggests that tissue-elements in the bark store foods that are
produced in excess of immediate requirements for vegetative
development. But, as Mason and Phillis (221) point out, ‘ the
only criterion of storage is redistribution,” and their
quantitative data showed that as flowering proceeds and
bolls develop in the cotton plant, nitrogen migrates to the
reproductive regions from the bark of the vegetative parts.
Other plastic organic substances. There occur in plants a
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large number of plastic organic substances (e.g., glycosides,
free aromatic compounds, vegetable acids) that are not usually
regarded as foods. Some of them may possess ecological
importance ; but their functions are often obscure. Great
interest attaches to the suggestions that have been made
concerning the functions of malie, tartarie, and other vegetable
acids. The part thecy may play in metabolism is discussed
clsewhere (p. 248). Herc we note that in “ acid plants ” frec
ammonia, produced by protein breakdown or by the reduction
of nitrates, is rendered harmless by the production of ammonium
salts of thesc acids. In “ amide plants,” ammonia, which is a
toxic substance, is prevented from accumulating by a special
form of metabolism that leads to the production of asparagine
or glutamine. Illustrative examples are given by McKee (224)
and Chibnall (793). 8

Hormones. Clearly substances that corrclate the activities
of separated regions (see p. 416) should be included in the group
of substances of physiological importance.

Substances of ecological importance. In this class we shall
include the substances whose functional valuc may be related
either to a special physical condition of the environment (e.g.,
excessive dryness of the soil or air), or to the presence of other
organisms in the environment. The production of large
amounts of cutin or of additional dermal coverings (e.g., of
wax) may serve to reduce the rate of transpiration. The
pentosan mucilages produced in the interior of succulent
xerophytic plants belong to this class, since they increase the
water-holding power of cells. It has been suggested that the
essential oils secreted by certain leaves may bring about a
diminution in the rate of diffusion of water-vapour, and
consequently of stomatal transpiration.

Cutin and suberin are always of ecological importance in
that they protect plants from invasion by parasites and from
the depredations of insects, snails, etc. It has been suggested
that silica may occasionally serve as a protective substance,
since experiments have shown that snails eat grass devoid of
silica in preference to grass containing this substance. A
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similar protective function against snails has been attributed to
the cluster-crystals in cell-walls. Some of the glycosides,
alkaloids, tannins, etc., may be distasteful or poisonous, and
so protect certain plants from being eaten by animals, or
invaded by parasitic fungi and bacteria.

The pigments and scents of flowers and the secretions of
nectaries are of considerable significance when they act as attrac-
tive substances in cross-pollination by insects, etc. Pigments,
scents, and food-stuffs in the feeding tissue of fleshy fruits
belong to this class when distribution of seeds is effected by
birds. The statements made concerning the relations which exist
between animal behaviour and chemical substances in plants
are usually based on the observations which have been made
in the field by naturalists.!

Waste-products of metabolism. We place amongst waste-
products of metabolism those substances for which we fail to
find a function. A good example is the anthocyanin in the
swollen root of the red beet. Some of the substances secreted
into ducts, sacs, etc., may be waste-products.

E. The Division of Metabolic Labour within Cells and among
Tissues

Highly diverse chemically active systems exist side by side
in unicellular organisms such as Chlamydomonas or yeast. In

1 Extracts from the section entitled ‘* Utilitarian Doctrine, how far true :
Beauty, how acquired,” from the ‘‘ Origin of Species,” are to the point.
Darwin writes : * Flowers rank amongst the most beautiful productions
of nature ; but they have been rendered conspicuous in contrast with the
green leaves, and in consequence at the same time beautiful, so that they
may be easily observed by insects. I have come to this conclusion from
finding it an invariable rule that when a flower is fertilized by the wind, it
never has a gaily coloured corolla. . . . A similar line of argument holds
good with fruits ; that a ripe strawberry or cherry is as pleasing to the
eye as to the palate . . . will be admitted by everyome. But this beauty
serves merely as a guide to birds and beasts, in order that the fruit may be
devoured and the manured seeds disseminated : 1 infer that this is the case
from having as yet found no exception to the rule that seeds are always thus
disseminated when embedded within a fruit of any kind (that is, within a
Jleshy or pulpy envelope), if it be coloured of any brilliant tint, or rendered
conspicuous by being white or black.” The italics are ours, and are used to
show that Darwin’s assignment of functions to colours, scents, and feeding
tissues, followed observations in the field. -
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multicellular organisms showing differentiation, in addition to
division of metabolic labour within single cells, striking
differences are shown in the metabolism of the various
living tissue-systems. Metabolism ceases in cells which die
during differentiation. Thus vessels, tracheides, fibres, and
cork, do not directly function in the metabolic activity of the
plant.

The anabolism of meristematic tissue. In zygotes, meri-
stematic apices, embryonic cells, and cambia, occur the
syntheses from inorganic salts and organic foods translocated
to these regions of at least some of the substances found in
protoplasm (see p. 12), and of the cellulose and pectic com-
ponents of cell-walls (see below). Conceivably a fraction of the
substances found in protoplasm are synthesized elsewhere,
and are translocated to the meristematic regions. But at
least the final phase in the formation of specific proteins
and of other insoluble or colloidal components must take
place in the meristematic cells. Recent work (see p. 250)
has shown that root tips can manufacture from sugars and
inorganic salts all the substances produced during the growth
of roots.

The anabolism of differentiating tissue. (i.) Cell-walls.
During differentiation the production of pectic substances and
cellulose continues, and as a result of other forms of carbohydrate
metabolism, hemicelluloses, gums, and mucilages, may become
incorporated in the cell-walls ; or metabolism may lead to the
production of (@) aromatic compounds such as lignin (e.g., in
differentiating xylem) and the resins (e.g., the bud-scales of
Pinus), or (b) derivatives of fatty acids such as cutin (e.g., in
differentiating epidermis) and suberin (e.g., in differentiating
cork). The cell-wall is, ‘‘ to a certain extent, the non-living
record of some of the metabolic activities of the protoplasm ”
(Onslow, 102, p. 66). Since cell-wall substances are not diffu-
sible, at least the final stages in their synthesis must occur in the
cells in which the substances are located. Moreover, arabinose,
xylose, mannose, and galactose, are represented in many of
these cell-wall substances. For instance, galactose, galacturonic
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acid, and arabinose, occur in pectic substances. Now the only
sugars which migrate in plants are glucose, fructose, and canc-
sugar. Accordingly we may infer that intramolecular changes
among carbohydrates may take place in the cells in which
cell-walls are being laid down.

(ii.) Substances in protoplasm and vacuoles. Since pigmented
substances do not migrate in plants, it follows that at least the
final step in the production of plastid and vacuolar pigments
takes place in the cells in which the pigments accumulate during
differentiation. Moreover, direct observation shows that
plastid pigments are actually produced in the plastids, and that
vacuolar pigments originate in the vacuoles. We have no room
to extend these arguments to include substances, such as
alkaloids, terpenes, etc., that can be recognized by applying
micro-chemical tests.

The anabolism of vacuolated living cells of differentiated tissues.
The power of photosynthesizing monosaccharides from carbon
dioxide and water is confined to specialized green cells, and is
displayed pre-eminently by the mesophyll. Most of the other
syntheses in plants occur independently of light, and may take
place either in green or in non-green cells (see chap. XII,
section B). It is probable that all vacuolated cells possess
powers of anabolism. When such powers lead to the accumula-
tion of proteins, carbohydrates, and fats, we refer to the cells
as storage-parenchyma. Since starch, hemicelluloses, and
protein grains, occur in the solid state, and since inulin exists in
colloidal solution in cell-sap, we may infer that the final stages
in the synthesis of these storage products must actually occur in
the storage-tissues. On the other hand, for a storage-product
such as cane-sugar, which exists in crystalloidal solution, it is
difficult to decide whether the reserve food is synthesized by the
storage-cells, or whether it is synthesized elsewhere and translo-
cated to the storage-cells.

The division of catabolic labour among tissues. All living cells
respire ; but in a single plant different types of substance may
serve as respiratory substrates, and different modes of respira-
tory oxidation may be displayed. For instance, in young
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germinating seedlings of the sunflower, fats may be oxidized in
the cotyledons, while sugars are being oxidized in the plumule
and radicle. Evidently therc is a division of oxidative labour
among tissues. Again, different substances undergo hydrolysis
in different parts of a plant. Fats are hydrolyzed in the
cotyledons of the sunflower seed, and starch undergoes hydro-
lysis in the leaves of the independent seedling. It is not yet
clear whether the occurrence of different types of oxidation or
of hydrolysis should be entirely attributed to the occurrence
of different substrates in various parts of the plant, for it is
possible that the enzymic constitution of protoplasm may also
be variable. Our knowledge of the distribution of oxidative
and hydrolytic enzymes in the tissues of higher plants is far
from complete. Thus we know very little about the catabolic
powers of phloem, medullary rays, and the cortex. The dis-
appearance of a food-substance from a storage-tissue during the
germination of seeds or the sprouting of buds, and from green
leaves in the dark, may, however, be ascribed with confidence
to the activity of hydrolytic ecnzymes. It is probable that in
most of these hydrolyses, the substrate and the specific enzyme
are located in the same cell. Nevertheless, it is possible that
certain enzymes migrate from one tissue to another. For
example, there is some evidence! to show (a) that the
mustard-oil glycosides contained in the testa of seeds of Lunaria
biennis are hydrolyzed by enzymes produced by the cells of the
cotyledons, and (b) that diastase is scereted by the scutellum
during the germination of cereal grasses, and cytasc by the
cotyledon during the germination of date seeds.

F. Types of Biochemical Change, or the Chemical Powers of
Protoplasm

Every living cell possesses diverse chemical powers, whercby
many different types of constructive and energy-yielding pro-
cesses are effected. The elucidation of these powers constitutes

1 See Haas and Hill (53).
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a fundamental branch of the analytical study of metabolism.
A complete description of the metabolic events that accompany
and govern growth and development might be given did we
know exactly what types of chemical change every living tissue
in a growing organism is capable of effecting, and the specificity
of cach effective system. The systematic study of enzymes
(chap. III, scction C) has thrown much light on such cata-
bolic powers of living cells as hydrolysis, glycolysts, oxidation,
reduction, deamination, deamidation, and decarboxylation. There
are, however, but few anabolic cvents which can as yet be
definitely attributed to enzyme activity (loc. cit.). Apart
from these few, the manifold constructive chemical events in
growing organisms must for the present be attributed to the
extensive anabolic powers of the whole protoplasm, or of
specialized parts such as chloroplasts.

The chemical powers displayed by specialized green cells in
photosynthesis. The power of photosynthesizing carbohydrates
from carbon dioxide and water belongs cxclusively to specialized
cells containing chloroplasts. During photosynthesis there is
created a linkage betwcen carbon atoms that persists in
practically all other organic compounds in plants, and, conse-
quently, in most other living organisms. Since oxygen is
evolved, the reaction may be described as a photo-reduction.
This is probably a complex process, and, according to one
theory (p. 804), photo-reduction is accomplished by stages and
leads to the production of formaldehyde, which then undergoes
polymerization.

As a rule when chemists, using symmetrical substances,
synthesize compounds containing asymmetric carbon atoms,
they arrive at a racemic mixture containing d- and l-optical
isomers in equal amounts. It is a noteworthy fact, however,
that in biosynthesis only one of a pair of optical isomers is
usually produced. Protoplasm thus possesses the power of
asymmetric synthesis, a power acquired by chemists only in
recent times. Doubtless the stereochemical configurations of
the first formed sugar (probably d-glucose) and of the sugars
into which it is converted are respectively determined by
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specific metabolizing structures in the chloroplasts, and in the
protoplasm as a whole. As a result metabolism is directed
by protoplasm along definite stereochemical lines,! and the
number of carbohydrate metabolites circulating in living
organisms is thereby limited. Thus, out of sixteen possible
aldohexoses, only d-glucose, d-mannose, and d-galactose occur
in plants. It appecars that under the conditions prevalent in
living cells these three aldohexoses, and the keto-hexose,
d-fructose, are readily inter-convertible (see Ruhland and
Wolf, 239). One may therefore assign to protoplasm the
power of effecting intramolecular changes. Apparently,
optical inversion does not accompany such changes in the
hexose group of carbohydrates. The recent discovery that
d-fructose diphosphoric ester is produced by yeast during
fermentation, independently of the hexose used, may be cited
as an example. It should be noted that in the hexose
diphosphate, fructose is in the active or y-form. This is also its
state when combined in cane-sugar. Hence one may infer
that protoplasm can activate fructose (i.e., change fructo-
pyranose into fructo-furanose). The reverse change, viz..
de-activation, occurs spontancously when the keto-hexose is
liberated by hydrolysis.

On anabolism in general. As a result of photosynthesis not
only green cells but all the living cclls in a plant are provided
with sugars as well as with the water, gases, and minecral salts,
which are absorbed from the environment. It is probable that
all forms of protoplasm possess the power of oxidizing sugars
and their cleavage products. Recondite biochemical problems
abound concerning the types of change which lead to

1 Although the metabolism of substances containing asymmetric
carbon atoms appears frequently to be directed in nature along certain
fixed channels, it does not necessarily follow that protoplasm could not
act on each of the two optical isomers, were both to be produced. Thus it
is well known that when mould fungi are fed with the ammonium salt of
racemic tartaric acid, the d-salt is first attacked, but later the l-salt is also
destroyed. Further, it should be noticed that the optical isomers and the
racemic variety of a given substance may all be found as natural products.
The occurrence of d-, l-, and dl-mandelo-nitrile, in cyanophoric glucosides
from different species of plants affords a good example (see p. 499).
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the formation from sugar of other metabolic products con-
taining carbon, hydrogen, and oxygen, and to the introduction
of elements such as nitrogen, sulphur, phosphorus, iron and
magnesium, into organic compounds. We have only room
here to consider a few of these problems.

A complex study may be simplified by sorting out the
substances participating in anabolism into classes, such as
inorganic anabolites, primary organic anabolites, secondary
organic anabolites, and anabolic end-products. The term
inorganic anabolite denotes one of the raw materials (carbon
dioxide, water, mineral salts) absorbed from the environment,
or an inorganic salt (nitrite, ammonium salt, sulphide) produced
by reduction. We shall use the term primary organic
anabolite to represent such organic compounds, which are
not themselves products of condensation, as can undergo con-
densation and participate in the formation of anabolic end-
products. It will be pointed out below that this term may be
applied to hexose sugars, the sugar acids and alcohols, cleavage
products of hexoses, and to certain amines, amides, and other
substances.

The molecules of anabolic end-products may be very big
(e.g., polysaccharides and substances, such as pectins, having
aflinities with polysaccharides, cutin and suberin, lignin,
tannin, and resins), or relatively small (e.g., cane-sugar, gallic
acid, betaine, and allyl isothiocyanate), or of intermediate
size (e.g., fats, chlorophylls @ and b, lecithin, sterols, carotinoids,
nuclcic acid). Certain of these end-products are readily
decomposed (e.g., by hydrolysis), and yield well-defined classes
of substances the molecules of which are of greater size than
those of the primary anabolites. It has for a long time been
widely held that such decomposition products may actually
serve as building-stones from which the anabolic end-products
concerned are constructed. Thus amino-acids have been
spoken of as the building-stones for proteins, and mono-
saccharides for polysaccharides; fatty acids and glycerol for
fats; fatty acids, phosphoric acid and choline for lecithin ;
higher aliphatic acids for suberin and cutin; gallic acid or

THOMAS'S PLANT PHYS. 8
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protocatechuic acid for tannins; phenolic aleohols for lignin ;
and terpenes or phenols for resins. Apart from the mono-
saccharides and glycerol, none of the organic building-stones
mentioned belongs to the class primary organic anabolite.
Condensations involving sugars or cleavage products of sugars
arc nececssary for their formation. To emphasize this fact
we proposec to substitute the term secondary organic anabolite
for building-stone. Evidently by so doing we clarify the
problem of analyzing the anabolic sequences that occur in the
formation of hydrolyzable end-products. In any such sequence
we must dctermine the types of change undergone and meta-
bolic powers displayed in passing from inorganic anabolites to
anabolic end-products by way of primary organic anabolites,
and secondary organic anabolites. It is realized that inter-
mediate metabolites may be formed in passing from a primary
to a secondary anabolite, but we think that at present it is
sufficient to recognize these two classes, and the antithesis
between the qualifying epithets, primary and secondary, will
serve this purpose.

Non-hydrolyzable anabolic end-products may be formed by
the condensation of primary anabolites without the inter-
mediate production of secondary organic anabolites. Thus it
is a noteworthy fact that terpenes, carotinoids, sterols, and
certain aromatic substances, appear to be constructed from
compounds containing two and three carbon atoms (see also
p. 468), and that flavones and f{lavonols, anthocyanidins, and
certain other aromatic compounds, are constructed from pri-
mary anabolites with three and six carbon atoms; indeed, it
has recently been suggested (see Onslow, 102, chap. V) that some
of the complex hydrolyzable anabolic end-products (e.g., proteins)
are directly constructed from primary anabolites, and that the
occurrence in living cells of certain of the substances we have
described as secondary anabolites (e.g., amino-acids) must be
exclusively attributed to hydrolysis, i.e., to a catabolic change.
For other hydrolyzable end-products (e.g., starch, cane-sugar,
fats, etc.), however, there appears to be substantial evidence
that synthesis progresses by way of secondary anabolites, The



TYPES OF BIOCHEMICAL CHANGE 227

alternative paths of synthesis may be schematically illustrated
thus :—

Inorganic ——» Primary > Anabolic
anabolites organic ———>» Secondary ——» end-products.
anabolites. organic
anabolites.

In the succeeding sections of this chapter we shall consider
the chemical nature of the substances which are included in the
four classes named above, and the types of change by which
passage from substances in one class to those in a higher class
is effected. Itis a striking fact that although almost an infinite
number of different anabolic end-products are synthesized by
plants, these may be sorted out into relatively few chemical
classes (e.g., proteins, polysaccharides, fats, tannins, etc.). It
appears that synthesis is directed by protoplasm along certain
well-defined lines which are relatively few in number. There
are good reasons for supposing that the primary organic
anabolites do not constitute a numerous group. The variability
among the anabolic end-products formed from these primary
compounds may be attributed to permutations and combina-
tions of a limited number of protoplasmic activitics (each
of which will show specificity), and, consequently, of types
of chemical change. Evidently, during the course of anabolic
sequences, greater variation of chemical structure will be
found among members of the more complex anabolic products.
Thus individual substances belonging to the group anabolic
end-products (e.g., proteins) will be more numerous than those
belonging to the secondary anabolites (e.g., amino-acids) from
which the end-products have been synthesized.

The formation of primary organic anabolites. It will be
convenient to assume here that hexose sugars are directly pro-
duced in photosynthesis by the condensation of inorganic
anabolites (viz., carbon dioxide and water), and that they can
exist as open-chain compounds. Since they participate in
condensations which are accompanied by dehydration (p. 492),
they may be classed as primary organic metabolites. It has
been suggested that they (or the corresponding acids or alcohols

8—2
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produced from them respectively by ozidation and reduction)
may also participate without cleavage in metabolic trans-
formations that yield inositol and phenols, flavones and
flavonols, anthocyanidins, and other aromatic compounds, but
there is a complete lack of experimental evidence.

Pentose sugars and their derivatives may be produced by the
decarbozylation of hexuronic acids, and may possibly serve as
primary anabolites in the formation of certain glycosides (e.g.,
nucleosides) and pentosans. Excepting for certain vegetable
acids, little is known concerning molecules containing four
carbon atoms,® but great interest attaches to the production
of those containing three and two.

The enzyme zymase is widely and possibly universally
distributed in plant-cells. In cleaving, probably aerobically as
well as anacrobically, hexose sugars in the presence of phos-
phates (p. 56) it displays powers of phosphorylation, glycolysts,
oxido-reduction, and decarboxylation, and may occasion the
production of highly reactive compounds, or their phosphates,
containing three carbon atoms (e.g., methyl glyoxal, pyruvie
acid, glyceric aldehyde, dioxyacetone, glyceric acid, glycerol,
lactic acid), and two carbon atcms (viz., acetaldehyde, ethyl
alcohol). All of these compounds may possibly serve as primary
anabolites. For example, the presence in plant-cells of ethyl
esters, and of compounds containing ethoxyl groups, indicates
that ethyl alcohol may act as a primary anabolite.

Methyl esters (e.g., chlorophyll, pectin) are invariably present,
and compounds containing methoxyl groups (e.g., certain
anthocyanins, and alkaloids) are widely found in green plants.
It is possible, therefore, that methyl alcohol is one of the primary
anabolites containing a single carbon atom, but there is no
evidence concerning its origin. Chemists attribute the presence
of the dioxymethylene group in certain alkaloids(e.g.,narcotine),
and of the methyl-imino-group in others (e.g., cocaine), to
condensations in which formaldehyde participates. Thus this

! See Bennet-Clark (16) for a discussion of the view that vegetable
acids are the building-stones from which some of the complex plant-pro-
ducts (e.g., amino-acids, alkaloids) originate.
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compound may have considerable anabolic significance quite
apart from the part it possibly plays in the photosynthesis of
carbohydrates, and, according to Baudisch, in that of amino-
acids and alkaloids.

As regards nitrogenous compounds, it has been suggested
that urea and amino-derivatives of products of zymase
cleavage containing two and three carbon atoms may be
important primary organic anabolites. As a prelude to the
production of urea or of any other primary anabolite con-
taining an amino-group, absorbed nitrate must be reduced to
ammonia, probably with an intermediate nitrite stage, and
there is some evidence that these reductions are effected by
enzymes. In passing, we notc that urease has been shown to act
synthetically. It is possible, therefore, that urea may be pro-
duced by the union of ammonia and carbon dioxide in any living
cell containing urease. The amount of carbon dioxide absorbed
by plants for this synthesis would be trifling in comparison
with that used in the photosynthesis of carbohydrates.

No suggestions have yet been made concerning the nature
of primary anabolites containing sulphur. It is evident, how-
ever, that absorbed sulphates must be reduced before com-
pounds such as allyl sulphide, cystine, etc., can be produced.

The condensation of primary organic anabolites. It is evident
that in order to account for the formation of complex open-chain
and cyclic anabolic end-products one must assign powers of
condensation to protoplasm. Such condensation may be
effected either by addition, as happens when two unsaturated
compounds combine, or by substitution. The latter operation
will be accompanied by the liberation of water, ammonia, or
some other substance.

(i.) The formation of open-chain compounds. Chain-extension
accompanies the formation of most of the aliphatic acids,
alcohols, and hydrocarbons found in plants, and one infers that
protoplasm can cause the combination of two distinct mole-
cules, but not necessarily of different compounds, by uniting
them through carbon atoms. Chemical evidence suggests that
the fusion, with or without dehydration, of two aldehydes or
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of an aldehyde and a ketone, may be responsible for the produc-
tion of long-chain aliphatic compounds from primary organic
anabolites.! Thus, for example, butyric acid might be formed
from acetaldehyde by means of an aldol condensation, followed
by an oxido-reduction :

CH,CHO } CH,CHO —> CH,.CH(OH).CH,.CHO —> CH,.CH,.CH,.COOH

acetaldehyde. acetaldehyde aldol. butyric acid.

or the aldol might condense with acetaldehyde to give straight-
chain compounds with six, eight, ten, etc., carbon atoms.
Smedley and Lubrynska suggested that chain-extension might
be brought about as a result of the condensation with dehydra-
tion of acetaldehyde and pyruvic acid (equation (i.)). The
unstable higher unsaturated ketonic acid so found would
immediately undergo decarboxylation (equation (ii.) ) :—

(i.) CH,.CHO + CH,.CO.COOH — CH,.CH : CH.CO.COOH + H,0
(ii.) CH3.CH : CH.CO.COOH — CH,.CH : CH.CHO + CO,
(iii.) CH.CH : CH.CHO + O — CH,;.CH :CH.COOH
The resulting unsaturated aldehyde might then be oxidized to a
C, unsaturated acid (equation (iii.) ), or by condensing with
pyruvic acid and by a repetition of the other stages yield a Cg4
unit, Evidently straight-chain unsaturated aliphatic acids of
high molecular weight, each with an even number of carbon
atoms, would be produced by a succession of condensations
and of the other changes described above. The corresponding
saturated aliphatic acids would, of course, be readily formed
from unsaturated acids by reduction.

It would be simple by considering different primary anabo-
lites to extend these theoretical notions to account for the
formation of aliphatic acids with an uneven number of carbon
atoms or with branched chains and of hydroxy-acids
corresponding to amino-acids such as alanine, valine, and serine.

1 The only biochemical evidence which one can adduce in support of
this suggestion is the fact that Neuberg and his co-workers discovered
that acyloin, a keto-alcohol (probably C¢H CH(OH). CO . CH,), was
synthesized when benzaldehyde was added to a solution of sugar that
was undergoing fermentation in the presence of yeast or maceration
extract. Neuberg ascribed the synthesis to the condensing action of an

enzyme, which he termed carboligase, on the added benzaldehyde, and the
acetaldehyde produced by zymase-cleavage.
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It should be noted that in the transformation of carbo-
hydrates to aliphatic acids the state of the molecule becomes
progressively reduced as the carbon chain lengthens. Reduc-
tion proceeds even further in the production of higher alcohols
(e.g., phytol, xanthophyll, carnaubyl alcohol), and hydrocarhons
(e.g., carotin).

Obscurity still surrounds the mechanism by which nitrogen
and sulphur are introduced into aliphatic compounds. It has
been pointed out (Onslow, 102, chap. V) that among the ways
in which amino-acids may in theory be produced is the amina-
tion by condensation with ammonia of the corresponding nitro-
gen-free, a-hydroxy- or o-keto-acid. Powers of amidation
also arc possessed, as is evidenced by the production of aspara-
gine and glutamine from aspartic and glutaminic acid respec-
tively. Possibly sulphur compounds are produced by the
substitutive condensation of primary anabolites with inorganic
sulphides or hydrosulphides.

(ii.) Ring-formation. The wide distribution of homocyeclic
and heterocyclic compounds suggests that living cells can unite
atoms so as to form rings, or produce substances which con-
dense spontancously into cyclic compounds under the condi-
tions prevalent in the cell-sap. The formation of the benzene
ring from aliphatic compounds is probably a metabolic act.
Various suggestions have been made concerning the possible
modes of formation of phenolic and other benzene derivatives
from primary anabolites containing six, three, or two carbon
atoms, but no experimental evidence has as yet been obtained
in support of these suggestions. It should be noted, therefore,
that we are completely ignorant concerning the method by
which this fundamental biochemical synthesis, on which the
coal-tar industry is based, is effected by existing green plants
and was effected in the carboniferous forests. Examples are
given below of ring-formation in aliphatic compounds, or in the
side-chains of cyclic compounds, which results from internal
condensation, following molecular-rearrangement (a) and (d),
or the liberation of water (b), or ammonia (c).

(a) The formation of heterocyclic rings in pyranose sugars is
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spontaneous, i.e., is independent of the presence of protoplasm,
1t should be noticed that the pyran ring is also represented in
flavonic and anthocyanin pigments, and in catechin com-
pounds. This does not neecessarily mean that hexose sugars
directly participatc in the formation of thesc substances
(cf. p. 226).

(b) Internal condensation may occur spontancously with
the elimination of water, as happens, for example, in the
formation of ortho-coumarin from the ortho-coumaric acid set
free by the hydrolysis of the coumarin glucosides of sweet
vernal grass, sweet woodruff, and the tonka bean.

0—CO0
OH CgH, CH:CH-COOH—>C.H, + H,0
) C=—=C(CH
(¢) Certain heterocyclic rings may arise from the internal

condensation of aliphatic amino-compounds (e.g., amino-acids
such as ornithine and lysine), and ammonia may be liberated.

H,C CH,
CH, (NH,) CHy * CHy CH(NH) - COUH——> | |~ +NH,

H,C CH-COOH

NH
ORNITHINE PROLINE

(d) Raper (119) has shown that melanin, which is formed
from tyrosine by the action of tyrosinase, is a derivative of
substituted indole, Evidently ring-formation by the condensa-
tion of nitrogen and carbon must occur at some stage in the
change, and, according to Raper, is possibly a spontaneous
chemical event which follows the production of the reactive
8 : 4-quinonc of pheny! alanine from the enzymic oxidation by
dehydrogenation of 8 :4-dihydroxyphenylalanine, It will be
observed that in the formation of this compound from tyrosine
a hydroxyl group is introduced into the benzene ring. This is
the only instance we can recall of the hydroxylation of a
benzene derivative under the agency of an enzyme,
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Ho'CH(NH,)-COOH  CH, CH{NH,):COOH  CH,-CH(NH,)-COOM

TYROSINASE TVROSINASE
—_— —_—
OH 0
OH OH (¢]
TYROSINE 3:4-DIHYDROXY PHENVLALANINE 3.4-QUINONE OF

PHENYLALANINE
CH, CH(NH,)-COOH

HO CH,
SPONTANEOUS

o) HO CH-COOH

0 NH
56 DIHYDROXYDIHYDROINDOLE -2-CARBOXYLIC ACID

It should be noted that several further enzymic and other
changes must take place before melanin is formed.

Ring-formation may also be induced by external condensation,
i.e., by the fusion of two or more molecules of the same or of
different substances, and doubtless occurs in living cells, but
has never been cxperimentally produced. Thustwounsaturated
molecules may condense by means of one of the double bonds
and give rise by addition to a cyclic compound, or condensation
may occur with the climination of water, ammonia, or other
compounds. For example, it has been suggested that imina-
zole, pyrimidine, and purine rings may arise as a result of the
condensation with dehydration of urea and methyl-glyoxal
(see Onslow, 102, p. 238).

Possible relations between certain anabolic end-products
and secondary anabolites. One may regard such secondary
anabolites as are found in the free state in cells, either as
products of hydrolysis of anabolic end-products which con-
tained glycosidal, ester, peptide, depside, or other linkages, or
as the building-stones for the synthesis of substances containing
these linkages.
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(i.) The synthesis of anabolic end-products containing one or
more glycosidal linkages. This big and varied class of end-
products (table VII) is comprised of polysaccharides (starch,
cellulose, hemicelluloses, mucilages, and pentosans) and
substances with polysaccharide affinities (pectins and gums) ;
tetra-, tri-, and disaccharides ; and the substances that have
been grouped together as glycosides (p. 498). They are all
hydrolyzed in vitro by acids, cleavage occurring at the glycosidal
linkages (pp. 493 and 498), but not all by the living cells of
green plants, Thus whereas starch, hemicellulose, inulin, and
cane-sugar—the carbohydrate food-reserves of plants—are
hydrolyzed by amylase, cytase, inulase, and invertase, respec-
tively, enzymes that can hydrolyze cellulose, pentosans,
mucilages, and gums, have not yet been separated from green
plants, nor is there substantiah evidence that these anabolic
end-products are used during growth. It is well established
that during autolysis g-glucosides are hydrolyzed by maltase,
and g-glucosides (e.g., amygdalin) by the prunase component
of emulsin (p. 85), but little is known concerning the fate of
these substances in normal metabolism.

TasLe VII
Anabolites. Anabolic end-products containing
glycosidal linkages.
Glucose . . . Glucosans (starch, cellulose, hemi-
celluloses, mucilages).
Fructose . . . Fructosans (inulin).
Glucose + fructose . Cane-sugar.
Galactose + glucose Raffinose.
-+ fructose. :
Mannose . . . Mannans (hemicelluloses, mucilages).
Galactose . . . Galactans (hemiceliuloses, mucilages,
pectins, gums).
Arabinose . . . Arabans (hemicelluloses, mucilages,
gums (e.g., gum arabic), pectin).
Xylose . . . Xylans (hemicelluloses, gums (e.g.,
wood-gum), mucilages).
Monosaccharides -+ Glycosides.
another substance (not

a sugar),
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There is strong cvidence in favour of the view that one must
attribute the formation of soiae of the carbohydrate end-
products (e.g., starch, cellulose, inulin, and cane-sugar) to the
power which protoplasm possesses of synthesizing glycosidal
linkages by combining, with dehydration, molecules of (i.) the
naturally occurring monosaccharides, i.e., glucose and fructose,
or (ii.) monosaccharides and phenolic or other substances.
Enzymic synthesis of glycosides has been effected (p. 38), and
has led to the suggestion that in the carbohydrate group also,
synthesis may be attributed to hydrolytic enzymes when these
are acting under favourable conditions in living cells. Evi-
dently (see above) the synthesis of cellulose, pentosans,
mucilages, and gums, cannot yet be attributed to enzymes.

Attention is called to the fact that mannose, galactose, and
pentoses, do not occur in the free state in living cells, but are
widely distributed as mannans, galactans, and pentosans, in
hemicelluloses, mucilages, ete. It may be that the mono-
saccharides undergo glycosidal condensation immediately they
are formed. Alternatively, however, mannans and galactans
might originate from glucosans or fructosans, and pentosans
from wuronic acid derivatives of polysaccharides. Some
significance has been attached to the frequent association in
plant-cells of glucosans and xylans (e.g., in wood-gum), and of
galactans and arabans (e.g., in gum-arabic and pectin), because
glucose can by chemical means (oxidation and decarboxyla-
tion) be converted into xylose by way of glucuronic acid, and
galactose into arabinose by way of galacturonic acid.

(ii.) 4nabolic products containing ester-linkages. Among
plant-products the ester-linkage occurs in simple volatile esters
(e.g., amyl acetate), waxes, fatty oils, lecithins, pectin, and
nucleic acid. The ester-linkage readily undergoes hydrolytic
clecavage in wvitro in the presence of acids or alkalies, and
enzymic cleavage of most of these compounds (but not of
chlorophyll 1) has been effected. Thus lipase (p. 83) hydro-
lyzes simple esters, fatty oils, and lecithins; phosphatase

1 The enzyme chlorophyllase (p. 34) effects the alcoholysis, not the
hydrolysis, of chlorophyll.
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hydrolyzes the phosphoric esters, viz., lecithins and nucleic
acid; and pectase hydrolyzes pectin to pectic acid and methyl
alcohol. There is evidence that lipase and phosphatase can
act synthetically, and it may be that in living cells the final
stage in the synthesis of the anabolic end-products named
in table VIII is by ester formation from the corresponding
secondary anabolites.

(iii.) The synthesis of anabolic end-products containing peptide
linkages. All proteins can be hydrolyzed by acids or by
enzymes (protease and peptidases, p. 86), to amino-acids by
way of proteoses, peptones, and polypeptides (p. 520). It has
been suggested that the reverse process can occur in living cells.
This would imply that protoplasm possesses the power of
producing peptide linkages, and thereby of synthesizing proteins

TasLe VIII
Secondary anabolites. Anabolic end-products contain-
ing ester linkages.

Lower aliphatic acid + lower alcohol . Volatile esters.
Higher aliphatic acid + higher alcohol Waxes.
Glycerol + fatty acid . Fats.
Glycerol + fatty acid + phosphonc

acid + choline . Lecithins.
Phosphoric acid + nucleosxde . . Nuecleic acid.
Pectic acid 4+ methyl alcohol . Pectin.
Chlorophyllins a and b + methyl alcohol

+ phytol . Chlorophylls @ and b.

from secondary anabolites, viz., amino-acids. An alternative
hypothesis is that proteins are synthesized by the condensation
of primary anabolites, and that amino-acids are always products
of hydrolytic catabolism (p. 226).

(iv.) The synthesis of anabolic end-products containing depside
or other linkages. The formation of other complex anabolic end-
products appears to be the result either of the condensation with
dehydration or of the polymerization of secondary anabolites,
such as phenols, phenolic acids or alcohols, fatty acids, and
terpenes. For instance, in the production of tannins, mole-
cules of phenolic acids (e.g., gallic acid or protocatechuic acid)
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combine with loss of water to form di-depsides, tri-depsides,
etc., and the resulting complex imay then form a glycoside or
ester with a monosaccharide. Lignin may be formed by the
condensation with dehydration of phenolic alcohols (e.g.,
hydrated caffeic alcohol). If this is the course of events one
must assign to protoplasm the power of forming ether linkages
(p. 467). Cutin and suberin result from the condensation
and oxidation of higher fatty acids, while certain resins may
be similarly formed from terpenes, and other resins by the
condensation of phenols.



CHAPTER XII
THE EXPERIMENTAL STUDY OF METABOLISM

A. The Problem of Intermediate Metabolism Restated

AxaporisM and catabolism are gradual processes. Probably
there arc many more intermediate stages in the synthesis of
anabolic end-products than we recognized in the last chapter,
and there is little doubt that many intermediate substances
have at least a transient existence in the hydrolysis of insoluble
food-substances and in respiratory oxidations. The ultimate
objectives of the experimental study of intermediate meta-
bolism are (a) to ascertain what substances accumulate and
what transitory substances are produced during the metabolic
transformations of known initial metabolites (A;, A,, A,, say)
to known metabolic end-products (Z;, Z,, Z, say), (b) to place
these intermediate metabolites (B’s to Y’s inclusive) in their
proper sequence, (¢) to discern the types of chemical reaction by
which protoplasm effects each change in the sequence, and
(d) to separate from protoplasm enzymic systems (e,, ¢, €,, etc.)
that will effect each change in vitro. Evidently on attaining
all these objectives we could give a complete description of the
metabolic transformation in chemical terms. Unfortunately
experimental data for most anabolic processes are still scanty
and inconclusive, and only for certain short chains of catabolic
events has the nature of the connecting links been apprehended.
The striking recent advances in the purification of enzymes
and co-enzymes are recalled (chap. III).

Chemists have not been backward in suggesting from purely
chemical considerations possible sequences of metabolic events.
But it must always be borne in mind that a metabolic product
may owe its origin in vivo to very different reactions from those
by which it can be prepared in vitro. Accordingly, in order

: 238
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to test the worth of a hypothesis that has been based on know-
ledge of the chemistry of substrates participating in a metabolic
change, data must be gathered by experimenting on living
plants. If one definitely contradictory fact is experimentally
established, an hypothesis must be rcjected however attractive
it may be from the chemical viewpoint. In the present
chapter we are concerned with hypotheses which have been
developed from broad biochemical studies on plants (section B),
and with experimental methods which are available for
testing in dctail such hypotheses and the views put forward
by chemists (section C).

B. Changes in the Chemical Composition of Plant-Tissues under
Natural Conditions

We shall consider below some of the more important views
concerning metabolic sequences that have developed from the
results of investigations on the chemical changes that accom-
pany growth and differentiation, maturation, senescence, etc.,
and on the changes that result from natural alterations of
external conditions, e.g., of light-intensity or temperature.

The metabolism of green shoots. We pcinted out in the last
chapter that the results of water-culture experiments compel
us to ascribe remarkable powers of synthesis to green leaves.
We shall in a later chapter discuss the process of photosynthesis,
and examine the hypothesis that formaldehyde is an inter-
mediate metabolite in this process. In the present subsection
we shall pass in brief review the evidence that, as a result
of photosynthesis, green leaves are furnished with a rich supply
of hexose sugars, and that most of the subsequent metabolic
transformations occur independently of the presence of light.
Evidently it follows that such transformations may also occur
in non-green parts of plants to which sugars are translocated.
Green leaves must not be regarded as the only chemical
manufactories in plants, Indeed it is probable that if they are
supplied with sugars, mineral salts, and water, all living plant-
cells, in addition to consuming organic substances in respiration,
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can display very varied anabolic powers (see chap. XI,
section F), The results of experiments point to the con-
clusion that in a given cell the concentration of sugars is, as a
rule, a dominating factor in determining the extent and course
of anabolic events. Accordingly, one may infer that in addition
to photosynthesizing carbohydrates that are sooner or later
translocated, green leaves play an exceedingly important part
in the total metabolism of plants ; for, evidently, while photo-
synthesis is in progress, a high level of concentration of sugars
will be maintained in green leaves, and anabolism in situ pro-
moted in many directions. Concentration heads will be set up
for such nitrogenous and non-nitrogenous compounds as are
synthesized from carbohydrates, mineral salts, and water. The
illuminated green leaves will consequently act as a source of
nutrient substances, and the growing, storage, and certain other
regions, as the sinks (see p. 158). Thus, as a result of transloca-
tion, the compounds formed in green leaves become available
as substrates for metabolism in all parts of plants. Apart then
from performing the essential operation of photosynthesis, green
leaves may assist to a considerable degree in bringing about
such syntheses of anabolic end-products as accompany cell-
division and differentiation, and as lead to the accumulation
of food-substances in storage-organs.

(i.) The production of carbohydrates in green leaves. Much
discussion has centred on the results obtained by measuring the
diurnal changes in the concentrations of reducing sugars (i.e.,
d-glucose and d-fructose), cane-sugar, and starch, in the green
leaves of different plants.! For such leaves as are capable of
producing starch, it can easily be shown that the amount of
this substance contained in the chloroplasts increases during
the day, and diminishes during the night (p. 277). Following
the pioneer work of Brown and Morris on the leaves of
Tropeeolum, other investigators have made quantitative
experiments on the sugars in leaves. Parkin experimented on
snowdrop ; Campbell on mangold ; Davis, Daish, and Sawyer,
on mangold and potato; and Miller on maize and sorghum.

! See, e.g., Onslow (102), Stiles (144).
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All the experimental results (e.g., sec those graphically recorded
in fig. 20) indicate that during a 24-hour period the concen-
tration of cane-sugar may fluctuate considerably, increasing in
the light, and decreasing at night (¢f. the changes in the amount
of starch), while the concentration of reducing sugars does not
fluctuate in a manner that can be significantly correlated with
light-intensity.

The earlier workers interpreted these results as showing
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Fic. 20. Diurnal variations in the concentrations of reducing and
non-reducing sugars in the leaves of maize and sorghum
expressed in grams per square metre of leaf surface. (From
Miller, 97.)

(a) that cane-sugar is the first carbohydrate to be formed in
photosynthesis ; (b) that hexoses are derived from sucrose by
hydrolysis ; and (c¢) that starch often, but not always, accumu-
lates as a secondary product of photosynthesis, and results from
the condensation of sugars. They thought that the hexoses
were translocated from the leaves, and, in addjtion, were
used by the leaves in growth and respiration, But one can
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with equal justification infer from these results that hexoses
are primary products, and that cane-sugar and starch are
secondary products of photosynthesis.

At the present day this view is widely held, and has received
some experimental support (p. 268). It is now supposed that
living cells cannot synthesize cane-sugar or starch until, as a
result of photosynthesis, a certain minimal critical concentra-
tion of hexose has been attained. The further production of
hexoses above this critical amount is then immediately followed
by condensations that lead to the synthesis of cane-sugar and
starch. Consequently the concentration of hexose remains
approximately constant, while the concentrations of cane-
sugar and starch vary directly with the rate of photosynthesis.

The value of this concentration varies from species to species
(see p. 267). In certain leaves, ‘for example those of many
monocotyledons, the critical concentration for starch-forma-
tion is so high that starch never accumulates in these leaves
under natural conditions. Cane-sugar is, however, always
produced. It must be remembered, however, that poly-
saccharides other than starch may be synthesized in such
leaves. For example, fructosans have been detected in the
leaves of wheat and barley (see Barnell, 184; Yemm, 265).
It is of interest to note that in the summer of 1983, Yemm
found starch in barley leaves picked in the late afternoon, but
not in 1982, a less favourable season for the growth of plants.
Possibly on the days he made his observations in 1932, photo-
synthesis had not been sufficiently active for the attainment
of the critical concentration of sugar for starch formation.

In explaining the variations experimentally observed in the
concentrations of carbohydrates we must remember that
throughout the day and night sugars diffuse away from the
leaves, and, in addition, continually undergo metabolism in
the green cells in which they are produced. Under favourable
conditions for photosynthesis the rate of production of hexoses
exceeds that of the removal of carbohydrates, and, conse-
quently, cane-sugar and starch accumulate as secondary pro-
ducts in the mesophyll tissue. When the light fails, photo-
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synthesis ceases ; but translocation and respiration, and other
types of metabolic change, continue, and the chemical equilibria
characteristic of the cells are maintained by the hydrolysis of
some or all of the cane-sugar and starch stored during the day.
As a result the concentration of cach of these condensates falls.

(ii.) The nitrogen metabolism of green leaves. Fundamental
investigations upon this important subject were made towards
the close of last century, and, more recently, our knowledge has
been considerably extended by the quantitative experiments
of Chibnall, Mothes, Ruhland, and others.! It has been found
that under natural conditions (a) the concentrations of protein
and of total nitrogen in a grcen leaf may increase during the
day, while the concentration of nitrate is always extremely
low ; (b) the concentrations of protein and non-protein nitrogen
decrease during the night, while the concentration of nitrate
increases, and (c) in illuminated variegated leaves there may
be considerable amounts of nitrate in the white parts, but none
at all in the green. Considering this evidence alone, one might
infer that protein is synthesized either from nitrate and the
carbohydrates that are produced by photosynthesis, or direct
from carbon dioxide, water, and nitrate, by a special form of
photosynthesis in which carbohydrates are not produced.
These alternative hypotheses have been tested by feeding
dctached leaves placed in the dark with sugars and with nitrates
of ammonium salts. Evidence has been obtained that under
these conditions proteins may be synthesized, provided the
concentration of sugar is sufficiently nigh (¢f. starch-formation
by feeding darkened leaves with sugar). Accordingly, the
inference has been made that light does not participate directly
in the synthesis of proteins by green leaves.

Moreover, it has long been realized that the successful
growth of saprophytic bacteria and fungi (e.g., yeast) in nutrient
solutions containing sugars or some other nitrogen-free organic
compounds, ammonium salts, and certain other mineral salts,

1 For critical reviews see Onslow (102, chap. V), and McKee (224).
The publication of & monograph written by Chibnall (193), has just been
announced,
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shows that nitrogen can enter into organic combination inde-
pendently of the presence of light. The successful culture of
roots in solutions of similar compositions provides further
evidence of this (p. 250). It will be recalled that growth
implies the synthesis of the constituents of protoplasm.
Among the important feeding experiments carried out in
recent years are those of Pearsall and Billimoria (233).
They selected daffodil leaves for study, because the surfaces of
these leaves can be sterilized without injury, by washing them
first with a solution of calcium hypochlorite and then with sterile
water. The sterilized leaves were divided into four segments,
white meristematic base, yellow-green extending zone, lower
green photosynthetic zone, and green apical region. They
then studied the synthetic powers shown by these regions
when the segments were floated' on an 0-1 molar phosphate
buffer solution at pH 6, containing 8 per cent. glucose and
0-8 per cent. ammonium nitrate. The rate of air supply to the
cells appears to have been adequate, and, presumably, there was
sufficient sulphate in the cell-sap to meet the sulphur require-
ment in protein synthesis. From their results they constructed
balance sheets that showed the fate of nitrogen in a closed
system, which remained free from bacteria during the experi-
mental period of sixty hours. All the segments absorbed
ammonium nitrate and converted it into nitrogenous organic
compounds (but not necessarily into protein), 7.e., each segment
of the leaf could bring about that all-important biochemical
event, the union of carbon and nitrogen atoms. It was found
that light usually accelerated this production of organic
nitrogen in the pigmented segments, but not in the basal ones.
Pearsall and Billimoria assert that * this effect of light has
previously evaded reasonable proof.” They obtained no evidence
of protein synthesis in the green zones, but proteins were
synthesized actively in the meristematic regions, and to a less
extent in the yellow-green extending zones. It is important
to note that light had no effect on the rate of protein synthesis
in the basal zone, for this means that the synthetic powers of
leaf meristems may resemble those of root meristems, Only
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in the yellow-green zones did illumination bring about notable
net gains in the protein content., Pearsall and Billimoria
consider that as leaves turn green and become “ young-mature *’
they lose the power of synthesizing proteins under the condi-
tions of their experiments (i.e., the possibility of synthesis by
such leaves when attached to a plant is not denied), but retain
the power of synthesizing other and simpler nitrogenous com-
pounds. Since light accelerates the latter synthesis in yellow-
green tissue, there will occur in such tissue a more rapid con-
version of inorganic nitrogen to organic nitrogen, and conse-
quently a more rapid production of protein. During the course
of their experiments these investigators discovered that small
amounts (up to 20 mg. per 10 gm. of leaf per sixty hours) of
free nitrogen might escape from the system as a gas while
nitrate was being converted into amiino-compounds. There is
good evidence that this conversion occurs in the sequence
nitrate — nitrite — ammonium salts — amino-compound.
They (232) think it is probable that the loss of free nitrogen
results from a reaction between nitrite and amino-compounds.

Although the recently obtained evidence we have discussed
suggests that light may under certain conditions promote the
synthesis by green leaves of nitrogenous organic compounds
from sugars and inorganic salts, it appears to be well established
that, in leaves well supplied with carbohydrates and salts, such
compounds (including proteins) may also be synthesized in the
absence of light. We must, of course, remember that light is
essential for the production by green plants of proteins from
carbon dioxide, water, and inorganic salts, since it is required
for the photosynthesis of sugars. Clearly, therefore, the rate
of photosynthesis will have a determining influence on the rate
of protein synthesis, not only in green leaves, but in all parts
of a plant, The metabolic sequences in such syntheses of
nitrogenous organic compounds as occur in green leaves may
well be similar to those taking place in non-green cells (e.g., those
of meristematic or storage regions) that show active nitrogen
anabolism in other parts of a plant, .

As a working hypothesis we may suppose that when photo-
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synthesis is in progress in a green leaf, a fraction of the sugar
produced is cleaved to form primary organic anabolites (e.g.,
organic acids) containing a smaller number of carbon atoms
(p. 228). Amino-acids and other nitrogenous organic com-
pounds may be synthesized by a series of condensations, etc.,
in which these anabolites and ammonium salts, produced by
the reduction of nitrates, participate. Under cell conditions
favouring condensation (e.g., conditions prevalent in young
leaves), proteins are synthesized from amino-acids. We may
postulate the existence of a reversible equilibrium between
plastic proteins and degradation products such as amino-acids,
amides, and ammonium salts, similar to that discussed for
starch and sugar in illuminated green leaves. Alternatively
(see p. 226) proteins may be synthesized directly from primary
organic anabolites and ammonidm salts, and give rise by
hydrolysis to amino-acids and amides. Feeding experiments
have provided evidence that is in accord with either of these
hypotheses. For example, Bjorksten (see McKee, 224) reported
good synthesis of proteins in detached leaves whose inter-
cellular spaces had been injected (see p. 182) with amino-acids,
certain amides, certain amines, or ammonium salts of organic
acids.

Although we cannot make positive assertions about stages in
the synthesis of nitrogenous organic compounds, we may state
that there is a tendency for such synthesis to occur in illumi-
nated green leaves, and that some of the products (e.g., proteins)
are indiffusible, and that others are formed and remain in
crystalloidal solution. A diffusion head is set up and nitrogen
is translocated, probably as  residual nitrogen” (p. 169),
in the phloem from the mesophyll of attached leaves to growing
and storage regions of shoot and root.

Returning to the consideration of the experimental results
(a) and (b) recorded at the outset of this subsection, we may
now suggest that during the day the synthesis of organic
nitrogen more than compensates for loss of nitrogen by trans-
location, and that, in consequence, proteins may be synthesized
and temporarily stored in mesophyll tissue (¢f. the parallel
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phenomenon of the accumulation of starch). In the dark trans-
location continues, but the syntlesis of nitrogenous organic
compounds is greatly retarded or may stop. The disappearance
of amino-acids as a result of translocation will lead to the
hydrolysis of proteins. Accordingly the amounts of protein
and of total nitrogen in a leaf attached to a plant will diminish
in the dark.

Many workers have investigated the conditions that govern
the production of amides (asparagine, glutamine) and
ammonium salts by green leaves. Broadly it may be stated
that one or all of these substances tend to accumulate when
there is a shortage of carbohydrates, and when ammonia,
which is a toxic substance, is being set free by the deamination
of amino-compounds. They may also accumulate when
ammonium salts are plentifully supplied to green plants.
Asparagine is produced in the Leguminosz, Graminacez,
and many other natural orders. Glutamine is also widely
distributed, and, according to Schulze, to the exclusion of
asparagine in the Crucifere and Caryophyllacex. Yemm (see
p. 829) found that in darkened detached barley leaves, both
glutamine and asparagine were among the soluble nitrogenous
compounds that accumulated, when carbohydrate stores were
depleted owing to respiratory oxidations.

As a result of his experiments on leguminous leaves, Mothes
confirmed and amplified the conclusions arrived at by earlier
workers. He demonstrated the accumulation of asparagine in
darkened leaves, and reported that this amide was not produced
by illuminated detached leaves or by darkened detached leaves
when they were fed with glucose. Moreover, he reported that
protein was synthesized when he fed with ammonium salts
young leaves containing abundant carbohydrate (c¢f. the
results obtained by Pearsall and Billimoria) ; that asparagine
was produced when he used leaves containing a medium
amount of carbohydrate; and that ammonium salts accumu-
lated when the leaves were free from carbohydrate. Greenhill
and Chibnall found that so much glutamine was produced by
perennial rye-grass, when this grass was heavily mauured with
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ammonium sulphate, that the amide exuded from and crystal-
lized on the surfaces of the shoots.

The metabolic sequences that lead to the formation of
amides still form a subject for debate, as also do those which
arc concerned with the various ways in which asparagine and
glutamine may be consumed. We may note here that such
amides and ammonium salts as accumulate in darkened leaves
may gradually disappear when carbohydrates are produced on
exposure of the lecaves to light. Possibly they are used in
protein synthesis. The results of Bjorksten’s experiments
reported above, provide evidence that they may be consumed
in this way. It is possible, therefore, that these compounds
may function in the storage of plastic nitrogen. It is recalled
that Mason and Maskell consider that nitrogen is stored as
asparagine in the bark of the cotton plant (p. 217).

Ruhland drew a distinction between amide-plants and acid-
plants. In the former the ammonia set free becomes bound as
amide-nitrogen. In the acid-plants (e.g., Begonia, rhubarb)
the ammonia is rendered innocuous by combining with vegetable
acids. These chemical mechanisms for removing free ammonia
correspond in functional significance to the mechanism that
leads to the formation of urea in animal metabolism.

(iii.) The production by shoots of vegetable acids.! Plant sap
is acid ; pH values greater than 5-5 occur but rarely. Among
the acids that have been found in the free state or as salts are
lactic acid; fumarie, succinic, malic and tartaric acids; and
citric acid. Knowledge of the formation and disappearance
of these acids in tissues of the higher plants appears to be
confined to certain succulents (e.g., Bryophyllum, Sedum,
Kleinia) and a few other plants (e.g., tobacco, tomato, rhubarb,
Begonia). It has long been known that acids may accumulate
at night in the shoots of some of these plants, and that the
accumulated acids may disappear during the following day.
The biochemical problems of the origin of these acids, and of
their fate in illuminated shoots are still unsolved. A very low
rate of CO,-production may accompany the accumulation of

1 See the reviews by Bennet-Clark (15, 186).
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vegetable acids. This fact suggested that such acids may be
derived from carbohydrates as a result of a modified form of
respiratory oxidation (p. 822). Ruhland belicves, however,
that in acid-plants (e.g., Begonia, rhubarb) the oxidative
deamination of amino-acids leads to the liberation of am:monia
and to the simultaneous production of malic, succinic, oxalic
and other nitrogen-free acids. But Bennct-Clark and Woodruff
found that the production in rhubarb of ammonia in proportion
to the production of vegetable acids is much less than would be
expected on the basis of Ruhland’s hypothesis. For example,
therc occurred between June and September a four-fold increase
in acid, and no corresponding increase in ammonia. Bennet-
Clark had earlier shown that the accumulation of malic acid in
Sedum leaves corresponded approximately with the loss of an
equimolecular quantity of an unusual type of sugar, sedo-
heptose. He is an advocate of the older view, viz., that vegetable
acids originate from sugars. He has also suggested that in
illuminated leaves, acids may be re-converted into sugars,
but the evidence is not conclusive. The results of his quantita-
tive researches indicate that the production of such carbon
dioxide as might be attributed to the respiratory consumption
of acid by illuminated leaves falls far short of the actual amounts
consumed.

(iv.) The production of aromatic compounds and other substances
in green leaves. Experiments have shown that tannins, antho-
cyanins and other glycosides, and many other types of substance,
may accumulate in illuminated green cells. It is reasonable to
suppose that most of these substances result from the meta-
bolism of carbohydrates produced in photosynthesis, and are
not themselves photo-biochemical products. The production
of chlorophylls @ and b, however, is, as a rule, dependent upon
the presence of light as well as upon a supply of carbohydrates.?
Quantitative data showing relations between concentrations of
sugars and of other components are not numerous; but we
note that Barnell (184), in his studies on the seasonal changes
in the carbohydrates produced by shoots of wheat, found

1 See review by Priestley (113) of Lubimenko’s experiments.
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that the drifts of the concentrations of free glucose and of
glucosides were closely similar.

The metabolism of roots growing in culture solutions. Inasmuch
as a vast amount of biochemical knowledge has been gained
by quantitative studies on bacteria, ycast, and mould fungi,
growing in culture solutions of known composition, attention
is drawn to the biochemical importance of the discovery that
roots grow and develop when root-tips are sown in culture
solutions containing sugar, inorganic salts, and the proper
hormones (p. 417). We may immediately infer that the cells
of the root-tips possess the power of synthesizing from the
simple substances present in the culture solution, all the
exceedingly complex substances as well as the simple substances
found in protoplasm, cell-walls and vacuoles. Clearly the
methods which have becn used n studying the metabolism
of growing yeast may well prove productive when applied to
the study of roots growing in culture solutions.

The metabolism of germinating seeds. Thc determination of
the changes in chemical composition that take place during the
germination of secds has thrown light on the catabolic events
that lead to the production of recpiratory energy and to the
mobilization of reserve foods, and has also provided direct
evidence concerning the chemistry of some of the anabolic events
associated with growth. The results of such experiments show
the typical chemical relations that hold between the metabolism
of regions that supply foods (green leaves ; the storage-regions
of rhizomes, bulbs, corms, tubers, ete. ; storage-parenchyma in
woody perennials) and that of regions in which food is assimi-
lated for growth (sprouting buds, growing apices of shoots and
roots, and cambial regions).

In table IX are recorded the results of analyses of comparable
samples of seeds and seedlings. The loss in dry-weight may be
attributed to respiration, and this process will account for about
one-third of the obscrved decrease in the fat-content. The
respiratory quotient was about 0-7. The remainder of the
decrease may be ascribed to the conversion of fats into carbo-
hydrates, lecithin, and, possibly, soluble organic acids.
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Although finely emulsified fats can migrate from storage
tissues, it is fairly certain that the mobilization of fats in the
cotyledons was mainly brought about by lipase cleavage and
by the conversion of the glycerol and fatty acids thus produced
into diffusible carbohydrates. Glyccrol has never been de.ected
in germinating seeds. Consequently one may conclude that it
is rapidly converted into carbohydrates (c¢f. p. 267). Since
free fatty acids may accumulate, it appears that the rate of
lipase cleavage may exceed that of the conversion of fatty
acids into sugars. We may ascribe to cell-wall formation in
the growing apices the carbohydrate anabolism that led to

TaBLE IX. Chemical changes during the germination of
sunflower (after Frankfurt, see Palladin, 108)

Seeds. Seedlings. g:gl&et:'l;r{]o::t?:;:
Total dry weight .| 100 88-98 — 1112
Simple proteins . . 24-06 13-34 — 10-72
Nuclein and plastin * . 0-96 4-05 + 809
Asparagine and glutamin 0-00 3:60 + 3860
Lecithin . . . 0-44 071 + 027
Fats . . . 55-32 21-81 — 83-50
Sugars . . 378 13:12 + 9-84
Soluble organic acids . 0-56 2:16 + 1-60
Cellulose . . . 2-54 10-25 + 771
Hemicelluloses 2 . . 0-00 341 + 841

increases in cellulose and hemicelluloses.? It will be noticed
that the disappearance of reserve protein from the cotyledons
may be accounted for by the synthesis of conjugate-proteins
in the growing apices. Mobilization of the protein was probably
effected by hydrolysis under the agency of proteolytic enzymes
(see pp. 86 and 87). Amino-acids are not represented in the
above table, but they were probably present. It is evident

1 Presumably nucleoprotein and lipoprotein.
3 Pectic substances were probably estimated as hemicelluloses.
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from the differences between gains and losses in weight that
Frankfurt did not succeed in making a complete analysis.
Amino-acids have, however, often been shown to accumulate
during germination. The demonstration of the production of
amides is of considerable interest, The reader is referred to
the discussion on p. 247, for it is probable that protein cata-
bolism in seeds is very similar to protein catabolism in darkened
leaves, although it may be more intense. For example, high
concentrations of asparagine may develop during the normal
germination of leguminous seeds, which are rich in protein. A
progressive accumulation of asparagine occurs if the germination
of such seeds is brought about in the dark, in order to preclude
the replenishment of carbohydrate stores by photosynthesis.
If etiolated seedlings turn green and continue to grow upon
exposing them to light, the asparagine gradually disappears.
Good evidence exists that it is used in protein synthesis.

Seeds containing carbohydrates as the principal food-reserves
have also been chemically studied. Their protein metabolism is
similar to that in the germination of seeds containing fatty oil
as food-reserve. Where starch is the reserve food (e.g., in
cereal grains or leguminous seeds), carbohydrate catabolism in
the endosperm or cotyledons is similar to that in darkened
green leaves containing starch. Amylase and maltase hydrolyze
starch to glucose, which diffuses to the growing apices and is
used for cell-wall formation. Cytase hydrolyzes the hemi-
celluloses in date seeds and elsewhere, and converts this food-
reserve into diffusible sugars. Dry-weight is lost as a result of
the respiratory oxidation of carbohydrates, and for seeds
belonging to this class the respiratory quotient is unity.

The results of quantitative experiments performed by
Barnell (185) on the respiration of young barley seedlings
show clearly the relations that exist between certain biochemical
events occurring in different parts of germinating seeds. In
the endosperm of swollen barley grains starch is hydrolyzed
to sugars, but the storage-tissue shows only feeble powers of
respiration, It loses dry-weight, however, owing to the trans-
location of sugars to the embryo, which consumes the sugars
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rapidly in growth and respiration. It should be noted that
whereas loss in dry-weight of the whole germinating grain
results mainly from the respiration of the embryo, it is the
endosperm which actually loses dry-weight : the dry-weight of
the growing embryo increases. As Barnell points out the
functions of endosperm and embryo are linked through trans-
location, and under certain conditions the rate of translocation
may determine the rate of occurrence of events in the embryo.

The metabolism of developing storage-tissues and feeding
tissues. Great practical importance attaches to the investiga-
tion of the chemical changes occurring during the development
of seeds, tubers, swollen roots or hypocotyls, ete., and during
the growth, ripening, and senescence of fleshy fruits. We only
have room here to consider certain aspects of the metabolism of
two types of tissue, viz., the developing storage-tissues in seeds,
and the flesh-tissue of growing and fully-grown apples.

(i.) Developing storage-tissues in seeds. It has been found
by means of chemical analysis and by applying micro-chemical
tests, that the sugars translocated to maturing seeds are
gradually converted into polysaccharides (starch or hemi-
cellulose) or into fatty oils (table X). It is not always
realized that the occurrence of fatty oil as a reserve food in

TaBLeE X. Changes in carbohydrate and fat content of ripening
almonds (from Leathes and Raper, S85)

Date. Pofoont. | bereenr. | Dereemi. | ereont,
June 9th . . 2 6-7 6:0 21-6
July 4th . . 10 49 4-2 141
August 1st . . 87 2‘8“—— 0-0 6-2
September I1st . 44 2:6 0-0 5-4 B
October 4th . . 46 25 0-0 58
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seeds is far more general than that of starch. The chemical
reactions which may possibly take place in the conversion of
carbohydrates into fats are discussed on p. 230. It has been
observed that fatty acids somectimes accumulate in the early
stages, and later disappear.

Our knowledge of the problem of protein formation in seeds
is still obscure. We do know, however, that during ripening
the concentration of soluble nitrogenous substances decreases
and that of protein increascs. It appears to be probable that
proteins may be formed either from the condensation of amino-
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F1c. 21. Variations in the concentration of certain constituents
of the flesh-tissue of Bramley’s seedling apples during
growth. The results are expressed in grams of substance per
100 grams fresh-weight of tissue. The apples were picked
on October 21st. (From Archbold, 7, modified.)

acids translocated from green leaves or elsewhere, or as a result
of reactions in which carbohydrates, amides, and ammonium
salts may participate (see Onslow, 102, chap. V).

(ii.) The metabolism of the flesh-tissue of growing and fully
grown apples. In recent years much information has been
obtained concerning the physiology of the apple, as a result, in
particular, of the investigations which have been promoted by
the Food Investigation Board in this country,! and by Depart-
ments of Agriculture in the United States of America. All we
can attempt here is a brief review of certain selected biochemical
phenomena.

During the growth phase that immediately follows fertiliza-

1 See the annual reports published since 1919 by this board.
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tion, cell-division proceeds rapidly. The constituents of
protoplasm (p. 12) and of cell-wells (p. 208) are synthesized
from the nutrient material translocated from green leaves
and storage-tissue. During the subsequent vacuolation and
enlargement of cells, cell-wall material continues to be laid
down, and the concentrations of carbohydrates and organic
acids in the flesh-tissue gradually increase (fig. 21).

Franzen and Helwert found considerable amounts of citric
as well as malic acid in the variety of apple they analysed.
Succinic and lactic acids were also present in small amounts.
They dectected traces of oxalic acid, and obtained evidence of
the presence of unsaturated acids. Archbold’s investigations
show that the concentration of acid in the Bramley’s Scedling
apple reached its maximum by the middle of June, and then
declined.  We recall that our knowledge of the origin and
fate of organic acids in plants is not yet definite (p. 248).

Touching the fluctuation in the concentration of carbo-
hydrates, we notice that Archbold found that the concentrations
of monosaccharides and cane-sugar steadily increased during
the growing period, and that the concentration of mono-
saccharides was always greater than that of cane-sugar. Kidd,
however, has reported that the concentration of cane-sugar
may begin to decrease in July (sce fig. 238). 1If, as is now
supposed (p. 169), cane-sugar is translocated to the fruit from
leaves or from storage-tissue, monosaccharides found in the
apple must be formed as a result of the hydrolysis of this sugar.
It is an interesting fact that in Archbold’s experiments, the
sugar concentration had by June become sufficiently high to
induce starch formation (¢f. p. 242). The reason for the sub-
sequent gradual increase in the starch concentration is readily
understood, but it is difficult to account for the fall which
began in August and led to the disappearance of starch in
October, while the sugar concentration was still rising. In the
experiments reported by Kidd, and in those more recently
described by Kidd and West (217), the concentrations of cane-
sugar usually increased during the hydrolysis of starch, reached
a maximum, and then gradually diminished. The apparent
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conversion of starch into cane-sugar is a cell-event, that is
surprising from the chemical standpoint. It appears to occur
in a number of other tissues (e.g., potato, see p. 266). It should
be noted that Kidd and West have detected a component other
than starch in the alcohol-insoluble fraction of the carbohydrates
in Bramley’s Seedling. They state that the final analysis of
carbohydrate transformations in the apple must await a further
investigation of this fraction. An important point which they
stress is the probable interconversion in the apple of fructose-
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Figc. 22. Changes in the respiratory activity of the apple during
growth, ripening, and senescence. (From Kidd, 78.)
units, i.e., free fructose or compounds (e.g., cane-sugar) con-
taining fructose, and glucose-units, i.e., free glucose or com-
pounds (e.g., cane-sugar, starch) containing glucose. Such
interconversions have been demonstrated in other tissues
(pp. 832-3).

Before considering the changes that occur in the ripening of
an apple in the orchard or in a storage-chamber, we must call
attention to the fact that apple tissue is continually absorbing
oxygen and giving off carbon dioxide. This respiration, of
course, implies the continuous loss of carbohydrates (fig. 28).
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According to Kidd and West (217), who have performed
extensive investigations on the re ipiration of the apple, all the
fractions among carbohydrate components may be involved.
They have also found (Kidd and West, &81) that the
respiratory activity diminishes rapidly during the carly summer
and subsequently, during cell-enlargement, more slowly (fig. 22).
These decreases doubtless result mainly from the gradual
increase in the water content of the fruit. For a period the
respiration of the fully grown apple remains steady. Sooncr or
later, however, therc is a sharp rise in respiratory activity,
which continues until the fruit becomes green-yellow (Blackman
and Parija, 18). A new phase in the lifc of the apple has
begun. Kidd and West have described this phase as the
climacteric.

The charts drawn in figs. 22 and 23 indicate that the onset
of the climacteric cannot be ascribed to an inercasc in the
concentration of respirable sugars, although the enhanced
respiration shown during this phasc implies that sugar was
consumed at a more rapid rate than in the less mature apples.
Blackman has suggested that the rise in respiration in yellowing
apples results from a decrcase in organization resistance (p. 837).
This decrease would lead to an increased rate of diffusion of
molecules of respirable sugars to the respiratory centres in the
protoplasm, and, conscquently, to enhanced respiratory
activity. Clearly we must next consider the question of the
possible causc of this decrease in organization resistance.

The answer now given to this question is based on the
results of experiments, which have shown that ethylene gas
in very low concentration (say, one volume per million volumes
of air) hastens the yellowing of citrus fruits and bananas, and
affects in various ways the growth of plants (sce, for example,
Niederl et al, 228, Huelin and Barker, 213). For example, it
retards the growth of pea epicotyls and causes swellings.
Evidence was also obtained that ripe bananas give off a gas
that accelerates the ripening of green bananas; the early
ripening of a single bunch may hasten the ripening of all the
bunches of bananas in a barrel. In 1982 Elmer reported that a

THOMAS’S PLANT PHYS. 9
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gas emanating from apples affects the sprouting of potatoes ;
and, later, at the Low Temperature Research Station, Cam-
bridge, it was shown that ethylene in low concentrations has
the same effect. In 1984 Gane, using the well-known bromine
test, detected ethylene among the volatile products given off
by yellowing apples.

The influence of ethylene on respiratory activity has been
investigated at Cambridge and elsewherc. Huelin and Barker
(loc. cit.) have produced evidence, which supports conclusions
advanced ecarlier by Herklots, that ethylene stimulates the
respiration of such potatoes as have a low sugar content (see
p. 338) by bringing about a decrease in organization resistance,
i.e., by advancing the rate of supply of sugars to the respiratory
centres. Broadly the effect may be described as reversible ;
when treatment with ethylene\is stopped, respiration falls to
its normal air-value. Huelin and Barker report that other
workers have found that the respiration of fruit in the pre-
climacteric phase is also stimulated by ethylene, but that this
stimulating effect on fruit is irreversible. Moreover, after the
onset of the climacteric, treatment with ethylenc does not
stimulate respiration.

Important inferences have been made from thesc experi-
mentally determined facts. In the first place it has been
argued that, as in the potato, so also in the apple, and indeed
in other fruits (e.g., banana, tomato), ethylene brings about a
decrease in the organization resistance of the cells. At a
certain stage of maturity fruits by their own metabolism produce
ethylene ; and, accordingly, it is considered that the climacteric
represents a state of auto-stimulation, in which yellowing and
enhanced respiration are two of the attendant effects. There
may be many others. The production of ethylene is con-
tinuous, which means that the passage through the climacteric
phase, once it has started, cannot be stopped, although it may
be retarded. Before the pre-climacteric phase, fruit does not
produce its own ethylene ; consequently, treatment of the green
fruit with low concentrations of ethylene during this earlier
phase hastens the onset of the climacteric ; but as soon as this
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stage is reached the fruit is in a state of auto-stimulation ;
accordingly, the increase in the rate of respiration and of the
rate of yellowing cannot be reversed by stopping the supply
from the outside of ethylene. Evidently a good case ha< been
made out for ascribing to the production and propertics of
ethylene, acting in low concentrations, the changes in cells
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Fi1c. 23. Changes in the concentration of glucose, fructose, and
cane-sugar, during growth, ripening, and senescence. (From
Kidd, 78.)

that lead to and determine events during the climacteric period.
There still remain for solution in the future the problems of
finding out what is the source from which ethylene springs as a
metabolic product, and of ascertaining what cell changes
determine that it should be produced in fruits at a certain
stage of maturity.

Metabolic events that lead to the production of odour and
flavour are promoted during the climacteric phase. Fower and

9—z
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Chestnut (112) detected acetaldechyde, and the methyl, ethyl,
and amy]l esters of formic, acetic, caproic, and caprylic acids,
among the volatile products that developed during the ripening
of certain Amecrican apples (e.g., Ben Davies). They also
obtained some evidence of the presence of the terpene, geraniol,
or its esters.

The climacteric is followed by the phase of senescence.
During this phase autolysis gradually scts in. Insoluble
protopectin is converted by protopectinase into soluble peetin,
and, with the disappcarance of the middle lamella from cell-
walls, the flesh-tissue may become mealy. The rate of CO,-
output declines during senescence, i.e., when the fruit turns
yellow, and afterwards. Kidd has represented this fact in the
generalized curve reproduced in fig. 22. Since the respiratory
quotient does not diminish—indeed it may increase (see p. 322)
—it follows that oxygen-uptake is also depressed as the apple
grows old. Fidler (44) found that cthyl alcohol and acetaldehyde
steadily accumulate, and suggested that this phenomenon
(senescence-zymasis) might be attributed to the progressive
retardation of oxidative processes. Thomas (155) had earlicr
demonstrated that these substances accumulate when the
flesh-tissue of an apple or a pear suffers injury (injury-zymasis).
On the basis of Kostytschew’s views concerning respiratory
events (p. 864), he suggested that during autolysis the intricate
co-ordination of enzymes in the respiratory centres of the
protoplasm breaks down, while the zymase system still retains
its activity. Zymasis is a symptom of disorganization, but not
the inducing cause. He found that one hundred grams of
apple tissue may at death contain more than 0-15 grams of
alecohol. The apple belongs to the direct-oxidase group of
plants, and consequently turns brown on injury (p. 89). During
browning oxygen-uptake proceeds vigorously, and in con-
sequence the apparent respiratory quotient falls rapidly
(p. 322).

One of the chief objects of industrial research on the storage
of fruits is to delay the onset of autolysis. Low-temperature
storage, but well above the freezing point, is the chief require-



BIOCHEMICAL METHODS 261

ment. Kidd and West have shown that this objeet may also
be achieved by gas-storage (see p. 183). The use of carbon
dioxide and of atmospheres poor in oxygen depresses respiratory
activity, retards ripening, and lengthens the storage life of a
fleshy fruit. Extensive trials have been carried out in order
to determine the behaviour of different varieties in gas-storage,
and to ascertain the optimum conditions for gas-storage. For
example, it has been found that Bramley’s seedling stores
better at 5° Centigrade than at 1° Centigrade (see Kidd and
West, 217).

C. Special Biochemical Methods for Testing Hypotheses concerning
Metabolic Sequences

In order to assess the value of the various hypotheses con-
cerning metabolic sequences put forward from purely chemical
considerations, or developed from general physiological studies
such as those discussed in scction BB, experimental evidence
should be collected by as many biochemical methods as can be
put into practice. Then judgment on the most probable
sequence should be based on the cumulative evidence available.
In the following subsections we shall consider some of the
available methods for testing a hypothesis that a substance B
is an intermediate in the conversion of a initial metabolite A
into a product C under the agency of protoplasmic or enzymic
systems e, and e,.

e, e,

A—>5B

»C

Qualitative analysis. Evidently B should accumulate if it
is formed from A more rapidly than it is converted into C.
Experiments should therefore be performed to discover whether
B can be detected in cells which are converting A into C. The
finding of B would be consistent with the hypothesis that it is
an intermediate metabolite, but it would not afford definite
proof, for it might originate during the course of some other
reaction. The support given would be stronger were it shown
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that B is present in cells only under conditions which permit
the conversion of A into C. Three examples must suffice :
(a) the detection of fatty acids in cells in which fats are being
converted into carbohydrates, or vice versd, is consistent with
the hypothesis that the acids are intermediate mctabolites in
these conversions ; (b) the simultaneous occurrence of succinic,
fumarie, and malic acids, in the fruit of the apple suggests that
these acids are readily interconvertible; (¢) the fact that
acetaldehyde has been detected among the products of fermenta-
tion, and of the anaerobic respiration of higher plants, suggests
that it might be the precursor of ethyl alcohol.

Failure to detect B does not invalidate the hypothesis that
it is an intermediate between A and C. Evidently it would
only have a transient existence were it converted into C more
rapidly than it is formed from A.! For example, (a) the
formaldehyde-hypothesis of photosynthesis must not be
rejected because this aldehyde, although scarched for inten-
sively, has never been detected in illuminated green leaves;
(b) we may still acquiesce in the view that acetaldehyde,
pyruvic acid, or other products of zymase-cleavage, are
intermediatc metabolites in the uxidative metabolism of carbo-
hydrates, although these products arc normally absent from
plant-cells ; (¢) the fact that maltose is absent from plant-cells
does not exclude the possibility that it is formed during the
hydrolysis of starch, If B does not normally accumulate
use should, whenever possible, be made of the methods of
fixation, differential inhibition of enzymes, and the separation
of enzymes, in order to determine whether B has a transient
existence.

Fixzation methods. If a substance X, which can enter into
chemical combination with B, is added to cells which are
converting A into C, it will compete for B with the enzyme e,
and some B may in consequence become fixed as BX,

1 If the substance (e.g., formaldehyde, acetaldehyde) is a poison this
rapid removal is an advantage to plant-cells. Under certain conditions
acetaldehyde accumulates in and poisons the flesh-tissue of the apple,
pear, medlar, etc.
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The detection of BX under these conditions, although supplying
important evidence that B is an intermediate between A and C,
would not afford rigid proof of this hypothesis, seeing that B
might be the product of some other metabolic change.  Again,
the evidence would be stronger were B to be fixed only when
A is being converted into C. Even so, B might be derived
from a substance I as a result of changed conditions brought
about by the presence of X.

Neuberg has successfully applied this method to test the
hypothesis that pyruvic acid and acctaldehyde have a transient
existence during the alcoholic fermentation of sugar by yeast.
Calcium pyruvate accumulated when the fermentation was
carried out in the presence of calcium carbonate.  When sodium
sulphite or dimedon ! was added to the fermenting mixture,
acetaldehyde was fixed (scc Harden, 99). Acetaldehyde
bisulphite was formed with the first-named fixing agent, and
acetaldomedon with the other. Ethylalcohol also accumulated.
Neuberg concluded that some of the acetaldehyde escaped
fixation, and was reduced by enzyme systems in the cell.

Neuberg and Gottschalk found that acetaldehyde bisulphite
accumulated when sodium sulphite was added to ground pea-
meal under anaerobic conditions, and concluded that acet-
aldehyde was an intermediate metabolite in the anaerobic
respiration of peas. Klein and Pirschle separated acetaldome-
don from plant-tissues that had been metabolizing in the
presence of dimedon under aerobic conditions, and inferred
that acetaldehyde is an intermediate product of oxidative

! This word is a contraction for dimethyl-cyclo-hexanedione. Insolution
in the presence of aldehydes it gives rise to crystallizable addition-com-
pounds termed aldomedons. As solids, they may be distinguished by their

melting points. Acetaldomedon melts at 140° C., and formaldomedon at
180° C.
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metabolism, and possibly an intermediate product in the
respiratory oxidation of carbohydrates (see p. 868). Klein
and Werner have used the fixation method to test the form-
aldehyde-hypothesis of photosynthesis (see p. 302).

The differential inhibition or activation of enzymes in living cells.
It is well known that the activity of enzymes may be influenced
by altering the temperature, pH, or certain other factors, or
by adding substances to the reaction medium. Evidently
differential inhibition or activation of enzymes in living cells
may lcad to the accumulation of substances, which normally
have only a transient existence. For instance, if we succeed
in effecting the differential inhibition of e, or the differential
activation of ¢, in the conversion of A into C, B would tend
to accumulate. It must be remembered, however, that
abnormal chemical changes may*occur in the presence of the
inhibitor.

This virtually is the method employcd when hypotheses are
tested by autolysis experiments (p. 68). The rates of linked
enzyme actions are differentially altered during the course of
the disorganization of cells, and substances not normally
present may accumulate. For instance, the fact that maltose
accumulates when amyliferous leaves or germinating seeds are
slowly dried at moderate temperatures is consistent with the
view that it is a normal but transient intermediate in the
hydrolysis of starch (¢f. pp. 35 and 276). Maltase may be
more active than diastase in the metabolism of healthy cells,
and the reverse may hold during autolysis.

The production of ethyl alcohol and acetaldehyde during the
course of the autolysis of the senescent flesh-tissue of apples
stored in air (Fidler, 44), or earlier in injured fruit (Thomas,
155), has been ascribed to the differential inhibition of enzymes.
It has been suggested that the activity of the oxidation enzymes
was more depressed than that of zymase (c¢f. p. 260). These
results are consistent with the view that the intermediate
products of zymase cleavage are oxidatively consumed in
healthy cells (see Blackman’s schema, p. 871).

Chloroform, sodium fluoride, and sodium iodoacetate, are
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among the substances which, owing to their power of diffcrenti-
ally inhibiting enzymes in the zymasc-complex, have helped to
elucidate the chemistry of fermentation (pp. 58-61). The study
of differential inhibitions, brought about by phenyl urethane,
cyanides, sulphides, and carbon monoxide, have played an
important part in the development of our knowledge of oxidative
metabolism (pp. 42 50 and 377).

The demonstration of the presence of specific enzymes in living
cells. The demonstration of the presence in living cells of
specific enzymes ¢, and e, that can in vitro respectively convert
A into B, and B into C, would afford strong support for the
hypothesis that B is an intermediate metabolite in the conver-
sion of A into C. There is no necessity to give illustrative
examples here, for we have earlier (chap. III, section C)
described the activities of some of the more important of the
enzymes that have been separated from living cells.  We also
indicated possible sequences in zymase cleavage, the hydrolysis
of proteins, starch, amygdalin, cte., which have been suggested
as a result of the resolution of zymase, proteases, diastase,
emulsin, and other enzymes, into components showing
specificity.

Ieeding experiments. The demonstration of the simultaneous
disappearance of I3 and appearance of C when B is fed to a
tissue which can convert A to C, would provide strong
support to a hypothesis, advanced on the basis of other
evidence, that I3 is an intermediate metabolite in this conversion.
But such evidence would not be conclusive, because it is
possible that B might give rise to D while at the same time
causing a substance ¥ to change into C. Obviously the single
study either of the disappearance of B or of the appearance
of C will not prove that these events are connected. It should
be noted that if B does not disappear we cannot conclude that
it is not produced in the conversion, since it might normally
give rise to C by combining with another substance E, let us
say, which, under natural conditions, is produced simultaneously
and in commensurate amounts. Evidently unless E is also
added in the feeding experiments, B would not disappear.
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Feeding experiments have been performed with inconclusive
results to test the formaldehyde-hypothesis of photosynthesis
(p. 803), and the hypothesis that products of zymase cleavage
undergo oxidative metabolism during the process of aerobic
respiration (p. 868).

Suggestive evidence concerning the metabolism of illu-
minated and of darkened leaves has been obtained by feeding
them with solutions containing various substances. We have
already considered such evidence in discussing the synthesis of
nitrogenous organic compounds (p. 243). It has long been
known that certain leaves, which have previously been freed
from starch, can manufacture this polysaccharide in the dark
when they are floated on solutions containing one of the
following substances : glucose, fructose, mannose, galactose,
glycerol. The evidence does not appear to be conclusive that
the starch is actually produced from the nutrient absorbed.
The list given is not exhaustive. For example it has often
been stated that feeding with cane-sugar gives the best results,
but it is not known whether this substance undergoes hydrolysis
prior to the formation of starch. Since the hydrolysis of
starch in wilting leaves, and in certain other organs (e.g.,
potato tubers) when they are drying up, may result in the
accumulation of cane-sugar, we cannot exclude the possibility
that starch may be converted into cane-sugar without passing
through an intermediate monosaccharide stage. This suggests
that the reverse change may also occur, viz., the direct con-
version of cane-sugar to starch. If this happens, since starch
is a glucosan and cane-sugar contains fructose, we could infer
that fructose units are converted into glucose units, unless a
fructosan is produced simultaneously with starch. Feeding
experiments quantitatively carried out may help to clear up
the confusion in our present knowledge of this important
question of the relation between starch and cane-sugar. We
note that the evidence cited above suggests that green leaves
can effect, in the dark, intramolecular conversions within the
carbohydrate group, since starch was produced by leaves
floated on fructose, mannose, or glucose, Virtanen and
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Nordlund (257) have more recently reported that cane-sugar
was synthesized in the dark by leaves of red clover and of
wheat plants when they were floated on a 10 per cent. solution
of either glucose or of fructosc.

The experimental results that we have just considercd are
consistent with the theory that soluble hexoses are the primary
products of photosynthesis, and that the formation of cane-
sugar and starch occur as secondary processes independently
of the presence of light (¢f. p. 242). The necessary or critical
concentration of sugar for starch-formation varies in different
plants. In certain dicotyledonous leaves (e.g., those of plants
belonging to the Solanacex and Leguminosa) the minimum
concentration for starch-formation may be less than 0-5 gm.
per 100 gm, of fresh-weight lcal. In many monocotyledonous
leaves concentrations greater than 15 per cent. must be present
before starch-formation can be induced. Since these leaves do
not normally form starch when they are illuminated, further
evidence is afforded that starch-formation is only dependent on
photosynthesis in so far as this process provides sugars for
condensation,

We note that the fact that plant-cells can convert glycerol
into carbohydrates accords well with the view that glycerol is
an intermediate metabolite in the conversion of fats into
carbohydrates. This feeding experiment has provided direct
evidence that there is a metabolizing system in protoplasm that
can effect this conversion.

To obtain satisfactory results in feeding experiments of the
kind we have described, it is necessary to ensure that leaves
receive an adequate supply of oxygen. This point has recently
been emphasized by Phillis and Mason (235). These workers
reported that some starch was formed even under anaerobic
conditions in the dark when discs cut from leaves of the cotton
plant were floated on cane-sugar solutions, but that the rate
of production of starch was greatly enhanced in the presence
of oxygen. Moreover, they maintain that dull light, indepen-
dently of any action it might have had on photosynthesis (they
carried out their experiments in an atmosphere free from carbon
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dioxide), very strongly augmented the rate of starch formation.
They concluded from the results of quantitative experiments
that light and oxygen act by promoting the absorption of sugar
by green cells.

The production sequence. Views concerning the sequence of
stages in metabolism may sometimes be tested by determining
the order in which possible intermediates appear under experi-
mental conditions. For example, Weevers (sec Stiles, I144)
has investigated the problem of the first sugar formed in
photosynthesis by determining the production sequence of
carbohydrates during this process. Leaves of Pelargonium
zonale were placed in the dark until they were free from starch,
cane-sugar, and hexose sugars. The leaves were then illumi-
nated, and from time to time analysed. Carbohydrates
appeared in the following order : hexoses, cane-sugar, starch.
Weevers concluded that hexoses are the precursors of cane-
sugar. We cannot decide from this experiment whether the
starch is derived from the hexoses or from the cane-sugar.
Chemical considerations would favour the view that it is formed
by the condensation of glucose, but certain other recent cxperi-
ments suggest that starch and cane-sugar may be readily
interconvertible (see Onslow, 102, chap. I).

Privative methods. Important evidence concerning possible
metabolic sequences has been obtained by excluding from the
reacting system one factor that is normally operative. Well
known examples of the application of this method are the
comparison of aerobic and anaerobic events, the investigation
of metabolism in illuminated and darkened leaves, and the
study of the chemical behaviour of plants growing in culture
solutions deficient in one of the essential elements.



CHAPTER XIII

CARBON ASSIMILATION OR THE PHOTOSYNTHESIS
OF CARBOHYDRATES

A. Experimental Methods

~

General considerations. Carbon assimilation or photo-
synthesis consists in the production by illuminated chloro-
plasts of hexose sugars from carbon dioxide and water. Oxygen
is formed as a by-product.

6CO, + 6H,0 = C.H,,0, + 60,.

The carbon dioxide passes into the green leaf through the
stomata (chap. X), and the water obtained from the soil
reaches the leaf by way of the conducting parenchyma of root
and leaf, and the vessels and tracheides of the xylem (chap.
VIII). Oxygen passes out through the stomata. A fraction of
the hexoses formed may accumulate ; the remainder is variously
metabolized without the intervention of further light-energy.
One part undergoes condensation to yield higher carbohy-
drates (e.g., cane-sugar, starch); another part is used in the
production of aromatic compounds, proteins, and other com-
pounds ; and all the while some of the carbohydrates, and
possibly other compounds, undergo respiratory oxidation.
Furthermore, material is lost to green leaves by the transloca-
tion in the phloem of certain crystalloidal metabolites such as
cane-sugar, and ‘ residual nitrogen,” to other metabolizing
tissues in the shoot or root.

By synthesizing organic compounds, leaves increase their
carbon-content, dry-weight, and energy-content. These in-
creases are opposed by respiration in detached leaves under
experimental conditions, and by translocation as well as by
respiration in attached leaves.

269
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The methods used in studying photosynthesis, some of which
are outlined below, consist essentially in the measurement
either of the gaseous exchange or of the accumulation of
organic compounds associated with the process, due allowance
always being made for respiration and translocation.

The measurement of CO,uptake. In order to determine
the average amount of carbon dioxide absorbed from ordinary
air in one hour of a summer’s day by a given sample of leaves,
equal volumes of air arc simultancously passed for a period
(a) over the green leaves exposed to light and then through a
solution of baryta, and () directly into an equal volume of the
same solution of baryta as that used in (a). If the soda-lime
tube for freeing the air from carbon dioxide is omitted, the
apparatus for measuring respiration, described on p. 811, and
illustrated in fig. 29, may be used. At the end of a given
period, both of the baryta solutions should be titrated against
standard hydrochloric acid. The average apparent assimila-
tion per hour (i.e., the CO,-uptake) by the sample under the
conditions of the experiment may be calculated from the
difference between the two titrations. To evaluate the real
assimilation, a correction for the average hourly respiration of
the same leaves at the same temperature must be applied. The
chamber containing the leaves should be placed in the dark
and the respiration of the leaves measured (p. 811). The real
assimilation is then obtained by adding together the value
of the CO,-uptake (i.e., the apparent assimilation), and the
amount of carbon dioxide produced in respiration.

The results may be expressed in a variety of ways. The
carbon dioxide absorbed in unit time (usually onc hour) may
be given in cubic centimetres or in grammes ; the temperature
is always recorded in degrees centigrade ; the light-intensity is
sometimes given absolutely as metre-candles (lux units),
but statements of relative intensities are often sufficient. The
percentage of carbon dioxide in the gas-mixture surrounding
the plant during the course of the experiment should also be
noted. According to the purpose in view, photosynthesis is
referred to the area of leaf-surface, or to the fresh-weight or the
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dry-weight of leaves. The experiments arc beset with diffi-
culties, as all these magnitudes riay change during the course
of an experiment. Critical discussion would, however, take us
too far.

The measurement of CO,-absorption has been the niethod
most frequently used in quantitative researches on photo-
synthesis, Water-plants provide more suitable experimental
material than green shoots or leaves of land-plants, since in the
latter the rate of supply of carbon dioxide to the chloroplasts
from a gas-mixture of constant composition may alter during
the course of the experiment owing to stomatal movements
(p. 189). Special picces of apparatus have been designed by
F. F. Blackman, Spoehr, and others, for measuring photo-
synthesis by water-plants in moving water containing known
percentages of dissolved carbon dioxide or of sodium bicarbonate
(see Stiles, 144, and Spoehr, 140). Sodium bicarbonate is
either itself assimilated or becomes dissociated into carbon
dioxide, which is then assimilated.

The measurement of oxygen-output. The output of oxygen
by green leaves in a closed glass vessel exposed to light may be
followed by gas-analysis with Haldanc’s apparatus (p. 815).
Oxygen-output, however, is usually demonstrated by collecting
and testing the gas which bubbles from cut surfaccs of illumi-
nated green shoots of water-plants (e.g., Canadian water-weed
(Elodea canadensts) ). The gas given off is not pure oxygen,
but is much richer than air in oxygen. The reason for the
bubbling during photosynthesis is that oxygen is much less
soluble than carbon dioxide in water. The oxygen goes out of
solution and into the intercellular spaces as a gas, and increases
the gas-pressure in these spaces. Consequently the air, enriched
in oxygen, escapes in the form of bubbles from cut surfaces.

The rate of bubbling may be used as a measure of the relative
rate of photosynthesis under different external conditions. The
COy-supply is conveniently varied by using solutions of sodium
bicarbonate of different strengths. This compound by ionic
dissociation finally provides carbon dioxide for photosynthesis.
Light-intensity and temperature may also be altered. The
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same piece of shoot must be used for a set of comparative
experiments, and arrangements must be made for the discharge
of bubbles of a uniform size. For research purposes special
bubblers have been designed, but for class-experiments it is
sufficient to cover the cut surface of the shoot with gelatine,
and then to pierce the covering with a ncedle. Carc must also
be taken that the shoot always presents the same surface to-
wards the light source.

In certain important researches the oxygen-output of
illuminated leaves has been measured by F. F. Blackman’s
palladium-method. The leaves were initially surrounded with
a gas-mixture of hydrogen and carbon dioxide. After a
period of illumination the surrounding gas, which would then
also contain oxygen, was passed over a palladium surface, on
which all the oxygen and some of the hydrogen combined to
give water. From the resulting reduction in volume, which
was measured cudiometrically, the oxygen-output was cal-
culated.

Of the other methods which have been used for detecting the
evolution of oxygen, two delicate bacterial methods may be
mentioned. In one, the fact that luminous bacteria are
luminous only in the presence of oxygen has been exploited.
In the other, which has been morc frequently used, motile
bacteria, such as Bacillus termo, are enclosed with green tissue
in water under a sealed coverslip. In the absence of oxygen
these bacteria do not move, but begin to do so in the presence
of a mere trace of oxygen.

The measurement of dry-weight increase. It follows from
the equation given at the beginning of this section that the
dry-weight of plants increases by 180 grammes, when hexoses
are photosynthesized from 264 grammes of carbon dioxide and
108 grammes of water. It has been calculated that over 90 per
cent. of the dry-weight of plants is due to photosynthesis.
Sachs’s half-leaf method of measuring photosynthesis is based
on this fact. Although this method is not now used in exact
experiments it instructively illustrates important functions of
green leaves, and thus merits mention.
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At the beginning of a period of illumination, the dry-weight
is determined of a definite area cu. out from the half-blade on
one side of the midrib of each leaf in a sample. Each leaf
selected should have similar venation on the two sides of the
midrib. Then at the end of the period the dry-weignt is
determined of an equal area of the same shape removed from
a similar position on the other half-blade of the leaf. Let
w, represent the average dry-weight of the areas removed at
the beginning and w, that of the areas removed at the end of
the experiment. Then (w, — w,;) measures the amount of sub-
stance that has accumulated in these areas during the period.
But substances have throughout been removed from these
areas by respiration in detached leaves, and by both respiration
and translocation in leaves normally attached to the stem,
The average amount removed is measured by using the half-leaf
method at the same temperature with another sample of leaves,
and determining the average loss in dry-weight (w; — w,) during
an equal period in the dark. Clearly, on the average, the
amount of dry matter formed by photosynthesis in the area
used during the period of illumination would be (w,—w,) +
(wg—w,). This is usually expressed in grammes increase of
dry-weight in unit time per unit area of leaf-surface.

To obtain reliable results large samples must be used ; even
so, there are many sources of error. For example, it has been
shown that, owing to changes in their water-content, leaves may
significantly alter in area during periods of illumination and
darkening. Hence the number of photosynthesizing cells in a
given area of leaf may fluctuate during the course of a day. This
introduces grave errors, seeing that what we really require to
know in our quantitative experiments is the change in the dry-
weight of a given number of comparable mesophyll-cells over a
definite period in the light and in the dark. For a given
area it has been shown that even after allowing for respira-
tion and translocation, the dry-weight increase, as found by
the half-leaf method, is rarely what would be expected from
the amount of carbon dioxide absorbed during the same
period. i
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The measurement of the increase in energy—content. The
increase in the dry matter and in the energy-content of green
leaves during photosynthesis have been simultaneously deter-
mined by the half-leaf method. It appears that for every
gram of substance accumulating in leaves during photo-
synthesis, 4-5 Kilogram-Calories of energy are fixed. This
figure represents the difference between the heats of com-
bustion of the residues, of weights w, and w, (see the last sub-
section), which are obtained in the dry-weight determinations.

TaBLeE XI. Heats of combustion of 1 gm. of various metabolites

in Kg.-Cals
Glucose . . . 879 Leucine (an amino-acid) 65
Cane-sugar . . 399 Vitellin (a protein) . 57
Starch . . .41 Linseed oil . . 947
Cellulose . . . 42 Simple benzene com-

pounds . . 10

It is clear from the data given in table X|,that values for
energy-fixation greater than 4-2 Kg.-Cals per gm. dry-weight
indicate that substances other than carbohydrates, and
possessing a higher calorific value per gm. dry-weight, must
accumulate in leaves during photosynthesis. It should be
noted that none of these substances is a direct product of
photosynthesis. Nevertheless each secondary product derives
all its energy from the solar radiation absorbed in photo-
synthesis. The solar energy fixed, however, is entirely trans-
formed into the potential energy bound within the molecules of
the hexoses that are produced. These hexoses are then vari-
ously changed ; a fraction is condensed to higher carbohydrates,
a change involving a slight increase in energy-content per gram
(see table X} ; and other fractions take part in the production of
proteins, lipoids, benzene compounds, and other substances
possessing a higher energy-content per gram than that of the
hexose from which they are derived. It is supposed that this
extra energy comes from the chemical energy set free by the
respiratory oxidation of yet another fraction of the hexoses
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formed by photosynthesis. If it does, all the chemical energy
bound in green leaves is derived either directly or indirectly
from the sun’s rays. It should be noted that, owing to the
continuous respiratory oxidation of organic compounds during
a period of illumination, the total amount of energy in a leaf
at the end of such a period is less than the amount of energy
that is actually fixed by the photosynthesis of hexose during
that period, i.e., the energy-fixation equivalent of apparent
assimilation is less than that of real assimilation.

Experiments have shown that less than one per cent. of the
total light-energy incident upon green leaves may be used in
photosynthesis. The remainder is reflected from the leaf-
surface or transmitted through the leaf or changed into heat.
The temperature of an insolated leaf may become higher than
that of the air, but sooner or later the extra heat is either
absorbed in transpiration as the latent-heat of evaporation of
water, or re-radiated into the air. Attempts have been and are
still being made to judge the cfficiency of chloroplasts in using
the small fraction of the incident light-encrgy that they absorb.
The photosynthetic efficiency of a tissue is defined as the ratio
of the light-energy absorbed in unit time by the chloroplasts
to the amount of energy fixed per unit time, i.e., changed into
the chemical energy of the organic products of photosynthesis.
Experimental results suggest that although very little of the
incident light is absorbed by the chloroplasts, fifty per cent.
or more of that which is absorbed may, under favourable
conditions, be used in photosynthesis, i.e., the efficiency may
be greater than 0-5.

The measurement of increases in the amounts of carbohydrates.!
Theoretically, photosynthesis might be measured by deter-
mining the rate of production of any organic substance that
accumulates at a rate proportional to that of CO,-uptake ; but,
actually, little attention has been given to substances other
than carbohydrates.

1 For details concerning older methods of estimating carbohydrates
see Haas and Hill (53), and concerning new methods see Barnell (184),
Yemm (265).
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It is not difficult to show (a) that glucose, fructose, and cane-
sugar are generally present in green leaves, and that the total
concentration of sugars increases during a pcriod of illumina-
tion ; and (b) that starch simultaneously accumulates in the
assimilatory cells of many plants. In some species, however,
particularly among the Liliacee and Amaryllidacece, starch is
never found in green cells.

(a) The estimation of sugars. Sugars may be extracted [rom
fresh leaves by plunging the leaves into boiling alcohol. This
supplants an older method in which leaves were dried in warm
air before cxtracting the sugars. It was found that owing to
the persisting activity of enzymes autolysis takes place during
drying, and changes occur in the relative amounts of various
carbohydrates. Thus maltose, which is not normally present
in leaves, is formed in drying leaves by the action of diastasc
on starch (p. 215). Plunging into boiling alcohol immediately
inactivates enzymes, and consequently the amounts of carbo-
hydrates finally found are the same as those which exist in the
fresh leaves.

The alcoholic solution is evaporated to dryness, and the
residue taken up in tepid water. Next, the glycosides, amino-
acids, and certain aromatic substances, are precipitated by
adding basic lead acetate to the aqueous extract. A solution
of sugars, fairly free from other organic impurities, is obtained
by filtration. Any excess of the lead salts is removed by pre-
cipitation, and the total amount of reducing sugars in the filtrate
is ascertained by titrating part of it with Fechling’s solution,
or by some other volumetric method. The glucose in another
part is oxidized with an alkaline solution of iodine, and the
residual reducing sugar (viz., fructose) is estimated as before.
Total reducing sugar less fructose gives glucose. To another
part sufficient citric-acid crystals are added to give a 10 per
cent. solution, and the mixture is boiled for ten minutes. The
cane-sugar is thus completely hydrolyzed to glucose and
fructose. This solution, which will contain the original reducing
sugars and those formed by the hydrolysis of cane-sugar, is
neutralized with sodium carbonate. The total amount of
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reducing sugars present in this solution is then determined
volumetrically. The amount of cane-sugar present in the
original extract from leaves may be calculated from the increase
in reducing power brought about by hydrolysis with citric
acid.

(b) The estimation of starch.  During the extraction of
sugars, any starch that has been produced in photosynthesis
remains in that fraction of the leaf-residue which is insoluble
in alcohol. Theoretically, the starch present in this sugar-free
residue may be estimated by determining the amount of reduc-
ing sugars formed upon hydrolysis. Takadiastase, a special
form of diastase prepared from the mycelium of Aspergillus
oryzee, has been used in several researches. This enzyme
converts starch into a mixture of maltose and glucose. Acid
hydrolysis has also been used. With this method, however,
error may arise through the cleavage of other polysaccharides,
such as hemicelluloses, fructosans, and pentosans, and correc-
tions must be made.

Starch is the most easily detected of all the substances which
may accumulate during photosynthesis. Thus individual
starch-grains, stained deep blue, are seen in the chloroplasts of
sections of green starch-forming leaves mounted in chloral-
hydrate-iodine (Schimper’s solution). The presence of starch
in whole leaves is detected by the blue colour given when
leaves, which have been decolourized by placing them first in
boiling water and then in ethyl alcohol, are treated with a
solution of iodine in potassium iodide.

For class-work, these methods, being simple, may be used to
ascertain the necessary conditions for photosynthesis, and as a
measure of the rate of this process. For example, let us suppose
that clover-plants. the leaves of which have previously been
shown to contain starch, are placed in the dark until most of
the leaves have become starch-free as a result of hydrolysis and
of other processes which are discussed elsewhere (p. 201). The
plants may then be placed in the light in the absence of carbon
dioxide, or in various conjunctions of air and carbon dioxide,
or in ordinary air under the same illumination but at different
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temperatures, or in ordinary air at the same temperatures
but under different illuminations. After equal periods under
different experimental conditions, large samples of leaves are
taken from each plant. The leaves are first decolourized, and
then placed in iodine. The relative amount of starch which
has been formed in each leaf is then judged by the intensity
of blue given. For example, leaves may be classified as
giving no reaction, medium reaction, strong reaction, and
very strong reaction. For any one set of conditions it will
be found that variation usually occurs for a single plant. The
most frequently occurring reaction should be taken as repre-

senting the amount of starch formed in that plant during the
experiment,

B. The Photosynthetic Reacting System

The necessary factors. It can readily be shown by the
methods described in the last section what external factors
must be operative before photosynthesis will take place in a
given green plant. Thus for starch-formation, or for the pro-
duction of bubbles by submerged shoots, there must be a
supply of carbon dioxide, a suitable temperature, and light of
the requisite wave-length. Photosynthesis ceases at tem-
peratures considerably less than 50° C. The deceleration and
stoppage of physiological processes at temperatures greater
than the so-called optimum are discussed on p. 840. The
remarks made there are, in general, also applicable to photo-
synthesis. _

Towards the end of the eighteenth century it was established
that only green organs can absorb carbon dioxide and give
off oxygen. Much later it was shown that non-green tissues,
even when they are illuminated, cannot produce carbohydrates
from carbon dioxide and water. Thus starch is produced from
carbon dioxide and water only in the green cells of illuminated
variegated leaves. There is strong evidence that this power
of photosynthesis, which is uniquely possessed by green cells,
resides in the chloroplasts, and only in these structural units
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of green living cells. Thus the starch that accumulates in
green cells during photosynthesis is always confined to the
chloroplasts. And it has been shown by the motile-bacteria
method that only the spiral chloroplasts of illuminated filaments
of Spirogyra give off oxygen. Several investigators have
reported that phenomena attributable to photosynthesis
occurred when non-nucleated fragments of protoplasm contain-
ing chloroplasts werc floated in a solution of carbon dioxide
and exposed to light, but it has not yet been established that
chloroplasts can act alone. Modern methods of micro-dissection
have not yet been applied to reinvestigate the important
problem of what is the least structural unit in green cells which
can effcct photosynthesis. Chemical and physiological mcthods
have, however, advanced our knowledge of the internal factors
that are operative in whatever this structural unit may be.
The chloroplast pigments. According to Willstiatter and
Stoll, four pigments are universally present in chloroplasts
two of these, chlorophyll a and chlorophyll , arc green, and of
the non-green pigments, carotin is orange coloured and xantho-
phyll is yellow.! The relative amounts of these pigments in
normal green leaves of different species of land plants do not
vary greatly. Weight for weight, the green pigments are
about ten times as abundant as the yellow, and in molar
proportions the ratio amount of chlorophyll ¢/ amount of
chlorophyll b is 8/1, and the ratio amount of xanthophyll/
amount of carotin is 1-5/1. In gold-leaved varieties of plants,
however, such as those of the elm, elder, and oak, thc con-
centration of the yellow pigments exceeds that of the green.
Both before and for some years after the experiments of
Willstatter and Stoll were performed, it was generally believed
that the pigments extracted from green leaves by acetone or
alcohol, and dissolved in these or other lipoid solvents, or
colloidally dispersed in water, are chemically identical with the
pigments as they exist in living chloroplasts. But it was
known that there are always important differences between the
properties shown by chlorophyll extracted from a green leaf

1 For accounts of the chemistry of these plastid pigments, see Abpendix I.
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and those displayed by the green pigment in living chloroplasts.
For example, the green pigment is photostable when in the
chloroplast, and shows only a wecak fluorcscence; whereas
chlorophyll dissolved in a lipoid solvent produces a strong red
fluorescence, and readily undergoes photodecomposition. More-
over, there are marked differences between the positions of the
maximum absorption bands seen when the light passing
through green leaves on the one hand, and through solutions
in lipoid solvents of extracted pigments on the other, is examined
with a spectroscope. The solutions in lipoid solvents show
absorption bands nearer the blue-violet end of the spectrum.
Consideration of these points of diffcrence have shown to be
untenable several hypotheses which have been put forward
concerning the physical state in which pigments, assumed to
be chemically identical with extracted pigments, might exist
in living chloroplasts (see Stiles, /144 ; Hubert, 267). A straight-
forward idea advocated for many years was that in living
leaves chlorophyll is dissolved in the lipoid substances that
occur in chloroplasts. But this idea has been discredited
because the {luorescence of leaves, unlike that of lipoid solutions
of chlorophyll, is very weak ; indeed, so weak that it escaped
detection for many years. An intercsting point to note is
that the fluorescence may be augmented by plunging leaves
into boiling water ; possibly in killed lcaves chlorophyll does
actually dissolve in the lipoids of the chloroplasts. Moreover,
the absorption bands shift towards the blue-violet end of the
spectrum. Willstitter and Stoll suggested that chlorophyll is
dispersed as a hydrosol colloid .in the protoplasmic basis of
chloroplasts. In favour of this view is the fact that the
maximum absorption band in the spectrumn of a colloidal
solution of chlorophyll, especially in the presence of bivalent
ions, is not far removed from that of living leaves. This band
is situated near the wave-length 6,810 Angstrom units, i.e.,
681 pp. But such a colloidal solution does not show even weak
fluorescence.

The results of more recent work indicate that the problems
must be stated in new terms, since evidence exists that during
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the extraction of pigments with acetone or other lipoid solvents
a complex colourcd substance is decomposed, setting free the
pigments to which chemical formule were given by Willstitter
and Stoll. For instance Lubimenko reported that he prepared
from autolyzing aspidistra leaves a colloidal solution of a green
chromoprotein, which possessed the same absorption-spectrum
as the green leaves themselves. This coloured substance could
be flocculated with ammonium sulphate and still retain its
identity, and could be cleaved in a number of ways into a
colourless protein and pigmented substances. Lubimenko,
therefore, concluded that truc chlorophyll is a conjugate-
protein. He attached importance to certain specific variations
(e.g., of absorption-speetra) that he observed in leaves, and
attributed these to variation in the protein component of the
chromoprotein, true chlorophyll.

Hubert (267), however, refers the variation reported by
Lubimenko to errors resulting from the use of a microspectro-
scope that had an eye-piece with small dispersion. Hubert main-
tains that the maximum absorption band for living green cells,
whether of alge, vascular cryptogams, or flowering plants,
occurs at about 6,810 Angstrom units. In Noack’s school at
Berlin and Baas Becking’s school at Leyden, evidence has,
however, been obtained which supports Lubimenko’s con-
clusion that chlorophylls ¢ and b exist in a living leaf as
prosthetic groups of a chromoprotein. By grinding leaves with
water and then centrifuging, Noack obtained a green sediment,
which showed a slight fluorescence resembling that displayed
by living leaves. This fluorescence was lost by heating for
thirty seconds at 75°C., the minimum temperature for the
denaturation by heat of proteins. A fluorescent fresh sap
containing fragments of chloroplasts was also prepared. This
sap lost its fluorescence when treated with an active proteolytic
enzyme. The fluorescence persisted in the green proteinaceous
sediment thrown down when the sap was flocculated with
ammonium sulphate or with lead acetate. The inference
drawn was that the chromoprotein had been precipitated
without denaturation. When, however, this precipitate was
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heated the fluorescence disappeared. The protein had been
denatured. Fluorescence appearing subsequently was attri-
buted to solution in lipoids adhering to the sediment.

The colouring matter of chloroplasts, whether this be a
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Fi6. 24. Diagrammatic representation of Hubert’s ideas, which
are discussed in the text, concerning the possible disposition
in the choroplasts of molecules of chlorophyll, protein,
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chromoprotein or a mixture of green and yellow pigments, is
associated in chloroplasts with a colourless cytoplasmic stroma,
the composition of which we have already discussed (p. 17).
Hubert stresses the importance of the part played by lipoids
as well as by protein and pigments in determining the make-up



THE CHLOROPLAST PIGMENTS 283

of chloroplasts. His picture is that in the plastids chlorophylls
a and b are chemically combined with protein, and that forces
of cohesion hold in close association these chromoprotein
molecules, lipoid molecules, and molecules of the carotinoids
(fig. 24). The name phyllochlorin has been given to a single
complex containing all these chemical units. A regular pattern
results from a definite orientation of molecules according to
their polarity, the hydrophilic porphyrin ends of monomolecular
layers of chlorophyll being directed towards protein, and the
hydrophobic ends (which are also lipophilic) towards lipoid.
There may be a considerable number of such layers within the
cytoplasm of the stroma.

From microscopical observations, Zirkle concluded that
chloroplasts are vacuolated porous structures enclosed in clear
colourless cytoplasm, and that the colouring matter is uni-
Jormly distributed in colloidal dispersion in the cytoplasmic
matrix of the stroma. Certain earlier observers maintained
that the pigments are confined to the surface of the colourless
stroma. Doutreligne observed in her microscopical prepara-
tions a large number of distinet pigmented granules, which
were situated in the outer shell of the chloroplasts and embedded
in the stroma. Von Euler’s measurements indicate that a single
plastid of volume 40 p3 may contain more than a thousand
million molecules of chlorophylls a and b. This mecans that
there would be distributed in each pigmented granule of a
chloroplast innumerable pigmented complexes of the type
that Hubert pictured. The hypothesis that is guiding work at
Leyden appears to be that each granule contains a number of
pigmented layers slternating with non-pigmented layers.
Accordingly, for the further elucidation of this fundamental
problem, viz., the physical structure of the chloroplast, the
study by modern methods of physical chemistry of the pro-
perties of chlorophyll multifilms has been engaging the attention
of Baas Becking and his collaborators,

The most probable explanation of the fact that photo-
synthesis only occurs in green leaves is that the absorption of
light-energy for the conversion of carbon dioxide and water
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into carbohydrates is dependent on the presence of the chloro-
plast pigments. Since the absorption-spectra of green leaves
and of chlorophyll a and chlorophyll b (fig. 25), although not
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Fic. 25. The absorption-spectra of five different concentrations
of solutions in acetone of chlorophyll a (upper figure) and
chlorophyll b (lower figure). (From Willstéitter and Stoll.)

identical, show the deepest bands in that range of wave-
length of light (650700 uu) in which photosynthesis proceeds
fastest, we may infer that the green pigments are chiefly



PROTOPLASMIC FACTORS 285

responsible for absorbing the light-energy used in photo-
synthesis, It should be noted that light within this range is
not absorbed by the non-green plastid pigments, carotin and
xanthophyll (sce fig. 26). This scems to exclude the possibility
that the encrgy absorbed by these pigments is necessary for
the occurrence of photosynthesis. Instructive experiments
may be performed by placing green shoots in double-walled
bell-jars containing coloured solutions, and judging the rate of
photosynthesis by the starch-formation-, bubbling-, or some
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Fic. 26. 'The absorption-spectra of solutions of carotin (upper
figure) and xanthophyll (lower figure).

other method. The results obtained by recent investigators
appear to be in general agreement with Reinke’s (fig. 27). In
recent rescarches, colour-filters such as are used in photography
have proved of service in the determination of the photosyn-
thetic efficiency of different wave-lengths of light. DBriggs (28).
who cmployed Wratten gelatin filters in his experimental
determinations by means of the palladium method of the rates
of photosynthesis in yellow-red (570640 pu), green (510-560 up),
and blue (480-510 pp) light, took the number of cubic centi-
metres of oxygen produced per 500 calories of incident light-
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energy as a relative measure of the efficiencies of the different
ranges of wave-length, and found that there is a ** decrease of
efficiency per incident encrgy in passing from the red to the
blue end of the spectrum.”

Protoplasmic or enzymic factors. It is very important to
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Fig. 27. The rate of assimilation, as determined by the rate of
evolution of gas-bubbles, compared with the absorption
spectrum of a living leaf. (After Reinke.?)

remember that photosynthesis is not wholly governed by
the colloidally dispersed pigments. The cytoplasmic basis
of the chloroplast plays some essential part in the process.
No one has as yet succeeded in effecting photosynthesis
in vitro under the agency of the free pigments separated
from the chloroplasts. Experiments have been made with

1 See Jost (74), p. 128,
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pigments dissolved in oil ; Willstitter used pigments colloidally
dispersed in water saturated with carbon dioxide ; and Lubi-
menko made the attempt with the chromoprotein he separated
from the lcaves of aspidistra.

Further evidence that photosynthesis is not a sxmple photo-
chemical reaction between chloroplast pigments, carbon
dioxide, and water, has been gathered from experiments in
which the process was retarded or even completely inhibited
by modes of treatment that are supposed not to affect the
pigments. Both Willstitter and Spoehr have reported that
photosynthesis stops in lecaves which have been completely
deprived of oxygen. Possibly the energy from aerobic respira-
tion is cssential in addition to light-energy ; but it should be
noted that the presence of a trace of oxygen allows photo-
synthesis to proceed. There is evidence, however, that some
non-pigmented protoplasmic system other than the respiratory
system plays a part in photosynthesis. Thus it has been
shown that photosynthesis ceases at temperatures between
40°-50° C., before respiration is completely inhibited, and that
it is more readily nareotized than respiration by weak solutions
of ether, phenyl urethane, potassium cyanide, etc. Since, after
such forms of treatment, the chloroplast pigments remain
unaltered, it follows that there is a thermo-labile, narcotic-
sensitive component of the photosynthesizing system, which
can be put out of action before respiration fails.

The investigations of G. E. Briggs (26 and 27), which
extended the carlier work of Miss Irving, have provided the
most convincing evidence for the existence of a non-pigmented
internal factor. He found that the first assimilating leaves of
certain seedlings, such as those of the runner-bean (Phaseolus
vulgaris, var. multiflorus), and of other plants in which the first
assimilating leaves had not previously been storage cotyledons,
turned green some time before photosynthesis began. He
attributed this lag to the slower development of the necessary
protoplasmic factor. He performed critical experiments on
the first leaves of runner-bean seedlings by the palladium
method, and exploiting the well-established facts that chloro-
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phyll does not develop under any conditions in the absence of
oxygen, or in the absence of light, succeeded in measuring
photosynthetic activity from day to day in a pale green leaf in
which the amount of chlorophyll remained constant. He
measured the rate of photosynthesis by determining the
oxygen-output of the leaves when illuminated by a light-
source of constant intensity, and placed in gas-mixtures of
hydrogen and carbon dioxide, i.e., chlorophyll development
was inhibited by the absence of appreciable quantities of
oxygen. Between the experiments, the leaves were placed in
air in the dark, i.e. chlorophyll development was inhibited by
the absence of light. Briggs found that for a given leaf under
defined external conditions of temperature, light-intensity, and
CO,-concentration, the photosynthetic power increased from
day today. Since the amount ¢f chlorophyll remained the same,
he inferred that this increase was due to the development of a
necessary protoplasmic factor. He also measured respiration
and concluded that the increase in oxygen-output was con-
siderably greater than could be accounted for by diminished
respiratory activity in ageing leaves.

Willstatter and Stoll argued from the results of some of their
experiments that the rate of photosynthesis is governed by an
enzymic factor as well as by the amount of chlorophyll. En-
deavouring at the outset to relatc the rate of photosynthesis
under favourable external conditions to the concentration of
chlorophyll, they obtained assimilation-numbers (%.e., the ratio,
rate of CO,-absorption/chlorophyll content in unit mass of
leaf), (a) for different species of plants, (b) for golden-leaved
and green-leaved varieties of the same species, and (¢) for leaves
of the same variety at different stages of development. The
general conclusion drawn was that photosynthetic activity is
usually not proportional to the concentration of chlorophyll,
and it was inferred from this non-proportionality that photo-
synthesis is governed by an enzyme as well as by green pigment.
Thus, for certain developing green leaves, which were exposed
to high light intensities and received ample supplies of carbon
dioxide, it was found that whereas the rate of photosynthesis
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incrcased with greening, the assimilation-number (i.e., the rate
of photosynthesis per unit ma.s of chlorophyll) decreased. In
some instances green leaves containing different amounts of
chlorophyll photosynthesized at about the same rate. Green
and golden varieties (e.g., of clm) were also compared. The
rate of photosynthesis of grecen leaves was usually but not
always greater than that of the green-yellow leaves of the
golden variety, but the assimilation-numbers for the former
were always much less than for the latter (see also p. 295).
Stiles (144) and Spoehr (140) have summarized this work, and
Briggs (26) has developed important arguments from some of
the experimental results.

From the results of their experiments on photosynthesis by
Chlorella in flashing light, Emerson and Arnold (270) have
inferred that for the reduction of one molecule of carbon
dioxide a photosynthetic unit containing about 2,500 molecules
of chlorophyll is opcrative. Since Willstitter and Stoll have
shown that, at high light intensities, green-yellow leaves may
show photosynthetic activity that is as great or even greater
than that of fully green leaves, it is difficult at present to
attach general significance to a quantitative definition of a
photosynthetic unit in terms of the number of chlorophyll
molecules. It is not denied that photosynthetic units
may exist. Warburg has obtained experimental evidence
that four quanta of light energy are used in the reduction of
one molecule of carbon dioxide. It may well be that each
photosynthetic unit in a chloroplast is responsible for the
effective absorption of these quanta. But it is possible that
such units will be more preciscly defined in the future in
terms of one of the non-pigmented essential constituents,
for example, an enzyme factor. Indeed, it is clear that
Emerson (269) and Briggs (268) consider that a ratio such as
2,500/1 represents what happens by chance to be in a fully
green cell the ratio of chlorophyll molecules to some such
other factor in the hypothetical unit. Finally, we note that
the kind of work going on in Baas Becking’s laboratory (p. 288)
may possibly lead to useful developments of the idea of

THOMAS'S PLANT PHYS, 10
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functioning pigmented granules composed of photosynthetic
units.

Light and dark reactions. Future work may show that
the protoplasmic or enzymic factor can be resolved into several
components. We already possess some evidence that carbo-
hydrates are not produced from carbon dioxide and water by
a single photochemical change. k. ¥. Blackman showed that
when photosynthesis is proceeding relatively rapidly in well-
illuminated leaves receiving an ample supply of carbon dioxide,
Q,, is always greater than 2.1 He therefore suggested that in
addition to at least one photochemical stage in photosynthesis
there must be at least one ordinary chemical stage. This
so-called dark stage he attributed to the activity of a proto-
plasmic factor. From the results of his experiments (sce p. 299)
on the influence exerted by cxanide on the rate of photosynthesis
by Chlorella, Warburg inferred the existence of a dark stage,
which he described as the Blackman reaction. Since it was well
known that cyanide exerts a strong depressant action on
catalase, he suggested that the Blackman reaction might
consist in the decomposition of a peroxide by an enzyme that
had similar properties to those of catalase (cf. p. 305).

Actually, however, nothing definite is known about the
nature of the light and dark reactions. We do not know with
what substance in the chloroplast (chromoprotein, lipoid, etc.)
carbon dioxide and water first enter into combination; nor
from what substance in the cell oxygen is split off ; nor what
substance is the immediate precursor of carbohydrate. Many
suggestions have been made by chemists (see Spochr, 140 ;
Stiles, 7144 ; Emerson, 269), and one hypothesis is outlined on
p. 304. Furthermore, only a beginning has been made in the
analysis of the enzymes present in chloroplasts. Evidence of

1 The temperature-coefficient of a chemical reaction or of a physical
process is the ratio of the rate of a reaction or process at a given temperature
to the rate of the process at a temperature 10° C. lower. The symbol Q,,
is conventionally used to represent this coefficient. Feor instance, if for any
change a rate of z per unit time is obtained at 5° C., and 2z per unit time at
15° C., we may state that for this change Q,, = 2. It is well established that
for purely photochemical reactions Q, , is usually less than 1-4, but that for
ordinary chemical reactions Q,, is at least 2.
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the presence of catalase, and of oxidation enzymes, should,
however, be noted (p. 17). Clearly such evidence may throw
light on the types of chemical reaction taking place in chloro-
plasts during photosynthesis, but it must be remembered that
some of these enzymic changes may occur not in the actual
production of carbohydrates but in some other protoplasmic
process (e.g., respiration).

Briggs (268) has formulated in gencral terms schemata in
which are taken into account the parts that may be played in
chloroplastic activity by essential factors other than pigments.
He does not assert that these schemata represent a final state-
ment, but maintains that they are consistent with the known
facts concerning the kinctics of photosynthesis in green cells
during development, and under varying external conditions.
The equations in his schemata indicate clearly that dark
chemical changes as well as photochemical changes occur on
illuminated reactive pigmented surfaces of chloroplasts.

In one schema Briggs assumes that carbon dioxide combines
with a substance S (which may be but is not necessarily chloro-
phyll) to give a complex S,, which is then activated by light
cnergy, yielding S,.

S +CO, =S, . . . . . . . (D
Se+energy S, . . . . . . (2)

S, may be regarded as the product of the photochemical stage.

Clearly the rate of formation of S, would be governed by the
concentrations of Sand carbon dioxide and by the lightintensity.
It should be noted that the temperature coecfficient of reaction
(2) is unity.

In another schema Briggs suggests that S, might be produced,
not by the direct activation of S,, but by the transfer of energy
from chlorophyll that has been activated by light. According
to this hypothesis chlorophyll acts as a photosensitizer. This
would account for the fact that, up to a certain limiting value,
increase in light intensity can compensate for a deficiency in
pigment.

Briggs postulates that the fate of S, however this photo-

10—z
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chemical product may be formed, depends upon the activity
of a catalyst B. We may regard B as a protoplasmic factor in
the chloroplast. In accordance with modern theories of the
kinetics of enzyme action, Briggs suggests that B combines
reversibly with its substrate S, to give X, and then decomposes
this compound with the production of carbohydrate and
oxygen, and the regeneration of S and B.

S+B“>X........(8)
X=B+S+4products . . . . . (4)

It should be carefully noted that Briggs postulates that
reactions 1, 2, and 3 arc reversible, This mecans that if the
activity of B is insufficient immediately to convert S; as in
reactions 8 and 4, the cxcess of the photochemical product
would be reconverted into S and carbon dioxide.

Equation 4 may be regarded as representing the principal
dark change (the Blackman reaction) in photosynthesis. Like
other enzymic actions it is strongly influenced by temperature,
having a Q,, greater than 2 (see above). It is strongly inhibited
by cyanides. It should be noted that the photochemical
reaction (2) is influenced neither by temperature nor by
cyanide,

Important evidence of the occurrence of light and dark
reactions in photosynthesis has come from the study of induction
phases, and of photosynthesis in intermittent light.

In 1918, Osterhout and Haas reported that although photo-
synthesis began at once when the marine alga Ulva was exposed
to light after spending a period in the dark, the rate steadily
increased until a constant speed was attained. The induction
phase was over in about an hour. Later, Warburg observed a
gradual increase in the photosynthetic activity of highly
illuminated Chlorella cells in the first thrce minutes after
transferring from the dark to the light. There did not appear
to be an induction phase when weak illumination was used.
Briggs (29) found that the rates of photosynthesis shown by
leaves of the moss Mnium undulatum and of various angio-
sperms were at first slow on transferring from the dark to
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relatively high illumination, and subscquently rose until
steady values were reached.

At constant temperatures the rise was greater in higher
than in lower light intensities. Briggs interpreted in terms
of his schemata his results and those obtained by the other
workers. A satisfactory explanation is that in the dark an
inhibitor is formed which, like cyanide, interferes with the
Blackman reaction, but not with the photochemical reaction.
In the light this inhibiting action is destroyed. Clearly this
destruction would lead to an increase in the rate of photo-
synthesis, provided the extent of the inhibition at transition
had been sufficient to retard the rate of consumption of S,
the photochemical product, under the light conditions of the
experiment. At low light intensities S, is produced at a
relatively slow rate, and the activity of B, although presumably
lessened by the presence of inhibitor, may still be sufficient to
consume S; at the same rate as it would were no inhibitor
present. Accordingly, at low light intensities there is less
chance of the occurrence of an induction phase.

In 1919 Warburg reported that the amount of photosynthesis
per second (continuous rate) shown by cells of Chlorella exposed
to continuous illumination was less than the amount of photo-
synthesis per second of illumination (intermittent rate) shown
by cells exposed to rapidly alternating and equal periods cf
light and darkness. The intermittent rate was increased as
the periods were shortened, and in some experiments it was
nearly double the continuous rate. Evidently a given quantity
of incident light energy was used in photosynthesis to a greater
extent when supplicd, not continuously, but in a succession of
small amounts during short light periods with intervening dark
periods. A possible explanation of this is that an essential
phase of photosynthesis goes on independently of the presence
of light. In intermittent light this phase would then proceed
in the dark periods as well as in the light periods, and, conse-
quently, the rate of photosynthesis per unit time of illumination
would be enhanced Emerson and Arnold (see Emerson, 269,
and Briggs, 268) illuminated Chlorella suspensions in bicarbonate
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solutions with intense light emitted from neon tubes in flashes
of 105 seconds duration, with intervening dark periods of
varying lengths. Since each flash was so short we are probably
justified in assuming that the amount of photosynthesis occur-
ring during a light period was exceedingly small. Nevertheless,
the rate of photosynthesis, measured for the whole period of
an experiment with intermittent illumination, was not incon-
siderable. Clearly this finding provides direct evidence that
events concerned with photosynthesis occurred during the
dark periods. Emerson and Arnold suggested that under the
conditions of their experiments the Blackman reaction (Briggs’s
reaction 4) might have proceeded to completion during the
dark periods, with the result that such of the photochemical
primary product (Briggs’s S; or X) as was formed during a
light flash was completely consumed. Briggs maintains, how-
ever, that some S, may in the dark be reconverted into S and
carbon dioxide. Emerson and Arnold obtained good evidence
that, with the intense flashes they used, the process taking
place in the dark had a high temperature coeflicient. Their
results suggest that the Blackman reaction gave the same yield
in 0-03 seconds at 25° C. as it did in 0-4 seconds at 1°C. This
work represents the first attempt to measure the rate of the
dark phase in photosynthesis as an event apart from the whole
process.

C. The Rate of Photosynthesis

Inasmuch as the rate of photosynthesis under constant
external conditions of CO,-concentration, light intensity, and
temperature, may increase during the development of a green
leaf we may infer that the rate of the whole process is governed
by the activity of internal factors. These are presumably
operative within the chloroplasts (p. 286) and may, possibly,
be organized within pigmented granules into photosynthetic
units (p. 289). We have already cited clear evidence that the
activity of an enzyme rather than the concentration of chloro-
phyll may frequently determine the rate of photosynthesis
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under constant external conditions. For green leaves that are
developing under normal condgitions it is not easy to obtain
conclusive evidence that the rate of photosynthesis may be
governed by the concentration of chlorophyll, since, as the
leaves become greener, the activity of the enzyme factor may
also be increasing. What is required as experimental material
are comparable samples, taken from a given pure line of leaves
or algal cells in which the protoplasmic factor is equally
developed, but containing different concentrations of chloro-
phyll,

The mass of evidence seems to suggest that in fully green
cells the (oncentmtlon of chlorophyll is usually greatly in
excess of that'which can cffectively operate with the other
factor or factors in the chloroplast (c¢f. remarks above on the
photosynthetic unit). Thus Willstéitter and Stoll found that
the lcaves of ten-day-old runner-bean scedlings showed strong
activity as soon as the first traces of chlorophyll were formed
in them. Briggs (26) obtained evidence that twelve-day-old
yellow-green leaves of this speeies photosynthesized at about
the same rate as fully grcen leaves of the same age. It was
presumed that the protoplasmic factor had developed to about
the same extent in the two sets of leaves. These experiments
were carricd out at relatively high light intensitics. It should
be noted, however, that at low light intensities the photo-
synthetic activity of fully green leaves was greater than that of
a comparable samplc of green-yellow leaves. It appears, there-
fore, that to some cxtent a high light intensity may com-
pensate for a shortage of chlorophyll. This fact supports
Briggs’s suggestion that chlorophyll may function as a photo-
sensitizer (p. 291).

One of the major problems in plant physiology during the
present century has been to determine how the rate of photo-
synthesis is governed by the external factors, CO,-concentration,
light-intensity, and temperature. A few general statements
will be made by way of introduction to other books and papers
(Barton-Wright 11, Briggs 26 and 27, Spoehr 140, Stiles 144),
in which it is related how an erroneous but fruitful
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hypothesis, viz. that of separate and independent governing
factors, guided critical researches for nearly twenty years, and
led to the present formulation of the problem in other terms.

In certain important investigations (James, 73, Maskell, 92)
on the relation between the rate of photosynthesis and the
external concentration of carbon dioxide, special consideration
has been given to the rate of diffusion of carbon dioxide from
the environment to the chloroplast, as an operative factor.
The diffusion phase in photosynthesis has been already dis-
cussed (chap. X), and it must suffice here to state that the
rates of the anabolic events will obviously depend upon the
rate at which one of the essential components is supplied. For
instance, the rate of photosynthesis in the leaf of a land-plant
may be reduced by the narrowing of stomatal apertures.
Such narrowing becomes esbecially important as a factor
controlling the rate of photosynthesis when the air that sur-
rounds leaves contains a low concentration of carbon dioxide,
as happens under natural conditions in the field. In experi-
ments on land plants high concentrations (e.g., 5 per cent.)
have often been used. It should be noted that one advantage
attaching to the use in experiments of alge, water-mosses,
and other hydrophytes, is that these plants do not possess
stomata.

If photosynthesis is a complex anabolic event comprised of
linked light and dark biochemical reactions, the rate of the whole
process will at any time be limited by the rate of the slowest
constituent reaction. Ior example, if dark reactions (see
equations (8) and (4) above) follow a light reaction (see equation
(2) above), the rate would be limited either by the rate at which
the photochemical product (S, of Briggs’s schema) is formed
by the chloroplast, or by the rate at which this product is
further metabolized by the protoplasmic factor (B of Briggs’s
schema) in the chloroplast.

It is now well established that the rate at which the photo-
chemical reaction proceeds in a given leaf is governed by the
concentration of carbon dioxide at the chloroplast surfaces, and
by the light-energy incident upon these surfaces. The equa-
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tions (1) and (2) arc consistent with these experimentally
determined facts. The CO,-concentration, and the light-
intensity, although separate external factors, are not in-
dependent factors as was at one timec thought. The inter-
relation between these factors is shown in graphs in which the
rates of photosynthesis in a given leaf kept at constant tem-
perature, which was not * limiting,” but under varying light-
intensitics are plotted against the CO,-concentration. We see

r
5 18.000 M.C..
10F
6.000 MC.
s x 2000 M.C
| A . 667 M.C.
o 04 X 6 02 03 032 %KHCOy4

Fi6. 28. The effects on the rate of photosynthesis of Fontinalis
of changing the concentration of carbon dioxide at different
light intensities. (From Harder, see Spoehr, 140.)

that in the cxperiments, which gave the results represented as
curves in fig. 28, the rate of photosynthesis was always increased
either by increasing thc external concentration of carbon
dioxide or by increasing the light-intensity. Neither CO,-
concentration nor light-intensity was in itself a limiting factor,
but each was, in a sense, a deficient factor. It should be
noticed that the curves as drawn in fig. 28 gradually flatten
as they rise. This representation indicates that as the CO,-
concentration was increased, light-intensity gradually replaced
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it as the factor which was in relative minimum, and that there
was no sudden substitution of one limiting factor for another.
This should be compared with the earlier view that the rate of
photosynthesis at any instant is limited by a single factor.
Those who held this view graphically represented the sub-
stitution of one limiting factor for another by drawing rising
straight lines which suddenly became horizontal (sce Stiles,
144).

The rate of the dark chemical phase will be governed
(a) by the rate of the photochemical phase which precedes
it, for this will determine the supply of the photochemical
product, which provides S, the substrate for the dark chemical
phase, and (b) by the activity of the protoplasmic factor B.
We have already pointed out that this activity is not inde-
pendent of external conditions. It fluctuates with the
temperature, increasing in most leaves from low tempera.
tures to some temperature between 80°C. and 40°C., and
then decreasing as the protoplasm is progressively injured
and killed during prolonged exposures to higher temperatures.
For the process as a whole the connection between the
light and dark phases on the one hand and the external
factors on the other has been demonstrated in a variety of
ways. For example, it has frequently been shown that photo-
synthesis is feeble at low temperatures in well-lit leaves
plentifully supplied with carbon dioxide. We may infer that
the rate of the dark chemical reaction limits the rate of photo-
synthesis to this low value, i.e., the protoplasmic factor (B)
at this low temperature can only change a small proportion of
the activated products (S;) of the photochemical phase. This
inference receives further support from the fact that under
these conditions the rate of photosynthesis is increased by
raising the temperature, i.e., by increasing the activity of the
protoplasmic factor. We may state that under such conditions,
temperature is the external factor which is in relative minimum.

At this stage we may note that the effect of cyanide on
photosynthesis appears to be similar to that caused by a
reduction in temperature. The activity of B is reduced. In
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well-lit green cells S; will be produced at a relatively fast rate ;
and, even in the absence of cyanide, the activity of B may
limit the rate of the whole process. The slightest depression
of this activity, such as may be brought about by low con-
centrations of cyanide, would then immediately reduce the
rate of photosynthesis. In his experiments (see also p. 290)
Warburg found that the percentage reduction of rate was
considerable when well-lit Chlorella cells were treated with
weak cyanide. In cells under weak illumination the depression
was negligible, presumably because the rate of production of
S, was so slow that the activity of B could, at the temperature
of the experiment, be considerably reduced without affecting
the rate of consumption of S, in the Blackman reaction.

It has long been known that photosynthesis is always feeble,
(a) in poorly-lit leaves well supplied with carbon dioxide, and
(b) in well-lit leaves placed in very low concentrations of
carbon dioxide. Under these conditions the rate of the whole
process is determined by the rate of the photochemical reaction
and may be incrcased by increasing the light-intensity in (a),
and by increasing the concentration of carbon dioxide in ().
In both circumstances the photochemical reaction would be
accelerated, and the amount of activated substrate (S,) offered
to the protoplasmic factor (B) in unit time thereby increased.
The protoplasmic factor will continue to be sufficiently active
to deal at once with all.the photochemical product, as long as
the light-intensity is deficient, under the conditions of (a), cr
the CO,-concentration, under the conditions of (b), i.e., the
rate of photosynthesis will not be increased by raising the
temperature until both the CO,-concentration and the light-
intensity have been considerably raised. It should be carefully
noted that, at low light intensities, the value of the temperature
coefficient approaches unity.

Field experiments also show that CO,-supply, light-intensity,
and temperature, may each in their turn limit the rate of photo-
synthesis between dawn and dusk. But it is not always easy
to decide what factor is, at any time, relatively the most
deficient, Sometimes, however, the situation is quite clear.
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Thus on warm days just after dawn or before dusk either in
water-plants or in land-plants with open stomata, light-energy
is in relative minimum, i.e., the rate of the photochemical
phase limits the rate of the whole process. Then on bright
winter days the rate in evergreen leaves is often limited by the
temperature, i.¢., by the rate of the dark chemical phase. One
of the many advantages accruing to plants from greenhouse
culture during the winter is therefore not far to seek.

Since the CO,-concentration in the air is low, and since
stomatal apertures are not always fully open during the day,
it is not surprising that the CO,-supply often limits the rate of
photosynthesis during the major part of a summer’s day. The
average daily rate of photosynthesis may be increased by
raising the CO,-concentration around a plant. This has bcen
done for certain greenhouse crdps, e.g., tomatoes, and the yield
from these plants has thereby been substantially increased.

Since over 90 per cent. of the dry matter of green plants
is produced as a result of photosynthesis, it is clear that
researches on the rate of photosynthesis are of great practical
importance. Under cultural conditions for well-watered plants,
an optimum balance between CO,-concentration, light-intensity,
and temperature, should be the aim. These external factors
may be readily controlled by mechanical means. The con-
trol of the activity of the internal factors is a problem for
the plant-breeder. Vigorous strains should be selected, and
they should be grown under conditions which favour the
development and maintenance of the full potential activity of
the pigments and protoplasmic factors in the chloroplasts.
It is well known that etiolated plants grown in the dark,
or chlorotic plants grown in the absence of iron, lack chloro-
phyll. It follows that light and soluble iron salts are
necessary factors for the formation of green pigments.
Furthermore, Briggs (27) found that the protoplasmic factors
do not develop full activity when the nutrient solution absorbed
by the roots is deficient in certain essential elements, such as
potassium, magnesium, iron, and phosphorus. Clearly the
efficiency attained by a green leaf considered as an organ of
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photosynthesis will depend upon its nurture as well as its
nature,

D. The Intermediate Stages in Photosynthesis

In 1861 it was discovered that a sugar-like substance is
formed when dioxymethylene, a condensation product of
formaldehyde, is heated in alkaline solution. This discovery led
Baeyer to suggest that formaldehyde might be an intermediate
product in the photosynthesis of carbohydrates by green plants.
Baeyer’s hypothesis still forms a subject for discussion and
biochemical research, and must, thercfore, be considered here.!

The fact that it is an inherent property of carbonic acid to
yield formaldehyde under certain conditions is of great interest,
for the necessary causal conditions may exist in illuminated
chloroplasts. The reaction may proceed in vitro in a variety
of ways. Thus Fenton showed that carbon dioxide and water
combine under the agency of magnesium powder (which acts
as a catalyst) to yield formaldehyde. Further, formaldehyde
may be produced in the absence of a catalyst, when carbonic
acid is exposed to ultra-violet light (Dhar, Rao, and Ram, 38).
But there is as yet no convincing evidence of the production
of formaldehyde when pigmented systems analogous to those
in living green cells are illuminated by ordinary light.
Indeed, Baly (9) has reported that, on the surfaces of cert.in
illuminated coloured powders (for example, nickel carbonate)
suspended in water, carbon dioxide combines with water to
give sugars directly. This finding, however, does not rule out
the possibility that formaldehyde is an intermediate product
of photosynthesis by green leaves.

It is now generally accepted that formaldehyde is not
normally present in the free state in green leaves. Delicate
colour-tests for formaldehyde have been performed (a) on green
leaves, (b) on steam-distillates from green leaves, and (c) on
extracted chloroplast pigments after these had been treated in
a variety of ways. Unless the extracted chloroplast pigments,

1 For other suggestions which are based on purely chemical considera-
tions see Stiles (144), Spoehr (140), and Emerson (269).
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whether in the green leaves or in vitro, had undergone decom-
position in the presence of light and oxygen, negative results
were obtained. This might have been because formaldehyde
was changed as rapidly as it was produced (see p. 213). Klein
and Werner used a fixation-method (p. 264) In order to test
this possibility. They introduced dimedon, a substance which
rapidly combines with formaldehyde to yicld formaldomedon,
into photosynthesizing systems composed of illuminated green
water plants submerged in water containing dissolved carbon
dioxide,

They reported that formaldomedon was produced in the
experimental system when green plants were subjected to
strong illumination, but not when non-green tissue was used
or when narcotized green shoots were strongly illuminated.
They concluded that formaldehyde was produced as an inter-
mediate product of photosynthesis, and that some of the
formaldehyde combined with dimedon instead of being changed
into carbohydrate. For a year or two we appeared at last to
have substantial biochemical evidence in favour of the formal-
dehyde-hypothesis. But Barton-Wright and Pratt (12) again
threw doubt upon this hypothesis, when they found that
formaldomedon is produced by an ordinary photochemical
reaction, i.e., in the absence of living cells, when carbonic acid
is illuminated in the presence of dimedon,

Foster (203) has obtained results similar to those reported
by Barton-Wright and Pratt; but he also found that a
greater amount of formaldomedon was produced when Elodea
canadensis was assimilating rapidly at high light intensities.
Foster, however, confirmed and stressed the importance of two
of the findings of Klein and Werner, which were difficult to
reconcile with the view that formaldehyde, in such experiments
as these, arises in the chloroplast from the photo-reduction of
carbon dioxide. These findings were that no formaldomedon
was detected when the plants were assimilating at low light
intensities, and that the formaldomedon accumulated in the
solution outside the plants, and was never detected inside
living green cells. Indeed, Foster reported that there was no
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dimedon, 7.e., none of the fixative itself, in the vacuoles of the
healthy cells at the end of his cxperiments. The problem of the
origin of the extra formaldomedon produced in the presence of
strongly illuminated green cells need not concern us here.
Klein and Werner’s experiments are of present interest because
they suggest the possible further use of fixation methods in
the investigation of photosynthesis. The facts we have just
discussed make it clear, however, that great care is neccssary
in interpreting the results of such experiments (see p. 263).

Chemists have long known that formaldchyde is readily
polymerized under certain conditions to hexose sugars. If
formaldehyde is produced in green cells it must rapidly
undergo metabolism, since it does not accumulate. This
evidently suggests that formaldchyde fed in non-injurious
concentrations to green cells may undergo rapid conversion
into carbohydrate. A number of investigators have tested
this possibility (see Spoehr, 140, and Stiles, 144). Kept some-
times in the light and sometimes in the dark, leafy shoots have
been supplied with CO,-free air containing formaldchyde
vapour, and at various times it has been asserted that the
starch- and sugar-content and the dry-weight of such shoots
were greater than those of comparable samples which had been
kept in the absence of formaldehyde, but under conditions
that were otherwise identical. In some of the expcriments
measurements were made of the inhibitory effect of the formal-
dehyde vapour on the respiration of the leaves, and corrections
were applied to meet the criticism that the higher carbohydrate
content and dry-weight of leaves supplied with formaldehyde
resulted from the retarding influence that formaldehyde
exerted on the rate at which carbohydrate underwent respira-
tory oxidation. Most of the investigators have concluded that
green leaves can convert formaldehyde into carbohydrate. It
has been stated, however, that positive results with illuminated
leaves favours a formic acid hypothesis rather than a formal-
dehyde hypothesis, since it is known that, ¢n vitro, formaldehyde
undergoes photochemical oxidation and produces formic acid
when exposed to light in the presence of air,
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In 1927-28 Bodnar reported that not only did living leaves
of Tropeeolum majus produce reducing sugars when fed with
formaldehyde, but that the dried leaves contained a thermo-
labile systemm which could cffect the same conversion. But
neither in Bodnar’s experiments nor in those described in the
last paragraph was any attempt made to demonstrate the
consumption of formaldchyde. Clearly we must regard as
inconclusive the evidence obtained from feeding experiments
unless it is shown that the substance fed to a tissue is absorbed
and consumed (scc p. 265). Bearing this axiom in mind,
Foster (204) measured changes in formaldehyde as well as in
sugar concentration when leaf-debris was fed with weak solu-
tions of formaldehyde. He was not able to confirm Bodnar’s
observation that the production of sugar results from treating
leaf-debris with formaldehyde ; actually, as much or, sometimes,
even more sugar was produced in his control experiments.
Moreover, he found that such consumption of formaldehyde as
occurred in his experiments, and this was always slight, was a
thermostable phenomenon. Clearly we must conclude that there
exists no convincing evidence that formaldehyde, at least in
the form in which we know it as a laboratory reagent, is an
intermediate product of photosynthesis. This conclusion does
not rule out the possibility that formaldehyde is transitorily
produced in some specially active modification. This is pre-
sumably assumed by those who still place formaldehyde as an
intermediate substance in their spcculations concerning the
chemistry of photosynthesis.

As it takes into account physiological as well as chemical
facts, the original scheme of Willstitter and Stoll is probably
still the most satisfactory form of a formaldehyde-hypothesis.
The chlorophyll in the chloroplast is supposed to combine by
a purely chemical reaction through its magnesium atom with
carbon dioxide and water to form chlorophyll bicarbonate :—

e
\OH

Chlorophyll. Chlorophyll bicarbonate.

N N\,
R Mg+H,CO; =R Mg—0.C
N> grrems NH 8
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The evidence for this reactior. is that carbon dioxide reacts
with a colloidal solution of chlorophyll in water, splitting off
magnesium carbonate and leaving a magnesium-free residue
called phaxophytin. They suggested that chlorophyll bicar-
bonate is an intermediate product of this change, and undergoes
photochemical intramolecular change in illuminated green cells,
and yiclds chlorophyll-formaldehyde-peroxide. This peroxide
would possess a higher encrgy-content than the bicarbonate.

LIGHT N
Z \Mo oc// E“E-f“** J> \m OCH
~o

Chlorophyll bicarbonate. Chlorophyll-fqrmaldehyde-
peroxide.
Willstatter and Stoll supposed that this photochemical phase
is followed by a chemical phase in which a catalase-like
enzyme cleaves the peroxide complex with the regeneration
of chlorophyll and the production of formaldehyde and
oxygen :—

R N\Mg—OCH | ENETER gN\Mgb-H.CHO-t-Q_

NH o N
Chlorophyll- Chlorophyll.
formaldehyde-
peroxide.

At this stage a polymerizing system, which is relatively
more active than the systems by which formaldehyde is pro-
duced, may come into play. Accordingly this substance
would not accumulate, but would at once undergo metabolic
conversion into hexose sugars :—

6HCHO —> CH,,0,.

We see that the authors of this scheme (a) have recognized
that functioning chloroplasts are complex systems in which



306 PHOTOSYNTHESIS

pigments and protoplasm (or enzyme components of proto-
plasm) co-operate in bringing about a sequence of light- and
dark-chemical reactions, (b) have taken into account the fact
that the photosynthetic quotient is unity, and (¢) have indicated
that the amount of chlorophyll is unchanged at the end of the
process. It will be noticed that they have not attempted to
discriminate between chlorophyll a and chlorophyll b, nor to
assign chemical functions either to the non-green plant-pigments
(carotin and xanthophyll) or to the protein and lipoid com-
ponents of the chloroplast.

Finally we may note that some of the ideas in the schemata
formulated by Briggs (p. 291) arc not at variance with this
hypothesis of Willstitter and Stoll. Describing one of these
schemata Briggs wrotc that *“ A complex of some substance we
will call S (which may be chlorophyll) and carbon dioxide is
converted to S, as the result of absorption of light-energy.
This latter substance, perhaps a peroxide form, may be broken
down by a catalyst B to give carbohydrates and oxygen . . .”
The use of general terms by Briggs is noteworthy. In all his
papers he makes very guarded mention of rcactants other than
carbon dioxide, and products other than carbohydrates and
oxygen, and it must be admitted that, even at the present day,
the only unquestionable knowledge of the chemistry of photo-
synthesis that we possess is that complex pigmented proto-
plasmic systems in chloroplasts absorb light energy and
synthesize carbohydrates1 from carbon dioxide and (pre-
sumably) water with the liberation of oxygen.

! The problem of the first sugar of photosynthesis has already been
discussed (p. 241).



CHAPTER XIV
RESPIRATION!

A. Aecrobic Respiration as the Oxidative Consumption of
Respirable Substrates with the Liberation of Free-energy
and Heat-energy

ExXPERIMENTAL work in the late cighteenth and early nine-
teenth century (sec Sachs, 124) established the facts about the
gaseous cxchanges betwceen plants and the environment that
were summarized in chap. X, section A. In the same chapter
consideration was also given to the question of the paths along
which gases diffuse into, within, and out of a plant. It was
Sachs (1868) who first made it clear that plant respiration is
quite distinet from photosynthesis, and often consists, as in
animals, of (a) the continual absorption of oxygen, (b) the
oxidation of organic substances contained in the respiring cells
with a concomitant liberation of energy, (¢) the liberation of
carbon dioxide and the formation of water, and (d) loss in dry-
weight.

Because they will not grow in the absence of oxygen, green
plants, parasitic and saprophytic higher plants, most fungi,
and many bacteria are classed as acrobes. Among the pheno-
mena that may be dependent upon the presence of oxygen are
nuclear division, the power of movement, the absorption and
migration of solutes, and the ability to secrete liquids. It is
generally accepted that this oxygen-need of aerobes is related
to their energy requirement. In the absence of oxygen most
aerobes produce carbon dioxide and liberate energy. But the
energy set free by anaerobic respiration is either insufficient in

t The monographs by Kostytschew (84), and Stiles and Leach (150),

deal with this subject, and in chaps. III and VI in Onslew’s book (102),
many problems of the chemistry of plant respiration are defined.
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amount or not released in the requisite manner for the occur-
rence of phenomena such as those mentioned above, and,
consequently, for growth to take place. This energy is derived,
not from the oxygen that is absorbed, but from certain of the
anabolic products (termed respirable substrates) contained in
the cells of the respiring tissue. In the presence of oxygen the
protoplasm in the respiring cells oxidizes the respirable sub-
strates, and the potential energy in these substrates is thereby
released and rendered available for vital processes.

It cannot be too strongly emphasized that the fundamental
event in respiration, the setting free of potential energy, occurs
within and is governed by the protoplasm of living cells, which
implies that dead cells (e.g., cork, wood-vessels, fibres, ete.) do
not respire. We may regard the gaseous exchange that accom-
panies respiration as an external manifestation of the metabolic
events that arc governed by the respiratory centres in proto-
plasm. So far no one has succceded in assigning respiratory
activity to particular parts of the protoplasm.

Certain of the respiratory events in acrobes have analogies
with processes that occur in the engines of fuel-driven machines.
The engines are so constructed that fuel is rapidly consumed
at high temperatures in the presence of oxygen. The chemical
cnergy in the fuel is liberated during the combustion, and some
of it (the so-called free-energy) is harnessed to drive the machine,
Arrangements are made for the cscape of the waste gases
produced. In respiration, protoplasm absorbs oxygen and
consumes the fuel (i.e.,, the respirable substrates) by slow
combustion at ordinary temperatures. One of the fundamental
endowments of a living cell is that it can harness in a specific
manner some of the energy that is liberated (sec also p. 4),
and use it to promote vital processes. This transfer of
energy occurs with a machine-like precision in the colloidal
structures of the protoplasm. Non-gaseous waste products
of respiratory combustion (e.g., water) accumulate, and gases
(e.g., carbon dioxide) escape.

Carbohydrates of the hexose class are the respirable
substrates that will chiefly engage our attention in this chapter.
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The complete oxidation of 1 gram-molecule of a hexose (180

grams) leads to the liberation of 674 Calories of energy (cf.
p. 274) :—

C¢H,;04 + 60, = 6CO, + 6H,0 + 674 Cals.

1 gram of hexose would yield 874 Calories. Weight for weight,
fatty oils, which sometimes replace carbohydrates as respirable
substrates, particularly in seeds, form a richer energy reserve.
The calorific values of fatty oils vary slightly with their compo-
sition, but we may take 9-5 Calories as the approximate value for
1 gram of any fat. Thereis good evidence that proteins, a very
varied class of compounds, can, on occasions, serve as respirable
substrates. In dictetics the calorific value of 1 gram of protein
is taken as 5-7 Calories.

Less energy is set free when carbohydrates, fats, or proteins
are incompletely oxidized, as happens, for example, when
vegetable acids are produced from carbohydrate or protein (see
p. 249). These acids may later themselves serve as respirable
substrates. Far more is known, however, about their oxidation
by micro-organisms than by the cells of higher plants (see
Stephenson, 142).

As regards the fate and function of the energy liberated during
respiration, unsolved outnumber solved problems (for discus-
sion, sce Bayliss, 14, chap. XX). It is generally acceptes
that much of the energy set free appears as heat-energy, which
is not conserved but is at once lost by radiation. Occa-
sionally, under natural conditions (cf. conditions in Potter’s
illustrative experiment, p. 818) when growth is rapid and the
surface for radiation small, as in the growing spadices of
Aroids, the temperature in the plant is greater than that in
the environment. As a result metabolism will become locally
hastened for a time, and the growth-rate increased. Except
when this local advantage temporarily accrues, it is not known
in what way plants benefit from the heat-energy produced by
the consumption of valuable food-reserves.

We have earlier argued from general considerations that
a fraction of the energy liberated in respiration promotes
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vital processes. Doyer (sce Kostytschew, 84) simultaneously
measured the CO,-output and heat-production of germinating
wheat scedlings. From the relation that 2-5 Calories of energy
are liberated for every gram of carbon dioxide produced the
total energy set free in respiration was calculated from the
CO,-output. Doyer asserted that during the first six days
of germination much less than fifty per cent. of the total
energy was libcrated as heat. He concluded that the greater
part of the energy was free-encrgy and was used in formative
processes. The thermodynamics of respiratory processes in
green plants cannot be profitably considered, however, until
further experiments such as Doyer’s are performed. What we
require are balance-sheets of energy-exchanges for a wide range
of plant-organs at different stages of development and under
different environmental conditions.

It is widely accepted that a part of this so-called free-
energy is used in anabolic processes that are coupled with the
catabolic processes of respiration. The fundamental fact
that energy set free in one metabolic process can be used in
another is admirably illustrated by the behaviour of certain
autotrophic micro-organisms, which obtain energy by the
oxidation of inorganic materials (sce Stephenson, 142). Thus
in the presence of oxygen Nitrosomonas and Nitrococcus
oxidize ammonium salts to nitrites, Nitrobacter oxidizes nitrites
to nitrates, Beggiatoa and certain other sulphur bacteria
oxidize hydrogen sulphide to sulphates, the iron bacteria
oxidize ferrous to ferric salts, and the hydrogen bacteria oxidize
hydrogen to water. The energy set free in these oxidations is
used in the chemosynthesis of carbohydrates from carbon
dioxide and water. Plainly in each of the bacteria the chemo-
synthetic process is coupled with the oxidation process.

These peculiar oxidations by specialized forms of bacteria are
sometimes classified with respiratory processes because oxygen
is absorbed and energy liberated. It must be remembered,
however, that there is no evidence that this energy is used for
any vital process other than the chemosynthesis of carbo-
hydrates, and there is good reason to believe that in these
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autotrophic organisms the ¢ energy for life ”’ comes not from
inorganic materials, but from organic respirable substrates that
are produced by chemosynthesis and subsequent metabolism.
It will doubtless be possible to give a critical definition of the
term respiration when a deeper understanding of this tunction
has been gained. It may well be that the oxidations of in-
organic materials by autotrophic bacteria will then be clearly
distinguishable from true respiratory processes.

B. Experimental Methods

(i.) CO,-output and oxygen-uptake during the aerobic respira-
tion of green higher plants. Thc manner of cxpressing the rate
of respiration, or, as it is sometimes termed, the respiratory
intensity, varies according to the cxperimental material used
and the purpose in view. Thus, the volume of weight of carbon
dioxide produced or of oxygen absorbed is frequently referred
to the fresh- or dry-weight of the respiring tissue. Ior leaves,
however, unit surface is somctimes taken as a basis for reference.
In long duration experiments on growing plants it must be
remembered that changes in weight occur as well as changes in
the number of respiring cells (¢f. pp. 335-6).

To measure the rate of production of carbon dioxide the
apparatus sketched in fig. 29 may be used. Air is first freed
from carbon dioxide by passing it through a soda-lime tower.
It is then passed through lime-water, which will remain clear,
if ‘the soda-lime has done its work properly. The respiratory
carbon dioxide is absorbed from the air issuing from the experi-
mental chamber by a known volume of a stock solution of
baryta contained in a Pettenkofer-tube (so-called after the
experimenter who first used this form of tube). The rate should
be slow enough to allow the bubbles to pass singly, without
fusing, through these long narrow tubes. The change caused
by the formation of barium carbonate is measured by titrating
the solution against standard hydrochloric acid, and from the
titre the amount of carbon dioxide given off in unit time may
be calculated. For further details concerning this continuous-
current method see Kostvtschew (84).
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The principle underlying many methods of measuring
oxygen-uptake is illustrated in experiments with Ganong’s

p. 310), or in anaerobic respiration (see text, p. 315).

Fic. 29. Apparatus for measuring the rate of CO,-output in aerobic respiration (see text,

respirometer (see Ganong, 48). Two c.c. of respiring plant
material are put in the bulb of the respirometer (fig. 80), and a
ten per cent. solution of caustic potash is placed in the mano-
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meter. At the outset the ground-glass stopper is turned until
the hole bored in the stopper coincides with that in the neck of
the container. The air
around the material will
then be at atmospheric
pressure. The levelling
tube is adjusted so that
the potash in the gradu-
ated tube is at the 100 c.c.
mark. Sceing that the
volume of the apparatus
up to the 100 c.c. mark is
102 c.c., and that wc have
introduced 2 c.c. of plant-
material, the respiring
tissue is at the start sur-
rounded by 100 c.c. of air.
The experiment is begun
by turning the glass
stopper to cut off commu-
nication with the outside
air.  Respiration now
takes place in a closed
space, and the carbon
dioxide produced is ab-
sorbed by the potash,
The solution rises in the
graduated tube until the
mark 80 is reached, when
the potash is adjusted
so as to be at the same
level in the graduated and  Fic. 30. Ganong’s respirometer (see
the levelling tubes. It text).

then remains at this level, ¢.e., one-fifth and only one-fifth of
the air is absorbed during acrobic respiration. Plainly this
fraction represents oxygen. Hence we may infer that CO,-
output is accompanicd by oxygen-uptake. The rate of ascent
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of potash can be taken as a rough measure of the rate of
oxygen-uptake.

The same apparatus may be used to determinc the respiratory
quotient, i.e., to compare the volumes of oxygen absorbed and
carbon dioxide liberated over a period. In this cxperiment a
saturated solution of common salt is first placed in the mano-
meter. The saline solution should be used, since carbon dioxide
dissolves in purc water. It is far less soluble in strong salt
solution. The fact that it is slightly soluble will, of course,
affect the result.

When carbohydrates are being oxidized, the level of liquid
will remain approximately constant, i.e., measured in c.c., the
CO,-output and oxygen-uptake are the same and the R.Q. = 1.
If pellets of solid caustic alkali are now added to the salt
solution the carbon dioxide ‘that has accumulated will be
absorbed, and can thus be measvred. 'The number obtained
will, of course, also represent the amount of oxygen absorbed.

If fats are being oxidized the level of liquid rises. This mcans
that the respiratory quotient is less than unity, i.e., a greater
volume of oxygen has becn absorbed than carbon dioxide given
out. Let us suppose that the excess oxygen is V, c.c., and
that when the potash pcllets are added there is a further
reduction of V, c.e. The value of the respiratory quoticnt will
then be given by V,/(V, + V,).

In Ganong’s respirometer changes in temperature alter the
volume of the gas in the enclosed space around the respiring
material. In order to correct for this alteration a second
apparatus should be set up in which 2 c.c. of moist non-
living material (e.g., cotton wool) takes the place of the plant
material in the respiratory chamber. Such increases or
decreases in volume as are attributable to changes in external
conditions should respectively be added to or subtracted
from the reductions in volume observed in the apparatus
containing the plant material.

Several other types of apparatus may be constructed from
wide-mouthed bottles, rubber stoppers, and glass tubes, to
illustrate the principles underlying the use of precision apparatus
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such as Barcroft’s differential respirometer or Warburg’s con-
stant volume respirometer. These respirometers have been
widely used in measuring the rate of respiration of isolated animal
tissues and bacterial and algal cells, the rate of oxygen-uptake
shown by non-living systems containing oxidation cnzymes (see
Dixon, 40), and more recently (see, for example, Turner (256) and
Boswell and Whiting (191) the rates of COgoutput and of
oxygen- uptake by thin slices of tissues of the higher plants. In
the measurement of oxygen-uptake in respiration carbon dioxide
is absorbed, as in Ganong’s apparatus, by ten per cent. caustic
potash, which should be placed in a sample tube that stands
upright in the wide-mouthed respiratory chamber. The surface
for the absorption of carbon dioxide may be increased by
dipping rolls of filter paper into the potash. In a differential
respirometer a manometer is placed between the respiratory
chamber and a second vessel of the same volume. This vessel
acts as a compensating chamber, so that the readings on the
manometer will not be affected by such changes of temperature
or of barometric pressure as may occur during the experiment.
For the measurcment of the rate of oxygen-uptake by non-living
systems containing oxidation enzymes, it is not necessary to place
potash in the experimental chamber, since carbon dioxide is
not usually liberated when such systems are in action.

Finally we note that by gas analysis changes in the con-
centrations of oxygen and carbon dioxide around plant-tissue
placed in a closed system may be readily determined. Haldane’s
apparatus (Haldane, 66) has bcen mwuch used in such gas-
analyses.

(ii.) COy~output and the formation of ethyl alcohol and acet-
aldehyde in anaerobic respiration. If plant-tissue, in which car-
bohydrates are being oxidized, is placed in Ganong’s respiro-
meter, with the level of neutral saline solution in the graduated
tube originally at the 80 mark, the level will remain constant
for a period, but will begin to fall when all the oxygen has been
used in aerobic respiration. Subsequently a gas will be given
off without the absorption of any gas from the environment,
and the rate of fall of the level of liquid in the closed limb of the
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manometer may be used as a measure of anaerobic respiration.
That this gas is carbon dioxide can be shown by introducing
potash pellets, when it will be found that the level of liquid in
the closed limb will rise above the 80 mark. The rise to the
80 mark may be attributed to the absorption of the carbon
dioxide produced in anaerobic respiration, and the rise above
this mark to the absorption of the carbon dioxide produced
during the preliminary phase of aerobic respiration.

The rate of production of carbon dioxide under anaerobic
conditions is, however, best found by using the apparatus
sketched in fig. 29, but substituting for the air current a
current of nitrogen from a gas-cylinder.

According to Stiles the production of carbon dioxide under
anaerobic conditions was first reported by Cruickshank in the
eighteenth century. About 1870, Pasteur demonstrated that
fermentation occurs in the higher plants in the absence of
oxygen. Many investigations have been made since that date
on the production of cthyl alcohol. Traccs of other products
of zymase-cleavage (e.g., acetaldehyde) may also accumulate
under anaerobic conditions. Thomas (153) developed methods
for measuring the concentrations of ethyl alcohol and acet-
aldehyde in plant-tissues; and, using these methods, he
obtained data from which progress curves were drawn recording
the formation of these substances in apples placed in pure
nitrogen (fig. 86). At the time these experiments were carried
out the term fermentation suggested to many people that
products were being formed by the metabolic activity of micro-
organisms. Accordingly, Thomas described by the term
gymasis the process by which plant-cells produce ethyl alcohol
and other products of zymase-cleavage. He described the
process as anaerobic-zymasis when it occurred in the absence
of oxygen. Other forms of zymasis have since been studied
(p. 867).

The occurrence of zymasis is easily demonstrated when
acetaldehyde is among the products that accumulate. Acet-
aldehyde is a volatile substance and escapes from the tissue.
The volatilized aldehyde may be absorbed by a solution con-
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taining one per cent. phloroglucinol dissolved in 6 per cent.
sulphuric acid. Under these conditions it combines with
phloroglucinol to yield aldehyde-phloroglucid, which is only
slightly soluble in dilute acid. During the course of certain
forms of zymasis (e.g., CO,-zymasis, HCN-zymasis, H,S-
zymasis) in apples and many other tissues, sufficient acet-
aldehyde is producced to cause the appearance after a day or
two of a copious precipitate in the phloroglucinol reagent when
the gas issuing from the respiratory chamber is led through this
reagent (see Thomas, lac. cit.). Moreover, at the end of an experi-
ment on a bulky organ, such as an apple, a blue colour may be
obtained when first a solution of sodium nitroprusside and
then a solution of piperidine are applied to a cut surface of
flesh-tissue. This is known as Rimini’s specific test for acet-
aldehyde. It may also be used to detect acetaldehyde in steam
distillates of tissues that have undergone zymasis. In control
experiments with apples kept in pure air, little or no phloro-
glucid will be precipitated, and at the end of the experiments
the flesh-tissue will not give a blue colour when subjected to
Rimini’s test.
(iii.) Organic compounds produced during cellular oxidations.
- As a rcsult of the oxidation of carbohydrates certain tissues
may produce malic, oxalic, and other vegetable acids. Increase
in total acidity provides evidence of the production of acids ;
but it must be remembered that some of the acids (e.g., oxalic
acid) may be precipitated as salts (e.g., calcium oxalate). The
recognition of particular acids is a difficult task. Bennet-Clark
(186) has described the problems to be solved.

Pyruvic acid occupies a key position in carbohydrate meta-
bolism, although there is no evidence that it accumulates in
plant-cells (p. 369). James and Norval (215) have described
methods of investigating the consumption of this substance.

(iv.) Loss of dry-weight and disappearance of respirable sub-
strates. Quantitative experimental methods (p. 275) permit
changes in the carbohydrate content of respiring tissues to be
determined. Thus it has been shown that the total carbohydrate
decreases during the germination of starchy seeds (p. 252).
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The consumption of carbohydrates also accounts for the dis-
appearance of starch from the cells of green leaves respiring in
the dark. More specialized books (e.g., Haas and Hill, §3) must
be consulted for the description of methods for measuring changes
in the fat-content and protein-content during respiration.

CO,-output leads to a loss of carbon, and consequently to a
decrease in dry-weight. Decreases in the content of carbon,
hydrogen, and oxygen have been determined by the combustion
of comparable samples of germinating seeds dried before and
after a period of respiration. Changes in dry-weight during
the germination of seeds are readily determined (see table,
p. 251), and the loss in dry-weight when green leaves arc
respiring in the dark may be demonstrated by the half-leaf
method (p. 272). It should be noted that the dry-weight of all
plants tends to decrease at nigﬁt. Deciduous perennials, also,
lose dry-weight in the winter and during the early stages of
growth in the spring. Thus when growth is revived in bulbs,
corms, tubers, and rhizomes, and when the buds on the twigs of
woody perennials swell and begin to develop into leafy shoots,
respirable material in storage-parenchyma is drawn on and
oxidized. Consequently the dry-weight decreases, and the
wastage cannot be repaired until the green leaves unfold and
display photosynthetic activity.

(v.) The liberation of heat-energy during respirvation. It was
realized over a century ago that the production of what
was then called vital heat by certain actively growing parts of
plants (e.g., the spadices of Aroids) depended, in some way,
upon the absorption of oxygen. That growth is accompanied
by the liberation of heat-energy was ncatly demonstrated by
Potter. He placed germinating seeds in thermos-flasks and
obscerved that the temperature rose continuously during the
first few days (see fig. 82). In the flask containing seeds
that had previously been killed by immersion in boiling
water, the temperature did not rise until micro-organisms
began to multiply rapidly. This happened after two days. In
the flask containing the seeds that had been killed by immersion
in boiling one per cent. mercuric chloride (a poison to all forms
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of protoplasm) the temperature remained constant throughout
the experiment. The mercuric chloride kept the killed sceds
frec from micro-organisms. It was thus demonstrated that
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Fi6. 32. Potter’s method of demonstrating the liberation of heat
which accompanies the germination of seeds, and the growth of
micro-organisms (see text). The results of an experiment
are graphically represented in the lower figure.

heat-energy was liberated only when the embryos of the
seeds were growing, or when micro-organisms were multiply-
ing. It may be presumed that the energy was liberated in a
respiratory process.

C. Respiratory Quotients

The simultaneous measurement of CO,-output and oxygen-
uptake by a plant-tissue permits the calculation of the respira-
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tory quotient (R.Q.), i.e., the number expressing the ratio of
the volume of carbon dioxide given out/volume of oxygen
absorbed by unit mass of tissue in unit time. The value of this
ratio is governed in the first place by the chemical nature of the
substance that is oxidized. Thus, for example, a comparison
of the equations that represent the complete oxidation of
(a) carbohydrates, and (b) fats, shows that for the former this
quotient would be unity, and for the latter 0-7 approximately.

(@) C¢H,;,04 + 60, = 6CO, + 6H,0.
(b) 2C 4 HyO4 + 1450, = 102CO, -+ 98H,0.

The respiratory quotients for different fats vary slightly. They
are governed by the molecular weights of the constituent fatty
acids. For the complete oxidation of organic acids the R.Q. is
greater than unity : for example, the R.Q. for oxalic acid is 4,
that for tartaric acid is 1-6, and its value for proteins {luctuates
about 0-5.

Complete oxidation does not, however, always take place ;
sometimes another organic compound more highly oxidized
than the respirable substrate is formed. Indeed, for certain
substrates no carbon dioxide is produced, i.e., the R.Q. is zero.
At the other extreme, we have the R.Q. for anaerobic respira-
tion, which must be represented by the infinity sign.

Some diversity exists in the nature of the metabolic events
in which oxygen is absorbed and carbon dioxide produced ;
and it is not yet possible to give a completely satisfactory
definition of respiration in terms of gaseous exchange. Thus
oxygen is always absorbed when tissues containing direct
oxidases change colour after injury, when anthocyanins are
being formed in healthy plants, and when fats arc being con-
verted to carbohydrates. And in passing from a hexose unit
to a pentose unit, a degradation that probably occurs in many
developing plant-cells, oxygen-uptake may accompany the
change of the hexose to the corresponding uronic acid, and
carbon dioxide is produced by the decarboxylation of this acid.
Consequently when these and other such changes are occurring
in respiring tissues, it is not easy to interpret the meaning of
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numbers that express respiratory quotients. Nevertheless
experience has shown that when it is known what types of
respirable substrates arc present in cells, these numbers often
point decidedly to the substrate that is actually being oxida-
tively consumed, and to the mode of consumption. Thus, con-
sidering the data given in table XII, we may infer that carbo-
hydrates were completely oxidized to carbon dioxide and water
when the respiratory quotients werc near to unity for tissues

Tarre XII. Respiratory Quotients

RQ

Many lecaves rich in carbohydrates . .1
Darkened shoots of Opuntia . . . . 003
Germinating starchy seeds . . . . |
Healthy green apples in air stores . . 1
Wheat seedlings in 5-20 per cent. oxygen . 0:93-0-98

s s 3 per cent. oxygen . . 834

» ” nitrogen . . . . infinity
Germinating linseed . . . 064
Maturing linsced (apparent R Q. ) . . 122

Germinating buckwheat seeds (first five hours). 0-47-0-50
Germinating peas with testas on (first seven days) 2-8—4
Germinating peas with testas off . . . 1:5-2+4

Old apples in air-stores. . . .>13
Apples browning in air contammg chloroform

vapour (apparent R.Q.) . . . somctimes <0-25
Apples treated with HCN or H,S . . . somectimes>2

known to contain carbohydrates (e.g., many green leaves,
germinating starchy seeds including wheat seedlings respiring
in more than 5 per cent. oxygen, and healthy green apples from
storage chambers).

The respiratory quotients recorded in the table worked out at
less than unity, (a) when some substrate other than carbohydrate
was consumed, (b) when carbohydrates or other substrates were
incompletely oxidized, and (¢) when oxygen-uptake occurred
in processes other than respiration. Thus in germinating

THOMAS'S PLANT PRYS. 11



322 RESPIRATION

linseed, the principal food-reserve is fatty-oil, and the R.Q. of
0-64 accords well with the approximate value 0-7 for the
complete oxidation of a fatty oil. The low R.Q. for Opuntia
in the dark may have been due to the incomplcte oxidation of
the respirable substrate in this succulent plant. In favour
of this view is the fact that malic acid and other vegetable
acids are produced during the respiratory metabolism of
many succulent tissues. The low value of the apparent R.Q.
for apples that turned brown in air containing chloroform
vapour may be attributed to the fact that changes of colour
following injury are accompanied by oxygen-uptake that has
no concern with respiration. The brown substances formed
are oxidation products of polyphenols.

The fact that when anaerobic respiration occurs (e.g., when
wheat seedlings respire in the absence of oxygen) the R.Q. must
be represented by the infinity sign permits us to interpret some
of those R.Q.s which work out at greater values than unity for
tissues respiring in gas-mixtures containing oxygen. Thus for
the wheat seedlings respiring in 3 per cent. oxygen or less, it may
be suggested that respiration was partly aerobic (characterized by
an R.Q. of unity) and partially anaerobic. For peas germinat-
ing in air with their testas on (R.Q. 2-8—4-2) or with their
testas off (R.Q. 1-5—2-4) we may again infer that carbohydrate
catabolism was partially anaerobic. This may have been owing
to the restrictions imposed by the testas and the bulky coty-
ledons to the supply of oxygen to the respiring cells. Apparently
the removal of testas improved aeration. The R.Q.s greater
than 1-8 indicate that anacrobic respiration had occurred in
old apples respiring in air, possibly owing to incipient cell-
disorganization. As a result of this anaerobic respiration old
apples in air-stores and germinating peas may contain ethyl
alcohol, which, as we shall see later, is only produced by higher
plants when, through restricted gaseous exchange or some other
cause, oxidative activities are diminished. It will be noticed
that apples treated with hydrogen cyanide or hydrogen sulphide
gave high respiratory quotients. Under these conditions
alcohol is also produced.



RESPIRATORY QUOTIENTS 323

It is probable that in the experiment with maturing linseed,
carbohydrates were simultancously being oxidized (R.Q. of
unity) into carbon dioxide and water, and being changed into
fatty-oils. This latter change reduces the relative amount of
oxygen in organic combination, and presumably in the maturing
linseed this released oxygen took part, cither in the elcmentary
form or in combination, in the oxidation of the carbohydrates,
and consequently reduced the amount of oxygen absorbed. We
can thus understand why the apparent R.Q. (1—2) was found
to be greater than unity.

Stiles and Leach (149) attributed the low R.Q. in the first
few hours after buckwheat seeds have imbibed water to
the conversion of the small reserves of fat in the seed into
carbohydrate. It should be noted that the apparent R.Q. for
the conversion of fat into carbohydrate is less than the true R.Q.
for the respiratory oxidation of fat. Using a wide range of
plants, Stiles and Leach have made determinations of the
changes in the R.Q. during the carly stages in the germination
of seeds which contain different food-reserves (e.g., starch, hemi-
cellulose, and fatty-oil). Thus an R.Q. of unity for yellow-lupin
sceds was related to the oxidation of a hemicellulose built up
of arabinose and galactose, as well as to that of glucose and
fructose. By using a delicate instrument called the katharo-
meter for the measurement of oxygen-uptake and CO,-output
they were able to determine the respiration of single sceds.
They found that in each specics examined the quotient changed
during germination. They attributed these changes to the fact

-that different food-reserves were used at different stages in
development. Respiratory quotients near to unity were related
to the oxidation of carbohydrates, and those near to 0-75 to the
oxidation of fats. Thus with maize grains, which contained a
little sugar, much starch, and some fat, they found that the
quotient fell from an initial value of unity to 0-75, and later rose
to unity once more. They suggested that at the outset sugar
acted as the respirable substrate, that fat was oxidized later,
and that later still starch was consumed. With buckwheat
seeds they found that after the first few hours the R.Q. rose
11—2
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steadily from 0-5 to unity, and concluded (a) that the reserve
of fat was quickly consumed, and (b) that carbohydrate subse-
quently acted as the respirable substrate.

D. Respiratory Substrates

Although the value of a respiratory quotient may suggest
what class of substance is being oxidized and whether oxidation
is partial or complete, clear evidence can only be obtained by
measuring simultaneously the consumption of possible respira-
tory substrates and the production of possible end-products.
Such measurements were made in the last century. For example,
the results discussed on pp. 250 and 252 showed that in ger-
minating seeds carbohydrates disappeared when the respiratory
quotient was unity, and that fatty oils were consumed when
the respiratory quotient was 0-7. The results of quantitative
analyses considered with values obtained for respiratory
quotients indicated that, cxcepting in germinating oily sceds,
carbohydrates usually supply the respirable material consumed
by most of the tissues of Argiosperms. None of these earlier
experiments provided any evidence of the oxidation of nitro-
genous organic compounds. A widely held view that the
proteins of protoplasm undergo respiratory oxidation and that
carbohydrates and fatty oils serve for the regeneration of
proteins had been discredited by the beginning of the present
century. The fact should be noted, however, that certain fungi
and bacteria can be grown in media completely free from sugars.
For example, it has been proved that peptones may act as a
source of food for the growth of mould fungi and at the same
time be oxidized by these organisms.

Respiratory substrates in green leaves. In normal life green
plants are not likely to suffer from extreme carbohydrate
starvation, but such a state may be experimentally induced by
keeping them for prolonged periods in the dark. F.F. Blackman
mcasured the CO,-production of detached cherry laurel leaves
whilst they gradually starved in the dark. After a period of
steady respiration the rate fell to a value that was about a
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quarter of the original steady value. No measurements were
made of changes in the concent.ation of possible respiratory
substrates, but it was reasonably assumed that sources of
carbohydrate (sugars, polysaccharides, glycosides) were at first
tapped and that what Blackman termed floating resperation
gradually declined in rate as the supply of these substrates
diminished. The residual respiration, which Blackman termed
protoplasmic respiration, remained more or less constant for a
period. Implicit in this term is the suggestion that proteins
and other substances in the protoplasm may be oxidized when
shortage of carbohydrate becomes acute. The possibility could
not be excluded that protoplasmic respiration proceeds in
addition to floating respiration under normal conditions even
in attached lcaves and even when cells are provided with an
ample supply of carbohydrate. Were evidence supporting this
possibility to be obtained, the discredited view concerning the
part played by proteins in respiration would have to be con-
sidered anew. Evidently Blackman’s experimental results
defined many problems for future biochemical investigation.
Finally we note that after a period of protoplasmic respiration
cells are doomed eventually to autolyse and die. Leaves kept
in the dark gradually become yellow and then brown. Black-
man found that during autolysis the rate of respiration of cherry
laurel leaves changed. For a short period there was an increase
above the previous steady rate of protoplasmic respiration ;
but after a maximum had been reached the rate gradually fell
and became zcro at the death of the leaf.

Deleano (195) formulated the exacting requirements for
establishing the fact that carbohydrates alone are undergoing
oxidation. He pointed out the nccessity of measuring changes
in the concentration of carbohydrates, proteins, fats, organic
acids and other possible respiratory substrates, during a period
of respiration in which oxygen-uptake and CO,-output are also
determined. Then he maintained, it would have to be shown
that of these substrates only the carbohydrates are oxidatively
consumed, and that the amount of total carbohydrate lost
corresponds to the amount of the oxygen absorbed and of the
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carbon dioxide produced. Deleano made experiments on the
respiration in the dark of detached leaves of Vitis vinifera.
From his results he concluded that, during a period of one
hundred hours, all the carbon dioxide produced came f{rom
carbohydrates and ultimately from the starch reserve in the
blades. He did not detect any change in the concentration of
coagulable protein or of soluble nitrogenous material in the
cell-sap until all the starch had disappeared. Not until the
leaves had been starving in the dark for over four days did
proteins give rise to soluble organic products and ammonium
salts. Deleano inferred that although leaves possess the power
of oxidizing proteins, thesc and other nitrogenous substances
are actually consumed only under conditions of extreme want,
such as are not likely to be cxperienced by leaves attached to
plants growing in the field. He maintained that under natural
conditions only carbohydrates are oxidized.

The experiments of Yemm (265), which may be regarded as
being in direct succession to those of Blackman and Deleano,
have an excellence of their own in that measurements were
made by modern methods of changes not only in the concen-
tration of total carbohydrate, but also in that of various
carbohydrate fractions. Leaves of a selected variety of barley
were picked in the late afternoon, i.e., when, as a result of
photosynthesis, they would be well stocked with carbohydrates.
It should be noted that barley leaves may contain starch (but
see p. 242) and a fructosan polysaccharide in addition to cane-
sugar, glucose, and fructose. Comparable samples of leaves
were placed in the dark ; one set of samples was used for the
determination of the drift of CO,-production with starvation
time, and another set for the measurement of the simultaneous
consumption of carbohydrates. The results of one of the
experiments are graphically represented in fig. 33. We shall
ignore the preliminary rise in CO,-production, as it may possibly
have resulted from the handling of the leaves in setting up the
experiment (see p. 889). The first facts to note are that after
twelve hours the respiration began to fall rapidly and that this
fall continued until about the fortieth hour, when it was
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arrested. Subsequently the leaves turned yellow, and the
respiration became variable. In other experiments Yemm
found that this yellowing phase continued until about the
140th hour, after which time the rate of CO,-production pro-
gressively declined and the leaves turned brown as the cells
died. Broadly, the drift during starvation was similar in barley
leaves to that observed for
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quantitative relationship appears to exist between the con-
centration of any individual carbohydrate and the rate of
CO,-production. None of the major variations in this rate can
be correlated directly with concurrent changes in the con-
centration of one particular sugar. Sucrose was the chief
source of hexose present in the leaves at the outset, and the
fall in the concentration of this sugar during the first forty
hours is striking. It is important to note that free fructose
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completely disappeared during the first twenty hours or so in
spite of the continuous production of this sugar by the hydro-
lysis of sucrose and the hydrolysis of fructosan. This clearly
suggests that fructose is a sugar that is very readily oxidized.
The amount of starch present gradually diminished. If starch
was hydrolyzed with the production of glucose it is not sur-
prising that this hexose accumulated for a period, especially as
it was also being formed by the hydrolysis of sucrose. But
glucose must also have been consumed during this period, since
the maximum concentration found was less than that which
would have been reached had starch and sucrose been hydro-
lyzed, and had no such consumption of the resulting glucose
occurred. The steady consumption of glucose after about forty
hours was proved beyond doubt by the results recorded in
fig. 83. The infcrence that glucose is an oxidizable carbo-
hydrate appears to be justified. It remains possible that it is
less easily oxidized than fructose.

It will be recalled that Deleano emphasized the importance
of relating the rate of CO,-production to that of the exhaustion
of total carbohydrate, and of paying regard to the rate of
oxygen-uptake. After analysing his results Yemm drew
similar conclusions to those of Deleano. He states that only
in the first stages of starvation can the carbon dioxide produced
be said ‘““ to arisc solely from the normal sources of hexose
estimated by analysis.” He found that the respiratory quotient
was about unity during this period. With barley leaves this
first period was of short duration, lasting for less than twenty-
four hours, i.e., for a much shorter period than the hundred
hours of exclusively carbohydrate respiration found for vine
leaves by Deleano. It should be noted, however, that twenty-
four hours is much longer than the maximum starvation period
through which barley leaves have to pass in the field during
the nights of a growing period.

Yemm found that progressively with starvation time there
was an increasing component of the CO,-production which did
not arise from carbohydrate. Indeed, throughout the yellowing
phase, i,¢,, from the fortieth to the 140th hour, less than 25 per
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cent. of the total CO,-production could be accounted for by
carbohydrate loss. He also obs rved that during the period
between the twentieth and the fortieth hour the respiratory
quotient fell from unity to 0-8, and was maintained at this
lower value whilst the leaves turned yellow. He pointed out
that such a lowering of the respiratory quotient would occur if
proteins or their derivatives replaced carbohydrates as the
substrates used in respiration. The evidence obtained by °
Deleano of the consumption of proteins by vine leaves after
starving for four days in the dark, and the suggestion based on
Blackman’s experiment that starved cherry laurel leaves may
consume proteins, will be recalled.

In later experiments Yemm (266) made quantitative investi-
gations on the protein catabolism of detached barley leaves
starving in the dark. His results indicated that protein nitro-
gen is progressively hydrolyzed with the production of amino-
acids and amides, and that during the ycllowing phase the
concentrations of some of thesc fractions decrease, strongly
suggesting that they arc then used in respiratory oxidations.
An interesting point was that [ree ammonia accumulated
during the late phase of ycllowing. Yemm suggested that
this toxic substance may have hastened the death of the
leaves.

Having obtained evidence that plant protoplasm is capable
of oxidatively consuming products arising from the hydrolysis
of protecin, Yemm discussed possible methods by which these
products might give rise to nitrogen-free substances that could
undergo decarboxylation, i.e., could produce carbon dioxide,
Clearly great intercst attaches to work at present in progress
on the activities of enzymes that oxidize amino-compounds
and amides, or their nitrogen-free derivatives. To what extent
the activitics of such enzymes are a normal feature of respiratory
processes in leaves and other organs is a matter for further
investigation. At the conclusion of his work on barley leaves
Yemm expressed the view that *“ it is highly probable that under
normal circumstances the respiration of higher plants is
dominated by carbohydrate changes and that proteins are
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relatively less important with the possible exception of some
germinating seeds.”

Respiratory substrates in the potato tuber. Since starvation
effects are not soon met with in underground storage organs
containing abundant starch, such organs afford suitable
material for prolonged investigations on the respiratory
oxidation of carbohydrates. For example, in certain experi-

"' ments on the potato tuber, lasting for two months or more, the
value of the respiratory quotient remained at unity. It has
long been known that the equilibrium between starch and
sugar in cells is disturbed in favour of hydrolysis to sugar
by lowering the temperature. Since this fact was discovered
the potato has been used in several important investiga-
tions on the factors that control the rate of respiration.
Outstanding interest attaches to the results obtained by
Barker (183). In his earlier experiments he altered the con-
centration of extractable sugar by varying the temperature
of storage over the range—1° C. and 15° C.; and he
measured the respiration. He plotted his results as curves
representing the relation between the rate of respiration and
the concentration of total sugars. These are described as R/S
curves, They approximated to the form of a rectangular
hyperbola, such as is obtained when rates of enzyme action
are plotted against substrate concentration. Accordingly
Barker suggested that the concentration of total sugar in some
way determined the concentration of respiratory substrate.
His later investigations were more detailed, and were carried
out over the temperature range 1°C. to 10°C. The results
were plotted as before, and Barker attached importance to the
fact that not only the Rjtotal sugar curves, but also the
R/sucrose curves, approximated to the form of a rectangular
hyperbola, but that neither the R/fructose nor the R/glucose
curves were of that form. He states that * So far as we are
aware the data here presented constitute the first published
evidence of a broadly enzymatic relation between the respiration
of a plant tissue and the concentration of a particular internal
constituent sugar.” Barker saw in his results further evidence
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that sucrose is the principal substrate used by the potato tuber
in its respiration. As would be expected, since the value of the
temperature coefficient for respiration is usually greater than
two (p. 840), the rate of respiration at first fell to a lower value
when the tubers were transferred from 10° C. to 1°C ; but a
central feature of Barker’s work is that he found that, instead
of remaining steady at this lower value, the rate of respiration
gradually rose to a higher steady value. During the first few
days of this rise the sucrose concentration increased without a
corresponding increase in the concentration of hexoses. This
meant a rise in the sucrose/hexose ratio, which Barker evaluated
from the results of most of his experiments. When the potatoes
were returned to a room kept at 10° C. the respiration rate at
first increased rapidly ; but instead of remaining steady at a
higher value characteristic of the higher temperature, a decrease
set in after one day. Barker attributed this decrease to a fall
in the sucrose concentration that took place at about the same
time. Presumably sugar was being reconverted into starch at
the higher temperature. On the other hand, the concentrations
of glucose and fructose increased for several days, and did not
show unmistakable signs of falling until five days had passed,
i.e., the CO,-production decreased while the hexose concentra-
tion was rising.

The part played by fructofuranose in respiratory oxidation.
It has long been known that in vitro fructose is more readiiy
oxidized than glucose. The present writer considers that we
possess insuflicient evidence as yet for using the definite article
in describing any substance as the respiratory substrate, but that
the results of modern experiments, such as those of Barker on
potato tubers, of Yemm on barley leaves, and of Kidd and
West (p. 217) on apples, provide strong support for the hypo-
thesis put forward many yecars ago that in vivo also fructose is
more readily oxidized than glucose. It is important to note,
however, that Yemm, Kidd and West, and others, have
recently called attention to the positive experimental evidence
that carbohydrates of the glucose type also may be consumed
in respiration,
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The discovery that fructose can exist in the active form now
known as y-fructose or fructofuranose, which is more readily
oxidized in vitro than normal fructose (p. 492), led biochemists
to suggest that the production of this active fructose may be a
prelude to the respiratory oxidation of carbohydrates. Several
investigators (see, e.g., Onslow, 102) have attached importance
to the fact that sucrose contains a fructofuranose residue.
Barker suggested that fructofuranose might provide the sub-
strate for respiration either whilst it is still incorporated in the
sucrose molecule as an *“ active wing,” or immediately it is sct
free by the hydrolysis of the disaccharide. This reasonable
hypothesis of the preferential oxidation of free or combined
fructofuranose need not preclude the possibility of the simul-
taneous oxidative consumption of normal fructose (fructo-
pyranose) and glucose. It is probable that these mono-
saccharides are always present in the cell-sap of plants living
under natural conditions.

The development of the argument depends upon the view
held of the stages by which carbohydrates give rise to carbon
dioxide and water. If it is accepted that zymasc-cleavage of
hexoses precedes the oxidations that occur during the respira-
tion of carbohydrates (p. 864), it is highly probable that all
those hexoses (viz., d-glucose, d-fructose, and d-mannose)
which are attacked by zymase may act as respiratory sub-
strates. Moreover, all carbohydrates which may give rise to
these hexoses (e.g., starch, glucosides, fructosans, the mannans
in hemicelluloses) may be regarded as sources of respiratory
substrates. The status of galactans and galactosides, and
therefore of d-galactose, as respirable carbohydrates requires
further elucidation.

The ease with which d-glucose, d-fructose, and d-mannose
are converted into one another by chemical means (p. 492) is
clearly a suggestive fact ; and importance must be attached to
the experimental demonstration of the interconversion of
glucose and fructose in green leaves (p. 266). There does not
appear to be any valid evidence for regarding any one par-
ticular normal hexose (i.e., hexopyranose) as the respiratory
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substrate. Moreover, it must be borne in mind that fructo-
furanose does not accumulate in the free state in cell-sap.
When liberated in the {rec state by the hydrolysis of cane-
sugar, if it is not at once consumed it is converted into normal
fructose, What is of great importance, however, is ihat not
only fructofuranose, but also normal glucose, normal fructose,
and normal mannose, when acted on by zymase in living cells
all give rise to phosphates of fructofuranose (p. 57). Accord-
ingly among carbohydrate derivatives containing six carbon
atoms, these phosphates, particularly fructofuranose di-
phosphate, may be regarded as the proximate source of oxi-
dizable substrate; and any carbohydrate capable of giving
rise to such phosphates should be recognized as a substance
supplying respirable substrate. If this view is accepted it
follows that, in the analysis of quantitative experimental
results, attention should be paid to the question of the relative
ease with which different substrates are consumed. The
tendency of the most recent work appears to be in this direc-
tion ; and, on thcoretical grounds, it is not surprising that the
results obtained indicate that sucrose and other carbohydrates
containing fructose are preferentially consumed whilst res-
piration is in progress.

E. The Rate of Respiration

A number purporting to represent the intensity of respiration
(i.e., the rate of respiration per unit fresh-weight, dry-weight,
or surface) has little meaning unless the age and state of the
respiring tissue and the prevailing external conditions are
described. If we read a statement that 100 gm. fresh-weight
of a certain Bramley’s Seedling apple in air at 22°C. at a
certain date evolved 10 mg. (which would occupy about
5 c.c. at normal temperature and pressure) carbon dioxide
per hour, we should remember that a different respiratory
intensity might have been shown by the same apple at a
different temperature or in a gas mixture containing either less
oxygen or more carbon dioxide. Furthermore under fixed
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external conditions the same apple might show different
respiratory intensities at different stages of development on
the tree or of storage after harvesting. A few general state-
ments may, nevertheless, be made. First it may be said that
under similar external conditions in the spring or early summer
respiratory intensity expressed in terms of rate per unit mass
tends to a maximum in the actively growing parts of a plant ;
for example, it is relatively great during the germination of
seeds and the sprouting of vegetative or flowering buds. Under
such natural conditions 100 gm. fresh-weight of actively respir-
ing organs (e.g., germinating seeds) may produce in one hour
as much as 80 c.c. of carbon dioxide. Were the respiratory
quotient unity, this would mean that 30 c.c. of oxygen would
be simultaneously absorbed. Even at 22° C. the Bramley’s
Seedling apple mentioned aboveé was much less active than are
germinating seeds, and there are many living plant-tissues
which are less active than the flesh tissuc of apples.

In the present section we shall consider the separate internal
factors, viz. number of living cells, the intrinsic respiratory
activity of cells, the water-content of cells, and the concen-
tration of respiratory substrates, and the separatc external
factors, temperature and oxygen concentration, which may
influence the rate of respiration. These are the factors which
under natural conditions determine the rate of supply of
respirable substrates and oxygen to the oxidizing surfaces in
protoplasm, and determine the rate at which such substrates
are oxidized at these surfaces with the production of carbon
dioxide. :

Number of respiring cells. It hardly requires an experiment
to demonstrate that the rate depends upon the number of living
cells. Obviously two apples will give off more carbon dioxide
in unit time when together than when experimented upon
singly. Similarly during germination, or other form of active
growth, the rate of respiration by the whole plant will increase,
for the new cells arising in meristematic regions respire actively.
Their activity may decrease as they age, but as long as a cell
contains protoplasm it will give off carbon dioxide. Respira-
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tion ceases in cells (e.£., sclerenchyma) that die during differentia-
tion. ‘

At the end of a growing period, i.e., when there is no further
increase in the number of cells, the respiration of a whole plant
or whole organ will be governed by the intrinsic actis ities of
the constituent cells and by the concentrations of respirable
substrates. The magnitudes of these factors may fluctuate, but
eventually the rate of respiration of the whole unit will decline
as the respiring power of the protoplasm in the ageing cells
decreases and as the stores of respirable substrates are depleted.
Briggs, Kidd, and West, (30), mcasured the respiration at
10° C. of Helianthus annuus during the germination, growth, and
flowering of this plant. The respiration of a single plant,
measured in mg. carbon dioxide per hour, rose slowly from a
value of about 0-06 for the first four days to about 0-3 on the
thirteenth day. Then as the plant grew the respiration
increased to the value 213 by the 112th day; but it fell to 168
by the 136th day. We note in passing that a fully-grown
sunflower may in one day at 10° C. produce by its respiration
over 2-5 litres of carbon dioxide and, since the respiratory
quotient is unity, absorb over 2:5 litres of oxygen, i.e., the
oxygen contained in over 12 litres of air.

The numerical value of the respiration of a whole plant or
whole organ must be carefully distinguished from that of the
intensity of respiration of the unit involved. Briggs, Kida,
and West cxpressed the intensity of respiration of Helianthus
annuus as milligrammes carbon dioxide per gramme dry-weight
per hour. Their results indicated that during the germination
of the seeds and for the first three weeks the respiratory
intensity remained fairly steady at about the value 8. Subse-
quently it declined gradually, reaching a value 0-26 on the
112th day ; afterwards during flowering it increased, attaining
the value 0-89 by the 186th day. The point we emphasize here
is that the respiratory intensity fell during growth in spite of
the progressive increase in the number of cells, This was
probably because the average daily rate of production of dry
matter, mainly by the process of photosynthesis, greatly
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exceeded thc average daily rate of respiration. Some of the
products of photosynthesis would have been converted into the
non-plastic materials that accumulate in ccll-walls, i.e., the
dry-weight increase was rendered permanent, and some into
substances (e.g., storage products), which might be consumed
later. The fall in dry-weight {rom 818 gm. to 419 gm. betwcen
the 112th and the 136th day provided cvidence of the con-
sumption of stored respirable substrates. This decreasc in
dry-weight was relatively greater than the simultaneous
decrease in the total respiration of the whole plant; so, in
consequence, the respiratory intensity rose.

It is easy to demonstrate that during the early stages of the
germination of seeds the respiratory intensity increases. There
are two reasons [or this increase. The respiration of a seed
shows a rising tendency for a period, and the dry-weight
decreases during germination until green leaves have been
produced. Fluctuations in respiratory intensity during the
later stages of transition from the sced to the green seedling
stage require further clucidation.

The intrinsic respiratory activity of a cell. It is reasonable
to assume that the eatent and activity of oxidative catalytic
surface in the protoplasm will be one of the prime factors
determining respiratory rate. The problem of the enzymice
constitution of such surfaces has engaged much attention
(p. 879). If, as seems nearly certain, more than one enzyme
is concerned with respiratory oxidations the rates of oxygen-
uptake and of COp-production will be determined by the
activity of the least active of the enzymes concerned with these
processes. It is clear that the differential inhibition or stimu-
lation of any of these enzymes as a result of the ageing of plant
cells or of abnormal environmental conditions (e.g., a reduced
oxygen concentration, or the presence of relatively high
concentrations of carbon dioxide, or of narcotic or poisonous
substances) may have marked cffects on the rates of oxygen-
uptake or CO,-production.

Animportant point torccall (see pp.218-14) is that mineral salts
dissolved in cell-sap may affect the intrinsic respiratory activity
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of cells not only because they provide elements, such as nitrogen,
which are used in the synthesis of respiratory enzymes, but also
because phosphatce and possibly other ions in these salts may
participate in respiratory metabolism. In a paper entitled
“The Relation of Respiration Rate to the Carbohydra ¢ and
Nitrogen Metabolism of the Barley Leaf, as determined by
Phosphorus and Potassium Supply,” Richards (238) has dis-
cussed complex problems concerning possible direct and indirect
relations between mineral supply and respiration. Special
interest will attach in the future to the development of his
hypothesis, based on his experimental results, that the re-
spiratory activity of cells may be affccted by some aspect of
their nitrogen metabolism,

F. F. Blackman has called attention to the possible existence
of another factor that may affect the intrinsic respiratory
activity of a given cell in which the water-content and con-
centration of substances that can give rise to respiratory
substrates are in excess of requirements. Ile pictured that
metabolic reactions may be hindered as a result of the spatial
separation of the recactants by impermecable protoplasmic
membranes, and coined the term organization resistance to
express this *important aspect of protoplasmic control of
metabolic rate ’ (sce Blackman and Parija, 18). The implica-
tion is that in living cells metabolic events (such as hydrolysis
ol carbohydrate reserves), and diffusion, are so organized that
the ratc of supply of respirable substrate to the catalytic
surfaces is under the control of the protoplasm. Thus it is
supposed that slow hydrolyses or low pcrmeability of membranes
would cause respiration to proceed at a slow rate. On the other
hand, if the organization resistance decreased a given amount of
respiratory substrate would be more rapidly consumed.

The pioneer work of Blackman and Parija on the respiration
of apples has been developed by other workers, and the concept
of organization resistance has proved useful in the inter-
pretation of the results that they have obtained (p. 257).
Huelin and Barker (213) have recently attributed to changes
in organization resistance some of the complicated effects
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induced by treating with ethylene sweetened and unsweetened
potatoes (see p. 258). Broadly the stimulation of respiration
at 15° C. was more marked in potato tissuc that had been
stored at 15° C. than in tissue that had been stored at 1°C.,
t.e., than in tissue in which the concentration of sugars was
relatively high. The suggestion was made that cthylene brings
about a decrease in the organization resistance of the cells, and
consequently promotes the supply of sugars to the respiratory
centres of the protoplasm. No evidence was obtained of the
stimulation or inhibition of respiratory enzymes by ecthylene.
It was inferred that in potatoes stored at 15°C. the sugar
concentration was so low that the rate of supply of respiratory
substrates rather than the activity of respiratory enzymes
determined the rate of respiration. If treatment with ethylene
enhanced the supply of substrate, the rate of respiration would
be augmented. On the other hand, the view was put forward
that in potatoes that had been sweetened by storage at 1° C.
the rate of respiration was determined by the activity of the
complex of respiratory enzymes considered as a whole. Accord-
ingly even prior to treatment with ethylene the rate of supply
of sugar would have been sufficient for the cells to show their
maximum respiratory activity at 15° C., i.e., no stimulation
was induced by treating such sweetened potatoes with ethylene.

It has long been known that the intrinsic respiratory activity
of a given cell, tissue, or organ, may be altered by changes in
external conditions ; but it is not always easy to decide for
certain whether such alterations are attributable to interference
with respiratory enzymes .or with organization resistance.
Moreover, new concepts may have to be formulated to explain
some of these effects. There is no doubt that the action of
strong doses of poisons, such as hydrogen cyanide, is to inhibit
oxidation enzymes. The effects of weak doses may be more
complex (sec e.g., p. 342). The influence of narcotics may also
be variable. Thus the rate of respiration of wheat seedlings is
increased by weak doses of ether and decreased by stronger
doses. Possibly the first effect is on organization resistance,
and the second on the catalytic surface. Carbon dioxide
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narcotizes certain plant-tissues and depresses respiratory
activity. Kidd and West (80) have investigated the depressant
effects of carbon dioxide on germinating seeds (e.g., white-
mustard seeds, which they caused to enter into a state of
secondary dormancy for a year after treating them with carbon
dioxide) and stored fruits. A practical application of the
knowledge gained has been the development in recent years of
gas-storage of fruits and vegetables. It appears that the
storage-lives of certain apples may be lengthened by keeping
them in an atmosphere of 10 per cent. carbon dioxide, 10 per
cent. oxygen and 80 per cent. nitrogen.

Injury to a given plant-tissue often causes respiratory
activity to increase. The phrase ‘ wound-stimulus to respira-
tion » concisely describes but does not explain this interesting
phenomenon. It has recently been established that mechanical
shock without the infliction of injury may stimulate respiration.
Audus (182) has reported that the rubbing and bending of
leaves of certain xeromorphic and mesomorphic species of
angiosperms (e.g., cherry laurel, Pelargonium sp.) induced a
sudden increase in the rate of CO,-production. In all his
experiments the increase was substantial ; in most of them
ranging from 20 to 99 per cent., but in an experiment with
Yucca a stimulation of 183 per cent. was observed. The
stimulation gradually subsided during a period of two or three
days. Plant material must necessarily be handied in setting up
experiments for the measurement of respiration. Clearly it is
imperative to allow time for the material to pass through the
shock phase before measuring its normal respiration, and
subsequently to avoid handling the material.

It has also been stated that roots reacting to the geotropic
stimulus respire more actively than before stimulation, that
the respiration of carpels is accelerated by pollination, and
that CO,—production and oxygen-uptake of sea-urchin eggs
increase rapidly immediately they are feriilized. Such increase
possibly follows fertilization in all organisms.

Temperature. The experimental data that are graphically
represented in fig. 84 show the typical effects of temperature
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on respiration. Samples from a population of four-day-old
seedlings of the garden-pea respiring at a constant rate at
25° C. were transferred to respiration chambers kept at different
temperatures. At each temperature below 25° C. respiration
gradually declined until it reached a more or less steady value.
At each temperaturc between 25°C. and 85° C. respiration
gradually rose to a steady value. It was calculated from the
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differences in these steady rates of respiration that, between
the temperatures 0° C. and 35° C., Q4 (p. 290) for respiration
lay between 2:0 and 2:5. Temperature-coefficients of this order
are what would be expected from van’t Hoff’s law on the effect
of temperature on the rate of chemical processes.

Above 385° C. the curves were a resultant of two antagonistic
processes. The stimulating effect of temperature on the
chemical process of respiration continued. Thus we notice
that there was a sharper initial rise of respiration at 45° C. than
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at 40° C. The other effect was inhibitory owing to the fact that
at temperatures above 85° C. respivatory enzymes are gradually
inactivated. This general effect was responsible for the fall
in respiration that occurred after prolonged exposure at all
temperatures above 35°C. The higher the temperaturs : the
more rapidly did this inactivation progress : so rapidly, indced,
at temperatures greater than 50° C., that by the time the first
measurements were made the respiration was less than it had
been at the initial temperature of 25° C. Had it been possible
to measure directly the rate of respiration immediately after
the change from 25°C. to 50° C,, it is probable that the rate
at 50° C, would have becn found to be more than double that at
25° C.

These results for the respiration of pea seedlings bring
out clearly the relations between temperature and duration of
exposure. Similar relations are also found in many other
physiological processes. The idea of a time-factor was
suggested many years ago by F. F. Blackman. It corrected
the long-held notion of a cardinal point called the optimum
temperature for biochemical changes governed by thermo-
labile systems. In the last century it was believed that in
addition to a minimum temperature below which and a maxi-
mum temperature above which a reaction would not occur,
there existed for every reaction a definite optimum temperature
at which the reaction proceeded most rapidly. But it will be
seen for the respiration of pea seedlings, as Blackman carlier
proved for the photosynthesis and respiration of green leaves,
that the apparent optimum changes with the duration of the
experiment. For the respiration of pea seedlings we note that
after three hours the rate at 45° C. was greater than at 380° C.,
but after five hours the rate at 80° C. was greater than that at
45°C. In general it appears that the longer the period of
exposure the lower was the apparent optimum. Similar
results have been obtained for other physiological processes ;
hence the idea of a definite optimum for each process has been
discarded. For processes governed by thermo-labile systems
we may state that the reactions they govern will bé accelerated
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by increasing the temperature to the level at which inhibition
sets in. Above this temperature a knowledge of the effects of
duration of exposure, i.e., of the time-factor, must be gained
before statements can be made.

Water—content of cells. The results of experiments on seeds
indicate that the water-content of cells influences respiration.
The rate diminishes during the drying-out of seeds to a
low but measurable value for air-stored seeds containing about
10 per cent. water, and increases when these seeds once more
imbibe water. Water probably affects both the respiratory
activity of protoplasm and the amount of soluble respiratory
substrate.

Concentration of respirable substrate. There is direct and
indirect evidence that at constant temperature the rate of
respiration of a given tissue is governed by the concentra-
tion of the soluble respirable substrate. By feeding fungal
hyphe or etiolated leaves with various sugars, respiration has
been enhanced. Further, it has been shown that green leaves
respire more rapidly after a period of illumination, not because
light has activated the respiratory mechanism, but because
the concentration of carbohydrates is increased by photo-
synthesis.

The demonstration of the progressive decline in respiratory
intensity shown by leaves starving in the dark (p. 825, et seq.),
and of the relation between the rate of respiration and sugar
concentration in the potato tuber (p. 880), has provided
further evidence of the fact that the concentration of respirable
substrates may limit the rates of oxygen-uptake and CO,-
production. Hanes and Barker (§8) found that the sugar con-
centration rose in potato tubers when they were treated with
weak doses of hydrogen cyanide, and attributed this rise to the
activation of amylase by cyanide. The respiration of tubers
sweetened in this way was more rapid than that of untreated
tubers, It should be noted that higher concentrations of
cyanide brought about a depression of respiration (see p. 888).

Oxygen concentration. In low concentrations of oxygen,
carbon dioxide is produced both by aerobic and by anaerobic
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respiration. From his measurements of respiratory quotients,
Stich concluded that anaerobic respiration is extinguished in
most plant-tissues when the oxygen-concentration is raised
to 5 per cent. Broadly, the cffect of increasing the oxygen-
concentration from zero to the extinction point of ana robic
respiration depends upon (a) the ratio of respiration in the
complete absence of oxygen to aerobic respiration (z.e., I/N,
p. 853), and (b) the rate at which anaerobic respiration is
replaced by aerobic respiration. For apples, Parija found that
anaerobic respiration is sometimes greater than aerobic CO,-
production, and gained evidence that the relatively high rate
of CO,-production shown by this fruit in pure nitrogen fell off
rapidly on admitting oxygen until the cxtinction point of
anacrobic respiration was reached at an oxygen concentration
of about 5 per cent. Subsequently the CO,-production of
purely aerobic respiration rose and each additional increase in
oxygen up to 100 per cent. further stimulated respiration.
Blackman attributed this stimulating cffect of oxygen on
acrobic respiration to its playing a part in the activation of
hexoses prior to glycolysis (p. 371).

Knowledge of the way that oxygen concentration influences
the rate of respiration will not be complete unless the rate of
oxygen-uptake is measured as well as that of CO,-production.
This is especially true when low concentrations of oxygen are
used. In such experiments the rate of proauction of ethyl
alcohol should also be measured. A respiratory quotient
greater than unity may make it probable that anaerobic
respiration has set in; the accumulation of ethyl alcohol
renders this fact ccrtain. We shall consider data obtained by
experiments on the respiration of apple fruits, which appears
to have been more intensively investigated than that of any
other plant-organ.

Since the value of the respiratory quotient of apples remains
at about unity until anaerobic respiration sets in, the inference
may be drawn that the rate of oxygen-uptake in the experi-
ments of Blackman and Parija fell gradually as the oxygen
concentration was reduced to a value of about 5 per cent.
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Blackman stated that it had been proved in his laboratory that
oxygen-uptake is decreased by lowering the oxygen con-
centration, and pointed out that unlike the CO,-production
this does not necessarily reach a minimum “‘ in some onc low
concentration of oxygen,” Thomas and Fidler (156) found the
extinction point of anaerobic respiration for apples by deter-
mining the concentration of oxygen at which alcohol production
ccased. In their experiments anacrobic respiration in healthy
full-grown apples was extinguished at all concentrations greater
than 3 per cent. oxygen. When apples became senescent
higher concentrations of oxygen were necessary.  Iidler (44)
showed that old apples may produce ethyl alcohol even in air.
The oxygen concentration in the intercellular spaces inside a
bulky fleshy fruit is considerably lower than the external
concentration (see p. 183). It must be admitted, therefore, that
normal acrobic oxidative processes are maintained during most
of the storage scason by surprisingly low concentrations of
oxygen.

Thomas and Fidler also mecasured the rate of total CO,-
production, and their results supported the conclusion of
Blackman and Parija that the minimum rate occurs at the

TaBLE XIII. CO,-production and alcohol-production in Bramley’s

Seedling apple in gas-mixtures containing different percentages of

oxygen. The resulls are expressed as mg. per 100 gm. fresh-weight
tissue per 100 hours.

Percentage Oxygen

21 per | 5-3 per | 2:0 per

cent. cent. cent. Nil.

Total CO, (exp.) . .| 567 493 499 631

Alcohol , 1 14
Totarco, &) . | ™ | 555 | o0 | T
Anaerobic CO, (cale.) .| mal 5 67 631

Aerobic CO, (calc.) . .| 567 488 432 nil
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extinction point of anaerobic respiration. At lower oxygen
concentrations the total CO,-production is compounded of
anacrobic and aerobic CO,-production. To simplify the dis-
cussion at this stage we shall assume that anaerobic respiration
consists wholly of alcoholic fermentation (but see p. 348) The
anaerobic component may then be calculated from the rate of
alecohol production (sce equation on p. 847). Clearly the
residual carbon dioxide will represent aerobic respiration. The
results of one experiment arce given in table XIII.

In this experiment the extinction point of anaerobic respira-
tion appears to have been rather higher than 5 per cent. oxygen.
As the concentration of oxygen was lowered the rate of anaerobic
respiration increased to 631 and that of aerobic respiration
decreased to zero.

Thomas and Foster (unpublished work) have found that the
rate of oxygen-uptake at low oxygen concentration, in which
alcohol-production becomes a feature of carbohydrate cata-
bolism, is much less than it is when apples are placed in air. It
is highly probable that the rate of oxygen-uptake (i.e., the rate
of aerobic respiration) continues to decline progressively as the
oxygen concentration is gradually lowered to zero, and that the
observed progressive increases in the rates of production of
cthyl alcohol as well as of carbon dioxide may be attributed to
this decline. In terms of a theory to be discussed later (p. 364)
we may explain these facts by stating that the production of
ethyl aleohol and carbon dioxide proceeds at cver increasing
rates when the oxidative activity of respiratory enzymes is
depressed beyond the value associated, in healthy apples, with
an external oxygen concentration of about 3 per cent. The
maximum rates will be shown in the complete absence of
oxygen.

It is probable that the respiration of many other fleshy fruits
and of some other organs (e.g., carrot roots, cotyledons of the
vegetable pea) may respond similarly to that of the apple to
changes in oxygen concentration. It may well be that the rate
of CO,-production and of oxygen-uptake by all tissues shows a
tendency to decline until, at some low oxygen concentration,
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anaerobic respiration sets in, and that the oxygen-uptake of
the residual aerobic respiration will continue to fall as the
oxygen concentration is still further lowered. But there
exists evidence, such as that obtained by Leach (171) in
his experiments on certain seedlings, that the rate of CO,-
production by some organs placed under anaerobic conditions
may be less than that shown by these organs when in air. This
suggests that in these organs the rate of ,CO,-production is
progressively depressed as the oxygen concentration is gradually
lowered to zero.

In recent years wider interest has been shown in the influence
of oxygen concentration on respiration because of the discovery
that respiratory intensity may affect the rates of certain vital
processes, such as the absorption of mineral salts (p. 95). It
appears that under natural contlitions only exceptionally is the
rate of supply of oxygen to respiring cells the factor that limits
the rate of respiration, and, therefore, of dependent processes.
We have no space here to discuss the exceptional instances,
such as the respiration of swollen seeds with thick coats, of
buds with thickly cutinized scales, of deep-seated cells in the
trunks of trees, or of the roots of plants growing in water-logged
soils.

The depression of gaseous exchange in some of these organs
may result in the production of ethyl alcohol and low con-
centrations of acetaldehyde. Certain workers have considered
the possible functional significance of such substances, but
have arrived at conflicting conclusions. For example, Mazé has
suggested that acetaldehyde may cause certain seeds to remain
dormant, but Boresch thinks that the dormancy of the winter-
buds of some trees may be broken by the action of this aldehyde ;
and Kakesita has asserted that acetaldehyde may promote the
rooting of leaf-cuttings of Bryophyllum. It still remains
possible, however, that dormancy and activity are in no way
affected by such ethyl alcohol and acetaldehyde as may be
inevitably produced as a result of reduced oxidative activity.



ANAEROBIC RESPIRATION 347

F. Anaerobic Respiration

The fermentative component of anaerobic respiration. Ex-
periments have shown that nearly all the tissues of higher
plants produce carbon dioxide under anaerobic conditions, and
that this anaerobic respiration usually consists in part at least
of alcoholic fermentation.

CoH,,0, = 2C,H,0H + 2CO, + 24-28 Cals.

It should be noted that the heat liberated (24-28 Cals.) in
the alcoholic fermentation of 1 gm.-molecule of hexose is much
less than that (674 Cals.) set free by the complete oxidation of
1 gm.-molecule into carbon dioxide and water. This will in
part account for the superior functional value of aerobic
respiration over anaerobic respiration. There may well be
other and more important reasons {or this superiority.

We may attribute the fermentative component of anaerobic
respiration to the action of zymase in living cells, secing that
this enzyme complex has been separated from a large number
of different plant-tissues. For example, a zymase preparation
was obtained from beet-root, and the enzyme, under sterile
conditions in vitro, acted on glucose giving alcohol and carbon
dioxide in approximately the proportions required by the above
equation. By weight the quotient, rate of alcohol-production/
rate of CO,-production, should work out at 1-04.

It has long been known that traces of other substances
besides ethyl alcohol may accumulate when yeast is living
anaerobically in solutions containing a fermentable sugar,
Some of these substances (e.g., glycerol, lactic acid, acet-
aldehyde) are produced by the zymase-cleavage of the sugar ;
others (e.g., fusel oils) may result {from the anaerobic nitrogen
metabolism of the yeast cell. Moreover, it should be noted
that the properties of zymase obtained from the higher plants
are probably identical with those of the zymase of yeast.
Accordingly it would not be surprising to find that tissues of
the higher plants, placed under anaerobic conditions, produce
other substances besides ethyl alecohol and carbon dioxide.
Actually it has been established (see p. 867) that ir some tissues,
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but not in all, traces of acetaldehyde may accumulate, but no
convincing evidence has yet been published of the accumulation
of any other intermediate products or by-products of zymase-
cleavage, or of products of the metabolism of cell-components
other than carbohydrates.

If anaerobic respiration consisted exclusively in alcoholic
fermentation, the quotient rate of alcohol productionfrate of
CO,-production should work out at 1-04, as it does [or zymase-
cleavage in vitro. Most of the published values for this quotient,
cxamples of which are given in table X1V, are less than unity.
It should be noted that these values are based on measurements
of the total amounts of carbon dioxide and of ethyl alcohol
produced over an arbitrarily chosen period of time, which in
some instances has been relatively short (e.g., six hours) and
in others relatively long (e.g., six days). It remains to be
proved that the rates of production of these substances march
together during a whole period of anacrobiosis from the moment
of transition from aerobic to anacrobic conditions.

TasLr X1V, The quotient, alcohol-production|CO,-production, in
anaerobic respiration

Cotyledons of edible pea . . 06-0-8

Carrot root . . . . 07-1
Apples . . . . . 04-09
Orange . . . . . 07
Grapes . . . . . 07-09

Nasturtium leave . . . 0204
Potato tubers . . . . 0-0-1

Certain general conclusions may be drawn from these results.
Thus anaerobic respiration in the cotyledons of the edible pea,
carrot roots, certain varieties of apple, and grapes, is pre-
dominantly alcoholic fermentation. In contrast, very little
alcohol is produced in the anaerobic respiration of potato
tubers. In other varieties of apple and in nasturtium leaves
fermentation accounts for less than half of the carbon dioxide
produced.
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It appears that for a single tissue there is some variation in
this quotient. FKidler (45) repo-ted that for a given varicty
of apple in any one storage scason the quotient might fluctuate
widely about a mean value, but that this mean did not alter as
the apples aged. The general drift of the charted values for
rates of production of cthyl alcohol and carbon dioxide ran
parallel (fig. 35). The mean value might, however, vary from
season to season, For example, the mean value for the Newton

10

GROWTH PERIOD | STORAGE PERIOD e
oy seor. Nov. VAN MAPCH

Fie. 35. Rates of CO,-productionT( ), and of alcohol-pro-
duction (----) in Newton Wonder apples in nitrogen at
23° C., expressed as gm. substance produced by 100 gm.
fresh-weight fruit during 100 hours (from Fidler, see text).

Wonder apple in 1930-31 was 0-9, and in 1932-383 it was 0-65.
It should be noted that the rate of zymase-cleavage may bc
limited by the concentration of sugar as well as by the activity
of zymase. The effects of a shortage of sugar on the value of
the quotient are better studied if leaves that have been starving
in the dark are used as cxperimental material. Some evidence
has been obtained at Newcastle-upon-Tyne that as starvation
proceeds the quotient tends to decrease. In the light of the
results of Yemm’s cxperiments (p. 828) this would suggest
that rclatively high values of the quotient are to be related to
the presence of relatively high concentrations of sugar, and
that carbon dioxide may be produced as a result of anaerobic
nitrogen metabolism, when leaves suffering from a high degree
of starvation are transferred from the dark in air to the dark
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in pure nitrogen. But clear evidence of decarboxylations
resulting from anaerobic nitrogen metabolism has not yet been
published.

Indeed we do not yet know of any other anaerobic process
besides zymase-cleavage in which carbon dioxide is produced.
Substrates other than carbohydrates may be acted on; and
carbohydrates may be cleaved by other enzymes than zymase.
Accumulation of acetaldehyde, the only precursor of ethyl
alcohol to be produced during decarboxylation, is never
sufficient to account for low values of the quotient alcohol
production/COy-production ; but it should be noted that acct-
aldehyde and ethyl alcohol may possibly be further metabolized
under anaerobic conditions giving rise to carbon dioxide or to
organic products which have not yet been identified.

The progress and rate of the accumulation of ethyl alcohol and
acetaldehyde. Thomas (153) appears to have been the first
worker in this field to measure the progress of the accumulation
of ethyl alcohol (i.e., the progress of zymasis) in the tissues of
the higher plants under anaerobic conditions. His results for
Newton Wonder apples respiring anaerobically at threc
different temperaturcs, are graphically represented in fig. 36.
The main features to be noted here are (a) that until the apples
were injured alcohol was produced at the steady rates (expressed
in mg. per hour per 100 gm. fresh-weight tissue) of about 4-4
at 22° C., 1-8 at 15° C., and 0-6 at 1° C., and (b) that injury led
to a slowing down, and death to the cessation of the production
of alcohol. It may be said that ethyl alcohol is produced
because cells are living under anaerobic conditions, and is
produced only as long as they remain alive. Zymasis is not a
post-mortem phenomenon, ncither is it necessarily a pre-
mortem phenomenon ; seedlings will grow, and apples will
remain healthy for many months when returned to air after
short exposures to anaerobic conditions.

Other workers have calculated mean values for the rate of
zymasis (which we shall represent by Z) from the mean
rate of alcohol production. For example, Boysen-Jensen,
expressing rates as mg. alcohol produced per hour per 100 gm.
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fresh-weight tissue, obtained a mean value of 8 for pea-seed-
lings at temperatures of 18-9-20°C., of 6-3 for Tropocolum
leaves in a four-hour experiment at 15°C., and from zero
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FiG. 36, (a) and (b). The production of cthyl alcohol and acet-
aldehyde by Newton Wonder apples, expressed as mg.
substance per 100 gm,. fresh-weight tissue (from Thomas,
sce t8xt). Visible injury, d; tissue dead, D.

to 0-1 in a series of experiments of duration forty-seven to
seventy-six hours at 22° C. on potato tubers.

Evidently little significance can be attached to such mean
values when the rate of anaerobic respiration declines rapidly
during the course of an experiment. What we should then want
to know would be the rates of alcohol formation at all times
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during anaerobiosis. It should be noted that rate curves can
always be constructed from the data recorded in progress curves,
and that by extrapolation the probable ratc of alcohol formation
at the moment of transition from anacrobic to acrobic con-
ditions may be determined (c.f. Blackman’s extrapolation
described on p. 355).

Thomas (loc. cit.) also measured the accumulation of acet-
aldehyde in apples (fig. 36 (b)) during anacrobic-zymasis. It will
be observed that this substance ceased to accumulate before
the rate of alcohol-production had been markedly retarded ;
and that thc concentration of acctaldehyde present at any
time was very small in comparison with that of ethyl alcohol.
Similar results have since been obtained for other tissues which
produce acetaldehyde anaerobically.

There is good evidence (see Kostytschew, 84) that for a given
organ of a selected species ol plant the intensity of aerobic
respiration and the rate of CO,-production under anaerobic
conditions march together. Fidler (45) made experiments
during two seasons on the anacrobic respiration of Newton
Wonder apples picked in a certain orchard in Kent, and his
charted results in fig. 35 indicate that the rates of production
of ethyl aleohol and of anaerobic CO, also march together. 1t
will also be seen that the form of these charts is similar to the
form of the curve in fig. 22, p. 256, showing the seasonal drift
in the intensity of aerobic respiration in apples. When this
intensity is relatively high, as it is in young growing apples, so
also are the rates at which carbon dioxide and ethyl alcohol are
produced under anaerobic conditions. In the early stages of
storage all the rates are relatively low, but increase during the
climacteric. A possible explanation of these relations is that
the enzymic systems governing anaerobic respiration form part
of the systems that control aerobic respiration. Alternatively,
aerobic and anacrobic respiration may be independently con-
trolled, but the rates of both processes may be governed by the
general metabolic vigour of the cells. Kidd and West (81) have
shown by their experiments on aerobic respiration that this
vigour may vary from year to year, as well as during the
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development and storage of apples. This fact is also illustrated
by the results of Fidler’s experiments, since he found that the
intensity of anaerobic respiration was less in the scason 1980-31
than in the season 1931-32.

I/N quotients. Yor over fifty years attempts have been imade
to determine the quotient obtained when the rate of anacrobic
respiration (often denoted by the letter I, which stands for
intra-molecular respiration 1) is divided by the rate of aerobic
CO,-production (often denoted by the letter N, which stands
for normal respiration); but, for reasons that will be given
below, the results of earlier researches are of doubtful value.
We mention, however, that this quotient was obtained by
dividing a number representing the mean rate of CO,-production
by a given tissue in nitrogen or hydrogen, ¢.e., in the absence of
oxygen, by a number representing the mean rate for the same
tissue placed in air. Fluctuations in rate during the course of
the experiments were not taken into consideration. Now,
respiration usually remains fairly constant during short periods
of a few hours in air at constant temperature, so a significant
value for N can be obtained by dividing the total amount of
carbon dioxide produced during a period by the number of
hours. But, under anaerobic conditions, the rate of production
of carbon dioxide often alters rapidly. Thus it was found that
the average hourly rate for white-mustard seedlings was, during
the fourth hour of anaerobiosis, only one-quarter of the rate
during the first hour, and consequently the I/N quotient fell as
the experiment proceeded. What is usually wanted in order to
express this quotient is a value representing I before any change
in anaerobic respiration has occurred. This means that a
number must as a rule be obtained which represents I imme-
diately after anaerobic conditions have been imposed on the
plant-tissue under experiment. Inrecent years F. ¥, Blackman
and Parija have pointed a way to determining such a number.

1 Thxs term was in general use some years ago for respiration in the
absence of oxygen, but became obsolete when it was realized that aerobic
respiration also results from intra-molecular change. The old symbols
are, however, retained for the convenience of the reader when he refers to
monographs on respiration.

THOMAS’S PLANT PHYS. 12



354 RESPIRATION

These workers asserted that for Bramley’s Seedling apple they
have actually succeeded in measuring I (they call this nitrogen
respiration or N.R.) and N (they call this oxygen respiration, or
0.R.), as if the given apple were respiring simultaneously in
nitrogen and in air. Having overcome the difficulty of the
fluctuation of I with the duration of anacrobiosis they main-
tained that from the quotient I/N (or N.R./O.RR.) so obtained
inferences may be made about the effect of oxygen on the
rate of CO,-production.
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Fic. 87. Graphical representation of the aerobic- and the
anaerobic-respiration of a Bramley’s Seedling apple. The
drawing is based on one of the figures given by Blackman
(19).

A Bramley’s Seedling apple in which the rate of aerobic
respiration was slowly but steadily decreasing, was transferred
to nitrogen at a time R,, when its aerobic respiration was equal
to O, R, (see fig. 87). Further measurements of CO4-production
were made at three-hour intervals, and it was found that the
rate at which carbon dioxide left this bulky fruit was greater
after three hours’ anaerobiosis than before the apple was placed
in nitrogen. This rate increased for a further six hours,
reached a value m,, and then decreased at an apparently steady
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rate along m;N,. After forty-eight hours in nitrogen,
when the anaerobic respiration wus equal to N,R,, the apple
was again exposed to air, and the first measurement showed
that the rate of liberation of carbon dioxide had decreased.
Subsequently respiration fell to a minimum value m,, which
was lower than the value that would probably have been
obtained at the time of measurement had the apple never been
through a nitrogen experience.  The rate of this aerobic
respiration then increased until it once more reached the air-line
at I.  Apart from minor fluctuations, aerobic respiration then
followed the air-line, i.e., it decreased at approximately the
same rate as before the nitrogen experience, and Blackman con-
cluded that * the nitrogen experience is at last, after a couple
of days, a thing of the past which has left no permanent cffect.”

The results, which are graphically represented in fig. 37, show
that by using the method of the older workers to evaluate I/N
we should obtain different numbers were we to make com-
parisons of I and N first over short and then over long periods.
Moreover, the I/N quotient found after transferring from air to
nitrogen would be different from that found after re-transferring
from nitrogen to air. Blackman’s method, however, permits
comparisons of I and N to be made at one and the same time R,
and at one and the same time R,, although, actually, only N
at R, and I at R, are determined experimentally. I at R,
and N at R, were found by extrapolation.

Blackman postulated that the rate of CO,-production by the
flesh-tissue at once increased when the apple was transferred
from air to nitrogen, and that afterwards the rate of anacrobic
respiration steadily decreased. It will, however, be observed
from O;m,; in fig. 87 that what was actually first found by
measurement was a gradually rising rate of liberation of carbon
dioxide through the skin of the apple. Blackman pointed out
that the skin, which is covered by a thick cuticle pierced but
sparsely by lenticels, would offer a considerable resistance to
the diffusion of gas from the intercellular spaces within.
Hence he concluded that for purely physical reasons it takes
several hours for the full effect of changes in tissue-respiration,

182
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whether anaerobic or aerobic, on the CO,-content of an apple
to become equilibrated with the rate of diffusion of carbon
dioxide through the lenticels. The curve between the points
O, and m, in fig. 87 represents the fact that respiration had
increased on transferring from air to nitrogen. But we can
deduce nothing else, as equilibrium between CO,-production and
CO,-escape was not reached until the rate of escape had risen
to m,. Subsequently along m;N, there was a steadily falling
rate of escape,! which was a true expression of the falling rate
of anaerobic respiration of the flesh-tissue. Blackman inferred,
and this inference is the crucial point in his analysis, that
anaerobic respiration had, since its inception, been decreasing
at this same steady rate. Hence he concluded that the initial
value of anaerobic respiration could be obtained by continuing
the curve Nym, back to N, .e., whereas the curve O,m, repre-
sents CO,-cscape as measured by experiment, the dotted curve
Nym, represents the actual CO,-production by the respiring
cells. Plainly he had achieved his object of getting numbers
for the aerobic and anaerobic respiration of a single apple at
one and the same time ; for at the time R, aerobic respiration
was by experiment found to be O;R;, and anaerobic respiration
was evaluated as N, R, by extrapolation from the curve obtained
by experiment for subsequent anaerobic respiration.

The events that occurred on returning the apple to air
from nitrogen were subjected to a similar form of analysis. At
the time R, it was supposed that when aerobic respiration
replaced anaerobic respiration the rate of CO,-production by
the flesh-tissue immediately decreased. But owing to the
barrier to diffusion imposed by the skin, some of the
residual carbon dioxide produced during the last hours of
anaerobiosis would still be present in the intercellular spaces.
Hence, immediately after returning the apple to air, the
CO,-escape was higher than the actual CO,-production by
aerobic respiration, and Nym, virtually represents the escape

1 We see that, during this period, anaerobic respiration decreased more
rapidly than aerobic respiration, for m,N, declines more steeply than does
the air-line (cf. footnote, p. 371),
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of this residual carbon dioxide. Equilibration between CO,-
production by aerobic respiration and CO,-escape began at
my, and myl represents the trend of the gradual increase in
aerobic respiration that occurred from its initial low value at
the time R,. A number (O,R,) for the actual aerobic respiration
of the flesh-tissue at the time R, was obtained by continuing
the curve Im, back to O,. Thus at the time R,, Blackman
found by experiment the number N,R, for anaerobic respiration,
and by extrapolation from a curve obtained by experiment the
number O,R, for aerobic respiration. He therefore succeeded in
evaluating the 1/N quotient for a single apple at two distinct
times, and found that this quotient was the same whether it was
calculated for the time R; or the time R,, i.e., N;R;/O;R; =
N,R,/O,R,. For the season in which Blackman’s experiments
were carried out the I/N quotient for Bramley’s Seedlings of a
quick-ripening class worked out at 1-3, and for a slow-ripening
class at 15,

The conservation of carbon. (i) I/N quotients greater than
unity. If the rate of production of carbon dioxide is a measure
of respiratory catabolism, it may be inferred, without further
consideration of metabolic events, that in those tissues which
give I/N quotients greater than unity the presence of oxygen
tends to conserve respirable substrates, i.e., to conserve carbon
combined in oxidizable organic compounds. Such conservation
is clearly illustrated by Blackman’s results for Bramley’s
Scedling apple. Using Blackman’s method other workers have
obtained quotients greater than unity for tomatoes (Gustafson,
271), cherry-laurel leaves and carrot roots (see Turner, 178),
and for rhododendron leaves (Ranson, wunpublished work).
Although doubt still exists concerning the significance of I/N
quotients recorded by earlier workers (see p. 853) quotients
greater than unity found for certain tissues (e.g., germinating
peas and beans, green grapes) provide further evidence of the
conservation of carbon in the above described sense. Had
Blackman’s method been used even higher quotients might
have been obtained for such tissues. Boysen-Jensen (272)
implied that substrate is conserved as a result of the absorption
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of oxygen when he pointed out that in these instances the rate
of carbohydrate destruction must have been greater under
anaerobic conditions than it was in air.

In rccent years Meyerhof has, as a result of his work on
respiration and glycosis in yeast and muscle-tissue, strongly
asserted that acrobic respiration should be regarded as a
process that conserves the plastic substances in cells. It is true
that organic metabolites are lost during aerobic respiration,
but Meyerhof maintained that the loss is less than when
aerobic respiration is stopped by cutting off the oxygen supply.

In the apple and in other plant-tissues that produce ethyl
alcohol during anaerobiosis, the amount of respirable substrate
that disappears is considerably greater than is represented by
the results of measurements of the production of carbon
dioxide. In order to evaluate the effect of oxygen in con-
serving carbohydrates in applc cells Blackman expressed sugar-
loss in the presence and absence of oxygen in terms of carbon
units, taking the rate of carbon-loss by aerobic respiration as
unity. He assumed that anaerobic respiration consisted wholly
in alcoholic fermentation as represented by the equation on
p. 847 ; and, accordingly, he evaluated the rate of carbon-loss
by alcohol-production as double that by N.R., which he deter-
mined experimentally.

Rate of carbon-loss by O.R.inair=1 . . . . (1)

Rate of carbon-loss by N.R. in nitrogen = 1-8

Rate of carbon-loss by alcohol-production in nitrogen =
2:6

Rate of total carbon-loss in nitrogen =389 . . . (2)

From (1) and (2) it follows that, on the average, for every carbon
unit lost by aerobic respiration, 2-9 carbon units, which would
in the absence of oxygen be changed to alcohol or carbon dioxide,
are conserved as respirable material. This is rather less than
the conserving effect of oxygen found by Meyerhof for yeast
and muscle-tissue.

According to Fidler (45) only 80 per cent. (approximately)
of the nitrogen respiration (i.e., of the I) of the Bramley’s



I/N QUOTIENTS 359

Seedling apple results from alcoholic fermentation. It is
possible, therefore, that Blackran slightly overestimated
carbon-loss attributable to the formation of ethyl alcohol ; but
even if he had greatly overestimated this loss his gencral con-
clusions would not have been affected, since I was so .auch
grcater than N in the apples he used. The desirability of
determining cxperimentally the rate of alcohol-production as
well as that of anaerobic CO,-production, gave a clear lead to
further work. On the basis of their measurements of these two
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Fra. 38. Records of four similar experiments, showing the
influence of oxygen-concentration on the rate of carbon-loss
by Bramley’s Seedling apple, at 23° C. Results expressed
in gm. carbon per 100 gm. fresh-weight tissue per 100 hours.
(From Thomas and Fidler, see text.)

rates Thomas and Fidler (156) constructed charts showing the
influence of varying oxygen concentrations on the rate of
carbon-loss (fig. 88). Their results confirmed Blackman’s
conclusion that the minimum rate of carbon-loss occurs at
the extinction point of anaerobic respiration, 7.e., at a concen-
tration of about 8 per cent. oxygen. These charts provide
clear cvidence that respirable substrates in apples are con-
served by increasing the concentration of oxygen from zero
to 8 per cent. With further increase the rate of aerobic
CO,-production continues to rise (p. 343), and consequently,
the rate of carbon-loss is progressively augmented. For the
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four experiments the approximate average rate of carbon-loss
under anaerobic conditions was 0-38 ; at the extinction point
it was 0-14 ; and in air it was 0-18. Evidently, at the extinc-
tion point, for every unit of carbon produced in the carbon
dioxide of aerobic respiration 1-7 units were conserved. In air
the conserving effect of aerobic respiration was relatively less ;
only 1-1 units werc conserved for every unit lost in CO,-
production.

(i) I/N quotients of unmity or less. Although suggestive
hypotheses consonant with experimentally determined values
of CO,-production may be put forward when I/N quotients are
found to be unity or less than unity, the present writer main-
tains that no conclusions about the possible conserving effect
of oxygen can be legitimately drawn unless simultaneous
measurements are made of the production of substances other
than carbon dioxide or of the consumption of respirable sub-
strates.

It was pointed out by Pfeffer that if aerobic respiration were
wholly replaced by alcoholic fermentation on transferring
plant-tissue from air to anaerobic conditions, and if the rate of
sugar destruction were not altered, the I/N quotient should
work out at 0-33. This is because only one-third of the carbon
lost in alcoholic fermentation occurs in the carbon dioxide set
free, the remaining two-thirds are found in the ethyl alcohol that
accumulates in the tissue. Some of the quotients obtained by
earlier workers were less than 0-88, but doubt exists concerning
their significance (p. 857). We wait therefore for confirmation
of these low quotients by workers who use Blackman’s method
of extrapolation or some other method by which I may be
evaluated immediately anaerobic respiration begins.

Using modern methods, Leach (171) determined I/N quotients
for certain germinating seeds at the moment of transition from
anaerobic to aerobic conditions. The values he obtained for
buckwheat were 0-36, 0-81, 0-86, and 0-37. Since the average
value was only slightly greater than '0-88 he inferred that at
the moment of transition the complete oxidation of hexose to
carbon dioxide and water was replaced by its anaerobic break-
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down to carbon dioxide and alcohol, without alteration in the
rate of sugar destruction, thus irplying that oxygen cxerted
no conserving effect on respirable substrate in the buckwheat
seeds that he used. For Zea Mays and the sweet pea the
quotients found were less than 0-33. Even if in these | lants
also acrobic respiration were wholly replaced by alcoholic
fermentation, the inference to be drawn would be that the rate
of substrate loss in air was greater than that under anaerobic
conditions, 1.e., the presence of oxygen did not retard but accelerated
the rate of carbon-loss. 'The quotients obtained for sunflower
varied from 0-42 to 0-58, for Cucurbita pepo from 0-37 to 0-48,
and for castor oil from 0-40 to 0-72. It is clearly possible that
oxygen-uptake may lead to retardation in the rate of carbon-
loss by these plants. But no definite conclusions can be legiti-
mately drawn until further quantitetive information has been
obtained about other metabolic events occurring under an-
aerobic conditions.

A step in the right direction is to take into account the rate
of alcohol-formation as well as of anaerobic CO,-production.
Ideally the rate of carbon-loss by aerobiec CO,-production
should be compared with the rate of total carbon-loss by the
anaerobic production of ethyl alcohol as well as of carbon
dioxide at the moment of transition from aerobic to anaerobic
conditions (see pp. 348 and 353). We hope shortly to publish
the results of such measurements and calculations. At present,
since data for rates of alcohol-production (Z, see p. 8350) are still
scanty, consideration will be given to data for values of I/N
and Z/I obtained simultaneously in experiments by Boysen-
Jensen (272) on various tissues.

If the rate of aerobic CO,-production is N, that of carbon-loss
in air will be 12N/44. Similarly a rate of anaerobic CO,-
production of I implies a rate of carbon-loss of 121/44 ; and an
average rate of production of ethyl alcohol (C,H,OH) of Z
means a rate of carbon-loss of 24Z/46. Evidently, if there are
no other products of aerobic and anaerobic respiration besides
carbon dioxide and ethyl alcohol, or traces of substances (e.g.,
acetaldehyde) which may be included in an * alcohol number,”
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a necessary condition for demonstrating that oxygen conserves
respirable substrate is that

[(121/44 + 247Z/46) — 12N/44] should be positive,
e, [(1 + 191Z]I) — I%I] should be positive.

It should be noted that in this argument no assumption is made
about the chemical nature of the respiratory substrate that
gives rise to aerobic and anaerobic carbon dioxide.

TasLe XV. Analysis of data obtained by Boysen-Jensen to
illustrate a method of testing whether oxygen conserves respirable
substrate (see teat)

1 2 3 4 5
1 N 7 19017 1017 N
N 1 T (1—1-—1-) [(H' —I')_T]
E)tgi;il- Calculated };i]x(_‘:l‘&i]' Calculated
Green grapes 1-2 0-84 0-81 2:55 “+ 171
Blue grapes 074 1-35 0-88 2-68 + 1-33
Carrot root 1-1 0-91 0-91 2-74 “+ 1-83
TR . 058 172 0-69 2-32 + 0-60
Pea cotyledons .| 0-83 1-20 0-65 2-24 + 104
Nasturtium leaves| 055 1:82 0-24 1-46 - 036
Potato tubers 1-0 10 Zero 1 7ZeTo
v 11 0-91 0-2 1-38 + 047
s s’ 0-7¢ 1-37 0-33 1-63 -4- 0-26
White mustard
seedlings 018 5-56 05 1-96 — 360

Inspection of column 5 in table XV shows that the differences
of the values in columns 2 and 4 provide clear evidence of con-
servation for the succulent fruits blue and green grapes (cf.
evidence for apple and tomato, p. 857); and also for carrot
roots and pea cotyledons. In potatoes that produced no alcohol
the rate of carbon-loss appears to have been the same under
aerobic and anaerobic conditions. It is probable that the
methods of measuring ethyl alcohol were not sufficiently
accurate for much reliance to be placed on the small positive
differences recorded in column 5 for the tubers that produced
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alcohol. We note the possibility, however, that substrate may
be conserved to a slight extent by the influence of oxygen on
the carbohydrate catabolism of such tubers. In the seedlings
of white mustard, and, possibly, in nasturtium leaves, substrate
loss was greater in air than under anaerobic conditions.

It is emphasized that the burden of this scction has been to
assess such evidence as exists of the conserving influence of
oxygen, and that no regard has been paid to possible ways in
which this influence may operate. The consideration of these
ways will form the subject-matter of a later section (p. 870).

G. The Development of Recent Views concerning the Connection
between Aerobic and Anaerobic Respiration

The hypothesis that labile products of zymase-cleavage may be
oxidatively consumed. (i) Historical. The idea put forward by
Pfliiger that anaerobic cleavage is the first step in the aerobic
respiration of animal tissues was developed for plant respiration
by Pfeffer late in the last century. Pasteur and his pupils had
earlier established that many plants when deprived of oxygen
produce ethyl alcohol as well as carbon dioxide, and Pfeffer
suggested that the aerobic respiration of such plants might
proceed in two stages, viz., (1) anacrobic cleavage with the
formation of ethyl alcohol and carbon dioxide, and (2) oxidation
of ethyl alcohol with the formation of further carbon dioxide
and of water. This simple hypothesis was relinquished for
several reasons, of which the most potent was and still is the
fact that such experiments as have been performed indicate
that plant-cells either cannot oxidize ethyl alcohol, or, if they
can, do so far less readily than they oxidize the carbohydrate
substrate from which the aleohol is derived. It would take us
too far were we to attempt to follow the vicissitudes of Pfeffer’s
hypothesis during the closing years of the nineteenth century,
Pfeffer himself abandoned his hypothesis for reasons which he
doubtless would not later have considered valid. Those
physiologists who decided that aerobic and anaerobic respira-
tion were in no way connected, considered the latter either as a
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pathological phenomenon with no biological meaning or as a
biological adaptation when it took place uuder those rare
natural conditions in which there is a shortage of oxygen (see
Kostytschew, 84).

Many plant physiologists, however, continued to maintain
that Pfliiger’s idea provided the key to the elucidation of the
chemistry of aerobic respiration. This view was strengthencd
by experiments which appeared to show that aerobic respiration
could sometimes be stimulated by subjecting certain plant-
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Fic. 39. Schematic representation of Kostytschew’s views
concerning the chemistry of respiration (see text).

tissues to anaerobic conditions for short periods. On returning
the tissues under experiment to air, aerobic respiration began
again at a higher rate than before the period of anaerobiosis.
The increase in respiration was attributed to the accumulation
during anaerobiosis of cleavage-products that were more readily
oxidizable than the usual respiratory substrates. There are
other possible explanations (e.g., the stimulation of respiration
by the cleavage-products, without their being oxidized), and
there is much scope for further experiment.

The separation of zymase first from yeast and later from the
cells of higher plants, and the study of the properties of this
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enzyme in vitro, paved the way for the modifications made in
Pfeffer’s hypothesis by the Rursian physiologists, Palladin
and Kostytschew, in order to meet the difficulties that had
led to its being set aside by so many physiologists. They came
to the conclusion that alcoholic fermentation procecls in
stages, and that it is not ethyl alcohol that is produced and
oxidized in aerobic respiration, but some labile intermediate
product of zymase cleavage. This modified hypothesis is
schematically represented in fig. 89.

It will be observed that this hypothesis only takes into
account the fermentative component of anaerobic respiration.
Even at the present day there is insufficient experimental data
to warrant the extension of the hypotbesis so as to include

anaerobic cleavage processes other than those governed by
zymase.

The evidence that was gathered and the inferences that were

made before this hypothesis was formulated may be summarized
thus :

(1) Zymase is widely distributed in the cells of higher plants.
hence the fermentative component of anaerobic respiration may be
attributed to the activity of this enzyme.

(2) Studies on zymase in vitro had shown that the activity of this
enzyme was not reduced in the presence of molecular oxygen.
Hence it was reasonable to suppose that in living cells undergoing
aerobic metabolism, carbohydrates would be acted on by zymase.

(3) Ethyl alcohol, however, is never present in significant amounts
in the cells of higher plants living under aerobic conditions. Hence
it follows that if zymase-cleavage occurs under these conditions either
ethyl alcohol or one of its precursors must be consumed as soon as
it is produced. Clearly this must be an oxidative consumption,
seeing that ethyl aleohol accumulates when the oxygen-supply is
cut off. Both Palladin and Kostytschew attributed this consump-
tion entirely to the oxidation of this intermediate compound to
give carbon dioxide and water.

(4) The Russian physiologists agreed that such evidence as was
available from feeding experiments (p. 265) indicated that ethyl
alcohol is either not consumed in air by the cells of higher plants, or,
if it is consumed, not at a sufficient rate to warrant its being regarded
as an intermediate product of aerobic respiration. Hence they
concluded that oxidation is incident upon one or more of the pre-
cursors of ethyl alcohol in the chain of intermediate products formed
in zymase-cleavage. )
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In support of his hypothesis Kostytschew professed to have
demonstrated that a mixture of products formed by the
fermentation of sugar by yeast stimulated the aerobic respiration
of wheat seedlings. He realized, however, that further considera-
tion of the hypothesis would have to be deferred until more was
known about the chemistry of zymase-cleavage in yeast and
the higher plants.

(i) Intermediate metabolism in anaerobic respiration. We
have already pointed out (p. 55) that for the zymase of ycast
this knowledge is now very considerable. Moreover, there
exists cvidence that zymase derived from the higher plants
possesses properties similar to those of yeast zymase. It is
probable therefore that when higher plant zymase is acting on
hexoses in vitro, or when anaerobic-zymasis is taking place in
the higher plants, the biochemical changes that lead to the pro-
duction of ethyl alcohol are similar to those which occur when
hexoses are fermented by yeast zymase, i.e., the sequence is
hexose, hexose-phosphates, triosephosphates, phosphoglyceric
acid, phosphopyruvic acid, pyruvice acid, acetaldehyde, ethyl
alcohol. Substances such as glycerol, methyl-glyoxal, and lactic
acid, may be produced as by-products.

The older evidence concerning phosphorylation in the higher
plants has been discussed by Onslow (102). The details still
require further elucidation; but there is little doubt that
fructofuranose diphosphate (see p. 888) is the product that is
clecaved by zymase, undergoing the form of glycolysis aptly
described as triosis by Turner (178). Kobel and Neuberg (273)
have reported that enzyme preparations from germinating soya
beans can convert hexosediphosphate into triosephosphates, and
that enzyme preparations from germinating peas or beans can
convert glycerophosphoric acid into pyruvie acid. The appli-
cation of methods described on pp. 261-8 has provided
substantial evidence in favour of the view that acetaldehyde is
the immediate precursor of ethyl alcohol, and that it is pro-
duced by the decarboxylation of pyruvic acid :—

(1) Under anaerobic conditions traces of acetaldehyde may
accumulate with ethyl alcohol. This fact was discovered by Kostyt-
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schew in his experiments on the anaerobic respiration of poplar
inflorescences. Similar reports have since been made by Thomas
for apples, several other fleshy fruits, and other organs (e.g., carrot
root), Neuberg and Gottschalk for pea meal and bean meal, and by
Gustafson for shoots of Opuntia spp.

(2) Thomas has discovered that zymasis in the presence cf oxygen
may be induced in such organs of the higher plants as produce ethyl
alcohol anaerobically, by inhibiting oxidation enzymes with low
concentrations of hydrogen cyanide or hydrogen sulphide, or by
subjecting the organs to the action of high concentrations of carbon
dioxide. These forms of zymase-cleavage have been described as
HCN-, H,S-, and CO,-zymasis. Experiments have been performed
on fleshy fruits, carrot roots and other underground storage organs,
germinating peas and barley, seeds and pods of peas and beans, and
leafy twigs and inflorescences of a number of plants. In general,
higher concentrations of acetaldehyde and lower concentrations of
ethyl alcohol are developed during these forms of zymasis than
during anaerobic zymasis. A possible explanation is that the
activity of the enzyme alcohol-dehydrase, which brings about the
reduction of acetaldehyde to ethyl uicohol (p. 61), is depressed in
the presence of oxygen by low concentrations of hydrogen cyanide
and hydrogen sulphide, and by high concentrations of carbon
dioxide.

(3) In parallel experiments on pea meal, acting anaerobically on
a dilute solution of glucose, Neuberg and Gottschalk found that
164 mg. of acctaldehyde were fixed (p.263) when sodium sulphite
was added to the fermenting mixture, while in the absence of
sulphite only 5 mg. accumulated. The amount of alcohol formed
was reduced from 3,000 mg. to 300 mg., partly owing to the fixation
of acetaldehyde and partly to the depression of zymase activity by
the sulphite. This experiment provided strong presumptive evidence
that acetaldehyde is the immediate precursor of ethyl alcohol in the
anaerobic respiration of the higher plants.

(4) It appears now to be firmly established that carboxylase
exists in the tissues of the higher plants (see James and Norval, 215).
If this enzyme forms part of the zymase complex, we may infer that
acetaldehyde is produced anaerobically by the decarboxylation of
pyruvic acid.

(5) Kidd and Trout have reported that when acetaldehyde in
relatively high concentration is fed to the orange or the apple,
ethyl alcohol is produced.

(iii) Intermediate metabolism in aerobic respiration. Returning
to the consideration of Kostytschew’s schema for acrobic
respiration, we must next record such evidence as now exists
of the production by higher plants respiring in air of ethyl
alcohol and of intermediate metabolites of zymase-cleavage,
and of the possible aerobic oxidation of some of these substances.
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Actually very little consideration has been given to the aerobic
production and consumption of substances other than ethyl
alcohol, acetaldehyde, and pyruvic acid; and even for these
substances no conclusive evidence has been obtained. A few

statements may, however, be made.

(1) It has been reported that ethyl alcohol and acctaldehyde may
accumulate aerobically in low concentrations in certain plant organs
(e.g., many ripening fruits, carrot roots, leaves of succulent plants,
catkins of hazel and poplar) in which there is no reason to suppose
that there is a shortage of oxygen in the vicinity of respiring cells.
As far as is known acetaldehyde has never been found without ethyl
alcohol. This evidence, which for some of the organs, requires
substantiation, would be consonant with the view that one or both
of these substances is an intermediate product of aerobic respiration.
Alternatively the facts could be explained by supposing that a
precursor of acetaldehyde undergoes aerobic respiration, but that
the mechanism is not perfect and a fraction escapes oxidation and
is further changed by the zymase complex, which retains its full
activity in spite of the presence of oxygen. It should be noted as a
further possibility that acetaldchyde, and consequently ethyl
alcohol, may arise from vegetable acids and not from sugars in fleshy
fruits and succulent leaves.

(2) Clearly the fact that both acetaldehyde and ethyl alcohol may
accumulate when oxidation enzymes are inhibited either by depriving
a tissue of oxygen, or by treatment with cyanide, etc., may be
explained by either of the hypotheses put forward in (1). Moreover,
the aerobic accumulation of these two products of zymase-cleavage
in organs (e.g., germinating peas, developing buds of sycamore) in
which dermal coverings may impede gaseous exchange, in injured
or ageing fruits, and sometimes in other organs, may be attributed
to a reduction in the activity of oxidation enzymes without a
corresponding reduction in zymase activity. The accumulation of
these two substances is determined by the relative activities of the
whole zymase complex (including carboxylase and alcohol-dehydrase)
and of the oxidation enzymes that may attack products of zymase-
cleavage.

(8) Evidence has been obtained that ethyl alcohol and acet-
aldehyde may be aerobically consumed by tissues of some of the
higher plants, provided the oxidative activity of the cells is high.
Kidd and Trout supplied acetaldehyde to the orange, and, early in
the storage season, to the apple; and Kidd and West fed apple
tissue with ethyl alcohol. Thomas and Foster placed apples and
other plant-organs under conditions that induced zymasis, and
measured changes in the concentration of ethyl alcohol and acet-
aldehyde on returning the plant material to aerobic conditions.
Foster has also fed leafy shoots, seeds, and other organs with these
substances. The results of earlier work (p. 865) on the aerobic



AEROBIC AND ANAEROBIC RESPIRATION 369

metabolism of ethyl alcohol appears to have been confirmed, since,
when alcohol was consumed, the concentration of this substance
fell at a slow rate. The consumpuon of acetaldehyde was more
rapid. No convincing evidence has yet been published that the
aerobic consumption of either ethyl alcohol or acetaldechyde leads
to the production of carbon dioxide.

(4) Klein and Pirschle fixed small amounts of acetaldehyde as
acetaldomedon by supplying dimedon to tissues of the higher
plants, which were respiring in air, and attributed the formation of
this substance to metabolic events occurring inside the living cells.
This conclusion may not have been justified (¢f. discussion on p. 302).
Accepting the evidence that zymase-cleavage occurs under aerobic
conditions, they inferred that this aerobic cleavage proceeds as far
as acctaldchyde, and that in air this substance normally undergoes
oxidation, i.e., it is an intermediate product of aerobic respiration.
The argument is not conclusive. It is possible that dimedon depressed
oxidative activity, and in this way induced zymasis (see (2) above).
These workers made no attempt to ascertain whether ethyl alcohol
was produced as well as acetaldehyde.

(5) The finding of James and Norval (215) that carboxylase
prepared from young barley tissue was active in the presence of
molecular oxygen provides further cvidence of the possibility that
acctaldehyde may be produced by the acrobic catabolism of sugars,
or of other substrates that may give rise to pyruvic acid. It is not
yet known whether active oxygen (see p. 372) inhibits carboxylase
activity, or in some way modifies it so that acetaldehyde and ethyl
alcohol are not produced in substantial amounts in cells respiring
in air. If the carboxylase action of living cells is the same in air as
under anaerobic conditions, the known facts may be explained iu
several ways. Decarboxylation of pyruvic acid could be regarded
as providing some of the carbon dioxide of aerobic respiration, and
the fact that acetaldehyde and ethyl alcohol do not accumulate in
appreciable amounts in cells living in air could be attributed to the
rapid oxidation of acetaldehyde. Alternatively it is possible that
carboxylase is not called upon to operate in the decarboxylation
of pyruvic acid, because in the presence of oxygen this acid or one
of its precursors is rapidly oxidized or consumed in another way.

(6) Evidently great interest attaches to the part played by pyruvie
acid in respiratory metabolism. James and Norval (loc. cit.) supplied
detached germinating embryos and young detached leaves of barley
with M/20 pyruvic acid, and measured the resulting changes in the
rate of CO,-production, and in the respiratory quotients. The rate
of CO,-production was greatly incrcased, and this was attributed
to the decarboxylation of the added pyruvic acid, probably as a
result of the action of carboxylase. The disappearance of pyruvic
acid was experimentally proved. But these -workers never found
free acetaldehyde in the tissues which had been fed aerobically with
pyruvic acid. James and James had, however, at an earlier date
reported the production of acetoin, a simple condensation product
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of acetaldehyde. The respiratory quotient was found to rise in a
fashion *‘ to be expected on the assumption that the pyruvic acid
is being respired simultancously with internal substances.” James
and Norval conclude that their results are * consistent with the
view that the decarboxylation of pyruvic acid (probably followed by
the oxidation of acetaldehyde) is a normal stage in the aerobic
respiration of barley.” But they realized that the existing evidence
is not conclusive, and they make several alternative suggestions,
which are similar to some of those we have made in this section.

Ocridative Anabolism. In researches which have had a far-
reaching influence on the interpretation of results obtained in
experiments on the respiration of living cells, Meyerhof reported
that in yeast and the muscle-tissues of warm- and cold-blooded
animals the greater part of the products of aerobic glycolysis
are oxidatively reconverted into carbohydrates. Meyerhof
considered that this curious cycle was dependent on the energy
liberated by the aerobic oxidation of carbohydrates. When
acrobic oxidation was inhibited by cutting off the oxygen-
supply or by hydrogen cyanide, the products of glycolysis
accumulated, as the energy supply was lacking for them to be
changed back into carbohydrate. Ilence, on balance, con-
siderably less respirable carbohydrate was lost by acrobic
respiration than by anaerobic glycolysis or by glycolysis in the
presence of cyanides. Meyerhof calculated that in muscle for
every molecule of carbohydrate oxidized, five molecules of
carbohydrate were virtually preserved as respirable substrate
by the reconversion of lactic acid (which is the product of
glycolysis in muscle) into carbohydrate. For wild yeasts, and
the cultivated baker’s and brewer’s yeasts, he concluded that
aerobic respiration protects carbohydrates from fermentation.
The protection is complete in the wild yeasts, but only partial
in the cultivated yeasts. It should be noted that this effect is
on living yeast-cells and not on zymase scparated from yeast.

At about the same time F. F. Blackman (19) put forward a
similar hypothesis in order to explain the results of Parija’s
experiments with apples, described in section F. It will be
recalled that, in the presence of oxygen, respirable material
appeared to be conserved. In the Bramley’s Seedling apples,
for every carbon unit lost by aerobic oxidation, 29 carbon
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units were protected from zymase-cleavage to carbon dioxide
and ethyl alcohol. Before Lipmaan’s work (sec p. 8372) it was
generally accepted that the activity of zymase in living cells
was in no way impaircd by the presence of oxygen, i.e., that
the rate of zymasec-cleavage in air was not less than under
anaerobic  conditions ;
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in fig. 40. Some of these ideas resemble those put forward earlier

1 Actually, he interpreted Parija’s data as showing that zymase-
cleavage occurred more rapidly in air. This he attributed to the more
rapid activation of hexoses in the presence of oxygen. He postulated that
activation is a preparatory stage to zymase-cleavage (see his scheme,
fig. 40).
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by Wortmann (see Kostytschew, 84) and Boysen-Jensen (272)
on the basis of the results of experiments in which they obtained
I/N quotients greater than unity.

It should be carefully noted that what Parija obtained was
experimental evidence that the presence of oxygen resulted
in the conservation of carbon ; and we have seen that there is
evidence of such conservation for other tissues (section F).
Blackman’s hypothesis of oxidative anabolism is only one of
several possible explanations of the experimental results. For
cxample, if Lipmann’s view is correct that zymase-cleavage is
depressed by active oxygen, carbohydrates would be conserved
because aerobic glycolysis is less active than anaerobic glycolysis.
After considering the behaviour of animal tissues, Dixon and
Holmes have postulated that the rate of supply of substrate to
cnzyme is slower in the presence of oxygen than under anaerobic
conditions, i.e., they explain conservation in terms of a decrease
in permeability or of an increase in organization resistance.
Further experimental work is required to test these different
hypotheses.

The problem is rendered more difficult to solve because in
experiments on some organs oxygen-uptake did not appear to
bring about a conservation of respirable substrate (section F).
Among this class are included certain germinating seeds and
green leaves which are known to possess high powers of con-
structive metabolism, probably much higher than those
possessed by fully grown fruits, in which the aerobic conserva-
tion of carbon has been proved to occur. It should be noted,
however, that other germinating seeds and green leaves belong
to the same class as the apple.

If there is any substance in the arguments put forward on
p. 810 constructive metabolism is dependent upon the energy set
free in aerobic respiration, i.e., it may be described as oxidative
anabolism. The fact that no evidence of the conservation of
carbon has been obtained by a certain kind of experiment on a
whole growing organ or leaf does not prove that oxidative
anabolism, in the widest sense of the term, is not proceeding
in some of the parts of the organ or leaf, It is true that the
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kind of oxidative anabolism believed by Meyerhof to occur in
yeast and the muscle-tissue of ani:nals, viz., the building back
of carbohydrates from products of glycolysis, has not been
proved to occur in plants, although some evidence exists that
plant protoplasm has the power of converting substances such
as glycerol and acetaldehyde into carbobhydrates. But there
are other possible kinds of oxidative anabolism ; aud in recent
years increasing theoretical considcration has been given to
that possible form, described on p. 228, in which zymase-
cleavage products may scrve as the source of carbon from which
a large number of primary anabolites may be constructed. To
prove experimentally that carbon is aerobically conserved
because fats, amino-acids, isoprene and benzene derivates, ete.,
are synthesized by oxidative anabolism at the expense of
zymase-cleavage products would be to achieve a major advance
in definite biochemical knowledge.

On the alleged oxidative consumption of carbohydrates
without zymase-cleavage. We have considered on p. 363
earlier criticisms of Pfeffer’s hypothesis and how these were
met. Moreover, we have noted (a) that in developing this
hypothesis Kostytschew, Blackman and others have assumed
that zymase-cleavage occurs in cells that are absorbing
oxygen, and () that Lipmann has thrown some doubt on this
crucial point. The validity of thesc hypotheses was also
questioned when Lundsgaard reported that sodium iodoacetate
completely inhibits fermentation in cultivated yeasts, but that
oxygen-uptake is at first hardly affected. He attributed this
uptake to the respiratory oxidation of carbohydrates by the
living yeast, and naturally inferred that in this organism
oxidations resulting from oxygen-uptake are not necessarily
concerned with products of zymase-cleavage. Boysen-Jensen
shortly afterwards found that the fermentation of pea
cotyledons soaked in a solution of iodoacetate was depressed
to relatively a greater extent than the oxygen-uptake, and
saw in this result further evidence for the view he had long
held, viz., that respiration and fermentation are independent
processes. Turner demonstrated that dilute aqueous solutions
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of sodium mono-iodoacetate inhibit the fermentation of carrot
tissue in nitrogen. The inhibitory action for a given concentra-
tion was less than that on the fermentation of ycast, because
of the slow penetration of the iodoacetate into the carrot cells,
particularly in the interior of the dises that he used.

More recent experiments of Lundsgaard and of others on
yeast, and of Turner on carrot discs, have, however, shown
that some of this residual oxygen-uptake may be referred to
the oxidation of ethyl alcohol that had, previous to treatment
with iodoacetate, accumulated in the tissue under experiment.
Nevertheless Lundsgaard still held that the glycolysis of
hexoses,—i.e., the formation of triosephosphates (sce p. 59)—
can be completely inhibited by concentrations of iodoacetate
thatstill permit oxygen-uptake connected with the aerobic
respiration of carbohydrates. Turner, on the other hand,
considers that iodoacctates, by inhibiting what he describes
as {riosis (i.e., the formation of triosephosphates), inhibit both
fermentation and respiration, and attributes the differential
effects of this inhibitor on these processes under the conditions
of Lundsgaard’s and his own experiments to the reduction in
the presence of oxygen of the inhibitory power of iodoacetate.
Turner concluded that iodoacetate has essentially the same
inhibitory effect on fermentation and respiration but acts
more slowly on fermentation for any given external concentra-
tion. Accordingly he maintained that the results of work on
iodoacetate do not in themselves necessitate the replacement
of hypotheses that postulate the respiratory oxidation of
zymase-cleavage products by one in which respiration and
fermentation are regarded as completely independent processes.
Turner (178) has recently written a clear account of Lundsgaard’s
experiments and conclusions, and has criticized these conclu-
sions in the light of his own experimental results.

Of evident significance to Lundsgaard’s hypothesis is the
discovery by Miiller and others that yeasts and certain mould-
fungi contain oxidases that can effect the direct oxidation of
certain sugars, and that these oxidases are insensitive to
sodium iodoacetate. Thus in 4spergillus niger there is a glucose-
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oxidase which takes part in the oxidation of glucose to gluconic
acid. Further, Saccharomyces muarzianus and Saccharomyces
exiguus do not contain maltase, and consequently these yeasts
cannot ferment maltosc. But when these yeasts are grown on
maltose, they absorb oxygen and give out carbon dioxide.
It has therefore been inferred that they contain a maltose-
oxidase, which oxidizes maltose dircctly. It may well be that
there are oxidases which play a part in producing, with the
liberation of ecarbon dioxide, compounds containing five carbon
atoms (e.g., pentoses) and four carbon atoms (c.g., certain
vegetable acids) from hexoses. It is important to realize,
however, that even if, under the agency of such oxidases,
oxidation of carbohydrates in the presence or absence of
iodoacetate can occur without zymasec-cleavage, it does not
follow that under normal acrobic conditions oxidative meta-
bolism of labile intermediate products of zymasc-cleavage does
not take place as well. Indeed, there appears at present to be
no cogent reason for abandoning the hypothesis that zymase,
which may well be universally present in plant cells, in some
way or other participates in aerobic oxidative metabolism.

H. Oxidizing Enzymes and Respiration

In neutral aqucous solution, carbohydrates and zymase-
cleavage products are not oxidized at an appreciable speed by
molecular oxygen, i.e., they do not act as autoxidizable sub-
stances. Hence it follows that under conditions which exist
in living cells these respirable substrates lose their stability
towards oxygen. Consequently the properties of the oxidizing
systems that occur in living cells have aroused great interest,
and much work has been done to elucidate the nature of the
enzymes that can activate either molecular oxygen or oxidiz-
able substrates, and of the substances that can act as carrier
or acceptor substances.

Since oxidations other than respiratory oxidations occur in
living cells (p. 820), it follows that all oxidizing enzymes are
not necessarily concerned with respiration. Thus Raper has
shown that when tyrosinase acts on tyrosine in the presence of
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air, oxygen is absorbed, and a second hydroxyl group is intro-
duced into the tyrosine molecule. Hydroxylation of this kind
would not be a respiratory event. Consequently the enzymes
concerned would not be acting as respiratory enzymes. The
same remarks apply to tyrosinase when it governs oxygen-
uptake and pigment-formation in certain developing tissues
(e.g., the spotted leaves of Arum maculatum, the black and
white flowers of Vicia faba) and to the direct oxidases when
they bring about the oxidation of phenols after injury (see
p. 822). It is possible, however, that the given enzyme may
function at one time in respiration and at another in some other
oxidative change.

The general properties of oxidizing enzymes have already
been discussed (p. 88). Here we shall consider certain recently
expressed views concerning the activity of oxidizing enzymes
in respiratory oxidations.

In the principal hypothesis discussed in section G, oxidation
enzymes are postulated as co-operating with the zymase-
complex in bringing about the respiratory oxidation of carbo-
hydrates, and in such a fashion that the respiratory quotient
is unity. We do not yet know at what stage of zymase-cleavage
oxidation enzymes become operative in diverting metabolic
change from the direction of producing ethyl alcohol and the
carbon dioxide of zymasis, to a metabolic sequence that leads
to the absorption of oxygen and the production of carbon
dioxide, but not of ethyl alcohol. Accordingly we are at present
constrained to the course of suggesting, in the light of our
knowledge of oxidation enzymes (pp. 88 to 55), some of the
lines along which oxidation sequences may run.

(1) In the first place we note the probability that aerobic
oxidative processes are incident on compounds containing
three or two carbon atoms, which are either primary products
or by-products of zymase-cleavage (p. 56). We may represent
any one of these products as AH,, i.e., as a substance that can
donate hydrogen (p. 478). Some of these compounds may be
autoxidizable ; others require to be activated by a dehydrase
before they will part with their hydrogen to an acceptor.
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(2) The oxidation systems involved may be anacrobic
dehydrases or aerobic dehydrases. The former, but not the
latter, are sensitive to cyanides and sulphides. Genevois (49)
found that the respiratory quotients of many plant-tissues in
which carbohydrates were being oxidized rose above unity
when the tissues were treated with cyanide; and Thomas
(see p. 867) demonstrated the production of cthyl alcohol and
acetaldehyde, as well as an increase in the respiratory quotient
(p. 821), in the tissues of certain plant-organs which were
respiring in air containing the vapour of hydrogen cyanide or
hydrogen sulphide. A simple interpretation of these findings
is that anaerobic dehydrase systems are involved in the aerobic
oxidation of zymase-cleavage products, and that the activity
of these systems is depressed by cyanides and sulphides more
than is the activity of zymase. <Consequently products of
zymase-cleavage accumulate, and more carbon dioxide is
produced than can be accounted for by acrobic respiration,
Further work is required to determine whether, in addition
to anaerobic dehydrases, acrobic dehydrases and other systems
insensitive to cyanide are concerned with respiratory oxidations
in the higher plants (cf. the note on the respiration of yeast,
p. 46).

(8) Among the hydrogen acceptors that may occur in plants
are oxygen, co-dehydrases I and II, flavoprotein, cytochrome,
dehydroascorbic acid, and, possibly, glutathione. AH,, when
activated by a specific dehydrase, may donate its hydrogen to
one of these acceptors, which will thiereby be reduced. Since
the concentration of organic acceptors in living cells is extremely
low, very little AH, will be oxidized to A by this initial dehydro-
genation. For the continuous oxidation of AH, it is clearly
essential that such acceptors should be regenerated. This all-
important regeneration takes place as a result of a succession
of oxidations. We have already discussed possible sequences
in the dehydrogenation of dihydro-co-dehydrases I and II,
dihydroflavoprotein, reduced cytochrome, ascorbic acid,
dihydroxyphenols, and reduced glutathione. It should be
carefully noted that under aerobic conditions, in the final
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dehydrogenation, both in anaerobic and aerobic dehydrase
systems, oxygen acts as the hydrogen acceptor, and that
hydrogen peroxide is produced. Catalase decomposes the
peroxide, yielding water and oxygen.

(4) The main function of oxygen appears therefore to be
that of a hydrogen acceptor in aerobic and anaerobic dehydrase
systems. In the latter it is eventually responsible for the con-
tinuous regeneration of all the hydrogen acceptors involved in
a particular oxidation. There are special enzymes concerned
with the action of oxygen as a hydrogen acceptor in anaerobic
dehydrase-systems. The cytochrome oxidase (or indophenol
oxidase) of yeast, and the catechol oxidase and other direct
oxidases of the higher plants provide good examples. The
action of these enzymes is inhibited by cyanides. Onslow (102)
maintained that direct oxidases only occurred in about 60 per
cent. of the higher plants. Interest thercfore attaches to the
properties of other enzymes (e.g., ascorbic oxidase) that may
be concerned with oxygen-uptake, and therefore eventually
with the oxidation of AH, to A.

(5) The part played in respiration by peroxidases, which are
present in all plant-cells, is still obscure. Like other hamo-
chromogen catalysts they are sensitive to cyanides and
sulphides, but this does not prove that they function in
respiratory processes. The idea that peroxidase systems
may link with other enzyme systems (pp. 41 and 46) is
suggestive.

(6) Itis not yet known at what stage or stages carbon dioxide
is split off in the aerobic respiration of carbohydrates. We have
already seen that oxidation enzymes form part of the zymase
complex, and that acids such as pyruvic acid are produced
from sugars even in the absence of oxygen. It is possible that
other a-ketonic acids are produced as a result of dehydro-
genations and hydrolytic oxidation-reductions under aerobic
conditions; and it is known that such ketonic acids are
decarboxylated by the enzyme carboxylase. The only other
plant enzymes which have been shown to decompose their
substrates in vitro with the production of carbon dioxide are
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formic dehydrase and urease. The functions of thesc enzymes
in vivo are not known,

From the foregoing discussion it is clear that, as a result of
their analytical treatment of the subject of respiration, bio-
chemists now picture that highly elaborate enzymic mechznisms
are operative at the respiratory centres of protoplasm. Analysis
is not yet complete ; but it may well be that several distinct
enzymes, with associated co-cnzymes and necessary ions (e.g.,
phosphate and magnesiumn ions), may be concerned as an
organized protoplasmic system in the oxidation of sugars into
carbon dioxide and water, by way of zymase-cleavage products,
and thereby liberating cnergy that is harnessed in the service
of the organism. Little is known about other possible types of
oxidation ; but it is clear that there must be qualitative
differences in the composition of sich centres as bring about
the oxidation of sugars to compounds containing five or four
carbon atoms, and of centres at which substrates such as amino-
acids and vegetable acids undergo respiratory oxidation. A
wide field is open for further investigation,



PART 1V
GROWTH AND MOVEMENT

CHAPTER XV
GROWTH
A. Primary Growing Regions !

GrowTH may be defined as a permanent change in volume,
which is usually accompanied by a change in form. This
definition is applicable to diminution in volume, such as occurs
in the contractile roots of the common arum and crocus, as well
as to the increase in volume with which growth is generally
associated. We shall, however, confine our attention to
members that increase in length as they grow, and summarize
such facts as have been won by microscopical observation and
experiment, with a view to indicating that growth and develop-
ment are the result of the complex interplay of many metabolic
and bio-physical processes in the regions where cells multiply,
enlarge, and differentiate.

Primary meristematic regions. These formative tissues,
composed of non-vacuolated living cells (fig. 41), are located
at root-tips and shoot-apices. They are centres of intense
metabolic activity (c¢f. p. 220) where food-materials are
(a) assimilated to form new protoplasm (the specific synthesis
of proteins, lipoids, nucleic acid, ete.), and (b) oxidized in
respiratory processes which provide energy for the anabolic
events indicated in (a). The increase in the amount of proto-
plasm is accompanied by mitotic nuclear division, and cell-
division is completed by the formation of new cell-walls, which

1 Secondary growth following the activity of cambium or phellogen
might be treated in a similar fashion.

880
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are produced as a result of carbohydrate anabolism. The new
cells swell owing to the imbibition of water by the protoplasmic

- I3
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(See text.)

Fic. 41.

gels.
Regions of primary enlargement.
These regions are readily recognized by
making marks with Indian ink on the
growing member, and observing where
the marks separate during growth (e.g.,
fig. 42). Inaroot the region of enlarge-
ment is localized near the tip, but in a
stem it is more extensive and may be
distributed over several internodes below
the apex. In certain monocotyledonous
leaves (e.g., onion leaves) growth is
confined to bsasal portions, but in most
leaves it is more distributed. In these

regions new cells, which have been formed in the meristems,
absorb water by imbibition and osmosis, and, owing to the

plastic extensibility
of the cell-walls,
undergo turgor-cx-
pansion and become
vacuolated (fig. 41,
b and c¢). The
absorption of the
water necessary for
turgor  expansion
may be determined
by an increase of
osmotic pressure re-
sulting from hydro-
lyses, e.g., of starch
to sugar, or by an
increase in the ex-
tensibility of cell-

IOl

e T

Fi1c. 42. The regions of primary enlargement
in a root.

walls, such as may be brought about by the action of auxins
on growing cells, Expansion is accompanied by the intercala-
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tion in and deposition on pre-existing lamelle of new cell-wall
substances. Thus carbohydrate metabolism plays a noteworthy
part in primary enlargement. Respiratory oxidations provide
energy, and cellulose and other substances are synthesized.

The degree to which a cell can expand when situated in a
growing tissue is restricted by the magnitudes of the wall-
pressure of the thickening cell-wall and of the opposing hydro-
static pressures of neighbouring cells.  Strips cut from newly
grown tissues curve outwards (see p. 561), showing that, during
expansion, dermal tissues tend to become strctched, and tissues
towards the interior compressed. These tissuc-tensions help to
determine the external form of the growing member; as cells
mature this form becomes permanently established.

Maturing primary regions. In these regions cells differen-
tiate to form the permanent primary tissuc-elements.
Maturation begins during enlargement and usually continues
after turgor-cxpansion has ceased. Very varied forms of
metabolism govern the specific processes of maturation (p. 220).
The racial characters inherited by the individual, and the
environmental conditions together determine the fate of the
food-substances that arc assimilated, and hence the forms
that will be assumed by the developing individual. Aerobic
respiration is, of course, vigorous.

B. Metamorphosis

An adult organism, grown under any environmental condi-
tions, will exhibit certain characters and modes of behaviour,
whose appearance and development may be attributed to the
action of the internal factors that constitute the inheritance
the indjvidual derives from its parents. Nevertheless, identical
twins grown under different environmental conditions may
possess strikingly different characteristics. Thus environ-
-mental factors may affect the size, form, and orientation, of
plant-members, or alter the rates at which the various phases
in the life-cycle are passed through. For example, plants
grown under arid conditions, in soils deficient in one or more of
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the essential elements in available form, at low temperatures,
or under other conditions unfavourable for growth, will, when
fully grown, be stunted by comparison with plants of the same
race which have grown under favourable conditions. The
environment governs in part, therefore, the size attained by a
plant. There is, however, a limit of size set by the inheritance
beyond which the plant cannot grow even under optimum
conditions.

The term stimulus has already been defined (p. 5). The
mode of action of some of the environmental factors that govern
growth, development, and configuration, appears to conform
to the requirements of that definition. Such factors may be
described as formative and orientative stimuli. The latter
group will be considered in chap. XVI, and a few examples
of the modifying effects of formative environmental stimuli
will be given here.

The formation of chlorophyll is a metabolic event brought
about by protoplasmic systecms that are under the control of
hereditary factors, but leaves of seedlings that have inherited
these factors do not turn green if iron salts are not available in
the environment. After comparing the yellow-leaved plants,
which are called chlorotic plants, with normal plants grown in
the presence of iron salts, one infers that iron salts constitute
a formative chemical stimulus. In the presence of iron salts
but in the absence of light from the blue-violet end of the
spectrum, chlorophyll formation does not as a rule oceur.
Hence we infer that light acts as a formative stimulus in the
growth of green plants. Plants grown in the dark arc described
as etiolated plants, and, besides lacking chlorophylls @ and b,
exhibit other striking differences from normal plants. For
example, in etiolated bean plants, grown in absolute darkness,
the plumule remains hooked, the lateral leaves do not develop,
the internodes are relatively long, and several peculiarities of
anatomical structure, such as the reduced formation of lignified
tissue, and the presence of a Casparian band in the endodermis,
have been reported (Priestley, 115). It is thus clear that
many of the characters of a normal plant result from the inter-
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play between internal factors and the stimulus of light. Highly
complex problems confront those who attempt to analyse the
sequence of changes that are initiated by the perception of the
stimulus of light, and lead to the development of so many
different characters.

Heat-energy often acts as an external stimulus. Thus the
colour of the flowers of Primula sinensis var. rubra depends
upon the temperature at which the flowers develop. At
ordinary temperatures the flowers are red, and we infer that
they carry an inherited mechanism that can bring about the
formation of anthocyanin. If, however, the plants arc grown
in a hothouse, the flowers produced are white. Clearly the
behaviour of the inherited mechanism is governed by the
temperature of the environment.

Among other external stimuli that may have a modifying
influence during growth is the external moisture. According to
Palladin (108, p. 269), plants growing in dry regions oftcn
possess spines, and if such plants (e.g., broom) are grown in a
very moist atmosphere the spines are gencrally replaced by
short, leafy branches.

C. A Note on the Causal Conditions for the Production and
Perpetuation of Adaptations

In analysing growth phenomena we are concerned not with
final or purposeful causes, but with proximate causes, and look
upon all plant-structures as the inevitable end-products of the
reactions between inherited internal factors and significant
environmental factors. The end-products may or may not be
adaptations, 7.e., members possessing external form or internal
structure which render the whole plant peculiarly fit to survive
in a particular environment. It should be realized that even
when the use of the term adaptation is justifiable, it is not
justifiable to assign as the cause of the formation or occurrence
of any structure its importance to the plant as is so often
done in sentences such as ‘the reason for the production
of chlorophyll is that plants require light-energy for photo-
synthesis.” Chlorophyll formation is a complex event, and
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we do not yet know the nature of all the inherited internal and
the necessary external causal fuctors concerned. What one
may legitimately state is that ‘““as a result of chlorophyll
production, green plants absorb light-energy and carrv out
photosynthesis.”

Nevertheless, such adaptations towards a given environment
as are inevitably formed during the development of a given
individual will have survival value for the race to which that
individual belongs. The persistence of a race (e.g., broom) in a
specified environment (dry banks in the open) will be favoured,
because environmental factors and inherited internal factors
will in every succecding generation interact to produce grown
plants (broom bushes with spinous green branches, and other
xerophytic characters) which are adapted to conditions in that
environment.

Bearing in mind the intense competition in the field for
space, light, cte., and the antiquity of existing plant-species,
we are not surprised to find that thriving plants show growth
forms and internal structures that may be described as
adaptations to their environments.

D. The Classification of the Functional Anatomical Systems
in Plants

As a result of the interplay of factors of inheritance and
environmental factors, tissue-systems are produced which
exercise functions in the welfare of the whole organism, and
hence of the race to which it belongs. A classification of these
functional systems is given helow.!

Metabolizing systems.  All living cells are metabolizing
systems (e.g., they all respire), and the following different types
arc frequently distinguishable :—

(a) The zygotes produced by the fusion of gametes. These are
formative systems which can assimilate foods into their own kind of
nucleated protoplasm. Nuclear division and cell-division follow,
and new cell-walls are formed.

(b) Meristematic tissues (i.) primary meristems at apices of stem

1 The classification has been developed from that proposed by
Haberlandt (54).

THOMAS'S PLANT PHYS. 13
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and root ; (ii.) cambium, phellogen, and sometimes pericycle ;
(iii.) reproductive tissue which gives rise to microspores and
megaspores, and finally to male and female gametes.

(¢) Enlarging and differentiating tissues in any region. These
are formative systems which assimilate and transform foods into the
substances composing the structures of the permanent primary and
secondary tissues.

(d) (i.) Photosynthesizing tissues (any living tissue containing
chloroplasts). Primarily these tissues manufacture sugars in the
presence of light. They also manufacture from raw materials other
food-substances independently of the direct influcnce of light.
(ii.) Storage-tissues (vacuolated parenchyma of shoot and root, and
sometimes of specialized parts such as seeds, tubers, rhizomes,
corms, and bulbs). Here, carbohydrates, fatty oils, and proteins,
accumulate singly or together, and arc drawn on in a later phase
of vegetative activity. (iii.) Feeding tissues. Two types may
be distinguished, viz., the nectaries of flowers, which function in
pollination ; and the parenchyma of fleshy fruits, which function
in seed-dispersal. In both types metabolism leads to the production
of the food-substances that attract the visiting insects or birds.
(iv.) Secretory tissues. Glands secreting resins, ethereal oils,
and mucilages, and the nectaries of flowers, may be regarded as
specialized metabolic systems when they produce the secreted
substances. (v.) Specialized nutritive tissue, e.g., tapetum.
(vi.) Pigmented attraction tissues, in coloured members of in-
florescences, whose flowers are pollinated by insects, and in coloured
fleshy fruits.

Absorbing and eliminating systems. (a) The piliferous layers
of roots. These absorb water and dissolved mineral salts and
oxygen, and give off carbon dioxide.

(b) Parenchyma with wet cellulose walls in contact with inter-
cellular air. These absorb and eliminate matter in the gaseous state.
The activities displayed depend upon the nature of the cells and the
environmental conditions. (i.) Photosynthesizing tissues in the
light absorb carbon dioxide and eliminate oxygen. (ii.) Photo-
synthesizing tissues in the dark and all other parenchyma in the light
or the dark absorb oxygen and eliminate carbon dioxide. (iii.) All
parenchyma abutting on intercellular spaces, and thinly cuticularized
epidermal cells in contact with the outside air, eliminate water as
vapour.

(¢) (i.) Superficial specialized glands and nectaries secrete water
and substances in solution directly to the exterior. (ii.) Turgid
unspecialized cells or internal glands secrete water and substances
in solution into intercellular spaces; these liquids may then pass
through ordinary stomata or specialized water pores to the exterior.
(iii.) Mucilage-, oil-, resin-, and gum-passages, raphide-sacs, etc.,
serve as internal excretory reservoirs. .

Conducting systems. (a) In the conducting parenchyma of
pith, cortex, medullary rays, xylem, phloem, and the bundle-
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sheaths of leaves, water and solutes in crystalloidal solution move
slowly by osmosis.

(b) In xylem vessels and tracheides, water and inorganic sub-
stances move rapidly in all directions. These tissue-elements some-
times conduct upwards soluble food-materials from storage-tissues.

(c) In sieve-tubes (which are always associated with companion-
cells) food-materials are rapidly translocated from photosynthesizing
and storage systems to regions of utilization.

Dermal systems. (a) Cuticularized epidermal layers protect
living cells in the interior from injury from outside. They are
exceedingly important in restricting water-loss from turgid primary
tissues.

(b) Suberized cells of cork-tissue are also protective in function,
and restrict water-loss from secondary turgid tissues.

(c) Root-caps protect the meristematic regions of roots from
injury by the soil particles during growth.

(d) Hairs may reduce the rate of water-loss, and hairs and emer-
gences may have a protective function.

Ventilating systems. Intercellular air-systems with their ex-
ternal openings of (a) stomata associated with epidermis (note that
cuticle is impermeable to gases); (b) lenticels associated with cork
tissue (note that cork is impermeable to gases).

Mechanical systems. The following tissuc-elements contri-
bute to the rigidity of shoot-systems :—

(a) Turgid cells within the stretched epidermis of young shoots.

(b) Collenchyma and sclerenchyma of primary tissues.

(c) Lignified elements, particularly sclerenchyma ! of secondary
tissues. The vessels and tracheides in old wood in trees sometimes
become filled with substances that harden, and so increase the
rigidity of the tree trunk.

Motor systems. (a) Living and non-living tissues which govern
the dehiscence of anthers and of certain fruits.

(b) Specialized parts (e.g., tendrils) or unspecialized parts that are
capable of differential growth. In thesc and only in these can
growth-curvatures occur.

(c) Specialized pulvini, in which alterations of turgor cause
movements of variation.

Sensitive systems. In this class are placed tissues (e.g., geo-per-
ceptive root-tips and photo-perceptive coleoptile-tips) that are
supposed to be peculiarly sensitive to external stimuli.

Stimulus-transmitting systems. Paths for the travel of stimuli
must exist in plants when it can be shown that regions of perception
and motor-systems are separated.

1 It should be noticed that sclerenchyma, xylem vessels and tracheides,
cork-tissue and lenticels, and intercellular spaces, are non-living but
functionally essential parts of living plants. The vital powers of growth,
development, etc., reside in the living cell, but are dependent upon the
continued functioning of the above-named non-living parts.

18—2
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E. The Integration of the Activities of Functional Systems
within the whole Organism

Simple summation of functional processes. A couple of
examples will make it clear that the functional systems classified
in section D form an ordered aggregate when co-existing in
the whole organism. There is a mutual relevance among
associated physiological processes. First we note that the
continued efficiency of green leaves as organs of photosynthesis
depends on the proper and simultaneous action of water-
absorbing, conducting, and ventilating systems ; secondly, that
the rate of water-absorption is governed by the concentration
in the root-sap of soluble organic matter manufactured in and
transported from green leaves, and by the rate of transpiration.
Many other examples of this type of interdependence might be
given, and it is possible that if we knew the functional powers
of each related part considered as a separate unit, we could
predict how the whole plant would behave. Activity of the
whole plant would then represent the simple summation of the
activities of the parts. The effects of such association of
processes within the whole are not qualitative but quantitative.

Correlations. For many years it has been recognized, how-
ever, that the properties of a whole organism may differ from
the numerical aggregate of the properties possessed by each of
the constituent funectional systems. Powers not previously
displayed may be revealed, or others previously shown may be
modified or suppressed, by the association of parts within the
whole organism. In some way, therefore, events in one
part of an organism may exert a qualitative as well as a
quantitative effect on the behaviour of another part.

Goebel (1880) used the term growth-correlations to describe
those forms of mutual influence between distinct parts of a
plant which determine the properties of the parts within the
whole.! The protoplasm in a given cell may possess very
varied powers, and the activities actually developed may

! For a masterly discussion of the pioneer work in this difficult subject
see Jost (74).
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depend upon the incidence of stimuli belonging to the ex-
ternal environment (section B) or, alternatively, on internal
stimuli generated elsewhere within the plant body. Correlative
behaviour is, in a sense, autonomic response to internai stimuli,

Growth itself may be regarded as an autonomic response
to an internal stimulus. Thus, apart from the processes of cell-
division, which may be attributed to the persistence of the
stimulus of fertilization, cell-enlargement is dependent upon the
transmission of stimuli to the enlarging cells from other regions
(section H).  Another excellent example is afforded by the
striking changes that often take place in gyncecial or recep-
tacular tissue after fertilization. Also there is evidence that
growing buds and leaves provide a cambial stimulus which
promotes cell-division in the cambium below them (Snow, 137).

Many examples could be given of correlative readjustments
following injury. These often have survival value for the
plant in its modified state. If the main root is destroyed,
one or more lateral roots, normally plagiotropic towards the
stimulus of gravity, may become positively geotropie, and so
promote the downward growth of the whole root-system. It
would appear that the presence of the main root in the whole
plant exercises some influence on the geotropism of the lateral
roots. Influences of a similar kind appear to affect the geo-
tropism and mode of development of the lateral buds o1
spruce. In normal trces, the lateral buds give rise to dorsi-
ventral shoots which are plagiotropic towards gravity. If,
however, the terminal bud is killed, at least one of the lateral
buds may develop into a negatively geotropic shoot possessing
radial symmetry. One further example of modified behaviour
following injury must suffice. It has been shown that if the
aerial shoot of a potato plant is cut off, one of the subterranean
buds, which normally would give rise to a tuberiferous shoot,
develops into a new aerial shoot.

In contrast with