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CHAPTER 1

INTRODUCTION AND REVIEW OF LITERATURE



1 INTRODUCTION AND REVIEw OF LITERATURE

A remsrkable feature, characteristic oi all higher
animals and plants, is the preclse manner in which all
their functionsl parts fell into & coherent pattern, which
is species specific, Also, a well regulated and specifi-
celly oriented sequence of metebolic functions synchronised
to bring about morphogenetic differentiation at sll levels
of egrowth 1s 8ll pervading, These regulated processes

ore so integrated to give s determinative proportion to

sny organism.

Steward (1968) evalusted growth in terms of multipli-
cation of self-duplicating cell components like nucled,
nucleoli, plastids, mitochondria, golgil bodies or membranes.
All these phases of growth are accompsnied DY the synthesis
of cell proteins. In addition to vhis UYPE of growth,even
in the sbsence of any morphological differentiation, cell
enlargement snd resultsnt increase in chemical constituents
form the second phase of growth. Both these phases are
essential, and obviously it is thelr occurrence in sequence
which directs a2 set growth pattern. The second phase of
growth succeeds the first and gradually merges into the

other, but each phase has quite distinct controlling
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mechanisms.

Any interference with the dynamic state of equilibrium
of normal metebolism of s plant, preventing full utilisation
of the availeble resources of the environment, may be often
sscribed to a diseese., The sgency casusing such & physlo-
logical devistion 1s s pathogen, even if it is s nonliving
entity. The influence of the psthogen and its progressive
sssociastion with the host plant often glters the usual mode
of growth, development and differentistion eand results in
the concomittant production of snomalous structures. Galls
or tumors csused by s variety of disesse producing organisms
gre typicel examples of localised overgrowths where the
normal growth pattern is alterec and cells of the host

induced to excessive multiplication.

Plent galls are essentislly neoplsstic outgrowths, or
growth asbnormslities exhibiting a pronounced departure

from the general morphogenetic restraintsof the particuler

organ of the plsnt, They srise mostly by hypertrophy

(cell overgrowth) and hyperplasis (cell proliferastion)
under the influence of parasitic orgenisms like viruses,

bacteris, fungi, nematodes, mites snd insects. Some tumors

or galls represent the growth resction of plesnts to the

attack of the parssite and sre in some W8y related to the

biology of the perssite (cf. Mani, 196L).

It has also been observed that where a biological

assoclation exists between 8 host and a parasite ags a



regulsr phenomenon, galls are induced on the host by the
perasite., Galls hsve s striking characteristic in that
they sre new sbnormsl growths, discrete snd at least to
some extent, independent of their adjoining structures,
Mani (1964) described such s biologlcal #ssocietion
between the gall-inducing perasite snd the plant, as one
in which the former spparently derives ell the benefits
and the plant suffers from loss of substance, deviations
from normal course of growth, disturbances in sap flow,
premeture decay, increase of non-essentisl parts at the
cost of essential ones and other injuries. Cook (1923)
believed that Vtie formation of = gall is probably the
resultant of efforts on the part of the host plant to
protect itself from lethal injuries. However, g8ll develop-
ment involves factors that release a cell or a group of
cells from the normal decisive and coordinating morpho-

genetic influences of the host.

1211 induction involves 2 complex series of inter_
sections of the host plgnt cells and the inducer, The
tissues of the gall essentizlly arise as 8 result ofr
morphogenetic processes not much different from the normal
ones. But herein the processes sre in ab assorted order
and do not obey sny synchronised pettern of the norpal
organism. Although individusl histogenetic Processes in
morphogenesis or cecidogenesis sre identical with those
in normal organogenesis, some of these Processes arise

either easrlier or later, so thet there is g localised
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imbelznce. Mani (1964) considered s wide array of
situstions like hypoplasy, redifferentiation and retro-
grade differentistion, form snomaly, hyperplessy,
infiltration, snomelies of cell division, tissuc stretching
and tissue rupture, cell or tissue fusion, tissue degene-
ration, necrosis, cytolysis and dedifferentistion as

significent processes in gall formation.

Amidst the verious organisms harbouring the soil in
the rhizosphere of plants, nematodes form a chief taxon,
and they influence greatly piant growth gnd crop production.
The fact that there is herdly any cultivated plent spared
from the attack of these phytophagous parasites is often
unnoticed or overlooked. Maleadles caused by most nematodes
are insidious end chronic in nsture. They invade host
organs for deriving nutrients and in the process of pene-
treting, feeding and multiplying.  demage host tissues to
verying degrees by moving sbout in the host interior. They
pierce the cells and remove their contents, thereby inducing
cell lysis end necrosis by mechsnical snd chemicsl injuries.
Many nemetodes induce malformations or g&lls Which are the
products of a modified metebolism of host structures
favouring parssite growth and development. In addition,
nemztode penetration of host organs may Pave the way for

secondary infections of other pathogens and establishmert

of disease complexes.

Even though there are hundreds of phytoparasitic
nematodes inhabiting the soll, only nematodes belonging to



the genera Anguina Scopoll, 1777;Heteroders Schmidt, 1871;

Meloidogyne Goeldi, 1887; Tylenchulus Cobb, 1913,

Xiphinems Cobb, 19133 Ditylenchus Filipjev, 1936; Nacobbug

Thorne and Allen, 1944 and Radopholus Thorne, 1943 are

known to be gall inducers (Krusberg, 1963; Dropkin, 1969).
They sre endo snd ectoparasites belonging to 3 taxonomic
groups, viz., Tylenchidae, Dorylesimidase and Aphel-nchoidee.
Even though all sre essentiaslly capeble of inducing galls

of some kind, root-knots caused by the obligate endopsrasite
Meloidczyne is of the most complex type. The present

review cniefly includes studies made on Meloldogyne snd

Heterodera infections.

Root-knot disease is g very serious infection in many
cultivated crops &nd ornamentals, whose pathogenecity is
evidenced by the root galls incited by the femeles in host
orgens. Several studies have brought out that nemetode
infections andg feeding by the pathogen cause general crop
decline due to depletign of aveilable nutrients, impsiring
of water and mineral uptake and conduction. Distortion of
root system, cessation of root growth in length, excessive
root branching, necrosis and even mineral deficiency
symptoms are concomittant with nematode infestationg

(cf. Webster, 1972).

The host-parasite relstionships and associateq aspects
of nematode infections have been reviewed by Chitwood and

Oteifa (1952), Fielding (1959), Seinhorst (1961), Krusberg

(1963), Dropkin (19€9) and Webster (1969). Two recent



treatfes on plant poresitic nematodes have also given
considerable information regarding plant-nematode inter-

actions (Zuckerman et al,, 1971; Webster, 1972).

The root-knot nemetodes were among the first plant
nematodes to be recognised. They were firast described by
Berkeley in 1855 followed by Goeldi in 1887 (cf. Thorne,
1961). According to Thorne's (1961) descriptions, sarlier

they were known as Heteroders rasdicicols and H. marioni.

Then Chitwood {(1949) revised their taxcnomy. Earlier

workers designated these as Anguillule marioni Cornu, 1879;

A. grenaria Neal, 18¢9; A, vislae Lavergne, 1301;

H. Jjevanica Treub, 1885; Tylenchus arenarius Cobb, 1890;

Meloidogyne exigus Goeldi, 1892; Oxyurus incognita Kofoid

and White, 19193 Caconema radicicole Cobb, 1924, and

Berkeley (1855) called them "Vibrios™ (cf. Thorne, 1961).,
Chitwood's (1949) detailed investigstions on their

morphology esteblished the genus Meloidogyne with 5 gpecies
énd 9 sub-species. Since then the number of known species
has risen upto 35 (Franklin, 1971). These parasites are
known to have a wide host range of over 2000 plants

belonging to different and unrelated plant families.

Most root-knot nematodes exhibit 6 stages in their
life cycle. A gravid female lays eg&s bChat embryonate and
moult into larvae. Egg-hatching releases the infective
second stage larva which on successful perasitisation of

@ host, moults three times more to become an sdult . Plent
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nemato’es possess a stylet for penetrating the host cells,

a set of oesophagesl glands, and & pump in between the
stylet and the intestine. Many o1 them induce host cells
to provide specific feeding sites or syncytis. In addition
to chenges in these cells, there frequently arise varied
effects medisted by chemicals secreted or activated by

nematodes at other centres (Dropkin, 1369).

Linford (1937, 1939) first provided evidence for the
fact that larvee of the root-knot nemetodes sre attracted
to host roots. Wellace (1958, 1960) found 3 species of

Hetercders - H. major, H, schachtii and H. rostochiensis -

attracted by seedlings of hosts. In contrast, 8 theory of
random movements and locstion of hosts was suggested by
Bergmsn and Van Duuren (1959), Kuhn (1959) end Welscher

(1959) noticed little attraction of H. schachtii end

H. rostochiensis to isolgted host root diffusstes, The

root attractiveness was considered to be due tO & negative

redox potentisl of root exudates (Bird, 1959b) and 002
(Klingler, 1959).

According to Godfrey and ¢liveirs (193%) end Peacock
(1959), Meloidogyng larvae get locelised at 2 site behind
the root apical meristem of pinespple and tomato respec-
tively. Linford (1939) snd Huang (1966) attachegq importance
to the zone of root elongstion. Wieser {1955) goseribed
the apical 2 mm distence of excised tomats roots as

repellant and the succeeding 6 mm behind the root tip sas



attractive sites. A proximal region upto 16 mu was
considered neutrel or reprllant. It wes also reported
that roots of eggplent (Sclsnum melongeng) and Soyveen

(Glycine msx) ere neutrsl to M. hepla (Wieser, 1956).

Smith snd Mai (1965) found the larvse always within 1200 4
of the root tip in onion but they never were in or below

the region of spical initisls.

Meloidogyne larvee tnok 6 hr to penetrste plants like
pinespple and cowpes (Godfrey snd Oliveirs, 1932) whereas
an average of 3-4 hr was racorced 0y Loewenberg et al.
(1960). The movement into host roots is reported to be
sided by effecting cell sepsration along middle lamellae
using nematode Spears (Linford, 1942). One to three days

were found necessary for penetration oi Radopholus similis

{nto citrus roots (Du Charme, 1959). Thus, our present
knowledge regarding nematode larval infective processes
shows seversl disimilsr situstions. Linford (1937, 1939)

studied the feeding process of Heteroders marioni and

distinguished two phases: (1) puncturing of host cell well
with the buccal spear and extrusion of digestive secretions,
and {2) withdrawal of cell contents. Bird (195%a) believed
that the root-knot nemstodes do not feed during ecdysis

and development, wheress Manksu end Linford (1960) have

observed feeding by third snd fourth stage H., trifolii

larvae,

Histopathological studies on host parasite interactions

in heteroderid nemstode infections have revealed the



production of giant cells or syncytie at the feeding sites.
The presence of s group of large multinucleate nurse cells
around the heed of the sedentary feeding female nematode
was first mentioned by Treub (1887) but was overlooked by
subsequent workers., From Indis, Seran (1934) provided s

brief description of the deformities in Hibiscus esculentus

csused by Heterodere radicicols. Since Christie (1936)

compiled a review on the development of root-knot nemetode

(Hoterodera marionl) galls, several workers have interpreted
their origin and development differently. They attributed
the development of these tumorous cells as a result oi
mitosis, smitosls, dissolution and coalescence of cell walls

and resultant pooling of nuclel.

Dropkin and Nelsen (1960), Bird (1961), Crittenden
(1962) and Birchfield (1964) held that the giant cells sre
formed by the cell wall dissolution and subsequent fusion
of protoplasm. Bird (1961) used the terms 'syncyvia'! and
*coenoncyte' and Crittenden (1962) called them 'lysigenoma',

to denote cells fused together snd formed into multinucleate

structures.

Myuge (1956) suggested a different mechanism snd reasoned
that repested 'endomitosis' devoid of subsequent cell wall
formation, to be the cause for production of giant cells.
Workers like Dropkin (1965), Littrell (1966), Owens and
Novotny (1960), Smith end Mai (1965) and Huang ang Maggenti
(1969a) reported synchronous nuclear divisions without

cyvokinesis, ana dissolution of cell walls.
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Christie (1936) reported intercellular larval migration,
and subsequent settling at plerome, hypertrophy of cells
and nuclei in cells sround lerval head, stimulation of
cell division and syncytis formation., He also noted the
proliferous production of lateral roouts froam galls. In
his review Christie referred to Muller (1884), who noted
cell proliferation outside the vascular ring of Muss
rosacea but failed to notice the giant cells. Frank (1885)
noted sbnormal divisions of cells and development of xylem
nesr the point of invegsion in lettuce, beet and clover root-
knots, snd the cellsnear the point of invasion dividing for
sometime snd differentisting into xylem. Treub (1887) diq
not notice any significant root injury and reported
production of lateral ronts neasr the gells but did not

attach any significence,.

Atkinson (1890) studied the effects oi H. marioni in
cotton, tomato, potato and parsnip and reported that
eelworms do not confine themselves to any Particular tissue
system. In his observations all the tissue elements of the
diseased root underwent hypertrophy and some Cells were
subjected to special changes in form and direction of
growth. Queva {(1894) found the psrasites locslised near
the periphery of the primsry vasculer system, According
to him in some galls, secondsry vascular bundles and
formation of giant cells from tissues in between the primary

and secondary bundles asre occurred. A general reduction in

the amount of phloem tissues, presence of crushed xylem



elements and disintegration of giasnt cells were reported

by Beille (1898) in Papaya gracilis. Cessation of meri-

stematic asctivity and production of lstersl roots were
observed by Mollisrd (1900) who discussed the formation of
giant cells in supplying food to the parssite. Nemec
(1910) held that larvase in the periblem of roots do not
bring about sny changes, but induce multinucleate giant
cells on reaching the plerome. He described that the gisnt
cell nuclei undergo mitosis, coalesce and form clumps which
will ultimately reduce the number of nuclei per cell,
Nuclesr divisions without sccompanying cell division during
the initial stages and later co2lescence were described by

Kostoff and Kendell (1930) who worked on Nicotiana hybrids.

Both Nemec (1910) and Kostoff and Kendall (1930) felt that
salivary secretions from the invsder increase cell permes-
bility and bring about exosmosis and accumulation of foond
in giant cells. They believed that this localisation

Increases growth rate apg deprives other regions of

nutrients, thus inhibiting growth,

Krusberg snd Nielsen (1958) found in rost-knots of

M. incognita acrits in sweet potato, 4-9 glant cells

conteining 50 to several hundred nuclei. They wrote of
cork cells that developed around gient cells, which were
described as a wound hesling response. Crittenden (1958)
noticed numerous large gisnt cells With enlarged nuclei
and dense cytoplasm in susceptible soybeans, whereas few

small gient cells with a small number of nuclei ang sparse



cytoplesm only arose in resistant soybean varieties.
Dropkin and Nelson (1960) followed the gient cell develop-
ment in 19 varietles of soybeans jnfected by 2 specles >f
root-knot nematodes, and on the basls of cytnlogical
details/classified glant cells into four morphological

types.

Devis and Jenkins (1960) fnoculated gsrdenia (Garaenis

jasminoides) with M. incognita end M. incognita acrita, but

coula not visuelise any difference in histopathological
offects. They found the young glant cells numbering 2-5

to 10-12, generslly vacuolated though they had 30-40 nuclel
within. These Workers have enumerated fewer nuclei in

older roots indicatings the possibility of nucleer coalescing.

Meloidogyne jnfection in roots and fleshy rhlzomes of ginger

produced yjnternal lesions in additlon to other abnormalities
(Huang, 1966). Numerous jnterconnected tracheidal elements
were reported to surroundg the female nematodes and gilant
cells in peony (Paeonia albiflorg) roots. Eversmeyer and
Dickerson (1966) found these elements reconnectea with the
main stele. Swamy and Krishnamurthy {1971) detailed the
formation of atypical xylem, suppression of phloem
differentiation and suppression of cork cambial activity

in M. jsvanica-induced galls of agsella slba.

Monocotyledons were generslly regérded as unsuitable
to root-knot nemstode development. But Zea mays could
harbour M. incognitas that produced the usual histopatho-

logical effects in mslze (Baldwin and Barker, 1970Q)



Agein Siddiqui Islam snd Taylor (1970) snd Siddiqui
(1971) could successfully inoculate ¥, naasi into the
roots of wheat and oats respectively, in which galls
containing 2-8 giasnt cells arose. Contrastingly & closely

related heteroderid H, grsminophila though.could complete

its life cycle in Echinochloz colonum, Oryza sstive or

Sorghum halspense failed to produce glent cells or galls

(sirchfieid, 1972). The first report on the histopathology
of root-knots on & pine was provided by Rifile (1973) whose
descriptions corresponded with all the classical attributes

to Meloidogyne infection.

Ultrastructure and histochemistry of gisnt cells were
dealt witn by Bird (1961) whose extended work revesled
certain details regarding the inducement of giant cells
(Bird, 1962). According t- this worker the gisnt cells
which sre formed by the fusion of several cells, are
interconnected at theip extremities, contain many
mitochondria, plastids, golgli bodies and endoplasmic
reticulum,; and irregulsrly thickened walls Projecting into
the cytoplasm. Working with the ssme host gells, Paulson
and Webster (1970) reported. certain fine structural
observations such as proliferation of cytoplasm ang
organelles, lobing of nuclel end the development of irregu-
lerly thickened cell walls. Cell walls 5.1 times thicker
than those of surrounding cells, with Numerous projections
Jutting out into cytoplesm showing 8Nastomosing trabeculae

of secondary wall material, Were reported for V.faba giant



cells by Husng and Maggenti (1969b), though no cell well

breskdown has been mentioned.

Cell wall dissolution and coalescence of pratoplasm
he= been reported in s number of works (Christie, 1936;
Krusberg and Nielson, 1958; Dropkin and Nelson, 1960;
Bird, 1361; Owens and Specht, 1964, and Littrell, 1366).
Jones and Northcote {137z) recently published that cell
wall dissolution was not observablc but wall gaps srose
between gient cells, produced as a result of breakage
during cell expansion, Knob-like projections from the
cell walls into the cell interior were referred to by
Endo {(1371) end were considered significant by Jones and
Northecote (1972). Perforation in walls and wall protrusions
into cytoplasm were recently revesled through electron
microscopic investigations on susceptible soybeans
(Gipson, Kim and Rizos, 1971) and on resistant ones (Riggs,
Kim and Gipson, 1973). Tests of Dropkin snd Nelson (1960)
on syncyttit wells gave positive reactions for cellulose
and pectin/were negative for lignin, suberin, starch or
ninhydrin-positive substances. But analysis of Bird (1961)

revealed 21l normal polysaccharides in cell walls,

Some workers are in agreement with Nemec (131() ang
speculated that the number of nuclei in a given glant cell
represents the number of cells that colUributed to syncytisa
formation (Owens and Specht, 1964). Nuclear multiplicetion
was attrlbuted to repeated endomitosis and lack of

cytokinesis by Huang end Maggenti (1969a) who counted 64 n



chromnsomos in glant cells »f Viciz faba (2n = 12).

Dropkin (1965) also located synchronous nuclesr divisions
snd situstions conteinin- more than 100 chromosomes in

syncytie of Vicis viilogse (2n = 14). Contrastingly

Mankau and Linford (1960) and Sembdner (1363) argued that
there occurred a continusus disintegration of nuclel in
giant cells of clover-knots, while Endo (13904) also could

not find any evidence of mitosis in syncytia.

Histochemical and autoradiogrepnic enalyses of glant
cell cytoplesm have evidenced that tho infection site is
very rich in synthetic proteins, enzymes and ruclelc acids
(Bird, 1961; Rublnstein snd Owens, 1364; Endo and Veech,
19693 Veech and Zndo, 1963, 1970; and Endo, 1971). Dense
cytoplasm end vacuolsr systems are ldentified in syncytis
(Christie, 1936). Birg (1961) has compared giant cell
cytoplesm to that in meristematic cells and found the

former t5> have abundang mitochondria, plastids, dictyosomes,

golgi bodies ang endoplsasmic reticulum.

Even though both ¢cyst and root-knot nematodes induce
giant cells (syncytia) in susceptible host Tools, they are
demarcated on the basis of gall induction property, Gall
formation is distinct from giant cell development, for, not
gll root-knot parasitic species are capable of gall
formsetion, and galls induced on differeng hosts show
considerable differences. Galls arise by hypertrophy and

hyperplesia of tissues surrounding the nematode. snd its



feeding site. Bven surface feedin_  without actual entry
into the roots was found sufiiclent to induce galls
(Loewenberg, Sulliven and Schuster, 1960U). Kostofi ena
Kendall (1330) suggested that salivary secretions of

nematodes were responsible for gisnt cell formetion in

galls of Meloidogyne. Goodey (1948) suggested the possible
{nvolvement of plent growth substences basec on similarities
to suxin induced deformations. Ustinov's (1951) experi-
ments with x-Naphthalene scetic acid (NAA) applicetions
brought sbout sn incressed and intensified gelling efiect.
Sayre (quoted by Mountain, 1960) sugcested an Indole

acetic acid (IAA)-involving mechanism of gsll formetion

exhibited by Meloidogyne, following experiments of Nusbgum

(1958) with en inhibitor, Maleic hydrazide (MH)swhich
could reduce galling, But Myuge (1957) found that even

application of a growth promoter inhibited gall production

in tomato.

Balasubrsmenisn ang Rangaswemi (1962) extracted

certain indole compounds from root-knots of ABelmoschus

esculentus infected by Meloidogyne jevenica. Yu andg
Cutler ang

Viglierchio (1964),/Krusberg (1968), Vigilierchio and Yu
(1968) extended this type of {nvestigations and obtained
positive results for the involvement of eXagserated growth
substances,

Recent reviews by Krusberg (1371) ang
Viglierchio (1971) detailed these sbtudies,
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Chemical snelyses of normal end galled orgasns have
b-en attempted only by s few workers. Their results have
jndicated that metsbolic activities and rates are
strikingly different in these two tissues, It was shown
that amino scids accumulate in giant cells of gells owing
to nematode secretions and they increase the buffering
cepacity from 1.7 to 3.2 times (Myuge, 1958). Myuge (1956),
Owens and Novotny (1360) end Owens ané Specht (1966)
observed that normal and galled tissues of tomato roots
had considerable varistions in concentrstion of carbo-
hydrstes, proteins, amino acids,lipids, nucleic acids

and minersl constituents,

All these studies indicste that the giant cells or
syncytial system and the hyperplastic gall tissue contri-
buting to the bulk of root-knots, show vest differences in
metabolism. It is likely that stimulants for glant cell
formation and gal¥ development ere different. Bird's
(1962) findings demonstreting the inevitable dependence
of the psrasite on the host for its nutrients and that of
the giant cells on the parasite for maintenance, snd
subsequent collapse of gient cells upon cessetion of
stimulus from the parasite pointed out the complex and
intricete mechanisms involved in root-knot nematoce
parasitism, The influence of different parasite species
on a host and the reasction of a perasite species on
different hosts further the complex nature of host-psrasite

relstions involved here. This indicates that plants within



the same family and of different families must show merked
differences in susceptibility to attack by gell forming

nematodes.

The purpose of the present study was to investigste
{1) the infective processes and development or the root-

knot nemotode, Meloidogyne incognita acrita, (2) the

histological alterations in certain vegetéble crops
belonging to different families and (3) the changes in
chemical constituents in host plants due to roct.knot

nematode infection,



CHAPTRER 2

MATERIALS AND MSTHODS



. -waiowed by repeated
weshings in sterile water. For studylng the larval behesviour,
infective processes and infectivity plants were raised on

vermiculite, sutoclaved at 15 1b p.s.i. for 20 min, and



distributed in petridishes of 15 cm diameter. Oniy seeds
that germineted upto a week after sowing were utilised in
infectivity studies. Se~dlings were supplied with 50 ml

half strength Hosgland's solution and sterile wster inter-

mittantly.

The plants used in histologicsl end chemicel determi-
nations were grown in clay pots filled with a soil mixture
(river send, loamy garden soil and farm yerd ménure in
equal proportions)., The soil-filled pots were autoclaved.
Further, a basal dressing with NPK mixture (2:1:1), at the
rate of 50 mg/kg soil, wes given. These pots were placed
in the glsss house or in op:n shady sreas. This method
could obviate the presence of nematodes and fungi already
present in the soil eng thereby reduce interference of
other pstnogens. Samples were also collected from plants
grown in the Botanical Garden of B.I.T.S., where natural

infestation of the root.-knot nematode was quite signifjicent.

2.2 PREPAIATION OF TNOGCULUM

The rnot-knot Neématode, Melolidogyne iﬁﬁgﬂﬁl&é acrites
Chit.,used in the present gtudies was originally pickegq
from eggplant grown in the gerden. The eggplant rpoots had
two types of egg messes - pale white 8nd brownish ones., &
single pale white egg mass was isolated 8nd used as o

progenitor of M. incognita acrita popvlatjion,

Confirmatory
identification of the parasite species wag obtained from

the Division of Nematology, I.A.R.I., New Delhi
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A continuous culture of the parasite was maintained
on eggplants grown in pots as described above. Fresh egg
masses were collecteu after 40-50 days of inoculotion and
these were disinfected with 0.15 Cetavlon (I.C.I., London)
for 7 min. The egz masses were preserved in 0.3 M NsCl in
gless visls at refrigerstor temperature vide Dropkin,
Martin and Johnssn {1958). Two or three days prior to
inoculstion the egg messes were centrifuged in sterile
water to remove salt and the recovered egg Masses were
placed in gless cavity blocks with 1 ml distilled water in
each. The cavity blocks were placed in 15 cm petridishes
layered with wet filter psper and cotton to prevent drying
up of the medium. Rupturing the egz matrix was found to
increase the larval hatch number. The hetch of second
stage larvae was pipetted out ond stored at h~5°C. Fresh
water was added to the glgss cavity blocks. The larval
suspensions were combineq, the larval number determined

and used for inoculatign, Centrifugation helped to

concentrate the larvae

Heavily infected roots of eggplant produced numerous
ezs masses by 5-7 weeks after inoculstion. Many egg masses
protruded out of the root surface., RooUS wWere washed ang
the egg mass besring segments chopped, and these were sdded
to fresh pots as incculum. The second stage larvee were

active and virulent ang they infected all the plants included

in the present studies.
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2.3 INOCULATION OF PLANTS

The larval suspensions of known concentrations were
pipetted into seversl equidistsnt hollows in the vermi-
culite medium contsining the seedlings. Usually e concen-
tration of 200 larvae per seedling through 1 ml suspension
was used. When inozulzting the seedlings en massse the
nematodes were concentrated by centrifugetion to prevent

flooding that could be unfavouradle for root growth and

nenatode activities,

Seedlings were exposed generally for 36 hr end there-
after washed and transferred to glasc tubes of silze 10x5 cm
containing vermiculite and nutrients. Earthen pots were
inoculated with egg masses from chopped roots. About 25-30
egg masses were used for pots conteining 2 kg of soil., No

attempt was made to assess the number of eggs each egg moss

contained.

2.4 BIOLOGY AND DEVELOPMENT OF PARASITE

The different stages in the life cycle of M. incognits

acrita infecting eggplant and its developmental aspects were
exemined. Individual eggs were collected from fresh egg

sacs or those boiled in lsctophenol-cotton blue, Second

stage larvae and males were picked up With a fine pipette

and mounted on double cover slip aluminium sliges (Goodey,
1963).
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Live femeles and developin~ lervaee of different stages
were teased out of infected ronts under stereomicrascope.
Nemstodes fixed snd stained in lactophenol cotton blue were
alao used, Use of double cover slip sluminium slides
helped to observe both the sides ss well 8s use of high
magnifications. Watching live nemstodes in glsss cavity
slides helped in studying activities such as movements,
stylet action anc medisn bulb pulsations. Moving larvae
anu males were 8nesthetized by adding 1 or 2 drops of
diethyl ether to the nematode suspension in the cavity

slides, which immobilised the worms.

To locate larvae inside roots, roots were plurged into
boiling lactophenol cotton blue and subsequently cleared

in lsctophendl. The roots were dehydrated in glycerine by

keeping in a desiccetor,

Nematodes were fixed in TAF (triethanolsmine:formaline:

nater; 2:7:91) as recommended by Bird (19598 Staining was
done with 0.02% cotton blue in lactophenol.

2.5 HISTOLOGICAL PREPARATIONS

The root segments from normal snd galled plants were
collected; fixed in FAA, Alconlic Bouin's and Carnoy's

fluids snd evacuated during fixation.

in 70% ethanol.

na
lissues were preserved

A modified TBA series considering step by step increasse

in ethenol-butanol concentration and decrease in water



content was used for dehydration and infiltration

(Table 1). Tissues preserved in 70. alcohol were immersed
for 4 hr each at every stsge and threr changes o 7 hr
each 2t sterge 6. For infiltration a tube was filled two-
third with molten psraffin (52°C).sllowed to set and
thereupon the tiscues s2long with butanol were transferred
t> this. The tube was incubated at 56°C »nd as the
concentration of wax in the butsnol increesec the tissues
sank to the bottom, Two more cheanges of fresh parsffin
were given, 8t a day's gap, end the material was subse-

quently blocked.

TASLL 1

Concentretions of dehydration sna infiltration mixtures

Concentration (%) in each stage

Component —_

1 2 3 b > 6
Ethanol 60 60 50 35 20 0
t-Butanol 10 20 40 60 80 100
Water 30 20 10 5 0 0

Toval alcohol (%) (70} (60) (90} (95) (1uw0) (100)

Serial transverse and longisections were cut at 10 u

thickness. Johsnsen's safresnin-aniline blue, safranin-

light green and crystal violet-erythrosin B combinations

were used for staining (Johensen, 1940). Crystal violet-

erythrosin B was best of the lot for studying nucleoli &nd



xylem development, for crystel violet stood out very
clearly against a red background. safranin-sniline blue
combingtion was very good to differentiaste ciant cells,

their nuclei and femasle nematodes.

2.6 HISTOCHEMICAL METHODS

Tissues fixed in F.A.A., A.A. end Carnoy's fluid as
recommended by Jensen (1962) were used. The Feulgen method
of Gomori {1952) with Schiff's reagent was used for DNA
localisetion. The methods of Flax end Himes (1952)
employing Azure B, and that of Brachet (1953) with methyl
green-pyronin were also employed for dif ferentisl staining
of DNA and RNA. The periodic acid - gchiff's (PAS) reaction
(Hotchkiss, 1948 snd McMenus, 1948) wes followed for
localising insoluble polysaccherides in giant cell walls.

All reagents were prepared as described in Jensen (1962).

2.7 CHEMICAL ANALYSES

2.7.1 Determination of Nudelc Acids and Proteins

Comparisons were made of the levels of extractasble
nudeic acids and soluble proteins from equivalent fresh
weights of normal and gsll tissues. The method of Shibko
et al, (1969) with certain modifications was adopted as

the procedure involved the sequential Separation of these



<. MATERIALS AND METHODS

2.1 HOST PLANTS

Most of the host plants used in the present studies
were propageted from seeds procured from the National Seeds
Corporation, New Delhi, and P. Pochs and Sons, Poona.
Root-knot histogenesis and histopathology were investigated

in eggplent (Solanum melongens Linn, ver. Black Beauty).

However, general histopathological studies 2nd comparisons
of glant cells were made on mature gall tissues of okrs

(Abelmoschus esculentus Moench. var. Pusa Sawsni), ridge

gourd {Luffa dcutangula Roxb., ver. Pusa Chikni), musk

melon (Cucumis melo Linn. var. Hearts of Gold), tomato
(Lycopersicon esculentum pill, var. Pusa Rubi), pepper
S2Lhientum |

(Capsicum frutescens Linn., ver. Local), coriander

(Coriandrum sa8tivun Linn, var. Local), and hyacinth beap

(Dolichos Lablab Linn, vap, Local).

Seeds were surface sterilised by immersing for 29.3g min

in Chlorox (5.25% Naocy, aqueous solution) followed by repeateg
washings 4n sterile Water, For studying the larva] behaviour
infective processeg and infectivity plants were raggqq on |

vermiculite, a8utoclaved at 15 1b p.s.i. for 20 min, ang
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metabolites from the ssme tissue sample.

Extraction: Three hundred mg of normal or gasll tissue

was rinsed in distilled wster,blotted dry between filter
papers and sliced into smell pleces. The tissue was
thoroughly homogenized in g glass mortar and the homogenate
was made upto 10 ml with distilled water. Centrifugstion
followed by resuspension of the pellet in water was

performed thrice and the finsl volume of the extractive was
mede upto 40 ml. Ten ml samples were used for the sequential

fractionation of individusl metabolites,

Fractionation: Proteins were precipitated with full

strength perchloric acid (2CA) at 0°C. This was followed
by removal of glycogen into two 10 ml fractions of 5y PCA.
From the pellet first RNA fraction was extracted into a
mixture of 9 ml O.3N NaQH and 1 ml 60% PCA, duriig an
incubation period of 1 hp gt 37°C. From the rema2ining
pellet DNA was extracted in a medium conteining 1,54 pca
st 90°C (final volume 10 ml). The supernatént, efter
centrifugation following 20 min incubstion, Yyielded the

DNA frection. Lipids were extracted oul successively in

ethanol, chloroform, ether and pet. ether. The residue

contained the protein fraction.

Estimation:

RNA, DNA snd protelns were estimated with

& Beclman DU2 spectrophotometer. RNA and DNA were measured

by UV absorption at 260 nm, while proteins were estimated



by stendardising sgainst bovine serum slbumin (Lowry et 8l.,
1951). Colour developm nt was with Folin-Ciocalteu-phenol
resgent and the abosrbance was read 8l 750 nm (Ligget Beiley,
1959). Appropriate blank solutions were used to make correc-
tions in readings. Relstive concentrations were calculated by
comparinc absorbance agsinst separate stan derd curves for each

compound, and expressed in mg/g fresh wt.

2.7.2 Extraction of Amino acids, Sugars end Indole compounds

Amino scids end sugars: For the extraction of free amino

acids from normel and galled root tissues 5 g of fresh tissue
was used. Tissues were thoroughly cleened in distilled water
and homogenised in 5-10 ml of E0» ethanol in three steps. The
extractives were combined, filtered through & G2 scintered
gless funnel and defatted by thoroughly extracting with three
volumes of chloroform for every part or extractive., 1Using a
separating fumnel, the supernatant was retained and later
concentrated by evVaporating in an oven at 60°cC. When the
extract was about to dry it was dissolved in 10% isopropanol.
Sugars were extracted in boiling 80% ethenol, for hot water/
alcohol mixture is known to be a good extractant for free

sugers. Sugar resldue was taken in pyridine using 1 ml per

g of the root materisl,

Bxtraction of indole compounds: Extractions were attempted

with two solvent mixtures (Larsen, 1955). Mostly water-

seturated - diethyl ether was used, for this prevents

extraction of suxins from suxin protein complexes., At least



two perts of ether, purified for peroxides, was used for
every part of tissue. Tissues were cut into fine pleces,
homngenized as much as possible 1in a glass mortar and was
transferred tn 8 glass container. sufficient ether was
poured to submerge the tissues, th~ conteiner covered with
s black paper and was kept in refrigerator for 24-48 hr,
The bottle was shaken intermittently, and later filtered

through scintered class funnel.

Lthanol extraction by soxhlation: The method suggested

by Larsen (1955) was followed for sthonol extraction. A
soxhlet apparatus, of capescity 100 g lo2d of tissue, was

used in the extraction, with ethanol mede %O 95% from

absolute slcohol (Bengal Chemicsls). The root meterisls

were sliced, crushed in a glass mortar and loaded in chromato-
graphic paper cylinders, A glass tube with several holes

was introduced into the cylinder filled with the material,

to facilitate better penetration and contact of tissues with
the solvent, The glsss mortar and pestle were rinsed with
ethanol, and the ethanol poured into the cylinder. Three
hundred ml of ethanol was taken in the evaporsting flask and

subsequently boiled by a thermostat electric heater,

Extrasction was carried out for 48 hr in a psrtially

darkened room. The extractives were filtered with scintered

glass funnel and concentrated by vacuum distillstion. The-

crude residue was stored in a dessicator wrapped with black

paper.



The extraction, purificstion and fractionstion
programmes ere summarisec in page 30. Lipoid compounas
were eradicated from the extract by cereful and slow
shakines with n-hexene. After concentrating, the crude
remnant was solvent partitioned by shaking three times with
sndium bicasrbonete solution (pH §.6) so that only non-acla
suxins remained in the etnereal supernetant. 1lhe aquous
carbonate solution was adjusted bu pi 3.75 (with 111
tartaric acid) and again simken with 3 insvalwments of ether,
so thet all acid auxins partitioned into ether. The fractions
were further concentrated and used in the chrométogreaphic

or bioassay experiments.

2.7.3 Thin Layer Chromstography

Thin layer chromatogrsphy (TLC) was chosen because of
its higher resolution over paper. Also the relatively short

developing time and distance minimised the decomposition of

labile organic components.

Even 250 2 thick layers of silice gel G (E. Merck,
Darmstadt) were made on 20x20 cm glass plates. For amino
acid chromatography, air dried plates Were used whereas
layers for sugars and indole compounds were activated for

30 min at 110°C (Stahl, 1965).

Synthetic standsrd semples were spolted for reference.

Compounds were made at a concentratim of 1 mg/ml., A

micropipette of capscity 5 ml and a hot a2ir blower were of
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help in spottin~ and preventing spread ol spot ares. All
chromatogrephic runs were done at ambient tempersture. For
improvin; chamber ssturation, chambers were lined with
chromstogr: phic paper, and solvents were poured in at lesast
1 hr before introducing the chromatogrem. All solvent
systems were freshly prepered. While chromatographing
indole compounds the chamber was coverea with black paper

except for a window for checkingz tne solvent front.

The following solvent systems were used.

Amino acids: (1) n-Butanol:glacisl acetic scid:water (L:1:1)

(2) Phenol;weter (3:1)
Sugars: n-Butanoliglacial acetic acid:water (L:1:1)

Indole compounds: (1) n-Hexsne:diethyl ether:iglacial
acetic acid (8:2:0.1)
(2) Chloroform:96% acetic acid (95:5)

The following chromogenic reagents were employed,

Amino acids: 0.3 g ninhydrin in 100 ml n-butancl ang

mized with 3 ml glacial acetic acid jJust
before spraying. Plates were then heated

to 60°C for 30 min (Stehl, 1965).

Sugers: Anissldehyde - sulfuric acid:
Fresh splution of 0.5 ml anisaldehyde +

9 ml ethanol (95%) + 0.5 ml conc,. oS0, +

0.1 ml glacial acetic acid., Heated to

110°C for 10 min (Stahl, 1965),
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Indole compounds: (1) galkowski reagent: 100 ml S5p HCth +
2 ml 0.5M Ferric cnloricde. After
spraying the plates were air dried

or heat activated &8t 110°C for 10 min,

(2) Ferric citrate reagent: 100 ml 30p
HClOL + 2 ml 0.2M Ferric citrate.
After spraying the plates were heated

to 110°C for 10 min.

The pletes with indole compounds were viewed in UV
light to note the fluorescence. This was, followed by
colour development, Exposure to aqua regis improved

fluorescence after spraying.

The relative concentrations were graded as 3+, 2+,

+, = and the sign - used indicate absence of the compound.

2.7.4 Column Chrometography of Indolic Substances

Column chromatography was baged on cutler and Krusberg
(1968). Column dimensions were 27x1.6 cm. Alumina (E. Merck)
was used as the adsorbent, which was deactivated by keeping
in open for 1-2 hr. Crude residue of tissue extract was
dissolved in ether and added to the TOP of the packed column.
Separations were made by s solvent series, involving
(1) 50 ml n-hexane:; (1i) 55 ml n-hexane + benzene (1+1)}

(11i) 25 ml benzene; (iv) 50 ml diethyl ether; (v) 50 ml

methanol, and (vi) 50 ml glac. acetic acid, Fractions



were collected separately, concentrsted and used for TLC

or bioassay,

2,.7.5 Spectrophotometric Determination of Indolic Substances

Indole extracts after purificetion were determined
spectrophotometrically (Larsen, 1955). The Gordon and Weber
(1951) version of the Salkowski reagent and ferric citrste
resgent were used for the colour reactions. Colour
development wls carried out in dasrk snd the pink colour

produced was measured st 530 nm after 1 hr.

2.7.6 Biloassay of Indolic Substecnces

Wheat (ver. NP 824) seeds obtained from Cereal Lsbora-
tories, TARI, New Delhi, were plented in wet vermiculite
in petridishes of 16 em dismeter, in a derk-room at 25°G,
When the coleoptile length was 1-1.5 cm they were incised,
The initisl 3 mn distance was discarded and the next 5 mm
segment used. These operations were carried out in g4m
red light, The Primary lesves were removed from the 5 gnm
segments and the segments were left in sterile distilled

water for 12 hr in total darkness.

A set of 5 sections was then floated in g glass
vial Ccontaining 5 ml of solution or eluate tg pe tested and
! ml of fresh sucrose phosphate buffer (PH 5.9). The

sections were incubsted in totsl dark for 24 hr snd later

medsured with e micrometer. Controls of 2 vials maintained



with water in place of suxin solutions served for

comprrison, Pour-segrents were incubasted in each tube.
Adsorbent silica gel after TLC from which solvents were
driven sway was taken in centrifuge tubes and eluted in

methanol. After drying the methanol residue was disso lved

in water and used in biosssay.

The growth increments of wheat coleoptiles in synthetic

auxin solutions and eluated from chromatograms were compared

with controls.



CHAPTER 3

OBSERVATIONS



3, QBSERVATIONS

3.1 BEHAVIOUR OF THE >pRASITE AMND_INNEECTION

._-_—-———'—

Movements, penetrstion and migration of the iufective

larvae have been studied in the rosots of Solsnum melongensa

end Abelmoschus esculentus seedlings. One week old

seedlings were transferred toO petri-dishes containing
vermiculite seturated with Hoagland's nutrient solution
(pH sdjusted ©o 7.0). One ml of & nematode suspension
containing about 200 larvae waS then pipetted into the
medium, approximately 2 cm away from the growing root
tips and the roots then sparsely masked with vermiculite
which facilitated larval movements to the root vicinity
st the same time revaining moisture ok the root surface.
Care was taken to see that the mediul did not obscure
complete visibility of the entire roob. These cultures

were maintained at room temperature which veried from

553076

Several ssmples of host roots Were partially exposed
from adhering particles of the medium for observation of
1arval behaviour. Almost the entire root surface, ssve
the region adpressed to the container, wWas sccessible to
the infective larvee, Lsrvae Were observed through an

Olympus stereomicroscope with varisble megnifications end



epiillumination.

3.%.1 The Infective Stage of the ’arasite

The second-stage larvae emerging out of eggs leid by
the females represent the infective stage in the life
cycle of all root-knot nemstodes. Freshly hatched larveae
are vermiform, virile snd move about in sesrch of suitsble
host roots. Such movements when extenced in the sbsence
of hosts caused depletinn of body reserves and made the
larvaee slugzish. The larvee are equipped with s buccal
stylet, ® median bulb and e peir of oesophageal glends,
which form the most important structures in the infective
and feeding processes., The stylet is a pointed spesr
sttached to cephelic muscles znd encloses & narrow lumen

and _s comparable to g hypodermic needle.

341.2 Lerval Orientation and Movements

Within an nr sfter introducing the juveniles into the
medium they have been foung wriggling about with their
heads oriented towards seedling roots. Head orientation
and movements in the direction of root vips sugpested that
the sensory orgens in the head of the nemstode help in
orienting towsrds attractsnts and spotting sultable sites
for penetration, Many larvae reached the root Vicinity

within 2-3 hr, Some larvae moved to directions gifferent

from that of the roots. The larvae were wriggline along

the vermiculite pearticles, and moving over root surface



before anchoring at some points (fig. 1). The larvae
attracted to the roots, showed preference to the root tips
though & few of them abrased the surface and other areas

of roots.

3.1.3 Sites of Penetration

In S. melongena the root cap region wes often the site

most preferred for M. incognita acrits sttack (figs, 2 and

3) while the region representing the cytogenerative centre
also was often used by larvae (fig. 4). Similar penetra-

tions occurred in A, esculentus slso, but here more larvae

gathered about the meristematic region (figs. 5 snd 6),
Often several lervae accumulstinz around the root cap in

S. melongens attacked the tip cells of the calyptra and

they thrust aside the cap cells in some cases (fig. 7},

The larvae occesionally invaded the roots at points
distant from root tips zs well. Some were ilound oriented
behind the meristematic region,end the zones of cell
elongation and root hair formetion were also used
(fig. 8). The larvae glgo attacked the pilifercus layer
of well differentiated roots (fig. 9) 8nd any surface
fissures caused by mechanical injury (fig. 10) and sites of
emerging lsteral roots were slso points of entry, However,
compered to the root extremities, these points were

relatively less frequented. Presumably, emenations from

points of this kind elicited attractive factors, It has



been noted that the larvae that probed mature zones
genereslly moved down to the tender undifferentiated
recions. The sites and process 5f invasion illustrated
in the present work give sdditionsl evidence for infec-

tivity of M. incognits acrita in the test plants employed.

Although penetration did not necessarily establish patho-
genicity, the histological glterastions produced in the

hosts and ovulstion by mature females indicated clear

evidences of successful ppresitisation-

3.1.4 Stylet Action and Penetration ’rocess

Once a penetration site was spotted, the larvee showed
grest sctivity of body movements and stylet thrusts.
Fig. 11 illustrates several lsrvae penetrating the root
tip end fig. 3 shows a larvas coiled inside the root
while another is penhetrating through the cap. Larvae
arched their bodies during their attempt to plerce host
cell barriers and gain entry, and one such invader is shown
in fig. 7. The stylet movements against cell walls pierced
host cells &and the exuding plant juice through these

bresches subsequently attpacted a large Bumber of invaders.
Also the presence of a japys st a particular site, and even
in the medium, seemed to stimulate others Which were drewn
towards that point. Larval attacks deranged the root cap

end tip cells end thereby ceused injuries (figs. 4 anq 7).

As the nemstode reached root viclnity its movements

were accentuated and hesd oscillations were more frequent
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Lervee, after spotting penctration points, exhibited
vigorous stylet darts, renzing from a few initisl thrusts
followed by repeasted activity reaching a meximum of
70-80/min. The larvse at tim:s eltered the angle of stylet
orientation snd this wgs indiceted by the changed direction
of the body and stylet thrusts. The larvae were not seen
to be pushed back as a probeble result of recoil from root

surface.

Following repeated stylet action tne tender root cells
got punctured and the larvse gradually pushed their head
into the fissures. After the larvae introduced their heaq
into the host cell, the stylet was seen extruded from the
buccal cspsule. Feeding at this position was indicated by
pulsations of Oesophagesl bulb which is krnown to be con.
comnittant with ingestion of cell contents. Larvae were
relatively immobile during feeding. Attempts to assess
the time taken by secong stage larvae of M. incognita acrita
to gain entry into the host cells showed verying timeg
ranging from 1.5 br, in the case of successful onesg, Larvae
gradually pulled ip their body. The tail showed novements
during such advancing ungil only the tail end was left

outside. Intermittent probings snd withdrawal, g well as

feeding before entry seemed to influence tiae Pedetration

time, Also, the host root texture was likely gq vary at

different pointsg, Pagsage of lervae through Natursl bresks

in the host root surface or holes made by Pioneering

invaders has been quicker.



3.1.,5 Movements Inside the Roots

After penetratin: th terminsl root ¢ 1

"V
pasced generslly in between the cells {n ios v
or redisl direction (figs. 11 an 12) u
. n "

cellular movement was commop ( £4 1 q
snd *hu B e L ’) ve
L-TryY2e ) o] .. QDI i:.?,r; ce L) Lip '.l‘ 8- MR

. e cour N

e af |
slight disruption ang demage . -

(£ig. 14).

‘lt(,

The larvae which entered through root cap or roct
meristem region trevelled up and subsequently reached the
provescular zone, where they sligned themselves in the
longitudinel plene, wheress those penetrating through
comparatively mature points were heading towards the stelar
region. In csse of multiple infections along the root tip,
the larvae even ocCupied the central position corresponding
to the plerome of the young ronts (fig. 15). Fig. 16
illustrates several larvae lying parallel and migrating
along tiie tissues where xylem elements have 8lready
cifferentisted. Infections with larvae in this position
have been noted to produce gient cells from cambial

parenchyma, phloem or xylem mother cells.

Larvae placed their hesds proximdl or distal to the

root tip, which is determined by the Point of entry. Most
of the larvse were oriented to the proximsl end of roots
(fig.11). Larvae entering from the latersl positions of diffe-

rentiating or differentisted root zones settled themselves in



a redisl direction with thelr hesd located in stele. 1In
their migrstion along the provesculsr tissues, lervee
penetrated the intracellulsr transverse septs (fi:zs. 17 end 18).

Migration path oi M. incognitas acrita in both the hosts was

mainly intercellular, sau intracellulsr movewenis were very
infrequent. Movements separating the cell lamellar
cementing did not appear to cesuse any visible cell demage

to the hnst tissues,

3.2 NEMATODE INFECTIVITY IN IJTACT AND DEFOLIATEDL PLANTS
* AND EXCISED RQOTS

3.2.1 Infectivity in Intzct Plants

To assess the infective potential of the parssite

populstion, inoculetions were given to S. melongens snd

A. esculentus seedlings, When the plsnts were & Week old

> groups of 6 seedlings esch were transferred indivigually
to petridishes conteining vermiculite, Thedr main ang
lateral roots were Covereq wivh the medium saturated with
nutrient solution. Bacn pne was then inoculated with 200
larvae through one ml aliquot at 2 cm from the root typ
terminals. The seedlings were exposed to0 12, 24, 36 18
and 60 hr durstions ang removed,washed 8N4 plunged inte
boiling lactophenol-scid fuchsin. On cooling, the roots
were cleared in lactephencl, subsequently tessed out in
a known volume of water and larvel counts made, Centri-

fugetion helped to concentrate the
root tissues,

larvae along with broken
The results are given in Tables 2 and 3



It is evident thet in 3. melongenas and A. esculentus

roots exposed for 12 hr the number of lervae present within
the root tissues was the smallest. Th: number of successful
penetrations increased with an incresse in the exposure

period. Maximum larvae accumulated in S. melongens by 48 hr.

In A. esculantus a corresponding increase in larvel counts

has been nated upto the 60th hr. It is likely that larvae
required some time to detect attractants and reach the
source, travelling through vermiculite particles. It is

presumsble that the roots of 3. melongena were attractive

only upto certein stage of development after which no
incresse in larval infestation took place; for there was
no significant difference between 36, 48 and 60 hr treat-
ments with regard to the rate of infestations. Egg-plent
roots were comparatively thin and might have accommodated
relatively fewer larvae than okra roots in which a regulasr
inereasse in the number of larvese was encountered. In both
the cases difrerences existed between individual seedlings
even within simjilar exposure duration. The results ingi-
cated that A. esculentysg was @ host preferred more by

%o incognita scrita lervae which invaded their rootg more

rapidly and in greater numpers then S. melongens,

3.2.2 Effect of Defolistion and_Roobt Excision

The question of gifferentisl attractivengss of

Lyeopersicon esculentum Mill- snd neutral behaviour of

3. melongena raiseg by Wieser (1955, 1956}, was the subject

of experimentation., The preceding tests proved that root



attraction exists in S. melongens. Loewenberg et al.

(1960) speculated that the use o1 excised ro.ts in Weiser's
experiments might have not been attractive ana behaved
differently. This area has been reinvestigated and larval
reaction to defolisted plants and excised root segments

tested.

Seedlinrs similar to those used in the previous experi-
ments have been employed for these studies too. The coty-
ledonary leaves of test plents were excised 6 hr before
inoculation and subsequently the plants exposed for 48 hr,
In another experiment lervel reaction to the root tip
segments has been studied. Four excised 3 cm segments
each washed in sterile water for 6 hr, were laid in each
petridish with vermiculite before {noculation. The results
in Table 3 for defoliated and intact plants are the mean of
6 replicates, end for excised root tests the total number

of larvae in L4 semples, Intact seedlings were usea for

comparison,

Defolimtion reduced attrsctiveness slgnificantly,
However, defoliated seedlings reteined some attractiveness,
possibly through root exudates in the medium. But when
compared to intact seedlings, a smsller numder of larvae
only got attracted towards these roots. It is worthwhile
o recall (from Table 4) that these defoliateq seedlings
regained asttractiveness and iarval number increased as the
exposure duration was extended.

By this time the apical
buds zrew and the first leaves started developing. The



results indicated that 2 photosynthetically active and
growing seedling is more attractive snd it may be specu-
lated that the substances it blosynthesizes and supplies

to the roots have some role in root attractiveness,

The excised root clesrings did not show sny larvse
during the initial stsges, Washings have removed all the
exuded meteriels from their surfaces. Segments left for
longer periods in vermiculite contalning larvae were
penetrated by 2 few larvse. This might either be due to
penetration of lervae moving st random or leachates might
still have been emerging from such excised roots which

attracted the few larvae,.

The date in Tables 2 and 3 were tested statistically
and the results showed that values for infectivity in both
the hosts were significant at 10j% level. This was also
confirmed from the results in Table 4. Results for

defoliateq and excised roots of A. esculentus were signi.

ficant av 5y level, whereas for S. melongensa these were

Insignificant even at 10% level.
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TABLE

Comparative infectivit;y+ of H. iqcogn@tE_acrit§ in
intect and defolisted plants and exclsew Tools

Mesn No. of Total N»o. Mean No.

Exposure | ryse per of larvae of larvae
Host plant duration 6adefol§8ted in 4 per 6
(hr) plants excised intact
roots plants
T L
12 1" v 14
Solanum
melongens 36 17 0 73
48 53 8 s
12 7** 0* 22**
2 11 0 61
Abelmcschus
esculentus 36 146 6 75
L8 67 14 89

i ———— - ——

+noculeted with 200 larvae per seedlinNg or excised root

*3ignificant at 10% level, with value of P = 0,10

**Significant at 5% level, with value of P = 0,05

REQ .
Not significant



3.3 GALL FORMATION AWD GSWERAL HISTOLOGICAL ALTERATIOHNS

3.3.1 General Morphology of Galls

Galls were first noticed as spindl shsped protru-
b rences oil the root tip. They were rouna, oval or
ellipticel when formed on differentiated zonhe of roots.
In tender galls the surface remsined smooth and retai ed
the same colour as the tissues o1 unaffected aress,
However, in certain galls the regions close to the
nematode body especially the egsmesses, became brownish,
Figs. 19, 20 and 21 show gells from different hosts,
When multiple infections occurred galls arose 1n close
proximity to esch other giving the orgen very irregular
shepes (figs. 20 and 22). Galls from certain plants grown
in the field, that were exposed continually to several
generations of second stage larvae, becsme conspicuously
enlarged. They were smorphous and usually produced
distorteg shapes (fig. 23). This was due to the production
of new feeding sites ang hyperplasis by secondary invaders
in gall tissues already produced by the parent population.
Certain portions of such galls degenerated, Whereag other

regions continued to proguce new overgrowths {(fig. 24 )

Gells ocecupying the entire root circunference were

produced when the invader occupled a position inside the

vascular ring, and induced the development of abnormal

tlssues 2lmost on 8ll sides. Galls were formed on sides

of roots when the parasites were not deep seated but invades
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the cells of the cortex. Under field conditions, gealls
induced in young roots generslly belonged to the former
type end those in msture differentiated aress were of the
second category. Also, secondsry infection caused by
larvee hetching from eg messes imbedded within root tissues,

contributed to the further growth increment of such gslls.

In naturally infected materials there wes s tendency
of increased number of gslls and presence of nematode

near the points of emergence of latersal roots,

The growth of the females was associated with large
giant cells produced from host tissues at the feeding sites,
The production of giant cells, the development of extensive
proliferation of the parenchyme arocund the glant cells and
increase in the size of the females graduslly increased the

diameter of root galls,

3.3.2 Host Tissue Deformations slone Nematode Path

Infectivity studies (Chapter 3.2) have Trevealed that
the second stage larvae entereq the root terminals even
as esrly as 6 hr after ingculation. These larvae advanced
into root interior either by moving through or between
cells. The larval body was generally straight except for

the bends offered by the cell wall orientationg (fig. 13)

in general root-knot larval penetrationg Caused

comparstively slight mechanical damage to root tissues



'

Larvee penetrated the roots, dissolved or separated the
middle lsmellae and moved shead intercellularly (figz., 13).
However, those that pierced cross walls ceused direct
histnlogical damerce (fi 17). Also the laervase occasionslly
left 8 track as evidence of movement. Some cCells on either
side elong the larvsl path showed compression and looked
different from adjacent rows of cells. At the subsequent
stage these cells became enler-ed and their nuclei showed
increase in size., Their cytoplasm too was dense, but the
walls at this stage digd not show any increasse in thickness,
ingstead they appeared to have been stretched. The cell
constituents showed an intense stsining of aniline blue

indicating chenges["tb those of the normal cells.

In most of the root segments, nemetode head was
close toiggele indicating larval preference to such a
disposition. Lervae further moved to the zone of vascular
differentistion and this situstion was usual in all the
hosts, Larval movements wjthin roots eppeared to be easy.
Salivary emanations lysed middle lamelld and affected cell
8dhesiveness. Advancing along such directions the larvae
get lodged st sultable feeding sites. The head of the
nematode in such situations lay proximal to the rgot

(fig. 11}.

The movements of the male nematodes Caugeq Considerable

tissue disruptions, and there frequently argge NeeFotie colis

a
along their pgth, Fig. 25 shows 2 site with/male that



indicated increase in well thickness end necrosis near its
head. The cell walls are stained intense red with safranin,
Fig. 26 depicts a male nematnde epproaching a sedentary
female, Necrotic cells ususlly arose along the path of the

mrle nematode,

3.3.3 Sites of Nematode Lodging and Feeding

Most larvae migrated to the stele where they lodged in
tissues near the vasculsr elements. When penetrations took
place along the root cap most of the larvee advanced along the
differentiating elements (fig. 16) and settled generally in
the pericyclic, cambisl or phloem tissues. Larvae that
entered through the mature regions proceeded along & radial
direction and reached the endodermis. The endodermel thicken-
ings, however, limited whole length larvel entry ints vascular
tissues, The larvae usyally punctured the endodermal walilg
8nd introduced their head further into the conductive tissyes
(fig. 27), cCell wall dissolution and hypertrophy of cells
and nuelei and occasionally breskage were evident (figs. o8

and 29). This wes the injtietion stage for the Production
of abnormally large giant cells.

Occasional feeding by larvee could Pe Visualigeq during
the process of penetration, Extrusion of larva) Stylet
followed by pulsations of oesophageal gland bulp occurred
and the larvae lay sti]] during the feeding processes.
After settling at 4 spot the second stage larvae feq very

actively initieting synthetic and tissue changes around
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feeding sites. After 15 and 20 deys of inoculstion,larvae
dissected out »f roots were found cenclosed in sloughs of
cuticles of the preceding instars sand 1t is not certsin
whether these lervae were feedin, durin. the developmental
steges., However, adult females teased ou. of roots and
obsorved in water exhibited slight movements of head and

pulsations oi oesophageal bulb.

After penetretion, the lervse moved about in search of
suitable feeding sites, In 5 dey old infections of

3. melongena end A. esculentus larvse were located in the

provasculer and differentisting zones (figs. 5 and 16),.

When multiple infections took place along root termirsls
Larvae were heading to the plerome of the root (fig. 11),

Some larvae settled near the apicel initisls itself (fig, 28),
In genersl, following entry the larvae showed a tendency

to establish feeding siteg, Lsrval movements inside the
roots caused slight disruptions to the root tissues ang was
insignificant when compared to the heavy damege known tq

be associated with Cyst nematode infections. Certain cells
that surrounded nematode head were deeply stained ingicating
the effects of interactions of salivery secretions and

cell contents. Some cells and their nuclei aroung the
nematode head were hypertrophied (figs. 14 and 31), Fig. 32
shows & larva in Parenchymatous cells forming g track m g
nuclel in adjoining cells were enlarged (figs. 3¢ and 31).
All larvae did not gettle and start feeding Simultaneously

end some larvee migrated inside roots for longer periods



As 8 result tissues of successive ases did not always
show 8 correspondin: correlrtlon in the stage of disesse

development.

Th lervae that lod ed in cortex had @ general tendency
to differentiste into msles. Around their feeaing sites
cells enlsrged but their walis did not exhibif_anyﬁthickening
when compared to those of the surrounding ce&iéi{jézil wall
deformities were less pronounced though signs of multi-
cellular formations were noticed. Vacuoleted cells showing
a poorer production of cytoplasm were a characteristic of
male induced giant cells, gtimulstion of hypertrophy ang

hyperplasia, although rare, was seen nesr males in hosts

like L. zcutangula (fi:, 33),

3.3.4 Damage to Cell Wallg

The movements of nematodes in rots broke cross wsglls
in some cells (fig. 29), 1In certain roots after 5 days of
inoculation 2 few cells hag their walls distended due to
hypertrophy and certain wall areas were thinned down,
There was a generat incregse in the staining reactigp ang
cell walls adjoining larvae were deep blue when staineq
with safranin-sniline blue, Wsalls of certain cells were

broken and protruded into neighbouring tissue, When giant

cells were eXpanding, the pressure caused Coluipression in

surrounding tissues, which were subsequently crysgheq When

the giant cells arose in stele the expansion disrupted the

xylem poles sng Phloem patches &and also broke the endodermal



ringz.

Giant cells were formed by coalescence of seversl
adjoining cells (f1 .. 34). The cell wells thinned down
st certain points and later dissolved to form coenocytic
structures. Significant demage wa&s czused to the surrounding
root cells by the gelatinous eg matrix. These damsged cells
became necrotic and stozined deep red with ssfreanin, whereas

adjoining cells absorbed eniline blue.

3,3.5 Stimulation of Cell pivision

et ——

In roots of root-knot nematnde-infecte plants, =
stimulation of cell division had been noted. Cell enlerge-
ment, soon followed by divisions, had been noted to flrre
along the 1arval path and the site of feeding. The nuclei
in the cells 38t these sites were larger in comparison to
those in unaffected areas, and contained enlarged nucleoli

as well. These reactions were very clear in S. melongena,

A. esculentus and other hosts. The number of nuceoli in

hypertrophied nucleus was found to range from one to several
and the nucleoli were more chromophilic. Very oiten the
nucleoli were unusually large, ana their size approximated
the size of nuclei in normal parenchymao The nature of
alterations in nuclear and nucleolar morphology showed that
certein stimulating factor for cell division probably
originsted from the invsding perzsibe 8Nd crossed the cell

boundaries, to which the cells reacted readily.



Hypergplasis originated msinly in the pericyclic snd
ccmbicl leyers, The products of these abnormal divisions
were chunks of closely packed perenchyma cclils. Often they
arose from the surrounding tis.ues of gisnt cells also and
gave 8 tiered appearance (fi_. 35). Such cells also showed
divisions in severesl planes. These hyperplastic perenchyma
dem® “ed the endodermis and extended into the cortex.
Abnormsl perenchyma also grew over the parssite covering

it o8 the body of the lstter incressed in size.

3.3.6 Gisnt Cell Form.tion

The feeding activity of M. incosnits scrita in host

tissues produced sbnormally large feeding sites (figs. 36
and 37). They showed thick cell walls, dense cytoplasm,
many hypertrophied nuclei of varying contours and more than
the usual number of nuclecli. Fi;. 37 shows two larvae
lying opposite to each other amidst several glant cells,
3uch cells appeared to have originated in response to the
feeding activities of ncmatodes. In the literaturg,feeding
cells induced by heteroderid nemstodes are referreq to gs
glant cells, syncytia, coenocyte, lysigenoma etc., ingicative

of their mode of formatimn (cf. Chapter 1, page 9),

Bach successful nematode had its head included in the
centre of the gisnt cell complex {figs. 38 ang 39) which

extended more towards the longitudinal axis of [ —

Often the gilant gel] complex was produced ss s pesylt of

coslescence of more than one type of cells (f1g. 10)



Giant cells enlarged and elong2ted to attain abnormal
dimensions (fig. 41) =nd the v*r}at}yns in their messure-
ments are detailed aeparateiyjﬁhBéch glant cell complex
consisted of varying number of units morphologsicslly
verying very much amonr themselves, Some have 2 large
number of nuclei wheress in others multiplicetion of other
cell orgonelles was visible (fi~. 42). Generslly gisnt
cells had a rich mass of cytoplssm (fig. 41), although many
others appeared to be relstively less in cytoplasmic
contents. Certain giant cells contained prominent vacuoles
(fiz. 39). But as the zmount of cytoplassm increased these
were obliterated. These giant cells became vacuolaste ang
empty again subsequent to nematode death and gient cell
deterioration. Reduction in eytoplasm in giant cells was

regarded to be due to remgval of their inclusions by tie

nemztode (fiz. 43).

Gient cells in roots of approximately the same age
8Ppeared variable in morphplogy and glent cell units of 5
Complex showed varistions in number. The extent of histo-
logicsl abnormslities appeared to be determined by the
origin and location of glent cells. The reactivity of the

particular host tissue alsp must be important,

Usually giant cells were initiated in the young stelar
ring (fiz. 44) 4in which case the damage was Very severe, or
L}
even in vascular Parenchyma and ray cells of secondary

xylem (fig, A5}, These gisnt cells were multinuclear
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(fig. 46) and nuclel had been observed to be polynucleolar
in many ceses. There was no stage indicative of regular
mitotic nuclear divisions end normal cytokinesis even in
tissues processed 1in cytologicel fixetives. Nuclei of
varying shepes 8nd dimensions were a usual feature in these

feeding cells (figs. 47 and 4L8).

The coenocytic condition had been observed to be brought
about by dissolution and coalescence of adjacent cells (figs.
34, 37 end hk). A pooling of nuclel from these coalesced
cells, their subsequent hypertrophy and amitotlic duplications

{ncresse the nuclear number in giant cells (fig. 96).

Essentially all the contents of giant cell cytoplasm
multiplied 2nd nuclear fragmentation sppeared to occur
effecting @ further incregse in number. The glant cell
nuclei underwent several morphological changes and produced
irregular surfaces and amoeboid lobes (fig. 48). In many
cases the nuclef#r membrane appesared distorted. Nuclei of
a varying renge of size were common and seemed to be the

products of fragmentation (fig. 49)

The nuclel of glant cells generallY 8ggregated in the
centre of the dense cytoplasmic msss (figs. 46 and 50).
However, occasionally they were found to adhere top the
giant cell walls, especially in those glant cells which
were degenerating or having sparse C¢ytoplasm. In the giant
cells, the nuclei and nucleoll survived longer than the
cytoplasm,



The nuclei in affected cells were seen to undergo
morked changes in shape. In sddition to the usual round
and ellipticel nuclei as se-n in the normal cells, elongated
and smoeboid ones were of frequent nccurrence in glant
cells (fizs. 47 end 49), EBxemination of nuclei from
different glant cells snd from different hosts revealed
that no psrticular shape is 2 specific characteristic of
root-knot nematode infection, Sickle shsped, elongated
and round nuclel existed in hyperplastic cells that contri-
buted to the bulk of gall (fig. 35). Irregularities of
nuclear membrsane was a common feature and in some cases
deep fissures were found on nuclear surface (fig. 40). The

giant cell cytoplasm often iutruded into such fissures.

Measurements of nucleasr diemeteryg showed that size was
quite variable even among nuclei of the same gilant cell ang
in different components of the same glant cell complex,
Abnormally 1arge nuclei measuring upto 30-48 # in diameter
along the longest pPlane hagd been spotted in some of the
Syncytia. The giant cells had many micronucleil the
apnearance of which suggested that the smaller type of
Nuclei could be formed from big-er ones by fragmentation,
Such changes were more pronounced in advenced stages of
infection. Nuclei in cells around glant cells alsg hyper-

trophied but were however, never as blg a8S glant cell nuclei
(figs. 39, 49 ang V.3,

+
The nuclesr envelope was irregulear,
the cases.

8Nd wavy in most of
Nuclei contained chromatin materials apparently



stuck to the inner edzes of nuclear membrane. These were
observed at the nuclear periphery in Feulgen-stained preps-
rations also. However, the nuclesr meubrsne was less

chromophilic in old and degenerating glant cells.

A certain number of nuclel at any time were found to be
more reactive, emphasizing theat nuclear formation and
proliferation continued throughout the feeding period of
the parasite; for,soume nuclel were spparently degenerating

whereas others Were strongly reacting to staining,

Nucleoli in giant cells were also hypertrophied, but
did not show the sort of changes in contour peculiar to
nuclei. Round nuclecli of varying sizes,nuioering one to
several were & usual festure., Nucleolar diameters in many
cases corresponded to that of nuclei ot parenchyms cells
that did not colesce with the giant cells as Seen within
the same root section, A normal cell usually showed one or
two nucleoii per nucleus, whereas & giant cell generally
had many nucleoli in each nucleus. Nucleoll even within
the same nuclear envelope displayed veriation in sizes, Some
Preparations showed nucleolar vacuoles (fig. 48). Certsin
nucleoli hsd glistening globulsr bodies within., Nucleoli
stained vary deeply with histological stains and were very
prominent in all infected root sections. They persisted
longer than 21l other cell organelles, for many nucleoli
with intact nucleolar envelope and staining Properties were

encountered in degenerating glant cells,



In the initial staces.the giant cell walls resembled
those o. psrenchyma. Th c¢ell walls were rather thinned
down in certein ceses, perheps due to stretchins as a result
of cell enlargement. Soon irregularly thick-ned areas
sppeared making the cell walls uneven. 3econdery wall
meterials synthesised in giant cells appesared to be
deposited non-uniformly in giant cell walls. Certain thin
areas were left out and these might have been aciing as
sites for cell to cell transfer of materials. Certein cell
walls were broken eand protruded into neighbouring cells.
Such processes increased the asrea of glant cells, and wall
fragments jutting out into other cells were clear indica-
tions of the role of wall modifications in glant cell
expansion. In advanced stages of giant cell growth certain
cells had irregular secondaery wall thickenings (fizs. 38
and 49). But these thickenings also were restricted and

had left gress resembling plasmodesmata.

Wall disintegration haphened through other ways too,
As the glant cells expanded, the adjoining parenchyma got
dissolved and gredually merged into giant cells (fig, 37),
Fig. 20 shows damage caused to xylem elements surrounding
glant cells, Endodermsl and pericyclic cells also got
converted into giant cells snd xylem walls oo mergeq into

these, Wall fragments projected into the CYtoplasm of

such broken cellgs,



3.3.7 Tissue Changes around Gizsmnt Cells

The expanding gisant cells damaééd celis'mechanically
also. When giant cells arose in between XxXylem poles they
crushed the tissues on the sides. Another significent change
was devistion in normal meristematic activity, Cambisl
cells affected by nemstode emanstions falled to differen-
tiate into xylem or phloem, instead merged with other cells
forming the giesnt cells. As a result, normel stelar tissues
were wanting et the affected portions. Those cambial cells
that survived produced patches of vascular elements (figs,
L9 and 50). Also there was a marked suppression of phloem
formetion. In no part of the gall additional phloem tissues
developed; instead abnormel xylem serose in certain areass,
Figs. 51 and 52 show the damage %o vascular tissues and the
resultent dissected sppearance of stele. Occaslonally the
Xylem in infected erea got transformed int> parenchymatous
Ccells, A transection (fig,.53) of the secondary structure revealed

many deranged xylem elements and hypertrophied parenchyms.

Along with hypertrophy of cells, proliferative growths
occurred sround infection court. The hyperplastic tissue
originated mostly in the pericyclic and adjoining layers,
Although in galls a tiered sppesrance Wes usual with such

hyperplasia, divisions occurred leter in Several directions

Xylem developed in many non-stelar tisgyes, Around

the glant cells there developed groups of ebnormgl xylem

(figs. 54 angd 55), g the giant cell development
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progressed th- number of xylem elements increased, even
enclosing the stele during leter stages. Xylem elements
were also developin~ towards the direction of th- parasite.
In large galls there were many areas in the parenchyna
getting differentiated int, xylem. As the gall matured
these xylem strands established connections with the main

stele. (fig. 56).



3,3.8 Variations in Giant Cell Complexes and Hyper-
plastic Cells smon- Different Hosts

All plants included in the present study though taxo-
nomically unrelated, produced root-knots of varying sizes.
A comparison of the histologicsl details of their mature
tissues revealed several differences among the hosts,
indicating variastions in host responses. Data in Table 5
represent the maximum number and size of the gilant cell
components representative from galls of different sizes.
Wall thickness of normel cells could not be measured with

the oculsr micrometer.

Abslmoschus esculentus

Four to 5 giant cell complexes wWere usual, each having
3.8 units. They were 225.567 p in length and 160-225 ¢ in
width, Giant cell walls thickened upto 11.1 42 which hag
severel perforations and bresks. Wall incrustations
measured 8-10 § thlck. Upto 83 nuclei were found in giant
cell complexes. Their size ranged from 7.4-18.5 ., These
nuclei had upto 5 nucleoli of 2.1-11.1 p diameter. Nuclel

in hyperplastic cells measured only 7.k ¥ in dismeter,

Luffa acutanguls

Ridge gourd was s host highly suitable for the
acrita

M. incognita/population used in the present stugy,

Four to
7 giant cell sites were seen that measure 610.945 n long and

215=-470 §1 wide. Cytoplasm filled these glant cells and there



e n

was 8 significant accumulstion of lipid globules. Giant

cell walls measured sbout 11 1. The number of nuclel in
relation to the cell size and amount of cytoplasm was small,
The highest number counted 52. Contrastingly the nuclear
size was unususlly big end these exhibited & wide variation
in their morphology. Round, oval, elongated, bean shaped

and smoeboid nuclei were observed. Nuclear size ranged from
10-45 u. The renge was 1.4-11.1:in the case of nucleoli,
three times bigger than in normal cell nuclei (2.8 u). Hyper-

plastic cell nuclei also enlarged 2-3 times.

Lucumis melo

Musk melon, another cucurbit studied, slso maintained a

heavy population of M. incognita acrita. Four to 8 gilant

cells were produced per feeding =ite, having dimensions of
550-935 p in length and 350-540 $ in width. Wall thickness
was shout 7.4 1. Dense alveolar cytoplasm filled the giant
cells which possessed 52.67 nuclei per compleX. Elongated
NUclei measuring 20 ® long and 9 1 wide were seen in certain
cases, The maximum nuclear diameter measured was 30 . Such
Nuclei contained & or 5 nucleoli of 1.4-2.1 . Nuclei from
hyperplastic cells were not much different from thoge from

Normal cells where the size averaged 2.8 in diemeter,

Lycopersicon esculentum

The Puse Ruby veriety of tomato showed 3~5 feeding sites

in certaln sections. ERach of these hag 5-8 giant cell units



Giant cell couwplexes measured upto 730x420 . Their walls
had thickened over 11 u, More then 70 nuclel were counted
in such sites. Nuclei messuring 7-14.8 § were comnon here
and their nuclq& enlarged upto 7 ., The cytoplasm was quite
dense and occupied almost the entire gilant cell sreas. Nuclei
from hyperplastic cells messured 4.9 § showing the ususl

enlsrgement,

Capsicum frutescens

A local variety of pepper produced amall knots though in
small numbers. Their histology revealed thst there was no
necrotic reactions. Smsall but well developed giant c ells
95-368 1 x 31-168 p surrounded the heads of femsles. The
giant cell complexes were made of 5.7 units with dense
cytoplasm, Cell wall thickenings upto 14.8 § were observed,
In C. frutescens the nuclei and nucleoli in the cells
surrounding the gilant cells and female nematode &lso hyper-
trophied. Nuclear hypertrophy in such cells was 7.§ fqolq
(26 11 ss sgeinst 3.5 4 in normsl parenchyms cell), 1In the
Present study, the biggest nucleoli (14.8 1) Were seen in
the giant cells of pepper. The amount of hyperplastyc
parenchyma however, wés compsratively less Profounced, 1In
the absence of excessive proliferation of parenchyma the

gells remained small.

Coriandrum sativum

fonanden, the only umbellifer studied, had seversl small

galls. Production of 5-7 giant c ells at the feeding sit
es



that measured 520x235 u was proof of successful parasiti-
sation. Thickness of the glant cell wall increased only
slightly (2.8 ). lost of the giant cells in fennel had

dense cytoplasm, Nuclear hypertrophy was 2-4 fold (from 3.5 4
to 15,.8 ¢1). Such nuclei contained 1-3 nucleoli of about 2.8 n
dismeter. Nucleolar hypertrophy was only doubled in giant
cells., Even at some distence from the psrasite's head cells

had hypertrophied (nuclear diameter, 7.5 #).

Dolichos Lablab

Hyacinth been grown in garden soil coexisted with root
nodule bscteria and produced 3-6 well-developed gliant cell
unitas. Several large females were embedded in the nodular
tissue and nodular meristem persisted near such sites. Gignt
cells, 270-325 4 long and 205-230 4 wide occurred. Upto 64
nuclei were present in some of these giant cells. Nuclear
dimension increesed from 3.5 4 of the normal <ells to 14.8
in the giant cells. Nucleoli per nuclei varied in number
(1-4) anq the biggest diasmeter of such nucleoll was 11,1 g,

Nuclei in hyperplestic parenchyma were 4.9 1 in diameter,
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“.4h ROOT-KNOT HISTQOGENESIS IN SOLANUM MELONGENA

Root tissues and galls were examined during an intervail
of 5-10 days, upto 2 months. Histological preparations
were made to understand the progression of dlsease and the

concomittant histopathologicel changes.

8. melongena has s profusely branched root system

cheracteristic of dicotyledons. The anatomy of the root

wea similsr to that described by Thiel (1931). Briefly,

the stele is dierch and protostelic with patches of proto-
phloem alternating with xylem poles. There sare strips of
parenchyma separating xylem and phloem, The stele is
delimited by a pericycle and endodermis. The cortex consists

of loosely arranged parenchyma with starch grains.

Laboreatory inoculstions had showed thst S. melongens

attracted M. incognita acrita larvae. The initial infective

Procesges studied revealed that the root ca8p &nd meriste-
matic regions were the penetration sites (¢f. Chapter 3.1).
Fig., 57 shows & club-shaped root removed from vermiculite

2 days after exposure to lervae. The lervae that penetrated
moved into root either through or between the cells (figs.13,
14, end 18). Lervae travelled up along the undifferentiated
tissue and entered the stele, whereas some others ysed & route
along the cortex (figs, 58 and 59). They reached the zone of
tissue differentiation, end started probing the primary
vascular tissues (fig, 58). Hypertrophic effects and cell

wall demége were caused occasionslly (figs,59 ang 60). Larvee
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generally settled ¢ fecd slong th primary vescular
tissues, Some larvae continued their movements within the
root tissues for several days (fic. 12). No attempt was
made to determine if these eventuslly settled an_ started

fe~ding.

3.4.1 5 Dsys After Infection

By this time the larvae he alresdy initisted giant
cell formation. 1In a longisection they were located along
the stelar region. The cytoplasm was & dense mass filling
the expanding glant cell. Nuclei were noticed in clusters,
and sppeared vo be dividing amivotically (fig. 6%). These
nuclei at later steges proliferated, jncressing the nuclear
number further. A leading edge of @ giant c ell component
with an aggregation of nucleil is jllustrated in fig. B2;
The cell walls &t this stage had spparently normal thickness,
Fig. 63 shows @ root T.S. where the glent cell initiation
is seen on one side of the primary xylem. The glant cells
appear to have originated from phloem cells. The metaxylem
elements at later stages merged with the glant cell, At a
further gistance the giant cell had coalesced with xylem
walls (fig. 64). The preparation in fig. 64 had four gisnt
cell units., Phloem patches were jncluded between such
giant cells, which had become part of the giant cell as the
infection advarced. Compression caused by .he expanding
giant cell distorted the metaxylem elements (figs. 68 and

65). Giant cell nuclei st this stage showed distinct
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hypertrophy, and on an average they measured 7,5 4 in

dismeter. The cytoplasm was dense and filled these cells,

3.4.2 10 Day:s After Infection

In 2 longisection 28-30 larvae with 2 corresponding
number of gilant cells were noticed. Such massive invasions
caused & total root swelling of 1685-2365 # elmost along the
entire root length, A normsl root messured only 1100-1200 n
in diemeter. Gisnt cells were produced in steler and
corticel tissues, snd in genersl such gisnt cells contained
5-7 unitq:g Gient cells at this stage measured 325-420 u
in length end 216-250 1 in width. Their wells were of
varying thickness and indicasted regions of intercelluler
coalescence., Also certain cells showed cleer evidence of
wall disruption possibly due to cell expansion ad disso-
lution of well meterial. Walls of giant cells remained
thin ag in surrounding cells or got thickened from 0.7-6.3 R.
Certain gient cells contained wall incrustetions that sdded
to the wzll thickness, There wes a difference in distance
of about 150 # between the sectionsshown in figs, 66 ang 67.
The stele at this portion was of larger diameter ag g result
of genersl hypertrophy, though its appeérance was moye or

less normal,

The giant cell cytoplssm was dense and granular., Cyto-

plesm in some of these glant cells was protruding into the

vacuoles, and foldings of plasmelemma were visible in Fig.68
However, certain gslls showed glant cells with poorly

differentiateq Cytoplssm., Vacuoles were common in many giant
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cells surrounded by & lining of cytoplasm (fig. 69). But
some cytoplssm was smessed in the centre with the nucled
clumped together. Nuclear clumping seems to be a regular

feature in giant cells (fig., 68).

The gisnt cell nuclei showed wide variations, Nuclei
with almost round to wavy margins in verying numbers snd
sizes were present in glsnt cells (figs. 62 and 68). Nuclear
number varied from 18-.31 per giant cell unit and s giant
cell complex contained a total of over 80 nuclei (fig, 68).
Nuclear dismeters ranged from 5-30 4 (2-3 times larger than
nuclel in cortical parenchyms). Nucleolar numnber ranged
from 1-3 per nucleus and the biggest nucleolus measured
5.5 4 in dismeter, as egainst 1.5 a of normal psrenchyma,
Certain nuclel did not show the presence of clear nucleoli,
Also, many nuclei had micronuclel snd certein glistening
bodi es within., Nucleolar vacuoles were encountered in

Certain caeses.

Hyperplastic tissues were produced from cells in peri-
eyclic and cembial layers. The stimulstion for hyperplasis
was felt at 405 and 610~p sway from the point of Nematode
head, in one of the gslls, Often, these excessive proli-
ferations occurred sround the gisnt cell sites progucing
12-74 layers of cells (175 4 wide) in certain cases, gych
growth of closely packed parenchyma contributed to the root
swellings (fig. 69),. Hyperplastic ¢ells, in general had

round nuclel measuring 2-3 # in diameter. Nuclegli in such

cells measured 0.7-1.5 He
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Initi-tion of abnormal xylem wss noticed in certain
roots, at this ape, Xylem tracheids had started differen-
tistins around giant cells close to the stelar area and

slong the direction of the parasite.

In corteln cases latersl roots originated by divisions
in the pericycle, near the sites of giant cells (fip, 68).
The presence of the parasites and the increase in their body
size .disrupted the cortical and vascular tissues. The giant
cell growth ceused dislocstion oi the pericycle anu endodermsal

layers.

3.4.3 15 Days After Infection

An uninfected root transection measured 402 11 in diameter
whereas gzalled root was 605 y1. Many feeding sites or the
giant cell complexes were noticed, the biggest one in the
specimen studied reaching 540x324 u. Each gient cell complex
had 3.9 ynits snd the biggest one measured 360x175 u (£1g.79).
The giant cell units were interconnected by perforations
(figs, 71 and 72). They were also coalescing with the

adjoining vasculsar parenchyma.

The giant cells had developed unusually thick wallg,
uneven at several points. lall deposits measuring upgo 7 p
were noticed. Round, amceboid and even elongated nucjej
(fig. 73) numbering 31, 38 and &1 were distributeg in three
units of a gilant cell complex shown in fig, 74 which were

about 240 m long end 215 p wide. Another giang cell complex



~ .’

vJj

had 8 total of 53 (27+17+9) nuclei, the largest one sbout
15 4. The biggzest nucleus at this stage was 30 4 in
diameter. Nucleolsr number increased as ususl and hyper-

trophied nucleoll renged from 1.5-6.3 4 in dismeter, ,

The cytoplasm was dense and granular and almost filled
the giant cells (fig. 75). Essentially more cytoplasm
is synthesized, This resulted in filling up of vacuoles,
which were therefore smeller in number than those in 10 day
old infections. However, certain gilant cell complexes with

5.6 units looked vacuolate (fig. 76).

BExtensive hyperplasia of cambial cells occurred (fig.79),.
These newly formed cells were longitudinslly elongated and
storied in eppearance, Such tissues contsined larger sized

nuclei of 5.5-7 R and bigger then those in normal parenchyma,

Anomeslous xylem wes extensive and grew around giant cells
(figs., 71 and 72). The enlargement of the glant cell pushed
8part the vasculer elements., Owing to the pressure thus
Created cells near the endodermis were dam@ged and stained
deeply (fig. 76). The glant cell walls protruded into

Parenchyma and xylem tissues around it.

3ol 20 Days After Infection

The development of the female into & sacciform body

and the formation of extensive giant cells compressed the

stelar envelope and disrupted the cortiecal cells, A gall-

bearing root at this stage measured 1900 q in & smeter. with



an incresse of over 925 y over the non-gelled portion from
the same root segment. The glant cell complex was

510x300 ¢4 and the stele including the giant cells occupied
540 p. On the contrary the normal stele was only 230 u.
In esnother longitudinal section the diameter difference

was between 580 # in nongalled to 2100 4 1in the gall area.

Four to 5 giant cell complexes wWere usual per tran-
section. In trensection a giant cell complex of this age
measured 670 # long and the maximum width was 280 up. A
lysigenous cavity was formed sround the head of the female
nematode which wa8s 40 n in dismeter (fig. 77). The giant
cells extended to either side of the nematode head and in

no section the nematodes head was seen protruded into the

glant cell.

Wall thickness had continued to increase further,
Certein giant cell walls were 10-12 u thick (fig. 78), 1n
any case the advancing rim of walls remained thin (fig, 79),
Cell wall dissolution is a process in gilant cell growth ang
multinucleation is a part of it (figs. 80 and 81), The
giant cells were encroaching upon the neighbouring parenchyma
whose nuclei could have got pooled into glant cell contents,
8t later stages. Nuclear size varied from 4-36 u ang the
majority of them had 18-22 4 diameter {fige. 81 ang 43),
Nucleolar number showed & further rise to 5 Per nucleus and

diameter upto 3,5-7.5 u (double that of a Parenchyma cell

nucleus).



Nematodes were most active during this sge. The
increase in bulk of gesll tissue was partly due to the
enlargement of the female body and partly to the development
of the giant cells anc production of hyperplasia (figs. 83
and 84). In such tissues large nuclei of 7.5 u diameter
could be noticed. The cortical parenchyma cells merge with
the giant cell complex (fig. 85). Gall parenchyma cells were
induced to further chenges. Conversion of hyperplastic tissue
into xylem near the gisnt cells and females had teken place and
they had considersble lignin depositicn. Whether this wes g
jacketing process of offering additionsl strength to the
expanding glsnt cell or host-reaction to prevent the spread of
infection was uncertain, Xylem also merged with the giant
cells, for broksn walls were seen projecting into giant cell
cytoplasm (figs. 79 and 80). These observations lead to the
belief that glant cells could originste from practically any
living cell. Thelr expansion by sddition of 2all types of

tissuesis a8 ususl festure in root-knot development,

345 30-40 Days After Infection

By this stage the nemstodes had produced a gelatinous
eggmatrix and sterted laying eggs (figs. 86 and 87). The
presence of the eggmatrix produced necrotic effects 4n the
surrounding cells, The nematode end eggmatrix lay in s
cavity that in some instances measured 840 W in length and

315 1 in width., The space occupied by the &nimal 4in the

root measured 580x310 u. The secondary Xylem in the root
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section ha_  an an m lous way oi _rowth taking e radial
rientation, ‘ach c¢omponent looked bigger. 1In & longi-
tudinal section (fi . <o) two [emales and .ie associnrted
pothiological tissues were clear. Thcse females measured
5L0x350 p and 43/.x230 ¢ respecuively. There was a wedge of
parenchymatous cell: separating the two nematodes. The
cytoplas. was graduslly vanishing from such gisnt cell
complexes. However, there wes mo. ¢ cytoplasm &t the leading
edge of giant cells (fi . €3). Nuclel were still present in

them., Walls showed seversl breaks.

Infections caused much of the secondery vascular tissues
to be obliterated. There was significant tissue damoge
(fig. 90). Fiz. 91 shows a similar tissue from which a
comparison of the damapge to xylem could be made out, The
giant cell complex in this case, produced from tissues
destined to become secondary xylem leoft 2 bi: cavity of sjize
290x165 4. Those Xxylem tissues that were around the cavity
Were radially oriented, instead of the usual longitudinal

Manner.

Parenchymatous cells grew over the parasite as gaj}
development proceeded. This characteristic overgrowth above
the females situated in the cortex produced latera] bulges
(fig. 92). Galls collected beyond these stoges showed many
dead females and their eggmesses inside the root tissue or
protruding out of the root surface. The eggs hatched within

and caused Secondary infections.



Egg lesying masked the completion of the life-cycle.
The “emales did not survive once the eg's Wwere leid. The
desth of the femasles caused a breakdown of giant cells
whose cytoplasm in histologicel preparations appeared
darkly steinec &nd turbid. Figs. 93 end 94 show a numoer
of glant cells and dead females. In fig. 95 a tronsection

f & heevily demaged root, whose vascular elements wore

completely destroyed except for patches of abnormal xylem,

1s shown. The disruptions caused in the conducting

elements resulted in wilting of the infected plants,



3.5 RESPONSES OF GIANT CELLS TO CERTAIN HISTOCHEMICAL
STAINS

Three methnds were used for localising DNA and all of
them provided positive results. The Feulgen stain was
restricted tn nuclel with a2 negative reaction occurring in
the nucleoli.  Intenae crimson colour indicated high concen-
trations of DNA in giant cell nuclei (figs. 96 send 97),
Normal root parenchyms did not show any perceptible colour.
To s certein extent the nuclei of hyperplastic cells were
reactive and produced comparatively visible colour. The
nuclear periphery showed the most intense staining and there
were masses of basophilic bodies in the fissures. Also,
there were seversl deeply stained Feulgen bodies distributed
in the interior of the nuclei. Clumping of nuclel and

emitotic duplications are indicated in the preparation in

fig. 36.

Methyl green-pyronin and Azure B methods were also
employed, With the former nuclei were stsined greenish-blue.
All nucleoli and the dense cytoplasm retained intense req
staining (fiz. 98). This indicated the occurrence of cyto-
Plasmic RNA of high concentration and increased levels of
RNA in nucleoll. Pyronin-pnsitive bodies were distrivuted
throughout the cytoplasm, Also present in the nucleoiy were
certain glistenin%dbodies that stained deep red (fis. 98).
Such bodies appear/negative in the Feulgen Preparations,
Nematode body was highly pyronin-positive,

Sections of female
nematodes embedded in root tissues containeqd portions of ovary



that had methyl green- snd pyronin-positive substances.

Azure B method helped to resolve the sites of nucleic
acids snd incrustations on giant cell walls. The nucleoll
and cytoplaasm stained blue with Azure B. The nuclel were
zreenish in colour and the well incrustations showed a rich
blue. Fig. 99 is a photograph of an Azure B stained
prepsration in phese contrast {llumination. Heavy staining
of the deposits in walls is clear from fig. 100, Also, in
such preparations was an intense asteining reaction along

thie inner walls of glant cells.

The PAS procedure was positive witnh the walls of
giant cells and indicated that walls were rich in inscluble
polysaccharides (fig. 101). The deposits also appeared
PAS positive. The PAS reagent imperted a crimson colour to
starch grains also. The number of starch grains in infected

roots was small and those that were present showed s faint

Staining.



3.6 CHANGZS TN CH'ICAL CONSTITUSNTS DUS TO INFTCTION

3,6.,1 Nucleic Acids

Nucleic acids were determined from normal snd gall

yvissues of 8. melongena, A. esculentus end L. acutangula,

RNA was isolated by alksline hydrolysis and DNA by perchloric
acid extraction. The two nucleic acids were estimated
separately by the absorbance of their purine and pyrimidine
bases in the UV region (260 nm). The data given in Table 6
eng fig. 116 A and B show the relative changes in levels of
extractable nuclelc scids. Concentrations of both the
nucleic acids present in the normal and gall tissues of the

three hosts veried. They were high in gall tissues,

Lie scutanguls gells showed the highest jncrease in RNA

followed by A. esculentus, Glent cells were found to contain

dense cytoplasmic masses that were pyronin and Azure B -
positive. Gient cell nucleoli of higher numbers and sizes,
and the huge mass of cytoplasm have possibly contributed to

the high concentration of RNA.

DNA estimation showed significant changes in concentration
in gall tisesues from that in the normel, the highest being in
A. esculentus, In the other 2 hosts the increase was compa-
rable. Increased number of abnormelly lerge nuclel that were
positive to Feulgen and other histochemicel stains present

in giant cells, appeared to contribute Tc the high amounts of
the nucleic acids.
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Concentrations® of nucleic acids in normal
anu M. incognita acrita infected roots

mg/g tissue

Component Host plant (frash wt) Increase
Normal Gall (%)
S. melongens 2,27 2.67 17.60
RNA A. ssculentus 1. 44 1.88 30.50
L. acutangula 1.68 2.42 L4 .04
S. m2longena 0,48 0.84 75.00
DNA A. esculentus 0,43 0.79 €3.70
L. acutanguls 0.73 1.29 76.70

*pstimeted by UV absorption at 260 mm with
Beckman DU 2 spectrophotometer



It mey be stressed here thet the actuel incresse 1n the
concentration of the nucleic acids in giant cells is, in sll
possibility much more than the values obtained, because of
the presence of parenchyma cells around the gisnt cells in

gall which have lesser quantities of nuclelc acids.

3.6,2 Proteins

Proteins were extracted from the seme tilssues used for
nucleic acid determination. The protein fraction was
separated 2t the end of the isolation procedure (Chapter 2).
Results given in Table 7 and histograms (fig.116c) established
that proteins, as indicated by the colour produced by all the
amino acids in the hydrolysed protein jsolate increased
discernibly in galls of host species., yvariations existed
between individual estimetions, in gall tissues, which could
be due to the presence of varying numbers of female nemstodes
embedded in them. Als» the possible difference in the number
of glant cell complexes in such galls and the amount of

cytoplesm could contribute to the increase and varistions.

3.6.3 Amino_Acids

A total of 13 amino acids were found to occur 4in the

normal roots of S. melongena (Table 8). An amino acid that
occurred in between glutamic acid and valine in the butanol:
acetic scidiwater system did not correspond to any of the

reference samples., The Rf, however, corresponded to

Y-amino butyric acid (stahl, 1965).



TASLE 7

Protein” concentrations in normal sand
M. incognita acrita infected roots

mg/z tissue

(fresh wt)
Host plant Incgease
Normal Gall (%)
S. melongens 49.05 76. 54 56, Ob
A, esculentus 31.70 60. 31 90.80
L. scutangula 28.33 39.63 28,50

“Estimated with Folin-Ciocalteu reagert
at 750 nm with Beckman DU 2 spectro-
photometer



TABLE 8

Free amino acids and amides in normal and
M. incognits acrita infected roots

S. melongena A, esculentus
Amino acld
Normal Gall Normal Gall
v-Aminobutyric acid + 3¢ - =
Arginine + 2+ + 24
Alsnine + 3+ “ +
Asparagine - - + 24
Aspartic acid 2+ 3+ 24 3
Cystine = + = .
Glutamic acid 2% 3¢ - T
Glutsmine - - = *
Glycine = po o %
Higtidine = * = o
Leucine + 2+ 2+ 3¢
Phenylalanine - + - 2
Proline * 3+ - 24
Threonine = + + %
Tryptophan = - - -
Tyrosine + 2+ 2+ N
Valine - + " 24
- absent = trace + moderate

2+« Iintense 3+ abundant



e

In A. esculentus 14 free amino acids occured. Two

amlides, asparagine and glutsmine, were present in both normal
and gall tissues. Y-Aino butyric acid was absent in gkra

roots,

There was & marked increase in the levels of all the
amino acids due to infection. This is clear from the relative
concentrations represented in Table 8. Several amino acids
that could not be located or occured in traces gave strong
spots in gall extracts, Such increases in free nitrogenous

compounds appear to be s common feature in Meloidogyne

infection. Significant were the occurrence of proline in

A. esculentus and phenylalsnine in the galls of S. melongena.

Notable were the increases shown by Y-amino butyric acid,
alanine, arginine, aspartic acid, glutamic acld and proline.

The occurrence of tryptophan in A, esculentus 1s interesting,

This appeared only in the gall tissues.

3.6.4 Sugars
Among soluble sugars glucose, sucrose and fructose only
were found to be distributed in the root tissues of the plants

studied. L. acutangula contained only sucrose and fructose.

These sugars were found in both normal @nd infected tisgues.
However, there was notable reduction in thelr concentrations
in gall tissues. In normal roots of S. Melongens sSucrose and

glucose were present in high concentration. In A. esculentus

& higher concentration was shown by glucose, Table 9 gives

the relative concentrations of soluble Sugars angd changes due



TABLE 9

Soluble sugars in normal and M. incognite
acrita infected roots

3. melongent A. esculentus L, acutsngules
Suger —_— -

Normal Gsll Normel Gall Normal Gall
sucrose 3+ o+ + + * -
Glucose + = 2+ = - -
Fructose 2+ + + - 2+ -

- absent, = trace, + moderate

2+ intense, 3+ abundant



r‘_“,

to infection.

3.6.5 Indole Compounds

Indolic growth substances were analysed in normal and

gall tissues of S. melongena, A. esculentus and L. acutangula.

L. acutanguls extracts were emnployed only in TLC. Plants

grown for 30-40 days after inoculation were used, and their

extraction procedure is described in Chapter 2.

Initial chromatographic studies with 1-5g tlissues were
not successful, hence 25.100 g starting materials were used
in further studies. Concentrated oily extracts from 100 g
fresh wt of tlssue Wwere shaken with hexane to remove the
lipoid substances. The residue was solvent partitioned at
different pHs and divided into 2 halves for TLC and bisassay,

The a2cidic portions only were used in bioassay.

Ether extracted residues were purified by column chromato.
graphy through alumina. of the 6 fractions only the ether,

methanol end acetic acid fractions were used for TLC,

Thin layer chromatograpgx

Bxtracts were developed on activated thin layers of silica
gel, A4n acidic solvent system, chloroform : 96% acetjc acid
(95:5) wes used. Identical concentrations of Normal ang gall

tissue extracts wepre sSpotted on activated chromatOPlates



Reference compounds of indole (IND), enthrenillic sacid
(AA), indole butyric acid (IBA), indole propionic acid (IPA),
indole scetic acid (IAA), indole scetamide (IAM), tryptamine
hydrochloride (TNH,), and tryptophan (TRP) were also

chromatographed.

Indole compounds were detected by scanning the chromato-
grams in UV light and spraying the plates with the Salkowski
reagent or the new ferric citrate reagent. The ferric citrate
reagent is a nev formulastion developed during the present study
for the chemical determination of IAA. This reagent was quite
efficient in the detection of most indole derivatives. The
composition and uses ere given in Appendix 1. Occasionally
the Thrlich's reagent (1% p_dimethylaminobenzaldehyde in 25%

HCl + 96% ethanol) was also employed.

Table 10 describes the results of TLC of identicsal
concentrations of normel anqg gall tissue extracts, The
Rfx100 values and colours produced by extracts and indole

compounds with both the reagents are also given,

Acidic fractions from ethanol extracts of gall tissues

from S. melongena ang A. esculentus showed ash coloureqd spots

in UV light. 1In the corresponding areas of normal tissue

extracts of both g, melongena and A. esculentus faint zones

were seen when scannedq in (v light. Fractions frgp acetic
acid elustes after column chromatography also showed similar

fluorescing compounds in corresponding positions. The plates



TABLE 10

Chromatogrephic and chromogenic reactions of indolic
compounds from normal and M. incognita acrita infected

root tissues

Colour produced

Semple Rf (x100)
Salkowski Ferric
reagent citrate
reagent
S. melongens
Normal ft*26-29 (27) None None
Gall st 24-31 (27) Pink Pink
A. esculentus
Normal ft 25.26 (26) None None
Gall st 25.28 (26) Pink Red pink
L. acutanguls
Normal st 43-47 (45) Pale green  Green
Gall st 43-48 (45) Green Deep green
Indole 71 Orasnge red Brown
Indole acetonitrile# (45) Green -
Anthranillic acid 37 Yellow None
Indole butyric ecid 3L Red brown Red pink
Indole propionic acid 32 Brown Orange
Indole acetic acid 26  Pink Red pink
Indole scetamide 11 Pink Deep oKk
'ryptamine hydrochloride 00  Brown Golden yellow
Tryptophan 00 Brown

‘k

Brown

+In UV 1light — .

ft = faint colour,

8t = strong colour

*Not chromatographed, deta from Stehl {1965)



were subsequently sprayed with one or the other chromogenic
reagent. The gall extracts produced strongly coluured sreas,
vwheress the normal tissue=s did not give any perceptible

colour in visible light,.

The compound that fluoresced in UV in the case of

S. melongena had an Rf position 24-31 (27). In the case of

A. esculentus gall,the compound remained between 25.28 (26).

The fluorescing ereas of normal S. melongens and A, esculentus

merked in UV light showed positions 26-29 end 25-26 respec-
tively. The closest corresponding colours in UV and with the

reagent wes shown by IAA (Rf 26).

Acidlic and non-acidic fractions of L. acutsngule extracts

did not contain any colour characteristic of auxins employed
in the present studles, But the ether extracts cleared with
hexane produced a2 bluish green fluorescence in UV light. With
both Salkowski and ferric citrate reagents this compound from
both normal and gall tissues produced a2 green zolour. With
Ehrlich's resgent it was light yellowish in colour. The
colour produced by extracts of gsll and normal root were quite
strong with ferric citrate resgent. The Rf value was

43-47 (45). Stahl (1965) attributed bluish-green flugresgeence
and Rf 46 in chloroform:acetic acid system to indole

acetonitrile (IAN), a neutral suxin.

Spectrophotometrice determination

The amount of the colour produced by acid suxins when

Sprayed with Salkowski or ferric citrate reagent could be



determined spectrophotometrically also. Extracts corres-
ponding to 100 g tissues of normel and galled roots were
taken up in water and mixed wlth the chromogenic reagent and

their sbsorbance measured.

The Gordon and Weber (1951) version of Selkowskil reagent
snd the new ferric citrate resgents were used. The compo-
sition of both and the advantages of the latter sre described
in Appendix 1. Preparastive TLC was carried sut to purify
the solvent pertitioned acidic fraction further. These
plates were scanned in UV light and the fluorescing zones
along with some surrounding adsorbent were scraped out. The
compounds Were eluted in methanol by shaking. Adsorbent
silics gel was eradicated by centrifugatcion. Methanol was
evaporated and when about to dry, the compounds were dissolved

in known volume of distilled water.

Two ml of the reagent + 1 m1 of the extract were mixed
and kept in dark for 1 hr, The red pink colour developed
was measured a8t 530 nm with a Hitachi Perkin-Elmer spectro-

photometer.

Blanks with water in place of auxins or extracts were
used to meke the necessary corrections in sbsorbance of the
latter. Absorbsnce was calibrated by referring to stenderd
curves (Appendix 1) snd the concentrations of extracts are

shown in qg per 100 g (Table 11 and £ig.117,),



TASLE 11

Concentrations“ of indolic
> compounds in normal
and M. incoznita acrits infected roots

Host plant Gordon and Weber Ferric citrate

reeggent reagent

S. melongena
Normal 0.08" 1,04
Gall L.72 7.81
Increase L .64 672

A, esculentus
Normal 0.58 1.50
Gall 7.01 10. 20
Increase 6. 43 3.70

#Measured at 530 nm wit
spectrophotometer h Hitachi Perkin-Elmer

*®yg /100 g fresh tissue



Bioasssy
Fiz. 117B shows the results of the @&ssay experiment
to test the biological activity of wheat coleosptile

elongation in normal and M. incognita acrita induced

galls. The extracts tried were from the fluorescing zones
{n thin layer chromatogrem, as 2lso from the corresponding
acidic frection of ethanol extracts. Between the normal
and gall tissues, growth stimulation was greater and

3.fold in the case of A. esculentus. However, the

sctivity difference was greater in the extract of S.
melongena among the gelled tissues. The results corres-
ponded with the higher velues for gall tissues in spectro-

photometric determination also.

It is interesting that normal root tissues of both
the hosts possessed certain growth stimulsting substance(s)
and that hypersuxiny occurred under pathological conditions

pbrought about Dy Troot.knot nematode {nfection.



3,7 DCLVELOCWENT Qv MELOIDOGYNE INCOGNITA ACRITA_IN

Six developmental stages have been reported by
Christie and Cobb (1941) in the life cycle oi root-knot

nemetodes. Femsles of M. incognita acrita laid eggs in a

gelatinous matrix (egg sac). As the organism is endo-
perssitic snd sedentary, the eggmssses were produced in
situ and they were extruded into the root tissue. 0Of%en
the egg matrix contrnining the eggs in groups protruded out
on the root surface, The~ gelatinous matrix inside the
host wes pele white and mucilegenous, while exposed ones

turned brown and accumulsted soil particles.

The eggs of M. incoonits ascrita are elongated with

smooth outline. They are slimy and stuck together. Fig. 102
shows several egis teased out of the egg-matrix &nd clesred
in lsctophenol. The eggs are filled with cytoplasm, but

in some cases the cytoplasm had withdrawn from both the
elongated ends. 3uch a change is known to precede embryo
development. Repeateqd divisions in the egg produced a
gastruls which later get organised into the first stage

larva.

The first stsge larvae while in the egg showeq rotating
movements. From the eggmasses many second stsge larvae
emerged within o day or two, some emerging even on the same
day. EEEZ matrix teased out in water releaseq several larvae

showing thst some had slready hatched and were trapped in



the matrix. These second stage juveniles are vermiform
and resembled thelir adult males except for the shorter
body length snd the absence € sex orgsns. These juveniles
moved sbout vigorously. They represent uhe infective stage

snd their behavioursl detesils are described in Chapter 3.1.

The larvae from macerates of roots 2 days after
inoculation resembled th- prepsrasitic larvae. Figs.103
snd 104 show root clesrings with the lsrvae imbedded inside

S. melongens roots, Lsrvae dissected out 5 days after

inoculetion were thicker (fig. 108). Their body length
remeined more or less the same but the width increased
almos t two fold. Such a chenge was subsequent to the
nematode lodging itself at s suitable site within the host
and actively feeding, preparatory to tae next moult. These
larvae bore cheracteristic teil spikes st the cuticuler ends,
remniscent of the pointed tail tip of the preparasitic

stage. In juvenlles observed on the 7th day thebody was
ssusage-shaped (fig. 109), Here the body, and especially
the posterior region, looked thicker. The larvae hag
entered the third stage ang the moult was indicateq by the
presence of third stage larvase within second stage cuticle
(fig.. 110). The body mass seperated from both the spike

and the head ends. 1In most of the larvae the body showed
curves and bends indicative of the position they hag

occupied in the host tissues (figs. 108 ang 109) .

shows a clearcd pooy in whi

Fig. 105

ch several larvae were developing

srounda the stejg of a root. Fig. 106 shows One sausage



A

shaped larva imbedded in root tissue and fig. 109 is of
another, teased out from root. The genital priuordium

was injtiated at tnis stage in the tail end of the larvse.

In & 15-day old specimen, the gonads were present
and looked bifurcsted indicating differentiation into the
female. In snother, paired ovaries messuring 1/3 of the
body length were noticed. Such animels were encased in
additional lasyers of cuticle., Fig. 111 shows onekuch
dissected out of root tissue. In 20 day- old collections,
femeles with elongated ovaries covering elmost 2/3 of the
body length were visible.

Along with gonad formation, in the larvae differen-
tigting into females, seversl rectsl glands developed nearp
the valve and these were present in 15-day and 20-day
collections. More moultings increased the number of
cuticular covers and nemastodes enclosed in three layers
were often encountered, Females carefully teased out of
roots had sloughs of cuticle including that of the second
stuge with spikes. Thig ghservation revealed the fact
thst sfter settling gt o point the larvae differentiating

into female Nematodes do not move sway, but become Sedentary

Twenty to 25 days after inoculstion females witp
spherical posterior and coiled ovaries were abundant,

(fig. 112), Fig. 107 1llustrate s female imbeddeq in host

tissues, The Pressure created by the Erowth of the posterior

end NG caugaen Swelling of the root surface, Between 30-40



days many eggmasses protruded out of root surface., Eggs
were sticky and ag;regated in the egg matrix which was
connected to the posterior end of females. The egg matrix
apresred to be gecreted first by the animel into which the

eggs were lsid.

Males were occasionally seen. They were distingulshable
right from the 15th day, They developed into elongate forms
and were folded several times in second stage larval cuticle
(fig. 113). Rotating movements of the sort that first stage
larvae made, Were exhibited by meles also. In & larval
cuticle @ male was noticed folded 4 times, Msles also
possessed stylets and possibly they are used to break open

the egeg and second stage.cuticles.

In the meles, females snd larvee, the head region is
narrow. The cephalic end bears characteristic 'cheek-like!
structures. Cuticular annulations are noticed on the
anterior ends of meles ang femslas. Prominent oesophagesal
bulbs and thelr valves ang stylets are clear in the females,
Stylet and 1ts position apre clearly brought out in

i11ustrations (figs, 114 ang 115).



CHAPTER &

DISCUSSION



4, DISCUSSION

The present study shows that the root-knot nematode,

M. incognite scrits is successful in infecting all the

test plants under artificial inoculation. Also, collections
from the field established that natural infestation is quite

usugl end sbundant.

More than 40% of the inoculated lervee could penetrste

8. melongensa and A. esculentus and produce characteristic

feeding sites, with abnormaelly lsrge gisnt cells. Galls
were produced in the roots of all the hosts in response to
the nematode secretions, The parasltes could feed, grow

in size and lay eggs in abundance within the root tissues,
that protruded out of roots later. The s econd generation
of larvae emerging out of egg masses could affect secondary
infection in the g2ll tissues or near-by root segments,

The pathological tissues produced sum up the effects of
nematode activities within, angd the response of the root
tissues to the infection, The injection of salivary
secretions 1s toxic to the susceptible host cells, to the
extent thet metabolism of a few cells falls under the direct
control of the inveder (Linford, 1937 2nd 1942) and the
existence of such celis depends on the presence of the

parasite and continuous stimulus from it (Bird, 1962)



4.1 NEMATODE BEHAVIQUR, INFECTION AND INITIAL HOST RSSPONSES

Infective second stage larvee of M. incognita acrits sre

attracted to the roots of both S. melongena and A. esculentus

and it is presumable that root emanations are responsible for
this. Bird (1959) eand Pescock (1959} heve cleerly shown that
substances produced by living root tissues atiract nematode
larvse. Lownsberry snd Viglierchio (1960) held that the

accumulation of M. incognite and M. haplae 1n tometo is due to

dielyssble root emsnations effective beyond the root surface.
Wallace (1960} considered the possibility of random movements
and habitustion but favoured & theory of orientation towards
an attracting chemical exudate. Bird (1960) believed that
protoplasm in the surface cells of the roots plays & msjor
role in meinteining the larvse close to the root es well as
their penetrstion. Contrastingly, neither concentrsted nor
dilute tomato exudates or gny sugars could exert signifjcant
attraction. In the studies of Peacock (1959) on L. peruvianum
root tips were seen to retain resistance to M. incognita even
after 27 transfers in culture. This means resistance or
attraction is perpetuated by root tissues. Griffin (1969)
investigeted the attractiveness in D. dipsaci and M, hapla
and concluded that larvge are attracted to both Susceptible
end resistant ones but to a higher degree to the former,
Further, 23 hosts, nonhosts snd seversl Thizosphere microbes
attract nematode larvee (cf. Wallace, 1963), the reaction

should be one mediateq by certain chemical stimyly,



The role of amino acids, plent growth regulatcrs ana
inorganic sslts present in root exudates in attractiveness
sppesrs to de worth investigating. Auxins are secreted
from plent roots (Vancura, 1964). The agglomsrstion of
meny larvee around root tips of eggplent, and ckra in all

possibility indicates M. jneognita acrita attraction in

response to root exudates.

gsterases are present in the amphidial pouches of M., haple
and M. javenica (Bird, 1966) and 4t has been sugsested that
in the larvee these enzymes have an jnportant role in their

orientation towards food sources.

No repeliing actlon wes shown by growing roots of
3. melongens and A. esculentus, for all tne root clearings
after incculation contained nematode larvac. Nor was there
any region of repulsion in S. melongena. Infection in
3. melongena along the root cap and meristemdtic zones in high
wumbers and e1so along the region of elongation and
dif ferentistion 8t times provides evidence against Wgser's
(1955 and 1956) theory of attractive, neutral and repellant
zones. Peacock (1959) found no evidence to support Wigéser,
for in the former's experiments with tomato under sseptic
conditions, larvae were found to be attracted to an eres
closely behind root meristem, Similar observations were
made by Christie (1936) for H. merioni and Huang (1966)
for M. 11‘.92.5&&8_. These muthors could not visuslise any

special srea of infection. Krusberg and Nielson (1958)



found that M. incognita acritas larvae penetrated the root

terminals as well as further up the root of sweet potato.

They have recorded larval entry even through the periderm.

The present work shows that the second-stage larvae

attracted by the roots of S. melongené and A. esculentus

are capable of invading the roots bresking a variety of
host tissue barriers., Such penetrations 8&re comiaion in
tomato, ginger end sweeb poteto. Heald ( 1963) showed
thet M, graminis infecting certain monocotyledons entered
the root tip just posterior to the root c@p end migrated
parallel to the vasculsr system, and ultimately settled
to feed from xylem tissues, According to him more than

one larvae were feeding from the same point.

Nematodes of other genera, such as Rotylenchulus

uniformis, Tylenchorhynchus dubius, Pratylenchus perelrans,

P, crenatus and Hemicycliophora arengriza were inoculsted

on a variety of plants by Klinkenberg (1963) and most of

these showed multiple invasions along 2 number of sites,

Penetration by Pratylenchus occurred anywhere along the

roots and in the case of Radopholus Eiﬂilié roots were
generally penetrated behind the tips (Birchfield, 1957),
1. dubius was attracted to root heirs and epidermis behind
root meristem, s condition according toc the ploneer worker
Linford (1942) not shown by root-knot nemstodes, In the

present work, larvae of M. incognita acrita, were seen

LN



invadinz root heir region of A. esculentus. According to

=

Widdowson et al. (1958) the potato golden nematode juveniles

(H, rostochinesis) sre attracted by the zone of elongation.

Some hosts ere highly suitable for a given race of
root-knot nematodes. According to Christie (1946) there
{s no correlation between the suitability of the host and
the freedom with which larvae enter its roots, for many
non-hosts are also invaded by nematodes. He also showed a
contrasting situstion by reporting that given an equal
opportunity larvae enter some plants, only in very small

numbers.

The experiments carried out to assess infectivity of

M. incognite acrita in 5. melongena and A. esculentus showed

that the present population wes quite virulent. The
noteworthy difference between 12 and 24 hr inoculation in
both the hosts indicated increase in larval nugiber with
passage of time &8nd a sharp rise in infection rate owing to

attractiveness following initial penetrations.

However, the two plants showed differences in that larval

attraction. ceased in S, melongena by 48 hr whereas they

continued to enter A, esculentus seedlings even after the
60th hr. Factors such as pressure due to high nematode
number, decresse or loss of attractiveness and pProduction

of inhibitors, might haye 1imited the larval nucber in
8. mclongena,

However, difference between L8 ang 60 hr

M1 - >
inocuiations in 5, esculentus wss not significent,meaning




that for any given host species, root-knot nematode
infectivity is somewhat uniform and that the differences
are caused by the host. The differences in the results

in Tables 2 snd 4, 3 and 4 end individusl seedlings must
be due to inherent differences in sttractiveness, or delay

in nemetode movement through vermiculite.

Barrons (1939) reported no discrimination among
resistant anc susceptible seedlings as far as the number

of larvae was concerned.

pDefolliating the seedlings reduced attractiveness in
both the hosts. It is likely that attractiveness depends
t- = certain extent on substances produced by the seedling
foliage. Hele et 2l. (1973) citedevidences that substances
such as suxins sprayed to leaves are excreted through root
leachates. Further, the low number of larvae in excised
roots, cleared of leachates emphasises the role of

leachates and growth activity in attracting larvae,

In the present study, M. incognits acrita generally

attacked the root-tip cells of 5. melongena. This situation

though less marked, was common in A. esculentus alsg, Root

tips ere composed of tender and loose perenchyma that are
favourable for penetration, Mollenhsuer {1967) helg that
all terrestrial sng epiphytic roots have some Secretory
activity from root cap cells and More et al, (1967) have
shown that a certain polysaccharide is secreted by root cap

cells. Study of such substances and their role in



attractiveness and penetration of M., incognits acrita would

explain the reasons f{sr lsrvsl preference to such sites.

The incidence of penetration through natural openings
and fissures created by pioneering larvae appesred to be
easier. Emenations from such sites may behave as attrac-
tive agents. Restricted invasion of old roots may be due
to reduccd attractiveness and cell wall characteristics,

Although M. incognite scrita could penetrate almost any

point of both S. melongena and A. esculentus roots, maximum

number of larveée were drawn towards the root cap and
meristematic 2rea; both composed of soft, undifferentiateq
and metabolically active tissues. According to Bird
(personel communicetion) the larvac mey prefer the root
tins as they find 1t easier to induce syncytia in
undifferentiated meristematic tissues than in mature
differentiated ones., Thys penetration although a specific
characteristic, 1s inflyenced oy the texture of host

tissues and points of ryot exudations.

Loewenberg gt al. (1960) felt that the use of excised
roots by Wi@ser (1955 ang 1956) might have caused larye)
repulsion. But Peacock (1959) showed that thpugh excised,
a growihg root tip in culture is attractive. He also held
that this response ig 1gst when apical dominance cepges,
Active root tips were found to be more a8ttractive in th e
present experiments tgo, Excised roots Washed in water
for & few hours were not infected equally (did not remain

sttrective) during the initisl hours of 8Xposure. The
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leaching away of exudetes may have reduced the attrsctive-

ness of the root resulting in fewer lerval entry,

Infectivity studies showed that M. incognita ascrits

infection in S. melongena 1s reduced after 2 days of

exposure. Perhaps the roots might hsve lost gttractiveness
due to disturbsances caused by larvae &nd possibly subsequent

production of inhibitors,

Several larvee clinging to a point through which
another has successfully penetrated indicates that a pioneer
larva produces a port of entry snd sttracts others., Birg
(1959) has shown that M. haplas and M. jevenica larvse
attract each other. However, Wallace (1966) held that
nematodes probably have little influence on each other
during penetration, except at high populetion levels when
inhibition may occur. But larval congregation in certain
roots observed under the present experimental conditions
indicated that as far as entry is concerned, the labour of
a pioneer nematode and its intermittent probings, help
others in their search for suitable sites. Also, larval
polarisation at a site penetrated once is common, probably
becsuse of attractantsg emenating from such points ang the
relative ease in engry, Multiple invasions of apjca]
meristems of Secondary roots have been observed by End

(1964) in H, glycines also.

Mankau sng Linford (1960) reported counting 50 Larvae

of H. EElgglil: conglomerated around & wound and s few



distributed over other areas. Nematodes could abide

in certain hosts studied here, by entering along the
breaks of secondary roots. These observations indicate
that mechanical injury cen intensify infestation. Under
f4eld conditions in saddition to attack on root tips these

sites may also be used by larvae,

Larvel movements on the root surface anc probings ss
observed are similsr to the reports of Linford (1942) for

H. marioni and Zuckermann (1968) for Tetylenchus joctus

infecting cranberry roots.

Root-knot nematodes inveded S. melongena and A, esculentus

in less than 6 hr although exceptions occurred. ~Penetration
within 15 min was reported for H. trifolii by Mankau and
Linford (1960). Endo (1964) showed that penetration by

H. glycines tnok less than 4 hre P, crenatus larvae probed

on Poa snnua root for 2 months (Klinkenberg, 1963), while

Radopholus similis took 24.72 hr for invading citrus roots

(Du Charme, 1953). Thus host penetration by different
nematodes shows variations, Physiologicel variations in
larvae and texture of hosgt tissues at infection sites

probably influence the time taken for entry,

AMter entry, migration in S. melongena and 4,

esculentus,

as in mOSt other hosts, is generally along the intercellular

speces 8lthough larwse are capable of heading
cells also,

through the
Such migrations through root tips do not kill

the apical ang subapical tissues though the Consequent



macerating action would upset the coordination of tissue
differentiation. Linford (1942) explained thst H. merioni
sepsrates middle lamellae of host roots with the stylet.
Entry into root is facilitsted by stylet thrusts, and
possibly also by enzymstic secretions that msy breakdown

the hindering cell walls.

M. incognits scrita and other species of Meloidogyne

sre known to contain a variety of cell wall degrading

enzymes like pectinases and celluloses (c¢f. Dropkin, 1966),
which may help in penetration. Intracellulsar penetrstions
too occurred but are not characteristic, as are known, for

cyst nematodes (Mankeu and Linford, 1960).

The arched position which nematodes adopt prior to
penetration is known to orientete their stylet at right
angles to the root and provide maximum thrusts (Wallace,

1963).

hs observed in S. melongena, Russel end Perry (196p)

noticed lsrvae and even adult worms of Trichodorus christiei

thrusting &side loose cells of whest root cap apparently
for feeding in root meristem. This trend, they believe,
is responsible for severe injury to meristemetic ¢ells,

Essentially, dersnging the growth psttern of meristem snd

mechanica%ydamaging the tip devitelise the infected roots.



ho2 GALL FORMATION AND HISTOPATHOLOGY

Root-knot nemetode attack reduces the growth vigour of
the roots, and when infection is severe, destroys the growth-
potentiel of root tips, 1In soil where 8 heavy population
of nematodes exists, injuries to germinating seeds msy be
sufficient to prevent them from emerging and establishing.
Linford (1942) brought forward evidence for root injury by

Heterodera marioni (Meloidogyne sp.) through direct obser-

vation. Chitwood et asl, (1952) reported considerable injury

to peach root stocks by two species of Meloidogyne. According
to them, even & species that failed to develop within, csused

much dsmage to Young roots,

Massive larval dnvasjions resulting in spindle formation
of root tips @and inhibjtion of forward growth may be asslgned
to cell enlargement subsequent to nematode entry and effect
of thelr emasnations, Check of forwasrd growth may be due tg
the mitostatic action of growth regulstors in saliva
(Viglierchio, 1971, and Krusberg, 1971). Hypertrophy ang
cessation of meristematy.c activity are responses simj]gr
to applicatlon of growth substances end certein sming acids
(Murray snd Whitning, 1946). There are indications of
nematode larvae exuding suych substences into the incubating
medium (Krusberg, 1971}, It is interesting to recall that
tumour induction coupleq with polyploidy, giant nycleap
formetion, and anomolous cell divisions wWere caused by
externsl epplication of apiol whose sctive ingradient is

allyl-1-dimethoxy-z-s-methylenedioxy-3-4_benzene. Also,
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roots are known to be very gsensitive to exogenous supply

of suxins (Sheldreake, 1973).

Godfrey and oliveira (1932) found retardation of
elongation within 48 hr, even pefore the larvaee could lodge
and stert feeding. Christie (1936) reported this to occur

within 36 hr. Inhibitlon of mitosis in root apical meristem

appesrs to be common with Belenolsimus, Hemicycliophors

and Trichodorus elso (cf. Seinhorst, 1961}.

All the host plants studied here produced galls in

‘response to M. incognita acrits infection. Galls produced on

the cucurbits, L. acutsnguls snd . melo, and those on

S. melongené, A. ssculentus and L. esculentum were relatively

large ones, whereas hosts like C. sétivum end C. frutescens

had small galls. 1In Dolichos, the nematodes and nodule
bacteria occupied the seme root tissue. Presence of the
nematode makes the nodules sbnormally large. Gall sections
have shown sctive nodulsr meristem, which means that the two

orgenisms can coexist well. Taha (1968) hes shown that

Rhizobium trifolll and M. jevsnica and H. trifolii could be

grown together. According to him nemstode infection did not

reduce the number and size of nodules.

Thus, 2a8ll size appesrs to be related to host species snd

essentislly indicates the host response. Also different species
of nematodes are known to produce galls of varying sizes
Davis and Jenkins (1960) found varietions in the size of gells

P

produced by 3 species of Meloidogyne on gerdenis.
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It is of interest to recall the report of Steiner ang

Buhrer (1934) that H. merioni produce galls on Thumbergia

grendiflors, Rheum rhaponticum and Begonie sp., reaching a

diameter of 1% feet in about one yesr. These gells are
known to be rugose and hard with lignified cells. Steiner
and Buhrer (op. cit.) believed that such galls sre produced
due to sutoinfection by successive generations. The

conspicuous and amorphous galls in L. acutangula ang

S. melongena observed in the present work are also produced

by multiple infections and successive invasion by

M. incognita acrita larvee.

It mey be mentioned in this context that galls are

generally absent in Heterodera infections. This is regarded

by Mankeu end Linford (1960) to be due to the entry of
infective larvee 8t regions considerably more meture than
the root tip. BRdo and veech (1969) sttributed this ¢
the low number of Heteroders lsrvae getting establisheqy in
the proximity of apical or lsteral meristems. Both these
explenations do not appear scund, However, in certain

ﬁ%%;ﬁ like tomato, H, Tostochiensis produces 8alling£sembdner,

Movements of M, incocnita acrita larvae within the

hosts show similaritieg with published works (Christie
'
1936; Krusberg ang Nielsen, 1958; and Dropkin and Nelson
]
1962) . Hypertrophy of cell and nuclei along Nematode path

is regarded as effects due to salivary secretions. There
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were no necrotic cells around the larvae or feeding females

in S. melongena or A. esculentus. Smith and Mai (1965)

noticed occasional necrotic cells but did not consider them
significant, The varieties employed in the present study
are highly susceptible and hence did not show any hyper-
sensitive reaction as demonstrated by Crittenden (1958) ang

Dropkin and Nelson (1962), M. incognits caused extensive

lesions in storage rhizomes of ginger (Huang, 1966).

In all the hosts the larvae showed a preference for
lodging in vascular tissues. Also,the usual tendency of
larval head orientation was towards the proximel end of the
root, i.e. the morphological base of the plants. A similsr
situation wes notlced by Linford (1941). Such a polar
orientation at the time of loding suggests certain relation
t> translocation through vascular bundles. Perhaps the
nematodes lie 8long the direction of the gradient of food
and water. All previous reports show larval preference to
vasculer elements. Larvge entering from the radia] aspects
were seen to penetrate the endsdermal walls. Bird (1957)

reported the mobllity of jagrvae in steler tissues 2 days

after penetration,

Second stage larvee seen in root clearings severs] days
after inoculation when others have lodged, and swollen up as
a result of feeding, means that they were moving about,
Wallace (1961) Postulated that lack of Nutrients 44 responsible

for movement of A. ritzemabosi in host tissues., This does




not seem to be applicable for S. melongensa which is g

good host for M. incognita acrita. Veech amrd Endo (1369)

have observed undifferentisted larvee even 21 days after

inoculation.

The larvee thst settled t» feed induced the formaetion
of glant cells. The giasnt cells represent & unique type
of psthological tissue produced eround the head of the
nematodes, tumorous in nsture but nutrient supplying to the
incitent nematode, in function. The gisnt cells are ususally
initisted in the stele and their formation interrupted the
vescular tissues. Substances from the conducting elements
in such situstions cen be drawn into the giant cells, from
which the nematode can derive these through stylet feeding,
Accoraing to Bird (1962) there is no record of a member of
the genus Meloidogyne developing in the absence of giant
cells. Also, such feeding cells are necessary for the
development of the closely related genus, Heterodera.
However, H. graminophils did not produce any giant cel}

or induce galling in Echingchloa colonum, Oryza sativa
e ————

Sorghum halapense and Saccherum officinerum, though a11 of

them supoorted the nematode population (Birchf:l.eld, 1973)
Birchfield believes that the predigestive enzyme Necesgary

for initlating these changes msy have been lacking op

perhaps failed to fom'

The glant ¢el)g in most of the plants obseryeq here
]

and reported by eapljer workers, possess 8bnormally thick



cell walls, end en snomalous number of nuclei of varying
contours and dimensions (Christie, 1936; Krusberg and
Nielsen, 13583 Bird, 1961; snd Dropkin and Nelson, 1962).

A large number of organelles heve been reported by workers
who made ultrastructural studies (Bird, 1961; Paulson and
Webster, 1970)., Similsr feeding sites of comparable
morphology &re produced by the cyst nematodes (Gipson et sl

1971, and Riggs et sl,, 1973).

Gisnt cells in 3. melongens, A. esculentus, L.

acutengula and other hosts, sre large end show proliferation

of nuclel and nucleoli, Histochemical staining have
revealed intense activity in these cells and chemical
determinations also showed active metabolism. Such
increases were shown by Bird (1961), Owens snd Specht (1964),
Rubinstein ana Owens (1964), Owens and Rubinstein (1966),

and Owens end Specht (1966), Bird (1961) and Paulson gng
Webster (1970) demonstrated increases in the number of
mitochondria, proplastids, dictyosomes and other organelles
in gient cells. Most of these workers have compared the
giant cells to meristemetic cells. But the gross altera.
tions in metebolism brought abcut by pathological changes

ere more cCompsarable to metabolic evocation during floral
induction. During the transition to flowering there 4a &
rise 1ln genersal Physiologicsl activities, evocation of

metabolic processes and mitotic flare (Bernier' 1971)



The gient cells are produced as a result of coalescence
of several types of cells, These cells enlarged and
incorporated more and more cells. Christie (1936), Krusberg
and Nielsen (1958), Bird (1961) and Dropkin and Nelson (1962)
believed that gisnt cells are formed from fusion of pre.-
existing ones. Endo (1964) reported that syncytia produced
by H. glycines follow a similar mechanism. Giant cells
arise sround the permanent feeding sites of M. incognita
acrita and enlarge by dissolution of walls of surrounding
cells and incorporetion of their contents, Such acquisition
happens more towards the edge of the giant cells,away from

the head of the parasite.

The appearance of a track 2leng the path of t he nematode
seems to be due to chemicel sand structursl changes in cells
on either side of the laryal trail, Larvel movements
through or betwWeen cells could have initisted such changes
in surrounding cells. (Cells pierced by H. glycines showed
cell wall dissolution (Endo, 1964) and M. incognita acrita

coused increase In enzymatic activities in such cells
(Veech and Endo, 1970), Hypertrophy srising in sich gells

is regsrded to f111 up the gaps, a defense mechanigpy from

the host (BEndo, 1964),

Broken cell walls are seen along the Path of the
nematode 88 well gs during the giant cell formatjep, There
1s, according to Dropkin and Boone (1966), & brier period

of cell wall destruction during the enlsargement of syncytia



followed by cell wall synthesis so that the meture gient
cell is surrounded by thick secondary walls, Cell wall
breeks were observed by Paulson and Webster (1970) also,
but they do not regard them B8s unequivocal means for gient

cell development,

These workers proposed an altogether different mechanism.
According to them glant cells sere initiated in stretchable
tissues at a time when cell walls are easlly modified.

Huang (1968) 8lso noticed cell wall breakdown during

M. javanics penetrations but considered these to be limited

to the nematode path before they reached the feeding sites,.

He regarded giant cell formation by the expansion of a

single cell. Development of giant cells, which are 300-700
times lsrger then the adjacent normal cells, by the
enlargement in single cells hardly seems probable as evidenced

by the present work,

Electron microscopic studies by others have provided
different informetion, puring histopathological studies
in susceptible (Gipson et al,, 1971) end resistant hosts
Rl enzymatic
(Riggs et al., 1973}, the existence of/cell wall perforations
was proved. These workers have concluded cell wall

dissolution as the initial phenomenon leading to syncytial

development in Heterodera infections (Riggs et al., 1973)

The fact that these changes were noticed as early as 42 hr

efter inoculation excludes the possibility of wall damage

due to other factors, Bird (1972) found a close association



between giant cells and adjacent cells. According to him
cell wall bresks and contact of cytopleasm contribute to
gient cell expsnsion rather than enlargement of a single
cell, Jones snd Northcote (1972) found wall protuberences
in gient cells induced by M. arenariz in coleus roots,

They regarded the wall gaps to be produced during giant
cell expansion. Also most workers have agreed that giant
cell walls are very thin towards the leading edge (Christie,
1936; Krusberg and Nielsen, 1958; Dropkin end Nelson, 1962;
and Littrell, 1966). If s single cell expanded to such
dimensions it should have caused mucn cell destruction

around owing to mechanical damage.

The glant cells were composed of several units that
clustered around the head of the nematode. These units
also indicate the number of feeding chembers the nematodes
have initisted end fed from Giant cell units varied from
6-9, the highest number gecurring in the cucurbits,

M. incognita acrits produced upto 8 giant cell units in

A. esculentus &nd 3. melongens. Balasubremanian ang

Rangaswami (1964) Feported 5 and 4 units respectively for
these 2 hosts infected witp M. jsvenic&. Paulson apg

Webster (1970) recorded upto 8 glant cells™ in tomato

infected with M, incognita and M. hapls. According to

Davis and Jenkins (1960) and Paulson and Webster (1970)

host histologica} Tesponsep to different species was ahmd Law.

L]
Refers to glent cell units.



acrita
But in Pusa Rubi tomsto M. incognita/could induce upto 8

riant cell units., Thus different nematode species induce
varying number of giant cell units in different hosts,
Further, the size and number of syncytia™ per nematode sre
determined by the host species and the physiological age of

the parasite (Bird, personal communication).

The total area occupied by giant cells corresponded to

945 1 x 470 1 in L, acutangula ena 935 4 x 540 4 in C.melo,

Pepper (C. fraitescens) exhibited the smsller gilant cells,

The glant cells produced in Pusa Sawanl variety of

A. esculentus messured 567 1 x 225 . Littrell (1966)

reported & maximum length of 500 1 and width of 200 41 for
giant cells in Clemson Spineless variety infected with the

seme nematode.

The msture giant cells in A. esculentus containeq g3

nuclei, S. melongeng and L, esculentum also showWwed high
nucleer numbers {(cf. Table 5), Krusberg and Nielsen (1958)
recorded several hundreq nuclei in gisnt cells of Sweet

potato.

Enhancement of nucleer activity seems to be the funda.
mental Process in root-knot formation, for nuclej are

stimulated along the nematode path, in glent cells ang alse

in surrounding tissyes., Nuclesr hypertrophy ig regarded

&8s 8 susceplible resction in D. dipsaci infectjon also

&
Refers to giang cell units,



(Krusberg, 1961)., Large nuclei, abnormelly big or multiple
nucleoli, chromstin unequelly distributed in dense masses,
an irregulsr nucleov surface and a high nucleocytoplasmic
ratio are certain properties attributed to all cancex cells

(Breton snd Moule, 1961).

Oberling and Bernhard (1961) asserted that nuclear
hypertrophy occurs in other tumour tissues 8lso, &and repre-
sents an attempt from the nucleus and cytoplesm to adjust
to the abnormal environment. Increase in nuclear and
nucleolsr size prolong only so long es the nematodes are
stimulating the giant cells., After the death of the female
there is e decline in nuclear activity (Bird, 1962; end
Rubinstein and Owens, 1964), This indicates that nuclear
pctivities sre essentially stimulated by the parasite which

1asts only so 1long it feeds on the cells.

It is undoubtable that nuclear volume is altered due to
the nematode, for this is ususl with other nematode infections

also., In T. semipenetrans enlarged nucieli and nucleoli

measuring 84-125 times the normel volume are known (cf,
Dropkin, 1969). Multinucleste cells @nd clumping of nuclei

were 8lso mentioned by Rebois et al. (1970} for Rotylenchulus
reniformis infections,

Lerger nuclel measuring upto 45 § in diameter were

observed in L, acutanculs. Its normal cell nucleus messured

only &bout 3 5 in diameter. Such enlargements were commen in

L. melo and S. melongena too, where nuclei of 30 1 size were
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messured. Gient nuclei were recorded in Crepis capillaris

and L. esculentum which Owens and Specht (1964) believed to

have been formed by nuclear fusion. They found 6-fold
incresse in nuclear dia ieter that was equivalent to 8 volume
difference of 200 times, Through another work they reported
10 to 12 fold increase as usual (Rubinstein and Owens, 1964).
But in the present work no evidence of nuclear fusion was
obtained, Nuclear hypertrophy alone is believed to effect

such increegses in sige.

Lerge nuclel heye gbviously have extensive nuclear
surface. Such incresses in membrane surface are known to
influence nucleocytoplasmic ratio (Oberling and Bernharg,
1961), and nuclear volume asccording to them increases in
cells with a very active metabolism, Irregular lobbing of
nuclear membrane and sccumulstion of Feulgen bodles argung
the edges of giant cell nuclei are illustrated in the present
investigation. Piegat gng Wilski (1963) have encounteped
similar situations in nyclei of potato infected by

H. rostvochiensis. Histochemical studies of Bird (1961),

Endo and Veech (1963) ang Veech and Endo (1970) on root.
knots, &nd Endo and Veech (1970) on eyst nematode infected
roots héve revealed high localisation of several enzymes ag

a menifestation of high metabolic processes,

It is worth mentioning thet Dropkin (1966) found over
100 chromosoy
©S in gient cells of Vicia vilipsa where the

ususl 2w is 14, a14, upto 64M nuclel were encountered by



Huang (1968). The fact that the polyploid cells were
present in surrounding cells indicates the possibility of
their being incorporated into giant cells at later stages.
Also, upto uln nuclei were encountered by Huang (1968)
which he regards t. be due to accumulation of chromosome
sets in the process of repested divisions in giant cells,
His finding 1s an extension of the hypothesis of repeatead
endomitosis postulated by Myuge (19560). Vorkers like Bird
(1961), Owens and Specht (1964), Littrell (1960), Smith and
Mei (196¥), and Siddiqui and Taylor (1971) have encountered

occasional mitotic divisions in certesin glant cells,

Presence of nuclel of different sizes, in clumps,
indiceted @ likelihood of smitotic duplicstion. Swamy and
Krishnsmurthy (1971) also presumed that amitotic nuclear
budding could be the method of multinucleation in
Enterolobium sSamel &nd Bagells alba, Feeding by an insect

Pachysylle on Leltis produced multinuclear giant cells ang
Dundon (1962) explained this to be due to cellulolyti o
sctivity. The number of nyclei in a giant cell 8ccording to
him indicated the number of cells merging together, girqg

(1961 and 1972) also opined that the acquisition of nyuclei

from incorporated cells ig presumably responsible jp increasing

the nuclear number, even though he found occasional mitotiec

figures in glant cells.

Polynuclear zg well as polyplold cells arise 4p other

tissues also, g4 early as 1940 Wipf eng Cooper explained
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that in bacterisl nodules tetraploid cells arise from
preexisting ones, Another theory proposed oy Bhasksran and

Swaminasthsn (1958) based on studies in Trifolium alexandrium

root-nodule is that the tetraploid cells stem from diploid
cortlcal ones in which the chromosome complement was doubled

by endoreduplication due to bacterial stimulus,

Recently Libbenga and Torrey {1973) have shown that
cytokinins in the presence of auxin induce 2 rounds of DNA
synthesis prior to the first mitosis. Such endoredupli-
cation produced upto 16m conditions in cytokinin-auxin
treated cells. Another report of interest 1s by Mottram
(1944 ) where he related endomitosis and polytene polyploidy
and polynuclear conditions to increased stiffness of

cytoplasm.

Most nucleli stimulated in the gitant cells had severg)
enlarged nucleoll of larger numbers. Nucleoll may regch
siges close to Or above that of nuclei in normal cells,
Nucleolar hypertrophy is pelieved to be connected with
{intensive protein SYnthesising systems in normal, Tegenerated

and malignant cells (cf, Qberling end Bernherd, 1961),

Nucleoler number increassed upto 7 (Table 5). Thege

nucleoli showing different sizes could have arisen by

budding. Such a Phenomenonwes observed in the Pérenchy-

matous, meristematic eng bacteria induced Cells of Wistaris
root nodules ang sych heterotypic veriations were not found

in mormal somatic cells (Jimbo, 1927).
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Within the nucleoli vacuoles were located whose
lmportence is not known, Intranuclecler vacuoles are noticed
in several pathological situstions snd Overling and 3ernhard

(1961) referred to s number of these.

Another significent feature of the nucleoli was the
inclusion 2nd close association of seversl glistening bodies.
These structures were clear in preparations stained with
methyl green and pyronin, Littsu and Black (1949) have
described similar structures in wound tumour cells of

Rumex zcetosa. Such bodies in Aureogenes magnivena induced

cells were pyronin-positive snd resembled nucleoli. Littsau
end Black (1949) held thet these glistening bodies are
composed essentially of the same msterials as nucleoli.
As far as known Such structures sre not reported in ear}jer
works on root-knots. The formetion and role of such struc-

tures in tumour tlssues seem worth investigating,

The walls of glant cells were exceossively thickened,
except for certein regiong w%re deposition of secongdary
wall materisls did not gk, place, Bird (1961) has ajg,
recognised such & mannep of unequsl thickening, Tpe Knob-
like projections observeq in the present study wepreg

encountered by Krusberg and Nielsen (1958), Owens and Specht
(1964) and Littrel) (1966) also.

Ultrastructura} Studies of Huang (1968), Gipson et sl

(1971) &nd Riggs 2t al. (1973) have revesled certaip pecilar

membrane formatigng prior to secondary wsll development,



The secondary well materisls are deposited below these
'boundary formations' (Husng , op. cit.) or 'parsmural
bodies' (Gipson et sl. snd Riggs et 2l., op. cit.) in s
nonuniform menner. The knob-like projections seen under
the light microscope may resemble excessively thickened

areas containing 'boundary formations' or 'paramural bodies!'.

The richness of giant cell cytoplasm 1s believed to be
due to increase in density. Owens and Specht (1964), Huang
(1968) and Paulson and Webster (1970 and 1972) have described
the formation of vacuoles in giant cell cytoplesm. In plants
like C, melo the cytoplesm looked elveolar which may be due
to the presence of enormous small vacuoles. Meloidogyne
induced giant cells were shown to be very rich in several
enzymes (Endo and Veech, 1969; Veech and Endo, 1970). This
is true of cyst-nematode syncytis also where enzyme locali-
sation was very intense (gndo and Veech, 1970). Msnksu ang
Linford (1960) and Dropkin snd Nelson (1962). could identify
rod-like hyaline structures in giant cells. The dense
cytoplasm 1s 8lso found to have an enormous number of pla stids,
mitochondria, endoplasmic reticulum, dictyosomes ang lipig
globules (Bird, 1967y Huang, 1968, Gipson et al., 1971,
Paulson ana Webster, 1970 ang 1972; end Riggs et al,, 1973),

Histochemically the nuelei in glant cells wepe found to
be very rich in Nucleic acids. Localisation witgh three
staining procedureg provided unequivocal evidence for

heightened S¥nthesis of both DNA and RNA, Hyperchromsticity



of cancer cells is known since lon_ (Oberling and Bernhard,
1361). In resctive ones DNA conhcentrations were high and
Feulgen-positive bodies were seen distributed on the nuclear
envelope and further interior of the nuclei. This is in
sgreement with the observations of Bird (1961) and Rubinstein
and Owens (1964) who found intensely staining giant cell
nuclei. The latter workers have also confirmed this with

H3 sutoradiogrephy, In contrsst, Manksu and Linford (1360)
held that nuclei close to the nematode head were weaker in
staining snd had indistinet nuclear membrenes. They also
referred to nuclear disintegration, which is observed in

the present studies also, Perheps, the nuclei that stained
weakly indicate disintegrating ones. The possibility of
nuclear disintegration was considered pessibiy Dy Rubinstein

and Owens (1964) &lso,

Intense steining of nucleoli snd giant cell cytoplasnm
in methylgreen-pyronin and Agzure B methods 1s 8ttributed to
excessive concentrations of RNA. RNA synthesis is reporteqd
to persist in glant cells even after DNA synthesis has ceased

(Rubinstein and Owens, 1964) .

Disasppearance of starch from giant cell areas apg oth er
parts of infected roots was ususl. Most workers agreed that
starch depletion occurs, which indicates depletion of regerve

food ma3terlals for use in the glant cell, by the parasite or

by the Weakened plant. conn (1965) provided Some information

regarding starch depletion by T. semipenetrans, Disappearsnce




of starch is usual with meny fungal infectea tissues also

(Allen, 1954).

Jensen (1962) has held that plent cell wall staining
with the PAS reaction is due to their cellulose content,
Knob-like incrustations revealed in histologicel and Azure B
staining are similsar to projections reported by Krusberg
and Nielsen (1958), Owens and Specht (1964) and Owens and

Bottino (1966). 1In okra (H. esculentus) heavy staining of

the cell walls was interpreted to be due to hemicellulose

depositions (Littrell, 1966).

In root-knot infected roots there is 8 tendency for
parenchyma cells to differentiate into xylem. In root tips
where growth 1n length hss stopped, vascular differentiation
proceeds to the tip.  Pilet and Meylan (1953) has observed
that in Lens roots little auxin is present in the tip, most
is found about 5 mm behind the tip, where vascularisation
takes place. Vescularisation of the retarded roots may be

due to an altered auxin concentration.

The gall parenchyms also differentiates into distorted
and disorgenised xylem. The transverse orientation ang
absence of xylem components, like rays, spegks of the anomolous
nature of such xylem tissues. Except for occasions}
connections with the main stele, these a8re scattered in petches
around glant cells, or in hyperplastic tissues. (onversion

of parenchyme into tracheary or tracheidal elements were

reported in earlier works also (Christie, 1936; Krusberg and



Nielsen, 1958; and Swamy and Krishnamurthi, 1971), but no

specific reasons were atuributed to this.

There is evidence that growth substances like auxins,
giberellins, cytokinins and certain carbohydrates are
prerequisites to xylogenesis, and the necessity of auxin to
initiate the process is unmistakable (Roberts, 1969)., Wetmore
and Rier (1963) showed that for morphological organisstion in
8 homogeneous mass of callus joint induction of xylem and
phloem sre necessary. They showed that suxins (IAA or NAA)
and sugars (sucrise en:’ glucose) sre involved and necessary
for complete differentistion of these, Dalessandro (1373)
held that in pith parenchyms callus an increase on exogenous
auxin level from 1-15 pg/ml in the presence of a constant
concentration of cytokinin (0.1 g/ml) could increase the

number of tracheéry elements formed.

Bird (1962) hes shown that giiant cell area is rich in an
indole protein-bound substance. In the present work gall
tissues are shown to contain more tryptophan and IAA like
compounds. Krupsager and Barker (1966) found high Cytokinin
levels in root-knots of tomato and Sendstedt and Schuster
(1966) held that nemetodes 4nterfere with suxin translocation
retein it and make available to the plant tissues, High

concentrations of thgge growth substances may leaq ¢4 xylo-

genesis in unusuel sites, Jacobs (1952) hed. reported that

differentiation of Xylem elements both in normal and erown-

gall tumour tissues {s jnitisted by stimulation of growth

substances,



k.3 CHALGES IN CHELICAL CONSTITUENTS

Host influences on the parasite and effects of tie
perasite on different hosts are variable. The differentisl
reactivity and preference of s parasite for a perticular host
and host suitabllity ere determined on the basis of chemical
constitution. Also, the histological abnormalities produced
in different hosts and the success in perasite development

8also seem to be under diverse chemical influences,

The results of the chemical analyses clearly indicated
considerable differences between the normsl and nematode
infected roots. 3ince all the roots on the same plant or g1l
galls on a root at a partjculsr period were not st the same
stage of development, anslysis of root samples could not
represent uniformity, Also, in studi es with tissues infected
with obligate parasites it is difficult to say how much of
the change in met&bolites 1s in respect of the parasige and

how much belongs %o the host tissues.

The data regarding nucleic acid snslysis are the meap of
three determinations ang help to show only the relative
differences between the » types of tissues. Levels of Rya

were high in galls produceq by M. incognita mscrita 1p

8. melongena, A, esculentus snd L. acutanguls,

It is well established that RNA is a dynamic component

associatea with éctive metabolism, and there is more RNA in

embryonlc and tumgour tissues (Hawk, Oser ang Summerson, 1954).



Increase in RNA concentration occurs prior to and associated
with protein synthesis., Owens and Specht (1960) showed that

o months-old root-knot tissues of{ tomato and adjscent healthy
tissues had considersble differences in the concentration of
RNA. They reported that the increase in RNA in gall tissues
was 87% which wes confirmed through another subsequent

study (Rubinstein and Owens, 1966)., Owens end Specht (op. cit.)
have cited certain ceses of s similer nature in tumours of
onimal tissues. In contrast, Arys et al., (1962) had shown

that normel grape callus tissue contained more RKA then

Phylloxera induced gali.

There were significant rises in the levels of DNA in all}
the 3 hosts analysed. Increase in DNA concentration seems to
be ususl with many tumours, Griffin and Rhein (quoted by
Breton and Moule, 1961) found the DNA in liver tumours to have
an increased concentration of guanylic acid. Likewlse,
differences were recorded for cancer tissues of the epithelium
in rat. Also changes in physicochemical proportim of nucleic
acids like sedimentation characteristics are known to vary in

tumour DNA (Polli eand Shooter, 1958).

The differences in the cgoncentratiam of DNA in root-knots,
when compared to uninfected tissue may be related to nuclear
hypertrophy, and growth fiare of giant cell nuclei, an
increase of 70% was observed by Owens and Specht { 1966) which
they correlated with syncytial nuclear size ang ploidy.

Anslysis of DNA by Arys et al. (1962) showed that Phylloxers




gdll tissue yielded more DNA, Marked rise in DNA synthesis

is reported in Agrobacterium tumefaciens-induced crown

gall, end DNA seems to play en important role in tumori-
genesis (Kupila-Ahvenniemi and Therman, 1968). Bopp (1964)
even held that DNA synthesised in crown gall tissue is
gqualitatively different from that in the normal, Inhibitors
of DNA synthesis like 5-flunrodeoxyuridine were shown to
prevent crown gall formation which could be reversed with

supply of DNA precursors like thymidine (Bopp, 1964).

The discovery in recent years that plant growth substances
may act largely through regulstion of syntresis of RNA strongly
suggests the existence of interactions between growth regu-
lators and genetic material (Nooden and Thimann, 1963),

Auxins stimulate the rate of RNA synthesis in sections,
isglated nuclel or even chromatin (Hamilton et al,, 19653
Roychoudury et 2l., 1965; and Matthysse end Philips, 1969},
Key and Hensen (1961) found 2,4-D and Fan and Machlachlan
(1967) IAA, 1nducing marked incresses in total nucleic gcids.
Also, suxins and cytokinins together, and to some extent;

by itself, cause even qualitative difference in rapidly
synthesised RNA (Klambt, 1972). This sort of increase coulg
be prevented by antiauxins which also inhibit 8uxin-induced
growth. The greater ANA synthesis induced by IAA was —_—
first in the Rucleolus ang in later stages in the cytoplasm

(Davies et ai., 1968). The histochemical tests in the present

study have indicsted abnormel

nucleolus

concentrations gf RNA in both

°fd cytoplasm of root-knot glent cells. Also, in
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the present work increased levels of suxin compounds are

found in galls similar to what Bird (1962), Yu snd Viglierchio
(1964} and Viglierchio and Yu (1968) have reported indicating
that the nematodes sre cspable of modifying the auxin concen-
trations of perticulsr host plants. Incresse in the level

of these growth substances might have produced higher nucleie
acld occurrence in gslls, Increase in RNA levelg has further
implicetions too. Niu et al. (1962} reported that treatment
of Ehrlich's ascites tumour cells with RNA induced permanent
enzyme syntheslzing properties. Increase in RNA concen-
trations in glant cells possibly through IAA may stimulate the
production of shnormally high qusntities of proteins and
enzymes. Endo and Veech (1969) and Veech and Endo (1970) have
demonstrated high levels of enzymes in root-knots. It may be
pointed out that azauraci] and similsr inhibitors of RNA
synthesis, when apnlied t» ¢lover roots inhibited the
development of H. trifoliy beyond third larvel stage, ang that
this inhibition could be reversed with the sddition of

RNA precursor such as urigine (Endo and Schaeffer, 1967),

Protein concentrations were high in root-knot tissues.
The varistions are thought to be due to the large Vvolume of
gisnt cell cytoplasm Produced et the comuand of the parasite.
Bird (1969) has held that histone-like basic Proteins in
nemetode exudates ape responsible for maintaining g high level
of nucleic acid ang Protein synthesis in giant celjs, 4 rise

in bulk protein yag reported by Owens and Specht (1966). Also

through electrophoretic studies they showed changes in 8



protein fractions during gsll formation in tomsto. 1In s
succeeding report Owens and Rubinstein (1966) demonstrated
8 3-20 fold increase in syncytilal protein. BEarlier such

increases were cytochemically demonstrated by Bird (1961).

Proteins from certain other tumour tissues are also
known to differ in their electrophoretic behaviour (Toennies,
1952). Tumour formation and protein synthesis are related
but toc little is known of the origin snd formatdlon of the
altered proteins, to evaluate their significance with respect
to tumour formetion. Key and Hansen (1961) and Fan and
Madhlachlan (1967) have shown that auxins like 2,4-D snd 1IAA

can promote synthesis of proteins in general.

Myuge (1956) held that root.knot nemetode infection
causes increases in the smino aeld concentrations. It was

reported later that the cyst nematodes (Heterodera spp.) do

not ceuse such accumulatjions (Myuge, 1960). Bird (1961)

had shown that the hypertrophied giant cells are rich in both
amino acids and proteins, This was confirmed in another
cytochemical study that showed 5-14 times increase in amino
acid concentration in tomato (Qwens and Specht, 1966). Also
the chromatographic quantitation by these workers had shown

a 300% rise in free amino acids in galls, and the increase
renged from 108% for tyrosine to 720% for proline, Rengaswami

and Balasubramanian (1964) have showed the Qualitative

fluctuetions §n A. esculentus galls induced by M. Jjevenica

High concentrationg of nitrogenous compounds were revesled
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in gell tissues through snother study {Kesnnsn, 1968).
Fourteen, 13 and 9 free amino aclds were detected in
M. jevenica, root-knot and healthy root of Jjute plant

(Corchorus capsuleris) respectively (Saxena, 1972). The

nematode'!s contribution to emino ecid increases 1n root-knot

is quite thus obvious,

In both the host plants enployed & marked increase in
concentretions wes found in ell the free amino acids. Normal

roots of S. melonzena contained a total of 13 free amino

acids, Phenylslanine asppesred new in gsll extracts. In
sddition to the 11 smino acids(Rangsswaml and Balasubramanisan,

(196L) normal roots of A, esculentus contained glycine and

> amides, 8s paragine and glutsmine which were detected by
Demetriades (1956) though in iron-deficient okra plents,
Proline and tryptophen were noticasd as gdditional aming acids

in gall tissues of A. esculentus.

In en earller study with M. jsvanica, tryptophsn was
found to occur in gall tissue, but persisted only for 2.3
weeks (Rangeswemi and Balgsubramsnisn, 1964). In A, esculentus
infected with M. incognita scrita tryptopPhen was present even
in older tissues, Krusberg (1961) found tryptophan ag an
addition in D, dipsaci galls. The presence of tryptophan is
significent, for it ig regarded as & precursor of TAA, the
natural plant growth hormone. In plents, a Pethway of IAA
synthesis seems to be from tryptophen through tryptamine,

indole pPyruvic acid or indole acetonitrile, though others



are likely to exist (Winter, 1966)}. Also, tryptophan is

known to form from phenylatanine and histidine or by combi-
nation of serine with indole (cf. Vizlierchio, 1971). Sayre
(in Mountain, 1960) proposed that proteolytic activities

of nematodes release tryptophan from which IAA is produced.
According to Bird (1962) this is an extension of the hypothesis
proposed by Ustinov (1951). The high concentration o

phenylalanine and histidine in the galls of S. melongena are

also significant. Proline was absent in normal roots of

A. esculentus but Was present in high concentrations in root-

knots of both the plants,

Oowens and Specht (1966) attached considerable importance
to the occurrence of hydroxyproline in protein hydrolysates
of root-knots. They pointed out that this is usually faund
in rapidly growing tissues and tissue cultures. But mention
must be made that hydroxyproline is usually found in most
nemstode hydrolysates {ef, Krusberg, 1971). Also Epstein
and Cohn (1971); found a depletion of hydroxyproline in galls
induced by Longidorus safricanus.

Hanks and Feldman (1966) found an 81% increase in arginine
in leeves ol grape fruit infected with R. similis, They
could show thet this was dque to nematodes, for in the
trecovered' plants the original concentration was restored,
Doney &% 2l. (1970) reported that amino acid concentration

in 2 reslstant species of beet, Bets petellaria)was unchanged

by H. schachtii while thet in B. yulgaris, s susceptible



host, was increessed. Epstein and Cohn (1371) detected 184%

more free amino acids in gslls on Bidens tripartita, induced

by L. africsnus. They recorded a8 1900% rise in the concen-

tration of preline, snd also a fall of aspartic scid by
56% .

Changes in amino acids are known for other parasitic
diseases too. Fife (1961) showed that in the sugsr beet,
virus infection causes similar changes. Amino nitrogen
concentration increased and several smides accumulated in

melon as @ pathologlicel repurcussion to Colletotrichium

lagenarium (Touze, 1964). Pronounced changes were caused

in the xylem s&p &mino acids of tomato infected with

Verticillium albo-atrum (Dixon and Pegg, 1972). The formation

of lerge smounts of aming acids would indicate their evasils-

bility in the pool to be utilized for quick protein synthesis.

Seversl workers hold that proteolytif enzymes secreted
by nematodes into hest, cayse breakdown of the host material
and a subseqguent accumulation of amino acids Myuge. (1956)
and Mountain (1965), sych hydrolysis must cause a reduction
in the levels of total proteins. This is not found to be
true for 3. melongena, A, egculentus and L. acutanguls, where

levels of proteins alge increased instead. Bird (1961)

described an increase of proteins by several timeg,
ana Sp

Owens
echt (1966) also ¢4 not agree that protein degradation

could produce the large smounts of emino ecids present in

galls. They Considered 3 possibilities: the smino scids must
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be (1) synthesi zed within the syncytie, (2) translocated
from other parts of the plant, and (3) deposited by the
parasite. Autoradiographic studies have proved the first

possibility of synthesis in situ (Owens end Rubinstein, 1366).

geveral workers have demonstrated that nematodes like

MeloidHogvne, Aphelenchoides, Dityvlenchus &8nd fratylenchus

discherge many amino acids into incubsting medlum (cf.
Krusberg, 1971). Such amino acids are considered as secretory
snd excretory products, The effects of such substaences sre
unknown. Only further studies would bring out the role of

excretory products in gsll induction,

sugsrs &re found to be depleted due to M. incognita acrita

i{nfection. Total sugsr content in infected sugar beet root is
known to be decreased by 60% in M. nagsi infections (Weischer

and Steudel, 1972). Reduction was more than half in tomato

galls (Owens and Specht, 1966). Kannan (1968) also observed a
marked decrease in the amounts of reducing sugsrs in tometo root-
knots. According to Leopold ( 1955) reduction in carbohydrate
fraction followed by rise in amino acid and protein content
hsppens in auxin supplied plants. Thus, reduction in carbohydrate

metabolites appears to be g usual feature 1 root-knot disease,

Krusberg (1961) could not visuslise chénges in sugar
composition of alfslfa {nfected with D. dipsaci and
Aphelenchoides ritgzemebosi., But he did not quantify their

distribution which is 1ikely to be different. Zinovev (1964)

noticed increases in the levels of both amino acids snd



monosaccharides in raiot-knots in comperison to normel roots.

Agein, Plasmodiophoras brassicae, the club-root fungus, induced

in galls a 20-fold increase in trebalose, L-fold of glucose
send 2-fold esch of fructose and msnnose (Keen and Willisams,
1969). At the same time the emounts of geslactose and inositol
were lower then that in normsl tissue. Keen and Williams

(op. cit.) 2lsc reported that club-root tissues were less

efficient in exporting sugsrs from their sites.

Kennan { 1967) had reported incresses in the levels of
severel dehydrogenase enzymes of the TCA cycle in root-knots,
He explained that the metabolism of breskdown products, in
root-knot tissues would need more activity of these enzymes,
which also stimulate respiratory rate. It is llkely that in
the wilted lesves of root.knot infected plents photosynthetic
capacity is reduced and rate of respiration increased, which
depletes the carbohydrste reserves, Allen (1954) has
referred to such instances. Also, Chinbell (1939) believed
that increase in respiration, decrease in sugar level and
synthesis of glutamine occur during proteclytic process,

Owens and Rubinstein (1966) have recorded @ slightly lower
respiration rate in k.daey old galls, and a higher rate in
70-day old galls than healthy tissues. However, both produced
more CO, &8nd had consistently higher RQ. They slso showed
that RQ of the galls incressed with increasing concentrations
of SUEAY SUPPly. According to them the higher rate of

glycolysis in root-knots is similar to that in other tumours.



Analysis of growth substances from normesl and gell
tissues of 3 hosts have shown positive results in chromato-
grephy, chromogenic reactions and wheat coleoptile biloassay.

In the normal and gall tissues of S. melongensa a compound was

present on chromatogram that produced slightly higher Rf than

that in A. esculentus, and synthetic IAA. However, the
fluorescence in all the cases was similar., The compound from

A. esculentus was identified as IAA. The indolic compound of

higher Rf value present in both normal and root-knot tissues

of L. acutangula, on the basis of Rf velue and chromogenic

reaction described by Stzhl (1965) is identified as IAN,

Acidic fractions corresponding to spots in TLC from both

S. melongens and A. esculentus produced pink colour with both
Gordon and Weber and ferric citrate reagents. The pink
colour produced with both the chromogenic resgents was
considered to be due to Taa-like substances. The ferric
citrate resgent was obvioysly more efficient and with this

the gall extracts of 3, melongena showed a ¢a. 6.5-fold

increase in colour concentrgtion. The increase was almost

6 times in the case of A, ggculentus gall extract,

In the biclogical 8gsay, extracts from root-knot tigsyes
of both the hosts showeg greater activity, compsred to the
activity 1n the extracts from the respective normal tissues.
Further, gell tissue extracts of S. melongens recorded

greater activity difference than the gall tissue extracts
of A. esculentys
faculentus,



Thus infection cesuses a rise in the levels of indolic
growth substances and hyperauxiny must be responsible for
the pathological repercussions, It is presumable thsat
inherent characteristics in different host species may be

certain factors determining responses to infection.

Christie (1936) did not explain how root-knot infection
in tomato csused a suporession of radicular growth in length
and simultaneous production of lateral roots from the galled
region. It is, however, now well recognised that lateral
roots are frequent in M, hepla infections, and that vascu.
larisation occurs upto the tip in suppressed mein roots,

Such phenomenon 1s usual with sterile root decapitstion which
upsets guxin balance. C(Cytokinins are slso known to produce
similar effects. Sandstedt and BEstes (1965) noted develop-

ment of buds from Nacobbus batatiformis gells. Dropkin et al,

(1967) visualised differentiation of stem buds from green

vesicles produced from M, incognita root-knots. Varghese

and Kemlesh Kumari (1970) also noted meristem induction in
root-knots. It 1s conceivable thst locelizétion of growth

stimuli in galls is primarily responsible for initiating
meristematic activity,

Considering the &Nalogy between srtificially indueced
tumours due to guxin application and nemetode indyceq galls,

Goodey (1948) speculateq the involvement of plent growth
substances in the jattep,

that _D- QE

Nolte end Kohler (1952) peported

83¢i gall extracts could increase length in

sunflower Seedlings. Myuge (1956) obtained growth increments



in bean plants applied with tomato root-knot extracts,

though his subsequent experiments with s growth promotey
(Myuge, 1957)

itself inhibited gall formatior. External supply of growth

promoterg wight have naturally increased the auxin level

beyond optimum physiological concentration, which inevitably

suppressed development of galls. The present bioassay

experiments have brought out that & many fold incresese of

growth promoters occurs in M. incognite acrits root-knots,

Ustinov (1951) found that spplication of NAA (0.01-.0.02%)
could intensify g3lling, Nusbsum (1953) and Orion and Ming
(1068) observed thst malejic hydrazide snd similsr sntisuxins

could inhibit the extent of gell formetion by Meloidogyne.

Loewenberg et al. (1960) and Dropkin and Boone (1966)
have observed gall formation even without the entry of
nemstodes. Also, the cells along the nemstode path ang
Permanent feeding sites hypertrophy. Similar observatiens

made several workers doubt the presence of growth Substances

in nemstode secretions ang galls.

Indole compounds were detected from root-knots induced

by M. Jevanica (Balesubramanjsn snd Rengaswanmi, 1962; ang

Rangaswemi sngd Balasubramanian, 1964). They recorded the

presence of IAA in okra, jndole pyruvic acid in balaecs. wnd

hydroxy-tryptamine in brinjal, which were absent i, normal

tissues in 8ll ghe cases., In another investigatiyp with

tomato Toot-knots, where Ehrlich's resgent was used as

chromogenetor 4p chromatography no colours developed (Bird,



1962). However, Bird's (op. cit.) wheat coleoptile experi-
ment s yielded growth promoting activity in galls. Lefkowitz
(1962) could not detect any Ehrlich's or Salkowski positi ve
compound in tomato or tobacco galls. In addition he held
that elthough normal tomato snd tobacco tissues contsained
certain growth promoting substances, thelr concentration was
similar in gall tissues also. <[his made him conclude that

no differences in the levels of auxins existed between normel
and tumour tissues and that IAA is not involved in the

formation of root-knots,

Two years later Yu ang Vighierchio (196L4) snzlysed the
extracts of tomdto root-knots, lervae and eggmasses of
M. hapla, M. incognita and M. jsvanica, by psper chromato-
graphy and Avena first internode bioassay. They derived
positive results for auxins in all the tissues. In healthy
tomato roots the presence of auxin wss not confirmed, byt
growth promoting 8Ctivity was measured. The root-knots of
M. hgpla, according to them, had IAA, indole acetic acig
ethyl ester (IAE) ang IAN; M. incognita galls containeg 1A
end M. Javenice galls had IAA end IAN. Viglierchio ang yu
(1968) found similar conditions in brussel's sprouts ang beet
roots 8l8o. TAA wes demonstrated in the lsrvae of H.

schachtii
too (Johnson ang Viglierchio, 1969). These workeprs held that

the relative CONcentrations of suxins present in nematode
is 1ts primary chsracteristic, but ¢sn be modifieq by the
host 2uxin Conk¥ent, The occurrence of IAA methyl ester (IAAOCH3)

in D. dipssci wag established by Cutler and Krusberg (1968).



Setty and Wheeler (1968) also agreed that tomato roots
have larger total asmounts of bound auxin, more tryptophan
and other &mino acids than uninfected ones. They believed
that hydrolysis of plant proteins by larvae, yield tryptophan
that reacts with endogenous phenolic acids and produce excess
auxin., Lewls (1973) revealed a growth inhibitor and a growth
regulatory enzyme in root-knot resistant cotton. He helad
that hyperauxiny in gall tissue of susceptible variety is

due to uninhibited synthesis.

Thus there is asmple evidence that root-knot nematatle
infection and the concomittant snomelies invelve plant growth
regulators of the auxin type., The physiologicsl effects
of auxins in various metsbolic orocesses have been discussed
in the preceding pages, However, according to Bird (personal
communication) it is genecrally agreed thet indole compounds
are found in nematodes but whether they are exuded through
the nemstode stylet or not is unknown. Identification of
these and related subatances in homogenates of Meloidogyne

does not necessarily meap that they have any role in Syncytial

formation or in the swelling of roots.



k.4 DEVELOPMENT OF THE PARASITE

M. incognita acrita developed successfully in the Black

Besuty variety of eggplant. BExtremes in the climatic
conditions of Pilani caused fluctustions in developmental
duration. The sequence of nematode development was similar
to the descriptions of Bird (1959a)for M. hapla and

M. Javenica and Triantsphyllou and Hirschmenn (1360) for

M. incognita, all paragitising tomato,

The larvae, after penetrstion, induced extensive giant
cells and fed on tham yntil the onset of moulting. Not sl1
larvae introduced into the medium succeeded in penetrating
the roots. Larval activity was reduced end they became
sluggish when incubasted in water for more than 2-3 days,

This may be due to the depiletion of body reserves (Wallace,
1966). The number of giant cells snd their histological
details was quite Varlable, which according to Bird (personsal
communication) 1is due to differences in the physiological

age of the nematode, For, not all eggs are laid at the seme

time nor do all larvae segtle and feed simultaneously,

The details of moulting were not studied. The 3rq4 ang
4th moults took place within the second stage Cull cle (Chris-

tie and Cobb, 1941; snd Bird, 1959). Lervee did not move

about after the initistion of moulting &nd until sex differen-

tistion was over anqg maturity attained. Most of the i1arvae

having their heads in the root stele got differentisted into

saccate femeles that were sedentery. Van der Linde (1956)



and Dropkin (1959) have reported that sex in Meloidogyne

is determined by the environment and the male/femsle ratio

in e population depends on the host.

In eggplent, plenty of eggs were produced that were
deposited in egomasses inside the root tissues or extruded
out of root surface. The pale white egg-masses turned

brownich, which is believed to be due to tanning,

General absence of any hypersensitive necrotic reaetion

end the facllity with which the gimt cells and efV-massen

were produced showed that M, incognita 8Crita- eggp)
- an

t
good paresite-host combination, ia ¢



SUMMARY



5. SUMHARY

The present population of root-knot nematode

(M. incognita acrits) maintsined on eggplant was quite

virulent and infected all the test plants under artificial

inoculation.

The second stage larvae destected the presznce of host
roots and migrated towsrds them. Larvae showed & preference

in invading the root tips, 1In S. melongena the root -.cap

region was preferred most for penetration, and in

A.esculentus infectlon wasg generslly slong the cytogenerative

region. Infregiently penetration through other areas and
notural openings occurred. Massive attacks which demaged

' the root tips Were ususl, Lervae arched their body during
penetration. 3Stylet movements ranged from 70-80/min,
Penetration was efiecteq in 1-5 hr, The juveniles lay stil]
during feeding. Movement; inside the roots wes generally
intercellular in a longitudinasl direction and occasionally
intracellular. Intercelliular movanentr was by lysis of

middle lsmellae ang intraceliular by disruption of inter-

cellular septa.

In 1 week olg Seedlings of S. melongena and 4, esculentus
maximm penet.ration occurred bY ",8—60 hr,
higher in A,

Infectivity was

fsculentus, Defolliation of seedlings reduced

attra
tEr ctiveness, until new leaves sprouted,

Excised roots
did not attract larvae



Most of the larvac were oriented towards the proximal
end of roots. Larvae generally lodged in the plerome. 1In
mature regions they settled in the pericyclic, phloem or
cambial cells, Endodermis limited the entry of larvae from
radiel directions., Larvae that settled in the cortical

cells tended to become msles.

M. incognita acritea produced large tumomrous giant cells

around their feeding sites., Giant cells originated chiefly
in stelar tissues, TInitisl hypertrophy in such cells was
followed by coBlescence with surrounding cells. Gilant cells
had thick walls except f£ar occasional narrow regions, A
glant cell complex had 5.9 units, each often showing morphe-
logical veriability. They conteined large nuclei, nucleoli,

dense cytoplasm and vacuoles,

High nuclear number §n the giant cells is due to the
Pooling of nuclel from ggjacent cells, end fragmentation of
hypertrophied nuclei. Nyclei of different sizes ang Shapes
existed and often ageregated, Nuclear surface was wavy,
distorted 8nd produced fissures. Nuclear size incresseq 10-12
times., Micronuclei were ygyal and their presence Suggested
nuclear &cquisition ang amitotic divisions, Nuclei in

surrounding cells algg hypertrophiec.

The glant cel) nuclei were polynucleolar, which also

showed hypertrophy_ Nucleoler number veried from 1.7 and

sizec Within the same nucleus 2lso veried. Nucleolar vacuoles

end glistening podses were seen in some nucley,
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Glant cell cytoplasm was dense, granular or alvecolar.

They contained meny lipid globules and vacuoles.,

Irregular deposition of secondary wall msterials
produced nonuniformly thickened giant cell walls. Cell walls
near nemstode head remained intact, and those towards the

leading edge of the giant cells were thin. Cell wall damage

was 8 usuzl feature,

Cembial ectivity was suppressed in infected sites, Xylem
was produced only in irregular patches and there was a marked
suppression of phloem. (ell proliferation occurred around
giant cells. Hyperplasia originated in pericycle and cambial

cells and produced tiered layers of cells.

Apbnormal xXylem developed in non-stelar tissues, and
around the nematode. Such xylem had a radial orientation,

Later some of these xylem strands established connection with

the masin stele.

In 5. melongena giant cells were produced by 5 days after
inocculation. Growth of giant cells compressed other Stelar
elements. By 10th day wal]l geposits were noticed, Cytoplasm
was dense end nuclei were clumping. The stimulus for hyper-
plasig was noticed, even at 2 distance from the giang cells.

Lateral roots originated near certain giant cells,
day

By 15th
glant cells haqg excessively thickned walls ang several

cell units, Abnormal Xyler was praoduced by redifferentiation

of parenchyma, Females produced eggs by 30-40 days., The

e atri
BEMALTLX caused mecrotic effects. The Nuclel and cytoplasm
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in glent cells graduslly degenerated. Hyperplasia continued
to occur sround ti.e giant cells and nemstodes, Death of

the nematode caused the collapse of glsnt celis.

Histochemically the gisnt c ell nuclei were rich in DNA,
Feulgen-positive bodies were distributed in nuclei and around
the nuclear membrane, Nuclei in surrounding cells also were
positive. Nucleoli angd cytoplasm were rich in RNA., Walls
were 'AS.positive and wall incruststions Azure B-positive.

Starch grains disspneasred from infected sites.

Chemlcal analyses showed & rise in RNA concemtration in
root-knots Dy ¢a. 45% , then normal tissues. DNA concentration
showed an increase of £3,7,,, Totel protein in gall tissue
showed a rise of over 90., (oncentrations and number of
free amino acids were high in gall tissues. Tryptophan was

detected in the infected root of A. esculentus. There was g

marked reduction in the levels of soluble sugars,

TLC revealed the pregence of indolic growth substances
in normal snd gall tissues, 7TAA was found in A. esculentus.
£3culentus

S. melongena had 2 simi}ap compound with slightly higher nf,

L. scutangula containeq yay.

Concentrations of all thege were

high (6-6.5 fold) 1in root.ynots, Acidic fraction of gall

extracts showed grestep zrowth promoting activity in wheat

. diffe:(‘ence
coleoptile bioassay, Growth promoting 8ctivity/was higher

in S. melongena galls,

The parasite developed well on S. melongens. Sausage-

shaped
ped larvge yepe seen by 7th day after inoculstion. Sexusl
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differentiation was spparent by 2bout the 15th day. Egg
layving occurred between 30-40 days. Male nematodes were

rare.,
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APPENDIX 1

A _NEW_CHROMOGENIC REAGENT, AND MODIFICATIONS
IN THT SPECTROPHOTOMETRIC DETERMINATION OF
INDOLE ACETIC ACID

In the usual Salkowski reaction for the colorimetrie
determination of IAA, ferric chloride is used as the
chromogenic ion in g strong minersl acid medium. This
reegent imparts a pink colour ts most synthetic acid auxins.
There are several modifjcstions of the method {cf. Larsen,
1955). 1In the present study the Gordon anc Weber (1951)
version was used, for the estimation of IAA in aqueous
aliquots. As this reggent produced almost identical confours
with auxins other thap IAA & seerch was made for chelating

8geNts that could iifferentiste various indole fompoungs.

It was found that ferric citrate (Fe Cg Oy Hy 5H20), a
combination of iron 8nd eitric scid could discriminate
IPA from IAA ang IBA a8t 1east. Also ferric citrate reacted
Producing more intenge colour with IAA. S0 @ new reagent
was formulated ang Used in estimeting IAA like compoungs

from normal ang Toot-knot tissues of S. melongena and
A. esculentus.

The effectiveness of the Gordon ang Weber

resgent and the g, ferric citrate reagent in SP ectrophoto-
metric determingty op of IAA was compared. The composition,
preparation ang Spectrophotometric absorption data for IAA
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Composition:

Gordon and Weber resgent

0.5M ferric chloride (Fe 013.6H20) - 1 ml
35% perchloric acid (HCth) - 50 ml

Ferric citrate reagent

0.2M ferric citrate (Fe uoosnv.SHZO) - 1 ml

35% perchloric scid - 50 ml

Preparation:

As hydrate forms were used in the case ol both ferric
chloride and ferric citrate necessary weight corrections
were made. These were dissolved in water. Ferrlc chlorige
dissclved well in cold water, but ferric citrete had to be
hested. One ml of each was used to prepare the reagent

making up 50 ml with perchloric acid diluted to 35%.

The reaction mixture consisted of 1 ml of IAh in water
81d 2 ml of the reagent, 4 dilution series of 1.25.60 ng
IAA/ml of water was Prepared from a concentrated stock of
100 pg/ml. The solutions were mixed in identical test tubes
and the colour development was carried out for 1 hr in gark,
Absorbance measurements of the individual concentratjons
for both the reagents were determined at 530 nm with a

Hitachi Perkin-gElmer spectrophotometer and are given in
Table 1 2.



TABLE 12

Estimation” of indole scetic acid with Gordon
and Weber and Ferric citrate resgents

Absorbance
IAA. co?:g?tration Gordon and Weber Ferric citrate

reagent reagent

1.25 0.010 0.020
2. 50 0.020 0.035
3.75 0.025 0.070
5.00 0. 060 0.090
7.50 0.130 0.190
10,00 0.180 0.275
15.00 0.325 0. 44O
20.00 0.495 0: 560
30.00 0.770 1.930
40,00 1.070 1.240
50.00 1.360 1. 570
60.00 1.700 typ 08

5]
Measured at 530 nm wi

& .Perkin-Elmer
Spectrophotometer h Hicachi



Differences in absorbance are appreciable sterting
from the low concentrations, Standerd curves prepared
showed that the Gordon and Weber reagent did not follow
Beer and Lembert's lsw bclow 4 qg/ml. But ferric citrate

reagent could be used with accuracy even at 2 ug/ml con-

centration.

Use of 1-Nitropropane

1-Nitropropane could be used to further improve the
messurement procedure, After serial dilution and reaction
with chromogenic reagent IAA was transferred to this solvent.
One ml of nitropropane was added to the reaction mixture
(3 ml), sheken vigorously and sllowed to stand. Two layers
get separated and the upper nitropropane had all the
colouring metter. This frasction was used for measuring

the sbsorbance ot 530 nm jtself against 2 blenk of nitro.
Propene,

1~-Nitropropane could be advantageously used €specially
while determinations gre made of dilute concentrationg of
IAA. Theoretically sych g transfer should have made g

three fold improvement in gbsorbance but it was foungd to be
Only 25" 35%.

Usefulness of the modificacions

For identicay concentrations of IAA and ferprie chloride
(Gordon 8nd Weber) or ferric citrate reagent, it was found

th
8t the latter (FC) produced perceptibly deeper colour,



This is also clesr from the absorbance data (Table 12),

The red pink colour produced with ferric citrate was
found stsble for a relstively longer time when compared to

the colour with the Gordon snd Weber reagent.

Ferric citrate was equslly stable in amblent temperature.
However, mreservation in brown bottle at refrigerator

temperature wes practiced, to reduce disintegration.

The hydrate form of ferric citrate is not hygroscopic,
It is composed of garnet coloured shiny crystals. Ferric
chleoride is very hygroscopic and therefore susceptible to
unfavourable weight changes and subseguent fluctuations in

absorbance when the determinetion is repeated.

Use of 1-nitropropsne is an effective way of 1mproving
the sbsorbance at low concentrations. It could be used glsg

With TAA in ether or slcohols.

Other strong and wesk acids were 21s0 tried with ferpi.
Citrate but perchloric acid produced the best results, Also
the econcentration of the scid is criticel. Lower Concen.

trations produced weaker ¢olour.
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A33REVIATIONS USED IN FIGURES

abnormal xylem
buccel stylet
break in cell wall
coalescling cells
clumping nuclei
corticael cell
crushed xylem
cytoplasm
degenerating ares
differentiating xylen
egg cuticle
endndermis

egg mass
glistening body
gient cell

glant cell wall
hyperplasis
hypertrophy
lysigenous cavity
leading edge of giant cell
lipid globule
lateral root

male nemsatode
nematode body
necrotic cell
nematode egg
fissure 2n nucleus
nemsatode head

nl

no
nt
nu
nv
ob
ov
pc
pe

pm
P
rm
rk
rt
sc
Sg
sk
st
ts
ve
vs
wd

xa
xXp
Xy

nemastode larva
nuclear membrane
nucleolus
nematode track
nucleus

nucleolar vacuole
oesophageal bulb
ovary

pericycle
perinneum

phlicem

plasma membrane
root c&p

root meristem
root-knot

root tip

sloughed cuticle
starch grain
skylet knob

stele

teil spike
vacuole

vasculsar strang
cell wall dissolution
wall incrustatjgn
discontinuous Xylem

patch of xylenm
xylem
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Fig. 1

Fig, 2

Fiz. 3

Fig, 4,

A second stage M, incogg;&g Berita larva

moving about on A, e8culentus root before
'-\
penetrating. Arrow indicateg

the direction
of root tip (x225) .

A lervs PENCLT Lty

£ through the roct cep
of g, melongens

Phage contrast;(X96)-






Fig. 5

Fig. 6

Fig, 7

Fig. 8

Larval penetration through the root cap

of A. esculentus. PFhase contrast; (x112).

A juvenile invading the okra root at 8

point above the root meristem (x165).

Disruption of S. melongena root cap cells
caused by nematode attack,

The larva was
anesthetised for photography, by the

addition of ether (x384),

A larva entering S. melongena root along
the zone of elongat

ion. Phgge .






Fig. 9

Fig, 10

Fig. 11

Fig, 12

Nemstode invasion in 3. melongena along the
mature differentiated zone (x400).

Larval entry through s naturs} wouna on
S. Welongens root,

The transection slso

shows certain necrotic cells and hypertrophied
nuclel (x256),

Messive invesion of raot
in 3. m-olongensa root, Note the larvae
disposed in the Pleram, region. Arrow indi-
cates the direction of larvai MOV ement
(proximel end of the root) (x35),

~knot nemstodes







Fig. 13 Intercellular migration of & larve in
S. melongena, Note the bends in the body
due to the orientation of host cells (x256).

Flg. 14 Intracellular migration ol o larvs in
§. melongena. Note the cell wall bresk
and hypertrophy of nucleus (x256).

Fig. 15 A longisection of A. esculentus root

showing nematode disposition in the stelar
region (x192),

Fig. 16 A cleared root showing geyeral larvae

migrating along the Z0Ne of vascular differen-

tiation of §-.E£$2§EE¥9- Note the differen
tisting xylem element ®nd the direction of
nematode movement (x160) e
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g

iug cell
A. esculentus caus z
nematode in A,

lysis (x160).

. DNote

Fig, 18 4 transection of A, gscuientus root o

N the breaks in cell wall causeqd by the
celluler movement of the larvae (x360).

Fig. 19 4 root-knot infected pogg System of C, melo
showing gslls of Varying sizes,

Fiz. 20

A nematode infecte

L. acutangui, wit
main ang lateral

d root systen of

t 8avera] €alls on the
Tootg,






Fig,

Fig,

Fig.

Fig.

21

22

23

2,

A root system of 3., melongena with seversl
galls induced by M. incognits scrita,

A heavily galled segment from A. esculentus

roct. Note the presence of several compound
galls (x2).

A large gsll on L,

Bcutangula roost showing
the smorphous mass

Lissyes (x2.5).

A heavily galled Segment of g, melongena
root. Note the Presen. o
g2lls due to S€congap

y and

Compere
" uninfected portions
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Fig.

Fig.

Flg.

Fig.

Fig.

Fig,

25

26

27

28

30

A transection of L. acutanguls gall show ' g

necrotic ef fects in cortical cells srounc
the hesd of a male nematode (xK75)

A trensection of L. acutanguls gall showlng
s mele nematode near & femele. Note the

necrosis oi cells 8along the track of the
male (x212).

A longisection of A, esculentus root with

the nemstode having its head introduced in®
the stelar tissues (x212).

A larva located inside the cytogenerstive
region of A. esculentus root.

Note the
celluler demage csused (x360).

A nematode moving about in the root of
GC. sativum.

Breaks in gell wall are clear
(x260).

i tsrva lodged near the dif ferentiating
Jiem in A. esculentys root., Note the
changea in the c

ell near Nematode head
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Fig. 31

Fig. 32

Fig.325

Fig. 33

Fig. 33

Fig. 35

A portion of 8 S. melongena root in transectiol

showing nuclesr hypertrophy in cells adjacent
to nematode head (x400),

A longisection of A. esculentus root showilc

the track along the path of nematode migratiol
(x252).

A glant cell complex produced by & male nenatode
in S. melongena .,

The walls remain thin and L
cytoplesm is poorly developed.

Seversl hyper-
trophied nuclei sre seen {%x230).

b transection of L. acutangula root showing

histological chenges yngyced by & mele nemstod®:
Note the necrotic effects
1

: hypertrophy and
hyperplasis in Nearby cells {x115)

Giant ce}l} formatign in ;. esculentus b

discontinuously

giant, cella 1n
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Fig.

7

38

39

A longisection of A, e:culentys 8howing gisnt
cell formation along the Stele, Note the

hypertrOphy in glant cell nuclei and nucleoli
and the damege to the xylem (%x275),

A longisection of A, €sCulentys showing the
=—=xientus

disposition of < larvage in stelsr region where

3everal giant cells flave developed, Note the

dense cytoplasm (x2#0).

Transverse Section of p
A,

glant co1) complex in
-~ %%0 SEVQPG l vac“ l 1

(x115) SVident jp giant cells
. heav11y damaged -
&. &ﬁ&&lentus_ ey :lar Tegion {n
e Ty
:?1°Ell 81l dissqy ) '® comlescence of cells
s K seen {n - °% hag taken place.
8
*®d patehes (x330).
A g
1«
D “dged gy,
S Yig Cell . .
“he ceny, Plasm with *®lex in g, sstivus
n : -
Plaag °f &lan, chly Meley dccumulate in
Sen ar S,

* Uaing of eyto-
q th g © cy
" B cely waly (x350)






Fig. 42 A trensection oi L. acutangula gall showing
8 giant cell complex with several units possessing
different organelles, Note the accumulstion of

lipid globules in 2 units. Severel nuclei are
seen in another unit (x245),

Fig. 43 A longitudinel section of a gilant cell sres
in S. melongeng gall, Note the association of
xylem elements with giant cells,

of cell wall dissolutq{pn (x175).

snd occurrence

Flg. bb g longisection of a, esculentus gall showing
-“-—-——__

glent cells induceg in primary stelar tissues.

Much of the vasculay tissues sur fered damage

Fig.
ig L5 A transection of A- eaculent,ug Showing a gisnt
\
cell included in the secondary xyienm tissue
(x425).,
Fig.
anqhé Mature giant cells

L, &
Fig. 49 with adult females é;uagggiﬁggula associated
bean-shapeg nuclei Bre n°L£ Amoeboid and
filled with lipid , - Ced in cytoplasm

fiz. 47 260). Ules (fig, L6 x 225
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Fig,

Fig,

45

50

\n
-~

52

23

A lerge 5 B fiouils
g% nucleus {n , L, 2C4%tingula glant cell.

e

A transection of 8 pn3l an C. frutescens. A
cluster of giant cells wi;n-Qarying sha pes
8nd sizes of nuclei gre Seen, Note the
lysigeno ;5 cAvVity in ghe centre of giant cell

units, an .. irrngLQr pateches of xylem.{x115)

esculentus.
h stelar

Irensection of a Primary root of A.
Nematode infection has converted muc
tissue {nto glant cel)s (x145).

7 ~ us
‘ransection of a SeCondary root of A, esculentus,

infectec witi Y. incognita acrita. Note the
damage t:) Stelar tisSues. CroSs section Of
Nemetodes are 3130 geen (x160).

Transectyon of a Nematode infected root of

c. frutescens. Note the gissected sppearance
of the Stele due t5 4 large femule embedded 1
The ropt tissues (xgé).

A transection of an old root of 8. m§l228299;
Note the damage ang derangement of xylem, anle
the OCcurrence or hypertrophied cells in sté
(x115)






Fig. 54

Fig, 35

Fig. sg

L. sativum root g&ll,

Contour of =n old giant cell complex in

transverse plane. The abnormel xylem jackets

the gisnt cell srea, Note the lysigenous

covity and unequally thickened gisnt cell
wslls (x230).

A portion of 8 longitudinsl section of

Hyperplastic cells
and ebnormal xylen oririnate in tissues
surrounding glant celils ( x400) »

A

iongitudinal sectigyp of gall on C. sativum.
Note the formation of

vascular strands
having Connections wig

h the main stele (x35}-
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57
A club
b-shaped
ped root of 5. melo
o ngena '
. Nematode

i.lec
lection ¢!
n used
behind the rHotl Uire awai Ling of
e ) 1e region
Cald \1ho}o

58

K &
F
ig. 59 of .. me.oOnN
- L ena &
me longena (fig. 58, =475 and

fis. 59, x350).

esad loc¢
ated intracellularlY-

Fig
g. 60
A nemetode h
cleus

11 wall 8
n
d hypertrophied nu

Broken c:
it
s head (x1125}).

ar
e seen around

Fig, 61
porti
produced duzzz Hhereesiuor CaVi:;IHg
e e g nematode movement N
!':roth‘fEIt.jjl certain n; loze
cle

(%x1000).

udinal

g. 6
A
iOﬂS

Section

. Not

EFarirees Withintze Cytological alters?

Amit da

otl ys af ] '

bgere ¢ duplication of s {nocuiatio’’
gates are evident (nuclei and nu¢ g8l

x190) .



:

o " '
[f
-




& EAS

Fig, ¢9

ce.s bOR
n
- ‘ ‘ 1any € 21 O
prd RS S : cot Lycenet
L ] & & LL ‘
ath il 1 q F ¢ ‘i uo'n
3 N Lk ncs . i
&
" 2151 »
P
COnLesce“c'
LeX oY {on
' | N D aiah ™ 550
,ant ¢ c""‘p'e A
K, - =
‘ nreaks AN o €377

Cross section of a 10 day old gsll. Furshe”
®Xpansion of giant c€ll is evident. Not® v
Nematoge head locateg in

) & £ imt
Cells (x215)., the contre of &

a
W8y from that in

1 :
n . & . re
orma] 8ppearan ce o Note the sppé

°f the stele (x215).

Ay,
Ngit
Blany . o0inel secty

o
Numye. T18 4n stey ? Showing thick welled
Pluamg - Nucle§ 1ne; S g SEEEBEUE
* 8e@an p:e °f the giant cell unit®”
URLt. gy, ®decting snto the vacuol®
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Fig. 69

Fig, 70

Fig. 74
ang
Flg, 72

A longitudinsl section of & large giant cell.
The giant cell encrosches I3to the surrounding
tis=sue causing acquisition ol nuclei, Hyper-
plesis is well marked, Giant cell formation

and hyperplasis increesed the diameter of
infected portion (x990},

Development of & cluster f giant cell units
in the steler tissues, Gisnt cell units have
varying smounts of cell contents (x55).

Sections showing the pattern of cell wall
thickening., Note the thick and thin areas.
Thin areas produced breaks and help in
exchange of meteriels an, gisnt cell expansion
(both, x360).

A transverse section of s 15 day old gall of

3. melongena. Note the round and hyper- ;
. n

trophied nuclei in giant celis and nelgth“ri

tissues (x660).

A longitudinal section of a 15 dey old gell:

el
Note the striking difference between ghe nuclnb
in glant cells and 8d4acent tissues. The gif

c
®11 nuclei are of varying shapes{x320)






Fig. 75

Fig, 76

Fig. 77

Fig. vg

A full-fledged gient cell 15 days sfter
inoculation. Note the dense contents, thidck
cell walls an. the formetion of sbnormal xylem
arounc gisnt cells (x575),

A longitudinsl section of a 1¢ day old goall.
Note the longitudinel extension o. gient cells
with dense cytoplasm and small vescuoles.
Discontinuous Xxylem and broken rndodermal layer
surround the giant cells (x320).

A trensverse section of a gall. The glant cell
complex is produced by g larve lodged in the
stele. Note the cluster of glant cell units
radisting sround 8 lysigenous c8VibLY{350)°

A longitudinal section of giant cells formea
elong the stele. Nate the bresks in the

Unequelly thickened giant cell wellSe Gisnt
Cell walls remsain thin peer the coslescing

CEIlS (K360) °

A section of 3. melongena gall showlng the

ce
longitudinal growth of giant cell. coalescer
of cells is quite evident (x90)-

S

A Portion of gisnt cell ywall showing Pres¥ o
d t

N
°te the round edge of broken cell wall 8¢

co
Btinuity of cytoplasm between the two celt?
(x650).






Fig. 81 A transverse section of & 20 day ol.

S, mclongena gall, Cell wsil @is olution
fi. nuclesr clumping ape clear (x400),

Fl:. 82 Bnlargement of severaj nuclel from a 20
day o1 gall. Note tp. shace of the nuclei
"nd their wavy mer-ins (x880).

1i. 83 A longitudinal S€Ction of s root-knot,
Produced ss = Fesult o vient cell expan-
®lon, production gof hyperplestic cells and
8wellin; of the female nemstode (x55).

Fi. -
. 84 An €nlerged view gf hyperplestic celils
Produced aroundg &lant ce1ls (x560).
Fiz.
s+ 85 A longitudinal SeCtion showing the merging
of cortic{,l CElLS with the giant Cell
induceq in the Steje (x190).
Fio
e '36 _
An ®2c-laying fema] enclosed in the root
tiasue.

Note the lerge cavity occupied
%Y the femal~, ang the changes in the

:ecOndary Xylem tiggyes near the nematode
}(35).
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Fig. 87

Flg, 8g

Fig. g9

A longitudinel sect’on of s mature gall

on the ront tip of 8. m-lonzensa, showin the
position of the gisant ¢2lls, the- nemstode and
ite egomass (x35).

A longitudinal section showing 2 adult femeles
locrted closely in s Toot. Note the gisnt
¢ells sround their headgthe wedge of paren-
chyma sepsrating the 2 Nematodes. Giant cells
8how signs of deterioratiop (x55).

A glant cell complex 30_4q days after
inoculsation. Cytoplasm ig vanishing from the
glant cells; though it shows accumulsation
towards the leading edge of giant cell units.
Several breaks are Seen on the walls (x180).

Transverse sections Showing the root-knot
Nematode dsmage to xylep tissues. Note the
Sbnormal formation gf secondary xylem in
Lransyerge plane (fig 91) (both, x100).

A transection showing the cavities in cortex
OCCupled by female fematodes, swellings of
the female body and g&rowth of gall parenchyms
Inersage the gall size, Note the giant cells
Produced 1n Secondary xylem tissues (x100) .
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Fig. 93 Longitudinal section of a heavily infected
root (%25).

Fig, 34 A transverse 3ectlon showing a dead
nematode and 8ssoclated pathological
tissues in root cortex (x260).

Flg. 95 A transection of a heavily demaged root.

Note the disruption to the conducting
elements (x55).






Fig. 96 Nuclei in glant cell complexes stained with

Fig?d g7  Schiff's reagent. Nuclei are rich in DNA.
Fuelgen bodies sre distributed i: the nuclesr
interior snd eround the nuclear membrane, Note
the different sizes and peculisr shapes of the
nuclei. Nuclesr clumping and smitotic dupli-
cations sre evident in fig., 96 (fig. 96, x610

and fig. 97, x306),

Flg. 98 A glant cell 8sres stained with methyl greem-
pyronin. Nucleoli and cytoplasm show high
concentrations of RNA, Nuclei are rich in
DNA. Glistening bodies are slso seen (x306)-

Fig. 99 A phase contrast photograph of gisnt cell
nuclei and nucleoli stained with Azure B.
Nuclei show high concentraetion of DNA and
nucleoli of RNA (x720).

Fig.

& 100 Wall incrustations stained with Azure B

(x1600).

Fiz. 101

h trangection showing giant cell wall
Positive in PAS technique (x275).
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Fig,.

Fig.

Fig.

Flg,

Fig,

Fig,

102

103

104

105

106

107

ll. incognita acrita ~ecgs cleared in lacto-
pheneol. Note th detachment of cell contents
from ego cuticle in certsin cases (x370),

Infective second stage larvse migrating
inside the root of S, melon;ena, The root
was clearea in lectophenol-cotton blue (x90).

A second stage larva sgen embedded in
cortical tissues of & cleared root (x100}.

A root clearing showing several larvge
developing around the stele of S. melongena
root {x240).

A sausage-shaped larvs embedded in root
tissue. Note the head region introduced
into the vascular tissies (x100).

A femsle nematode embedded in root tissues.
The growth of the nematode has caused swelllng®
of the root (x125).
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Fig.

Fig,

Fig,

108

109

110

11

A lerve teaged out of root 5 days after
inoculetion., Note the incresse in the body
sizr due to feedin,, The larva retains a
tail-spike. ~hase contrast; (x190).

A sasusage-shaped larva teased out of root
7 days after inoculation., Note the pody
bencs caused by the orientation of host
cells, Phase contrast; (x150).

A third-stage larva developing inside the

second stage cuticle. The body contents

have withdrawn from the two ends of the
cuticle. FPhase contrast; {x150).

A female nematode, Note the paired ovaries

and the characteristic perinpesl cuticular

annulations. ~hase contrast; (x100).
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Fig. 114

Fig, 115

g, 112

s 113

A

A miture fewsle nematg e, Phase
COhtI‘&St; (X120)0

A m:le nematode coiled inside the cuticles
of the previous instars, The second stage

Cuticle encloses the successive cuticular
layers, “hase contrast; (x150).

Enlarged view of the head region of a second
stage larva (x2240).

Head region of a female nematode. Note the
buccal speer, the oesophoagus and cuticular
annuletions on the body (x1850).
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i, 116A

Fig. 116B

Fig. 116¢

Histograms showing the concentrations
of RNA in normal and M. incognits scrits
infected root tissuss of 3. melongens,

A. esculentus and L. acutanguls.

Histograms showing the concentrations
of DUHA in normal and root-knot infected
root tissues of the 3 hosts,

Histogrems showing the concentrations
of total proteins in normsl and root-
knot infected root tissues of the 3
hosts.



N — Normal tissue

% Spolanum melongena

G — Gall tissue
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Fig. 117A

Fig. 1178

Histograms repre=enting the concentrations
of indsllic growth substances from normél
and gall tissues of 3, melongena and

A. esculentus., Quantitstion was mede DY

spectrophotometry after chromogenic resction

with Gordon and Weber and the new ferric
citrate reagents,

Histograms showing the results of the
biological activity (wheat coleoptile
elongation) of indolic growth substances in
normal tissues snd M. incognits acritd gails-
Growth activity of authentic IAA is also

represented.
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Fig, 118A stendsrd curve for synthetic indole
acetic acid with the Gordon and Weber
reacent,

Fig. 1188 Stsndard curve for synthetic indole
acetic acid with the new ferric citrate
reagent,

Note: IAA produced stronger colour with the ne¥
ferric citrste reagent, and the absorbance
therefore was higher,
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