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Abstract

Plastics are a ubiquitous class of synthetic polymers with applicability in virtually all
commercial and industrial sectors. The majority of global plastics consists of polymers with
carbon-carbon backbones, whose environmental persistence and low cost have resulted in a
massive reservoir of plastic waste that resides in landfills and the environment. PS is an
aromatic polymer formed as a result of polymerization of aromatic styrene monomers attached
via vinyl side-chains. PS is used in manufacturing of various products including single use
plastics e.g., foam containers & trays for food take away, protective packaging, heat insulation
as well as copolymers like acrylonitrile butadiene styrene (ABS), latex, and rubber. Therefore,
the majority of the PS-derived products are single-use or throw-away products. Since majority
of the plastic waste is comprised of single-use plastics, the development of PS degradation
strategy is crucial at this point.

Biodegradation of plastics has been a topic of interest for researchers from more than a
decade now, and yet the understanding of the degradation enzymes and their pathways is
largely lacking. To the present date, polyethylene terephthalate (PET) is the only plastic for
which the degradation enzymes namely cutinases/esterases/PETases have been identified.
However, the degradation of plastics such as polyethylene, polystyrene and polypropylene that
are composed of C-C bonds and lack functional bonds is fairly difficult to achieve. The
aromatic and long-chain C-C bonds require higher bind dissociation energies; thus the above-
mentioned plastics are recalcitrant to biodegradation and remain persistent in the environment.
Additionally, the basis of selection of microorganisms to understand the plastic biodegradation
process is very random, therefore limiting the probability of finding highly functional set of
enzymes.

In the present study, the phylloplane of the xerophytic plants is selected as a substrate
for isolation of fungi to be explored for their plastic degradation abilities. The phylloplane of
plants is composed of a wide array of functional polymers such as cellulose, lignin, suberin,
rubber latex components and cuticle, of impressive physiochemical properties. These
polymers, particularly cuticle, display properties such as water insolubility, durability, and
resistance to physical, chemical, or biological degradation, which are similar to synthetic
plastics. Since the biodiversity and occurrence of microbes is strongly dependent on their
ecological habitat, it is plausible that the phylloplanic microflora may be explored towards
their ability to degrade synthetic polymers. Xerophytic plants possess thicker cuticle layer in

order to avoid water-loss via transpiration, therefore the phytopathogenic fungi capable of



breaching the cuticle barrier might display similar functionality for plastic degradation.
Hence, the phylloplanes of two xerophytic plants, namely Calotropis procera and Salvadora
persica were collected across seasonal survey and a total of 20 fungi were isolated via leaf
imprinting method. Pure cultures of 20 fungal isolates (VVJP01-20) were used for the molecular

identification of each fungal isolate, followed by their sequence submission on NCBI.

Simultaneously, the collected leaf samples were studied for the effect of temporal
variation on the surface micromorphology and chemical composition of cuticular waxes by
using SEM, CLSM and GC-MS/MS. The surface analysis revealed that the cuticular
arrangement onto the leaves of both the plant species displayed assorted wax morphologies
along with the appearance of trichomes. The wax crystals appeared ovate crystalloids and
platelets in C. procera and S. persica, respectively. While the wax content of both the plants
was observed to be maximum during the summer season. Additionally, the chemical
composition of both the plants revealed the presence of similar class of components belonging

to alkanes, fatty acids, aldehydes, alcohols, ketones, alkenes and terpenoids.

Further, the 20 fungal isolates from VJP01-VJP20 were screened towards their PSS
utilization ability. Based on the change in the fresh fungal biomass, fungal isolates namely,
Cladosporium sp. VJP04, C. dactyloctenicola VJPO8, Aspergilus ochraceus VJP10,
Aspergillus nidulans VJP11, Aspergillus foveolatus VJP13, Alternaria alstroemeriae VJP18
and Aspergillus welwitschiae VJP20 were observed to be potential PSS transformers. These
short-listed fungal isolates were further evaluated for their transformation ability by Raman
spectroscopy and C. dactyloctenicola VVJP08 was selected for further studies. The independent
variables, such as exposure duration, temperature, and pH were evaluated to determine the
best-suited conditions for PSS transformation by change in fresh fungal biomass, Raman
spectroscopy and GC-MS/MS analysis. The results indicated that the temperature of 28 °C,
pH of 7.2, and the exposure duration between 15 to 20 days were the optimum conditions for
PSS transformation by C. dactyloctenicola VVJP08. The isolate VJP08 displayed significant
decrease in the key Raman peaks of PSS corresponding to aromatic C-H bands stretch 3248.26
and 3387.59 cm™, in addition to the presence of cellular metabolites in the exometabolomic

profile indicating the utilization of PSS for its growth and metabolism.

To understand the possible mechanism behind the PSS transformation ability of C.
dactyloctenicola VJP08, the protein extracts precipitated from the fungal secretome across
different exposure durations (day 5 to 20) were analysed for the presence of putative enzymes



involved in PSS myco-transformation by quantitative proteomic analysis. The obtained results
showed enhanced expression of oxidoreductases, CAZymes and transport proteins at day 15
of exposure duration. The oxidoreductases and biosurfactant proteins combinedly function for
PSS utilization. Oxidoreductases such as laccase were predicted to be involved in
depolymerization of PSS into its oligomers and monomers and their subsequent conversion
into cellular metabolites. Simultaneously, other enzymes such as tyrosinase, dehydrogenases,
and peroxidases function to cleave the aromatic ring of styrene sulfonate (SS) into 2,2-vinyl
muconic acid which is subsequently fed into the Krebs cycle. The PSS utilization may also
occur via side-hain cleavage, however, the enzymes involved in aromatic ring cleavage were
predominantly present in the secretome. Moreover, in silico analysis of biosurfactant cerato-
platanin and laccase revealed their possible association with each other and individually with
SS.

Further, the ability of C. dactyloctenicola VVJP08 was also evaluated towards degradation
of commercially available PS using SEM, EDS, changes in weight and thickness, DSC and
GC-MS/MS analysis. The results indicated that C. dactyloctenicola VVJP08 was able to colonize
the PS with its mycelium breaching the surface of PS leading to the appearance of cracks and
holes, indicating that PS-derived carbon has been extracted for fungal growth. Further, decrease
in weight and thickness were observed in the fungal treated PS samples. The decrease in Tq
also confirmed the fungal-induced alteration in the mechanical properties of PS. At last, the
GC-MS/MS analysis confirmed significant decrease in the concentration of benzene and

related aromatic derivatives as a result of fungal action.

Another fungal isolate, L. ramosa AJP11 isolated from the rhizosphere of plants growing
in heavy metal rich sites was also evaluated towards its PSS myco-transformation ability. The
data revealed that over a period of 30 days, the fungal isolate was able to transform PSS into
cellular metabolites such as alkanes and fatty acids which are subsequently fed into the Krebs
cycle. Further, SDS-PAGE revealed the overexpression of three proteins at 14.4 kDa, 46.8 kDa
and 107.9 kDa in the secretome of L. ramosa AJP11 exposed to PSS as sole carbon source,
indicating their possible involvement in PSS transformation. Using peptide mass
fingerprinting, the proteins were identified to be hydrophobic surface binding protein, universal
stress protein (and PRP-1 splicing factor, respectively. Based on these results, the putative
molecular mechanism was proposed as follows: nutrient stress induces Usp gene in nucleus
resulting in maximizing cellular transcript level (by PRP-1 splicing protein) in order to utilize

PSS. Among various synthesized transcripts, an extracellular Hsb was also synthesized which



adheres to the hydrophobic PSS assiting its myco-trasnformation into organic compounds.
These results were also supported by in silico analysis revealing higher probabilty of binding
between Hsb and SS.

Overall, this study fills important knowledge gaps in plastic biodegradation by
identifying the proteins involved in the PSS myco-transformation and their predicted mode of
action. To the best of our knowledge, this is the first study where the phytopathogenic fungus
C. dactyloctenicola VJP08 has been studied to successfully transform PSS and commercially
available PS products. The present study suggests that owing to the similarities between the
plant cuticle and plastics, the phytopathogenic fungi possess powerful protein arsenal capable

of degrading recalcitrant plastics and other associated xenobiotic pollutants.
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VJP08. Dotted arrows represent the hypothetical series of events where
the participating biomacromolecule is unknown.
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Fatty acids; SER: Smooth Endoplasmic Reticulum; RER: Rough
Endoplasmic Reticulum; Hsb: Hydrophobic Surface Binding Proteins.
Dotted lines represent the hypothetical series of events where the
participating biomacromolecule is unknown
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Chapter 1

General Introduction

Part of the work presented in this chapter has been published as per the following details:
e Bhanotetal. (2020) Myco-degradation of plastics. In: New and Future Developments
in Microbial Biotechnology and Bioengineering, Singh, J. and Gehlot, P. (Eds.),
Elsevier, Amesterdam, Netherlands, pp. 25-34.



1.1 Plastics: Evolutionary History and Current Scenario

For decades, human activities culminating in rapid growth of industrialisation and
globalisation have led to the contamination of soil and water with several damaging xenobiotic
compounds [Ceci et al. 2019]. The presence of these pollutants in the environment exerts a
long-term disbalance in the biogeochemical equilibrium and hence, interfere with the
functionality of the natural processes and resources. Since early ages (~1600 BC), there have
been records of humans exploiting natural resources such as rubber, waxes and resins for their
polymeric applications, which significantly upscaled with the invention of synthetic polymers
such as vulcanised rubber in the mid-1800s [Andrady and Neal, 2009]. Later, in 1856, the first
synthetic thermoplastic plastic, ‘Parkesine’ was created by combining cellulose and nitric acid,
to be used as an ‘eco-friendly’ substitute for ivory. Shortly, another type of modified synthetic
plastic, celluloid, was discovered to be used as photographic films in cinematographic
industries [Rhodes, 2018]. The twentieth century experienced incremental production of
various new classes of synthetic polymers. The first commercially successful synthetic polymer
‘Bakelite’ was introduced in 1907 by Leo Baekeland which was synthesized by combining
phenol and formaldehyde under heat and pressure [Worm et al. 2017]. Ironically, the Bakelite
manufacturers adopted the symbol ‘infinity’, somewhat insightful pertaining to the current
situation of plastics. The invention of Bakelite was a time turning event in introducing plastics
into the commercial market. It was the World War 1l that sky-rocketed the plastic production
to be used in clothing, parachutes etc., marking the beginning of an unending era of ‘Plastics’

[Worm et al. 2017].

The word plastic comes from the Greek word Plastikos, which means ‘able to be
molded into different shapes’ [Joel, 1995]. Plastics are synthetic polymers composed of
monomers forming long chains of carbon and hydrogen atoms as the backbone to which
oxygen, sulfur or nitrogen atoms may be attached. These monomeric units are linked via highly
stable and strong covalent bonds [Chamas et al. 2020]. Their versatility, flexibility, durability,
strength, and economic feasibility makes them an attractive replacement for the metals and
wood. Now, that plastics have marked their componential dominance in various sectors such
as furniture, cutlery, entertainment, automobiles, aeronautics, etc., the waste generated is
getting difficult to be taken hold of. The production of plastics has remarkably accelerated since
1950s, and is estimated to reach up to 1900 million tonnes in 2050 [Rhodes, 2018]. Plastics
have become a global concern as their accumulation in the environment has become evident

and inevitable, acting as a high-risk carrier for the human health [Wright et al. 2017]. About
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58% of the total plastic produced is discarded as waste on land and oceans, which can be
witnessed by the infamous ‘The Great Garbage Patch’ in the Pacific Ocean filled with >80
trillion plastic pieces, increasing every day at an unprecedented scale [Geyer et al. 2017;
Lebreton and Andrady, 2019]. These plastic fragments may serve as niches for a wide spectrum
of microbes, including pathogens, which may be transported to long distances [Barnes et al.
2009]. Around 89% of the plastic waste occupying the depths of water bodies consists of
‘single use plastics’ [Chiba et al. 2018]. The vastness and seriousness of the issue can be
estimated by the genesis of ‘plastic-specific’ new terminologies, such as Plastisphere and
Plastiglomerate. Plastisphere defining the plastic debris acting as a superficial niche for the
microbial communities and other microscopic life, specifically in the oceans, facilitating the
dispersal of microbial communities across distances, affecting the aquatic ecology [Amaral-
Zettler et al. 2020]. Plastiglomerate is a conglomerate of rock fragments, sand grains, organic
materials (shells, wood, coral debris) combined with plastic debris resulting in the formation
of the one of its kind anthropogenic stone [Corcoran and Jazvac, 2020]. As human-induced
activities continue to add up the plastic dump into the environment, it is important to access
the impact of our actions. Given, the environment harbours a multitude of habitats and diverse
groups of microbes, little has been explored to utilise them for efficient biotransformation of
plastics. Although the phenomenon of biodegradation is known to occur, however, the
functional significance of the specific biomacromolecules that might play a major role in plastic
degradation are yet to be explored.

1.2 Types of Plastics

Plastics are classified on the basis of their origin (synthetic/bio-based), structural
arrangements  (theromosets/thermoplastics), and biodegradability (biodegradable/non-
biodegradable). These factors influence various properties such as crystallinity, molecular
weight, strength, melting temperature, inertness, recyclability, etc [Sanchez, 2020].
Additionally, the presence of identical/different monomeric units also classify them as homo-
or heteropolymer, respectively [Eyerer, 2010]. The above-mentioned categories have been

briefly described below:
1.2.1 Synthetic and Bio-based Plastics

Synthetic plastics are highly stable plastics derived from hydrocarbons and
petrochemicals, and do not readily enter the degradation cycle, such as polyethylene (PE),

polypropylene (PP), polystyrene (PS), polyethylene terephthalate (PET), polyamide (PA),



polycarbonate (PC), polyvinyl chloride (PVC) and polyurethane (PU). On the other hand,
according to American Society for Testing and Materials (ASTM), bio-based plastics are
organic material in which carbon is derived from a renewable resource via biological processes,
such as polylactic acid (PLA), polyhydroxybutyrate (PHB), polycaprolatone (PCL),
poly(butylene adipate-co-terephthalate) (PBAT), poly(butylene succinate) (PBS),
poly(butylene succinate-co-adipate) (PBSA), polyethersulfone (PES), polyvinyl alcohol
(PVOH), polyglycolic acid (y PGA), etc [Johnston et al. 2018]. Since bio-based plastics are
known to be derived from biological sources, it is a misconception to assume all bio-based

plastics as biodegradable.
1.2.2 Thermosets and Thermoplastics

Thermosets are highly dense plastics forming crosslinked networks on polymerization,
namely, Bakelite, PU, PA, etc. They have low melting viscosity, low processing cost and
cannot be reshaped or recycled, once they have been molded into a particular shape. Whereas
thermoplastics have no crosslinks, have high melting viscosity, and can be repeatedly reshaped
by heating without losing their chemical/mechanical properties. Examples of thermoplastics
include, PE, PS, PP, PET and PVVC [Obande et al. 2019].

Bio-based
plastics

FHA
PE* PA* PEF PBS* PLA
PP*
Starch blends
PET* Cellulose-based
Non-biodegradable Biodegradable
Conventional PBAT
Plastics PCL PES
PE PP PET PBS PBSA
PVC PC P]iggg-l
PS PA
Fossil fuel
based plastics
(petrobased
polymers)

Figure 1.1 Schematic representation of conventional and bio-based plastics categorised as
biodegradable and non-biodegradable. The * indicates polymers that have bio-based origins

plus fossil fuel synthesis routes [Johnston et al. 2018].



1.2.3 Biodegradable and Non-Biodegradable Plastics

On the basis of biodegradability, plastics may be divided into three sub-classes: (1)
Non-biodegradable bio-based plastics derived from renewable raw material, usually combined
with conventional plastics (PE*, PA*, PP*, PEF); (2) Biodegradable bio-based plastics (PHA,
PBS, PLA, starch blends and cellulose based) and lastly, (3) Fossil-based biodegradable
plastics (PCL, PES, PBAT, PVOH, PBS, etc) [Johnston et al. 2018]. The diversity and

classification of plastics types has been furnished in the given schematic [Figure 1.1].

All the above-mentioned plastic types have their own challenges in biodegradation.
Various studies have highlighted the degradation of mostly bio-based plastics, PE, PVC and
PET, ignoring the more persistent plastic types. Considering the large applicability of PS in
disposable items, accounting for significant proportion in waste generated throughout, and lack
of substantial reports on mechanistic insight of biodegradation of PS, it is equitable to look
deeper into the details of properties, problems and current biodegradation scenario of PS, so as

to get a directive approach for its sustainable removal from waste.
1.3 Why Degrading Polystyrene is Important?

Polystyrene (CgHs)n is a high molecular weight, synthetic and non-biodegradable
polymer composed of aromatic styrene monomers with substantial applicability in throw away
products [Ho et al. 2018]. Due to its good mechanical properties and structural stability, PS has
been extensively used in commercial market since 1930s for manufacturing products such as
disposable cutlery, packaging, laboratory consumables, medical items, etc. and is also the first
synthetic polymer to be detected as a contaminant in euphotic zone of the ocean in 1970s
[Carpenter et al. 1972; Pilevar et al. 2019]. Although PS is recyclable, the cost of recycling is
more than the manufacturing cost, restricting the process, leading to a large waste accumulation
of this ‘one time use’ plastic [Ali and Ghaffar, 2017]. According to the Plastics Europe Report,
by 2020, the global plastic production has reached almost 370 million tonnes, with packaging
industry emerging as a major sector contributing about 40% of the total plastic demand
[Plastics Europe, 2020]. The widespread production and consumption of polystyrene in the
packaging industry, combined with lack of recycling and incompetent waste management
approaches, have led to severe effects and drawbacks sinking the overall environmental health.
The overall properties, applications and challenges associated with the disposal of PS have
been furnished in Figure 1.2,
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Figure 1.2 General properties, applications, and challenges in biodegradation of PS.

The aromatic structure of the PS (Figure 1.3) imparts structural stability and
hydrophobic character that makes it highly resistant to biodegradation. Moreover, the high
molecular weight and extensive carbon-carbon bonds present in the aromatic structure and the
backbone make PS highly resistant to enzymatic cleavage by the oxidation-reduction processes
[Ho et al. 2018]. High thermal stability of PS is also one of the factors for its resistant attribute.
PS shows no sign of degradation even at temperature as high as 200°C. Partial degradation of
the backbone could be observed at ~350°C, leaving its monomeric unit ‘styrene’ as the main
end product [Kik et al. 2020]. Also, the inexorable character of the PS chemical structure makes
it difficult to be blended with different biocompatible substrates. The antioxidants, processing
lubricants, flame retardants, dyes and stabilizers added during the manufacturing process
increase its shelf life by adding resistance to oxidation and biodegradation. The additives such
as phthalates, bisphenol, benzophenones, hindered amines and antimicrobial agents (in case of
food packaging) of high toxic capacity are slowly released into the environment during
prolonged disposal of PS [Warner and Flaws, 2019]. Along with these chemical additives, the
exerted environmental forces lead to the disintegration of PS to its micro- and nano-forms.
Since the monomeric unit, styrene, itself has been classified as a potent carcinogen, its sub-
particle forms have also been studied to show ecotoxicological effects. Due to the high surface
area, PS microplastics (MPs) and PS nanoparticles (NPs) are likely to be accumulate in the
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marine and terrestrial animals. PS-MPs are mostly ingested via food and water, whereas PS-
NPs may penetrate organisms through various routes, i.e. skin, respiratory and digestive tracts
by the interaction between the protein corona and cellular membranes. Moreover, the discarded
MPs/NPs adsorb metal ions and chemical pollutants, leading to the many-folds increase in their
toxicity potential. Among other plastic pollutants, PS-MPs/NPs are the most predominant type
accounting up to 4500 pg L in densely polluted zones, which is 4500 times more than the
threshold leading to chronic exposure [Reisser et al. 2015; Kik et al. 2020]. Studies have been
conducted to partially fill the gaps in assessing the toxicokinetic and toxicodynamic of the PS-
MPs, highlighting the effects of PS-MPs/NPs at molecular and organismal level leading to
cellular oxidative stress, mitochondrial depolarization, disruption of scaffold and junction
proteins, lung and pulmonary dysfunction [Yang et al. 2019; Dong et al. 2020]. Due to their
broad size range (<0.1-5000 pm), it is impossible to filter out all the MPs and NPs from the
ground water/or treated effluents, hence, a convenient degradation method is required for

treating PS waste.

Some SSSSSEE

Styrene Polystyrene

Figure 1.3 Chemical structure of monomeric unit-styrene (vinylbenzene) and polystyrene
[Ho et al. 2018].

Although, the microbial degradation of polystyrene by various microbes has been
demonstrated in recent years, unfortunately, no detailed study covering the enzymes involved
in the degradation pathway has been published [Danso et al. 2019; Amobonye et al. 2021].
Briefly, bacteria such as Archaeons, Rhodococcus sp. and Actinobacterium have been tested to
show PS degradation at a very slow rate, peaking up to 0.04-0.57% degradation in several
months. The extremely insignificant low productivity, lack of well-manufactured degradation
systems and required high capital input are the major reasons due to which opportunities have
not been further explored and practiced [Amobonye et al. 2021]. Recently, studies focusing on
the gut microbiome of plastic eating larvae have surfaced, showing the role of Acinetobacter
sp. isolated from the gut of Tribolium castaneum, in PS degradation over a period of 60 days
[Wang et al. 2020]. Similarly, the gut microbiome of the superworm Zophobas atratus has also

been studied to aide in the digestion of Styrofoam as sole carbon source [Yang, et al. 2020].
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Additionally, the conduciveness of the gut microbiome of Tenebrio molitor towards PS
biodegradation was monitored, showing the cohesive involvement of the emulsifying factors
(30-100 kDa) secreted by the mealworm, with the respiratory factors (<30 kDa) released from
the gut microbiota, collectively increasing the bioavailability of PS for biodegradation
[Brandon et al. 2021]. The effect of PS-MPs on the gut of mice has revealed the toxic
consequences causing decreased intestinal mucus secretion, drastically altering the microbial
communities, disturbing metabolic pathways leading to metabolic disorders and dysbiosis [Jin
et al. 2019]. These studies could be theorized leading to binary inference, firstly the toxic
capacities of the sub-forms of PS have been highlighted and secondly, the polystyrene
degradation and mineralization potential of microbes has been displayed, although major gaps
lie in the detailed information about the metabolic by-products and the biomacromolecules
involved in the process of degradation. Moreover, since various ethically approved niches
could be explored for isolating microbes with PS degradation capabilities, there seems no

compulsion to sacrifice larvae for the same.
1.4 Biodegradation of Plastics and Associated Challenges

Polymer degradation is defined as the conversion of polymer into smaller subunits by
breaking bonds through physical, chemical, or biological processes leading to alterations in the
physico-chemical properties of polymer. Abiotic processes including thermal, photo-oxidation,
ozone-based degradation, catalytic and mechanochemical methods are also known to play a
role in polymer degradation [Singh and Sharma, 2008; Amaral-Zettler et al. 2020]. The above-
mentioned methods only partially degrade the plastic waste, with incineration (thermal
degradation) as an exception. However, incinerating plastics is accompanied by the release of
toxic greenhouse gases (GHGs) and MPs of unique physiochemical micro- and nanoscale
properties which adversely affect human health [Peiponen et al. 2019; Yang et al. 2021]. With
the current incremental stats of plastic production, it is estimated that the global carbon
footprint would elevate by15% in the next two decades [Zheng and Suh, 2019].

Due to the aforementioned problems and lack of natural analogues, plastics do not
easily undergo extensive degradation under marine/terrestrial ecosystems. As a source of
abundant carbon, plastics could be used as carbon reservoirs by microbes through
biodegradation, transforming the physico-chemical properties of polymer to release respective
oligomers and monomers. It is a relatively slow process in which cleavage of polymer

backbone by bond scission leads to generation of carbonyl groups (oxidation) to be utilized by



the microbes [Sivan, 2011]. Studies showing the potential of microbes towards degrading
different types of plastics (including PS) are published consistently, although, limited data is
available on their biodegradation capacity. However, the monomeric unit, styrene, has been
studied and has shown degradable properties. In bacteria, under aerobic conditions, the
oxidation of styrene takes place under two different pathways: either via attacking the vinyl
side chain; or by attacking the aromatic ring, releasing 3-vinylcatechol, 2-phenyl ethanol and
phenylacetic acid as primary intermediates. Although, the cleavage of aromatic ring is
somewhat a less understood process; the key enzymes, namely, styrene monooxygenase,
styrene oxide isomerase and phenylacetaldehyde dehydrogenase, participating in the oxidation
of vinyl side chain have been thoroughly studied [Tischler et al. 2009; Morrison et al. 2013;
Crabo etal. 2017]. The intermediates namely, phenylacetic acid and 3- vinylcatechol, produced
during the vinyl side chain and aromatic cleavage, respectively, are converted to acetyl-CoA,
and subsequently fed into the Krebs cycle [Figure 1.4] [Ho et al. 2018; Danso et al. 2019].
Nevertheless, questions such as, how common this phenomenon in nature is; how much of this
process contributes to the naturally occurring process of biodegradation; and are the microbial
isolates used for the biodegradation studies isolated from the right source, and lastly, do fungi
utilise similar or different bio-macromolecular functional units for PS degradation, remain
unanswered. The predicted routes of extracellular plastic degradation by involvement of fungal
hydrophobins (described in section 1.5) and catalytic enzyme and the bacterial intracellular
utilization of styrene monomer via vinyl side chain cleavage have been furnished below [Figure
1.4].

O
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Styrene Styrene oxide Phenylacetaldehyde  Phenylacetic acid Phenylacetyl
Coenzyme A

Figure 1.4 Bacterial degradation pathway of styrene via vinyl chain cleavage. Abbreviations:
SMO: styrene monooxygenase, SOI: styrene oxide isomerase, PAALDH: phenylacetaldehyde
dehydrogenase, PACOA ligase: phenylacetyl coenzyme A ligase [Ho et al. 2018].



1.5 Rationale Behind the Study: Plant Cuticle as a Natural Plasticizer

Plants synthesize a wide array of functional starch and non-starch polymers such as
cellulose, lignin, suberin, rubber latex components and cuticle, of impressive physiochemical
properties. These polymers are mainly composed of hydrocarbons and have very low or no
solubility in water. These polymers are laid as network that frame the cells and aide in
maintaining shape, protecting the plant from mechanical/osmotic damage, and act as a barrier
at the interfaces of plant system and its outer environment [Bhanot et al. 2021]. Interestingly,
synthetic plastics also exhibit similar properties such as water insolubility, durability, and
resistance to physical, chemical, or biological degradation. The chemical segments of natural
non-starch polymeric substances such as cellulose and cuticle components, resemble the
chemical unit of different plastics due to the presence of hydrocarbon chains attached to various
functional groups [Table 1.1] and have also been widely used for the synthesis of bioplastics
[Marichevlam et al. 2019; Chen et al. 2020]. Furthermore, as plastics are derived from crude
oil, the chemical bonds constituting and linking the monomeric units of the plastics are found
to be similar to those in natural polymers. Certain wax components, such as n-alkanes, n-
alcohols, and n-acids, have similar features to plastics, such as hydrophobicity and resistance

to abiotic factors, and have been found to be preserved as fossils [Logan et al. 1995].

Recently, few studies have explored the applicability of superhydrophobic surfaces
such as cuticular waxes towards sustainable replacement of synthetic plastics. It has been
reported that the phylloplane shows superhydrophobicity, low adhesion and self-cleaning
property due to the epicuticular wax load over its surface [Riglet et al. 2021]. Recent studies
reported various cuticle-inspired bioplastics with properties similar to existing plastics, for
example, poly(hydroxyhexadecanoate) (PHHA), a o-hydroxy fatty acid derived biopolyester
showed comparative water barrier properties as well as toughness that suggest it as a suitable
option for packaging material [Singha et al. 2021]. Comparison of cuticle components to
various plastics has been discussed at length by Guzman-Puyol et al. (2021). They reported
fabrication of plant cuticle-like composites by the blending of cutin-inspired polymers with
waxes and polysaccharides making it an interesting strategy to improve mechanical properties
and hydrophobicity. Considering the similarity between physical, mechanical & thermal
properties of various monomeric units of plant cuticle to the synthetic plastics, it can be
explored as replacements for plastics [Yaradoddi et al. 2020]. Given the compelling evidence
of the physical, mechanical, and thermal similarities amongst plastics, it is conceivable to

search for phylloplane microorganisms, primarily phytopathogens, that penetrate the external
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cuticle barrier for the establishment of infection. The enzymes that break down these natural

polymers, such as cuticular waxes, may thus also be able to break down plastic polymers [Chen
et al. 2020; Ueda et al. 2021].

Table 1.1 Outlook of the chemical linkage similarities between the plant based non-starch

polymers and synthetic polymers [Chen et al. 2020].

Polymer ) ) ) Backbone
Linkage type | Species Main components ]
class linkage
Oxygenated fatty
Cutin ) Ester bond
Non- acid
polysaccharide | Natural rubber | C5H8 isoprene C-C bond
biomass o ) ] C-Cand C-O
Lignin Aromatic subunit
bonds
Non-starch —
Glycosidic
plant Cellulose Glucose
) bond
biomass
_ Xylose, mannose, o
Polysaccharide ] Glycosidic
) Hemicellulose glucose, galactose,
biomass ) bond
arabinose
) o Glycosidic
Pectin Galacturonic acid
bond
Polyethylene Ethylene C-C bond
Polypropylene Propylene C-C bond
C-C bond
Polystyrene Ethylbenzene
polymer i
] Polyvinyl ) )
Synthetic _ Vinyl chloride C-C bond
chloride
polymer
Polyol and
Polyurethane ) Urethane bond
Hydrolysable isocyanate
bond polymer | Polyethylene Ethylene and
Ester bond
terephthalate terephthalate
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The biodiversity and occurrence of microbes is strongly dependent on their ecological
habitat. Since the plant-derived polymers show comparable mechano-chemical properties to
the synthetic plastics, it is plausible to look for the microbes inhabiting these polymers under
natural conditions and evaluate their biodegradation potential towards synthetic polymers. As
starch and cellulose are glucose-derived polymers, their microbial degradation is well
established. On contrary, plant cuticle which occurs as a continuous shield covering the
epidermal cells, is well known to be preserved as fossil, resisting degradation over a prolonged
exposure to environmental factors [Guignard, 2019; Bhanot et al. 2021]. Since 1970s, cuticle
has been described as the outermost layer of low water permeability, with water droplets rolling
down its surface. With its hydrophobicity a thousand times more than that of the cell wall, it
qualifies to be comparable with the synthetic polymers [Schreiber and Schonherr, 2009]. Its
hydrophobic attribute is a consequence of the cutin monomer layered over with the epicuticular
wax deposits. The hydrophobic character of cuticle limits the water loss occurring due to the
excessive heat and temperature rise. Xerophytic plants which thrive in arid regions have more
cuticle thickness with high wax deposition on their leaves as compared to the mesophytic plants
from wetter climates [Sharma et al. 2019]. The stable, resistant and outstanding water
repellence of the cuticle are due to the presence of carbon-based monomeric units of cutin and
epicuticular wax [Figure 1.5] [Ensikat et al. 2011]. In comparison to the other natural polymers,
components of the cuticle show high similarities in chemical structure, mechanical, thermal
and hydration profiles to the synthetic polymers [Khanal and Knoche, 2017; Gomez-Patifio et
al. 2020].
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Figure 1.5 Chemical structures of complex hydrocarbon-based monomeric units comprising
the plant cuticle: (a) linear and aromatic monomeric units of epicuticular wax, (b) fatty acid
units crosslinking with glycerol to form cutin. Abbreviation: VLCFA: Very Long Chain Fatty
Acids

The phylloplane of a plant houses numerous microbes that exhibit a close functional
relationship with the host plant. The phylloplanic microbes could either have beneficial,
mutualistic effects such as increase in resource uptake, providing nutrients, aiding plant growth
and development, inferring resistance to abiotic/ biotic stresses, etc., or pathogenic effect to the
plant [Berg et al. 2014]. Since cuticle is the outermost covering and the first line of defence,
phylloplanic microbes live in close association with it. Certain bacterial and fungal
phytopathogens are known to secrete cutinases that are capable of depolymerizing cuticle. The
microbial cutinases studied to date belong to the large a/p-hydrolase family of lipases/esterases
and are considered to form a structurally distinct class owing to the lack of a lid covering the
active site [Chen et a. 2013]. In lipases, the active site remains covered by the lid until the
interaction with a substrate causes a conformational change in the enzyme. On the contrary, in
cutinases, the active site is exposed, and two hydrophobic loops located above the active site
appear to be sufficient to initiate interaction with substrates. Additionally, cutinases have been
demonstrated to be better in enantioselective catalysis and accommodating substrates with

steric hinderance and bulky substituents [Su et al. 2020]. Owing to more ‘open’ architecture,
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cutinases have been demonstrated to exhibit ‘better’ surface erosive degradation by cleaving
the ester bond of PBS in comparison to lipases. In contrast, lipases have been demonstrated to
slightly over-perform biodegradative action of cutinases in PCL depolymerization [Shi et al.
2019; Shi et al. 2020]. The contradicting results indicate that the enzyme dynamics covering
the substrate structure, substrate-specificity and catalytic activity are highly variable and
crucial in investigating the process of biodegradation. Since the environmental factors are also
impactful in deciding microbial survival and gene expression, the above-stated facts make
bacterial/fungal cutinases, inhabiting the phylloplane, a promising enzymatic route for
designing a sustainable solution for plastic degradation.

The functional aspects of cutinases/lipases are being continuously explored, with
studies focusing on the thermal stability, substrate-mediated conformational changes, site-
directed mutagenesis, catalytic domain engineering, and creating bifunctional enzyme systems,
targeting plastic degradation [Numoto et al. 2018; Ma et al. 2018; Furukawa et al. 2019].
Studies have featured the engineered variants of PET hydrolase in understanding the enzyme-
substrate interaction involving key residues such as arginine (R61), tyrosine (Y58), leucine
(L88) and isoleucine (1179) present in the substrate-binding groove. The hydrophobic
interaction between the substrate and the enzyme is particularly influenced by isoleucine
(1179), which acts as a deciding factor, and absence of which leads to the loss of enzymatic
activity. However, its substitution by a rather more hydrophobic residue, phenylalanine,
reflected stronger effect on the substrate localization and multi-fold escalation in the catalytic
activity [Ma et al. 2018]. The thermodynamics and conformational kinetics of cutinase have
also been monitored and improvised for improved catalytic PET hydrolysis by modifying the
cutinase via glycosylation impeding the enzyme aggregation and stabilizing the enzyme at
higher temperature (70°C) with improved catalytic activity [Shirke et al. 2018]. Recently, the
crystal structure of PETase has also been reported by various research groups [Han et al. 2017,
Joo et al. 2018; Fecker et al. 2018 and Liu et al. 2018], nevertheless, studies highlighting the
employment of cutinase isolated from different microbes towards degradation of polymers
(apart from PET) are being conducted for establishing a better understanding of the versatility
and functionality of the enzyme in a catalytic active environment [Liu et al. 2019; Shi et al.
2019; Tan et al. 2021]. Since, the defining role of cutinase in biodegradation has been
established for a few polymer types, it is convincing that the phylloplanic microbes be explored
for identifying novel enzymes capable of conducting biodegradation of recalcitrant plastics.
Moreover, the mechanistic aspect of biodegradation for recalcitrant plastics such as PP and PS,

constituting the majority of the plastic waste, remains to be understood.
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1.6 Unique Amphiphilic Fungal Proteins

As the primary decomposers of the environment, fungi have developed a robust and
complex enzyme system that allows absorption of nutrients from highly resistant substrates.
Besides the production of lipases/esterases known to be involved in the biodegradation of
plastics, fungi secrete another class of surface-active proteins called the ‘Hydrophobins’.
Uniquely to filamentous fungi, these are low molecular weight proteins with remarkable
properties, one of which is the ability to self-assemble at hydrophilic-hydrophobic interfaces.
This property changes a surface from hydrophilic to hydrophobic and vice-versa. These are
secreted as soluble proteins constituting 70-350 amino acids in length, with a signal peptide
directing the proteins to be exported from the cell [Wdsten and Scholtmeijer, 2015]. These
proteins show low sequence conservation and are characterized by hydrophobicity profiles,
idiosyncratic pattern of eight conserved cysteine residues forming four disulphide bridges
[Sunde et al. 2008]. Based on their hydropathy patterns and solubility characteristics, class |
and class Il hydrophobins have been identified. Class | hydrophobins are produced by
Ascomycota and Basidiomycota fungi, and form assemblies of amyloid-like rodlets that are
SDS insoluble, resistant to heat, and resistant to acidic conditions. Class 11 hydrophobins, which
to date have only been identified among the Ascomycota, are readily identified as their
sequences are comparatively conserved. Their assemblies are less stable than class | assemblies
and can be disassociated by SDS-alcohol mixtures [Bayry et al. 2012]. Typically, a single
fungal species only expresses either class | or class Il hydrophobins. However previous studies
showed that few species have the ability to express both class | and class Il hydrophobins
[Linder et al. 2005]. Moreover, fungi may also synthesize intermediate forms of hydrophobins
which may not be clearly divided into the above classes [Jensen et al. 2010]. Hydrophobins are
expressed under different stages of fungal life cycle participating in numerous important roles
including aiding aerial hyphal growth, coating of spores and mediating interactions with host.
Besides their noteworthy functions, hydrophobins also play a key role in helping the fungi to
survive and adapt under different environmental conditions by affecting the mechanical
properties of the mycelium and their ability to interact with surfaces [Linder et al. 2005; Appels
et al. 2018].

Since hydrophobins can self-assemble themselves at hydrophilic-hydrophobic
interfaces, their functional aspect may be explored to overcome one of the challenges in plastic
degradation, the hydrophobicity of plastics. The large and exposed hydrophobic patches on the

protein surface display a clustering of surface charged residues that is likely to underpin the
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observed high surface activity of these proteins [Lienemann et al. 2013]. Recently, Pham et al.
(2018) determined that hydrophobins have a significant level of conformational plasticity, with
the nature of the interfacial assemblies being highly dependent on the specific interface the
proteins are interacting with. Their versatile properties make them conducive to a broad and
growing potential application space including construction of drug delivery systems,
biosensors, antimicrobial coatings, biomineralization, etc [Berger and Sallada, 2019]. Due to
the high stability of hydrophobin layers, the polystyrene surface in the biosensor was
functionalized by coating hydrophobins over it resulting in increased sensitivity of the
biosensor [Hennig et al. 2016]. This suggests that hydrophobins might also play an integral
role in plastics biodegradation systems. It is noteworthy that a few studies have reported the
role of hydrophobins in myco-degradation of biodegradable plastics. Takahashi et al. (2005)
reported the role of RolA (a hydrophobin) produced by Aspergillus oryzae, in biodegradation
of PBSA, by coating the hydrophobic surface of PBSA, followed by conformational change,
and subsequently recruiting cutinase for stimulating PBSA hydrolysis. Later, another
hydrophobic surface binding protein, namely, HsbA, secreted by Aspergillus oryzae, was
reported to specifically work in a similar manner to previously reported RolA [Ohtaki et al.
2006]. Recently, Puspitasari et al. (2021) reported that RolA extracted from A. oryzae could
also elevate the degradation of PET, alongwith PBSA. It is speculated that the wetting effect
of RolA acts on PET surface converts PET to become hydrophilic that leads PETase easier to
contact and attack the surface. Hence, it could be concluded that the functional aspects of
hydrophobins to be tested for synthetic recalcitrant plastics are yet to be understood. Since the
phylloplanic fungi harbour a hydrophobic surface under natural conditions, their inherent
potential for production and release of hydrophobins and other bioactive proteins can be
utilized for the biodegradation of synthetic plastics.

1.7 Gaps in Existing Research

The awareness of plastic pollution is relatively recent and was highlighted to
concentrate on plastic debris in the oceans. The widespread use of plastics has led to a
staggering amount of plastic pollution in man-made and natural environments, clearly
identifying plastic waste as first-order environmental issue. Plastic debris of all size classes is
rapidly accumulating without any practicable options for its removal, majorly constituting the
waste generated from ‘throw away’ products. Besides, the identified harmful effects of plastic
debris on human and wildlife health, the lack of a plausible solution has become a larger

problem to be dealt with. Since the mobility of plastic fragments varies under different
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environments, the parameters which influence its mobility and fragmentation of plastic debris
are yet to be explored. Moreover, no global data is available on the proportion of various types
of plastic waste that is generated, disposed, recycled, and landfilled. The basic knowledge about
the general production stats and ‘after-life’ fate of plastic products remains unknown. Thinking
of plastic pollution like an iceberg: we only know what is on the surface. To understand the

problem, we need to understand the scope of the problem.

Biodegradation of plastics is one possible solution and a key factor to reduce the impact
of plastic pollution. However, the scientific knowledge covering the degradation of different
plastics by a few identified microbes is scattered across scientific publications. Moreover, the
available data regarding the rationale behind isolation of plastic-degrading microbes and
involvement of biomacromolecules participating in biodegradation is largely undetermined.
Although, biodegradation of a few biodegradable and largely recyclable plastics such as PHAS
and PET has been widely explored, the horizons of the research remain unexpanded. Among
synthetic plastics, degradation studies have been majorly conducted on low-density
polyethylene (LDPE), whereas degradation of recalcitrant and non-recyclable plastics such as
PS and PP are lacking. Moreover, since PS is regarded as the most persistent plastic comprising
the majority of the waste generated, no conclusive studies have been published regarding the
enzymes involved in its biodegradation. In addition, the selection of microbial species used for
plastic degradation have been very random and without any scientific rationale behind their
selection. Since, epicuticular wax and cutin share chemical similarities to the plastics, the
microflora of the phylloplane of the xerophytes can be explored towards their plastic
degradation abilities. Given that, the rate of plastic biodegradation may be affected by
parameters such as temperature, pH, and exposure duration, the optimization processes for
efficient biodegradation are lacking. The mechanism of plastic degradation has also not been
explored fully till date due to which large scale degradation of plastic waste is still a dream. As
biodegradation is a complex phenomenon, detailed pattern and mechanism is still being
predicted. The discovery of novel plastic degrading enzymes occurring in nature and their
interaction with the plastics as substrates shall improve our current understanding necessary to

construct a suitable biotechnical application of enzymes for plastic biodegradation.
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1.8 Objectives

Based on the above-mentioned considerations, the present thesis aims to fulfil the following

objectives:

1. Collection, isolation, and identification of phylloplane fungi capable of polystyrene sulfonate
transformation

2. Screening, optimization studies and determination of polystyrene sulfonate transformation
by fungal isolate(s)

3. Characterization of participating biomolecule(s) and exposition of polystyrene sulfonate

transformation mechanism(s)
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Chapter 2

Molecular Identification of Phylloplanic
Fungi Isolated from Xerophytic
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2.1 Introduction

Plastics have emerged as one of the most integral parts of today’s era and it shall be for
the decades to follow. This is because of their outstanding properties that evolve through time
such as low price, stability, and resilience due to their polymeric characteristics which make
plastics indispensable part for every aspect of our daily lives [Ali et al. 2021]. However, these
properties also resist any notable degradation in the environment. When plastic waste enters
the environment, it is acted upon by a combination of various abiotic and biotic factors such as
photodegradation, thermo-oxidation, hydrolysis, and biodegradation [Andrady, 2011]. The
abiotic factors result in the generation of various hazardous micro- and nano-sized plastic
particles, while the biotic action results in the conversion of plastics mainly into CO2, organic
intermediates, and microbial biomass. Hence, microbial-degradation or biodegradation of

plastics seems to be the most plausible method for managing plastic waste.

Microorganisms have been evolving for millions of years in advancing their metabolic
capacity, enabling them to favour their growth and survival under extreme environmental
conditions [Amobonye et al. 2021; Aleklett and Boddy, 2021]. Among various microbial
communities, fungi have expanded and strengthened their extra- and intra-cellular enzyme
system concluding in their emergence as potent decomposers. Their tolerance to high
concentrations of pollutants in the dynamically active environments makes them as potential
systems for mediating degradation and remediation of organic pollutants. For instance, the
lignocellulosic biomass and plant cuticle are one of the most complex and recalcitrant
substrates for enzyme degradation due to extensive C-C bonding throughout their chemical
structure [Andlar et al. 2018; Bhanot et al. 2021]. However, various fungal genera have been
reported to actively depolymerize these naturally occurring rigid polymers by releasing extra-

cellular enzymes [Gupta et al. 2016].

Similar to lignocelluloses and plant cuticle, plastics also display an extensive C-C
bonded chemical structure that makes it resistant to biodegradation. Based on their chemical
structure, plastics may exist as homo- and hetero- plastics, mainly consisting of only C-C
backbone and C-O backbone, respectively [Ali et al. 2021]. For, hetero-plastics such as
polyurethane (PU) or polyethylene terephthalate (PET), enzymatic depolymerization by
esterases such as PETases has been widely reported since these bonds are comparatively easier
to break. However, homo-plastics containing highly recalcitrant C—C bonds in their backbones

have no dedicated enzymes reported (as yet) and might undergo degradation at a very slow
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pace [Tournier et al. 2020; Tiso et al. 2022]. Moreover, detailed studies concentrating on the
biodegradation of various homo-plastics such as polypropylene (PP) and polystyrene (PS) are
scarce and lack the scientific rationale behind the selection of microorganisms for conducting
degradation experiments.

Despite the powerful prospects of fungi in metabolising complex pollutants, limited
studies have been conducted to understand the functional abilities and specific myco-
macromolecules involved in the process of fungal-mediated plastic degradation. Moreover,
studies focussing on the biodegradation plastics have selected random microbial isolates
without any scientific rationale causing lack in the detailed outlook of the process. There are
many reports concentrating on the enzyme-mediated degradation of PET, which is already one
of the most recycled plastics, ignoring the more rigid and frequently used plastics (namely, PP
and PS) due to which large scale degradation of plastic waste is still a dream. Considering the
physical and chemical similarities between the hydrophobic cuticle (which covers the
phylloplane of the leaves) and plastics, well-adapted microbes isolated from the phylloplane of
xerophytic plants growing in harsh environmental conditions of Indian arid zone can be a better
source for plastic degradation. Since xerophytes have been known to possess thicker cuticle in
comparison to mesophytic plants, we aimed to isolate the well-adapted phylloplanic fungi of

the xerophytic plants and to test their ability for plastic degradation.
2.2 Materials and Methods

The microbiological media ingredients, molecular biology kits and PCR reagents were
purchased from HiMedia (HiMedia Laboratories, India), Qiagen (Qiagen, Germany) and
Promega (Promega, Germany), respectively. Primers used for the amplification of ITS region
and Translation elongation factor 1-a (TEF 1- «) were obtained from Sigma-Aldrich (Sigma-
Aldrich, USA). All other chemicals were procured from Merck Chemicals (Merck KGaA,
Germany) unless otherwise stated. Milli-Q Biocel water purification system (Merck KGaA,

Germany) was used for obtaining Milli-Q water.

The experimental handling of fungal isolates was carried out following the guidelines
given in the “Handbook for Institutional Biosafety Committee, (IBSC), 2020” notified by
Department of Biotechnology, Ministry of Science & Technology, Govt. of India.
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2.2.1 Sampling Sites and Isolation of Fungi

Phylloplane samples of naturally growing xerophytic plants viz. Calotropis procera
and Salvadora persica were collected from various sites of four districts of western Rajasthan,
namely, Jhunjhunu, Sikar, Churu and Nagaur during summer (June, 2019), monsoon
(September, 2019), and winter (January, 2020) seasons. Being semi-arid regions of Rajasthan,
these districts witness extended dry summer, insufficient rainfall, and extreme winter during
the year. Table 2.1 summarizes the district-wise sampling location sites and their respective

geographic coordinates.

Table 2.1 The sampling locations in western Rajasthan and plant species used for phylloplane

samples.
District Location Geographical co-ordinates Plant species
Site 1 28°30'37"-75°3'12"
Jhunjhunu Site 2 28°2'32"-75°63'12" Calotropis procera
Site 3 28°16'24"-75°4'85" Salvadora persica
Site 4 28°15'94"-75°4'23"
Sikar Site 5 28°73'24"-75°22'16" Calotropis procera
Site 6 27°57'75"-75°18'90" Salvadora persica
Churu Site 7 27°72'34"-74°71'45" Calotropis procera
Nagaur Site 8 27°64'91"-74°44'80" Calotropis procera
Site 9 27°64'43"-74°42'64"

A total of nine sampling sites were studied across four districts [Table 2.1]. At each
sampling site, three spatially distant points with a minimum of 5 m distance were selected for
the collection of healthy leaves from individual plant of respective species. Leaves were chosen
at random in order to avoid local fluctuations in fungal populations. The leaves were picked
using sterile forceps and immediately packed in sterile sealed plastic bags which were then
placed in an insulated carrier during transport and immediately refrigerated at 4 °C. The
samples for fungal isolation were processed the same day, and the samples for cuticle

characterization were processed within three days of their collection.
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Isolation of fungi was carried out using the leaf imprinting technique [Meyling and
Eilenberg, 2006]. Briefly, the leaf sample was picked with sterile forceps and imprinted
(pressed firmly) from both adaxial (upper) and abaxial (lower) surfaces on to Rose Bengal Agar
media plates (pH 7.2+0.2) supplemented with 30 ug mL* of chloramphenicol. After incubating
the plates for 3-4 days at 28°C under dark conditions, the obtained individual fungal colonies
were isolated and further purified by repeated sub-culturing on potato dextrose agar (PDA)
medium (pH 5.6£0.2). Preliminary identification of fungal isolates was performed on the basis
of morphological characters [Table 2.2]. Glycerol stock of all the morphologically distinct

fungi were prepared and stored at -80° C for future use.
2.2.2 Molecular Characterization of Fungal Isolates

The individual fungal isolates were inoculated separately in 25 mL of Czapek’s dox
broth medium (pH 7.3+0.2) in 100 mL Erlenmeyer flasks in order to prepare fresh cultures.
The flasks were incubated at 28 °C for 72 h under dark conditions. The grown mycelia were
separated from the media by centrifugation (8000 rpm, 4 °C, 10 min). The obtained mycelia
were washed thrice using autoclaved MilliQe water followed by its mechanical crushing in
liquid nitrogen using pre-chilled mortar and pestle. The genomic DNA was extracted using the
spin column kit (HiMedia) following the manufacturer’s instructions and the obtained DNA

pellet was mixed in 50 pL. of molecular grade water.

For all fungal isolates, the internal transcribed spacer (ITS) regions of ribosomal DNA
was amplified using primers ITS-1 (5 TCCGTAGGTGAACCTGCGG) and ITS-4
(5 TCCTCCGCTTATTGATATGC) [White et al. 1990]. Wherever required, amplification of
other house-keeping gene was also performed for conclusive species level identification.
Translation elongation factor (TEF 1-a) gene was partially amplified using the complete length
primer 2218R (5 ATGACACCRACRGCRACRGTYTG) [Rehner and Buckley, 2005].
Polymerase chain reaction (PCR) was performed in total volume of 50 pL containing Taq
Buffer A (10 mM Tris-HCI, 50 mM KCI, and 1.5 mM MgClz, pH 8.3), 50 uM each of
deoxynucleoside triphosphates, 50 pmol of each of ITS-1 and ITS-4 primers (30 pmol in case
of TEF 1-a primer), 1 unit of TagDNA polymerase and 100-150 ng of template genomic DNA.
The reactions were carried out on Veriti® Thermal Cycler (Applied Biosystems, USA) using
the optimized PCR conditions [Table 2.2]. The obtained PCR products were separated on 1 %
(w/v) agarose gel along with standard DNA ladder SM0241 (Fermentas Life Sciences,
Canada). The purified PCR products were sequenced using an ABI 3500x1 genetic analyser
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(Life Technologies, USA). The obtained nucleotide sequences were compared using Basic
Local Alignment Search Tool (BLAST) network services of the National Centre for
Biotechnology Information (NCBI) database. The most closely related species were
determined based on the existing Type strain entries. The sequences were further submitted to

GenBank database, and the accession numbers were obtained.

The multiple alignment of obtained ITS1-5.8S-1TS2 gene complex sequences of the
fungal isolates was performed using built-in CLUSTAL W function in Molecular Evolutionary
Genetic Analysis software (MEGA 11) [Thompson et al. 1994]. The phylogenetic tree was
constructed using Neighbor-joining method and with 1000 bootstraps run in MEGA 11
software [Tamura et al. 2021]. The substitution model was based on Jukes and Cantor (1969).

Table 2.2 PCR conditions used for amplification of selected regions/genes for molecular

identification of fungal isolates.

Stages of PCR Amplification Conditions
Region/ Initial Denaturation | Annealing | Elongation Final Cycles
Gene Denaturation Elongation
ITS 94°C 94°C 57°C 72°C 72°C 30
(2 min) (1 min) (1.5 min) (2 min) (4 min)
TEF 1-a 94°C 94°C 55°C 72°C 72°C 30
(3 min) (0.75 min) (0.75min) | (1.5 min) (4 min)

2.3 Results and Discussion
2.3.1 Morphological Identification of Fungal Isolates

Preliminary identification of fungal isolates was performed on the basis of
morphological parameters like form, size, elevation, margin/border, surface, opacity, colour,
back pigmentation and microscopic parameters like hyphal branching pattern and spore shape,
size and arrangement etc. recorded for all isolates. A total of 20 morphologically distinct fungal
isolates were purified based on the above-mentioned parameters [Table 2.3]. Out of which, 13

fungal isolates were isolated from the phylloplane of C. procera and 7 were isolated from S.

24




persica. The difference in the fungal abundance over the different plant species could be an
attribute of the phylloplanic area, which was larger in case of C. procera in comparison to S.
persica. Furthermore, the fungal abundance peaked in the summer season (14 isolates) and was
lowest in the monsoon (2 isolates). This could be due to the windy sandstorms that occur during
summer season, leading to the increased fungal diversity, whereas, the heavy rains wash out
the phylloplane of the plants, resulting in lesser number of fungal isolates remaining on the

surface.

Table 2.3 Morphology (as observed on PDA medium) of axenic fungal isolates derived from

phylloplanes of selected xerophytic plants.

Fungal Isolate Morphology Texture
VJPO1 Thick olive-green mat Velvety
VJP02 Very dark green mat with dark reverse Woolly
VJP03 Aqgua green spores Sporulous
VJIP04 Olive-black with black reverse Velvety
VJP05 Brown-greenish mat with whitish granules Granular
VJIP06 Dull mustard spores Sporulous
VJPO7 Cotton white mat Cottony
VJP08 Brown woolly mat Woolly
VJP09 Mauve and white mat Woolly
VJP10 Mustard spores Sporulous
VJP11 Dark green mat with whitish centre Woolly
VJIP12 Brownish with white margin Wrinkled
VJP13 Tree-bark ring mat Wrinkled
VIP14 Cream-brown Wrinkled
VJP15 Mehndi green spores Granular
VJP16 Yellowish snow-flake Wrinkled
VJIP17 Black-grey fluffy mat Woolly
VJP18 Dark green mat Woolly
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VJP19 Aqua green and yellowish mat Chalky

VJP20 Black spores Sporulous

2.3.2 Molecular Identification

Molecular characterization was performed by the comparative sequence analysis of ITS
regions of ribosomal DNA for all the fungal isolates. The rRNA operon sequence is the most
widely used candidate for the molecular phylogenetic studies. Amplification of the ITS regions
resulted in PCR products of 532-668 bp with considerable variation. In case, where the ITS
region sequence was not adequate, the comparative sequence analysis of partial TEF 1-a gene
was also performed for conclusive characterization. The fungal isolate Curvularia sp. VJP08
showed less percent similarity for ITS region, and hence, TEF 1- a gene was amplified which
resulted in PCR product of 849 bp. The sequences generated from these PCR products were
submitted to the GenBank database of NCBI, and the accession numbers were obtained [Table
2.4 and 2.5].

2.3.3 Fungal Diversity

Clustering of obtained nucleotide sequences resulted in the distribution of 20
morphologically distinct fungal isolates into 17 different species across 8 different genera
[Figure 2.1]. Aspergillus and Penicillium were found to be the most abundant genera with 8
and 3 species each among the fungal isolates, respectively. The fungal biodiversity of the
xerophytic plants including Calotropis sp. and Salvadora sp. has been reported to be abundant
in Aspergillus sp., Fusarium sp., Curvularia sp., Cladosporium sp., Penicillium sp., and
Alternaria sp., [Yadav and Meena, 2021].

The phylogenetic tree was constructed to study the evolutionary relationship among the
fungal isolates [Figure 2.2]. The analysis revealed the presence of five major clades comprised
of Alternaria, Cladosporium, Curvularia, Epicoccum, Fusarium, Penicillium and
Purpureocillium genera, whereas a single aggregated clade representing Aspergillus genus was
also observed. The appearance of similar aggregated clades of Aspergillus species were also
observed and found to be closely related to Penicillium species [Samson et al. 2014]. It is
noteworthy that these phylloplane fungal genera are also reportedly plant pathogens, which
have the ability to degrade plant leaf cuticle in order to facilitate its adhesion and promote early
stages of infection [Ziv et al. 2018; Jayawardena et al. 2021]. As discussed in Chapter 1, that

the plant polymers share similar chemical linkages as plastics, it would be interesting to
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investigate and identify the ability of these fungal isolates towards their

potential against PSS.

Alternaria  Cladosporium
10% 10%

Epicoccum
5%

Penicillium
15%

Fusarium
5%

Curvularia

Aspergillus
perg 10%

40%
Purpureocillium
5%

Figure. 2.1 Pie chart depicting various fungal genera.
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Aspergillus nidulans VJPI11
Aspergillus quadrilineatus VJPI16
100 Aspergillus foveolatus VJPI3

Aspereillus ochraceus VJP0O

100 Aspergillus ochraceus VJPI0

Aspergillus sp. VIP15

Aspergillus welwitschiae VIP20

Aspergillus sp. VJP0OS

Ln

Penicillium chryvsogenum VJP03

00|76 —— Penicillivm shearii VJP14

Penicillivm sp. VJPI9

[ |— Cladosporium sp. VJPOI
100 | Cladosporium sp. VIP04
| Epicoccum keratinophilum VJPI2
Alternaria sp. VJP02
100 100 Alternaria alstroemeriae VJPIS
99 Curvidaria sp. VJPOS
100 - Curvularia caricae-papayvae VIPI7
Fusarium sp. VJPO7
11— Purpureocillivm lilaciman VJP09

Ustilago maydis CBS 445.63

Figure 2.2 Molecular phylogenetic analysis of ITS gene sequences of fungal isolates from
phylloplane of xerophytic plants. Ustilago maydis CBS 445.63 was used as outgroup. Bootstrap

support values >50% are presented below the nodes.
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Table 2.4 Analysis of ITS region sequences of fungal isolates with their reference sequences from NCBI GenBank database.

Sequence Length BLAST Analysis
Fungus Isolate Accession 18S | ITS1 | 58S | ITS2 | 28S | Max. Query Max. Closest Match Reference
Number Score | Coverage | ldentity
Cladosporium sp. | VJP01 OM920724 <79 70 149 | 149 49> 990 90% 99.63% | NR_119729.17 | Schubert et al.
2009
Alternaria sp. VJP02 0OM944048 <58 | 165 | 207 | 158 62> | 1033 94% 99.65% | NR_163686.1"T | Vuetal. 2019
Penicillium VJP0O3 OM944049 <33 | 173 152 168 62> 1072 99% 99.66% | NR_077145.17 | Rakeman et al.
chrysogenum 2005
Cladosporiumsp. | VJP0O4 | OM944607* - 169 | 158 | 148 62> 966 97% 99.81% | NR_148192.1 T | Sandoval-Denis
et al. 2015
Aspergillus sp. VJP05 OM945716 <17 | 176 | 158 | 150 61> 941 99% 96.98% | NR_111412.17 | Schoch et al.
2014
Aspergillus VJP06 OM945723 <33 | 168 155 180 60> 1044 99% 98.49% | NR_077150.17 | Haugland et al.
ochraceus 2004
Fusarium sp. VJPO7 | OM945732* - 164 | 158 | 156 50> 876 98% 96.96% | NR_172283.17 | Vuetal. 2019
Curvularia sp. VJPO8 OM967375 <28 | 175 | 158 | 165 58> 900 100% 94.89% | NR_172405.17 | Tanetal. 2018
Purpureocillium | VJP09 OM945734 <17 | 188 | 157 | 161 61> | 1037 96% 100% NR_165946.17 | Luangsa-Ard et
lilacinum al. 2011
Aspergillus VJP10 OM952173 <16 | 169 158 172 120> | 1057 100% 99.83% | NR_077150.17 | Haugland et al.
ochraceus 2004
Aspergillus VJP11 OM945811 <33 | 152 | 158 | 165 45> | 1000 98% 99.63% | NR_133684.17 | Henry et al. 2000
nidulans
Epicoccum VJP12 OM945845 <18 | 139 | 158 | 156 52> 918 98% 98.47% | NR_158278.17 | Valenzuela-
keratinophilum Lopez et al. 2017
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Aspergillus VJP13 OM946598 <33 | 152 | 158 | 165 61> | 1013 99% 98.77% | NR_151791.1"7 | Chenetal. 2016
foveolatus
Penicillium VJIP14 | OM946586* - 188 | 158 | 166 40> 987 93% 99.81% | NR_111495.1 " | Houbraken et al.
shearii 2010
Aspergillus sp. VJP15 OM946588 <17 | 181 158 166 61> 1077 100% 100% NR_171607.17 | Frisvad et al.
2019
Aspergillus VJP16 | OM946591* - 168 | 158 | 164 12> | 1000 99% 99.64% | NR_131289.17 | Peterson, 2008
quadrilineatus
Curvularia VJP17 OM946592 <14 | 160 | 158 | 153 55> 998 100% 100% NR_147458.17 | Madrid et al.
caricae-papayae 2014
Alternaria VJP18 OM946594 <16 | 162 | 174 | 141 46> 977 98% 99.63% NR_137143T | Pryor and
alstroemeriae Bigelow, 2003
Penicillium sp. VJP19 OM946595* - 187 | 139 | 179 96> 911 95% 96.56% | NR_121325.1T | Peterson and
Horn, 2009
Aspergillus VJP20 OM952175 <16 | 185 | 172 | 142 57> | 1064 100% 99.66% | NR_137513.17 | Meijer et al.
welwitschiae 2011

*Incomplete ITS sequence; T Type strain

Table 2.5 Analysis of partial TEF 1-a gene sequence of selected fungal isolate with the reference sequences from NCBI GenBank database.

Fungus Isolate Gene Accession number Coding BLAST Results
Sequence Max. Query Max. | Closest Match Reference
Length score | Coverage | identity
Curvularia TEF 1-a ON108652 Marin-Felix et al.
_ VJP08 _ <l...... >846 1520 99% 99.17% | MF490858.1 T
dactyloctenicola (Partial) 2017
T Type strain
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Table 2.6 Phylogenetic classification of fungal isolates derived from phylloplane of xerophytic plants.

Classification*

dactyloctenicola

Fungus Isolate Kingdom?, Phyllum?, Subphyllum?3, Class?, Subclass®, Order®, Family’, Genus®

Cladosporium sp. VJPO1 Fungi', Ascomycota?, Pezizomycotina®, Dothideomycetes*, Dothideomycetidae®, Capnodiales®,
Davidiellaceae’, Cladosporium?®

Alternaria sp. VJP02 Fungi!, Ascomycota?, Pezizomycotina®, Dothideomycetes*, Pleosporomycetidae®, Pleosporales®,
Pleosporaceae’, Alternaria®

Penicillium sp. VJP03 Fungi®, Ascomycota?, Pezizomycotina®, Eurotiomycetes*, Eurotiomycetidae®, Eurotiales®,
Trichocomaceae’, Penicillium?®

Cladosporium sp. VJP04 Fungi', Ascomycota?, Pezizomycotina®, Dothideomycetes*, Dothideomycetidae®, Capnodiales®,
Davidiellaceae’, Cladosporium®

Aspergillus sp. VJP05 Fungi, Ascomycota?, Pezizomycotina®, Eurotiomycetes®, Eurotiomycetidae®, Eurotiales®,
Trichocomaeceae’, Aspergillus®

Aspergillus VJP06 Fungi!, Ascomycota?, Pezizomycotina®, Eurotiomycetes*, Eurotiomycetidae®, Eurotiales®,

ochraceus Trichocomaeceae’, Aspergillus®

Fusarium sp. VJPO7 Fungi®, Ascomycota?, Pezizomycotina®, Sorariomycetes*, Hypocreomycetidae®, Hypocreales®,
Nectriaceae’, Fusarium?®

Curvularia VJP08 Fungi', Ascomycota?, Pezizomycotina®, Dothideomycetes®, Pleosporomycetidae®, Pleosporales®,

Didymellaceae’, Curvularia®
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Purpureocillium VJP09 Fungi!, Ascomycota?, Pezizomycotina®, Sorariomycetes*, Sardariomycelidae®, Hypocreales®,

lilacinum Ophiocordycipitaceae’, Purpureocillium®

Aspergillus VJP10 Fungi!, Ascomycota?, Pezizomycotina®, Eurotiomycetes*, Eurotiomycetidae®, Eurotiales®,

ochraceus Trichocomaeceae’, Aspergillus®

Aspergillus VJP11 Fungi!, Ascomycota?, Pezizomycotina®, Eurotiomycetes*, Eurotiomycetidae®, Eurotiales®,

nidulans Trichocomaeceae’, Aspergillus®

Epicoccum VJIP12 Fungi', Ascomycota?, Pezizomycotina®, Dothideomycetes*, Pleosporomycetidae®, Pleosporales®,

keratinophilum Didymellaceae’, Epicoccum®

Aspergillus VJP13 Fungi®, Ascomycota?, Pezizomycotina®, Eurotiomycetes*, Eurotiomycetidae®, Eurotiales®,

foveolatus Trichocomaeceae’, Aspergillus®

Penicillium VJIP14 Fungi!, Ascomycota?, Pezizomycotina®, Eurotiomycetes*, Eurotiomycetidae®, Eurotiales®,

shearii Trichocomaceae’, Penicillium®

Aspergillus sp. VJP15 Fungi®, Ascomycota?, Pezizomycotina®, Eurotiomycetes*, Eurotiomycetidae®, Eurotiales®,
Trichocomaeceae’, Aspergillus®

Aspergillus VJIP16 Fungi!, Ascomycota?, Pezizomycotina®, Eurotiomycetes*, Eurotiomycetidae®, Eurotiales®,

quadrilineatus Trichocomaeceae’, Aspergillus®

Curvularia VJP17 Fungi!, Ascomycota?, Pezizomycotina®, Dothideomycetes*, Pleosporomycetidae®, Pleosporales®,

caricae-papayae Didymellaceae’, Curvularia®

Alternaria VJP18 Fungi!, Ascomycota?, Pezizomycotina®, Dothideomycetes*, Pleosporomycetidae®, Pleosporales®,

alstroemeriae Pleosporaceae’, Alternaria®

Penicillium sp. VJP19 Fungi', Ascomycota?, Pezizomycotina®, Eurotiomycetes*, Eurotiomycetidae®, Eurotiales®,
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Trichocomaceae’, Penicillium?®

Aspergillus VJP20 Fungi!, Ascomycota?, Pezizomycotina®, Eurotiomycetes*, Eurotiomycetidae®, Eurotiales®,
welwitschiae Trichocomaeceae’, Aspergillus®

*Source: Mycobank (http://www.mycobank.org)
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The phylogenetic classification indicated that all the identified fungal isolates belonged
to phylum Ascomycota [Table 2.6]. Ascomycota constitutes the most variable phylum of fungal
kingdom, accounting for >65% of the currently described fungi [Harms et al. 2011]. Fungal
species of this phylum represent all the modes of nutrition (parasitic, symbiotic or saprotrophic)
and are able to colonize very diverse niches [Olicon-Hernandez, 2017]. The degradative
capability of Ascomycota fungi has been studied for aromatic substances such as polycyclic
aromatic hydrocarbons (PAHs) and chlorinated hydrocarbons indicating them as potential
degraders [Gonzélez-Abradelo et al. 2019; Germain et al. 2021]. In addition, Ascomycota genus
namely, Aspergillus sp., Acremonium sp., Cladosporium sp., Penicillium sp., Paecilomyces sp.,
and Fusarium sp. have been utilised in many bioremediation studies [Sharma and Malaviya,
2016]. Despite this wide distribution, the utilization of Ascomycota fungal species for plastic
biodegradation has been least explored.

2.4 Conclusion

During the seasonal survey, a total of 20 morphologically different fungi were isolated,
pure-cultured and identified, all of which were belonging to phylum Ascomycota. Overall, the
fungal abundance peaked in the summer season and was lowest in the monsoon. Aspergillus
was found to be the most dominating genera constituting about 40% of the total fungal species,
followed by Penicillium sp. (15%), Cladosporium sp. (10%), Curvularia sp. (10%), and
Alternaria sp. (10%), respectively. Ascomycetous fungi could be ideal biodegraders due to their
ability to grow in wide range of habitats and in extreme conditions due to their outstanding
metabolic diversity and versatility. Considering the chemical similarities of phylloplane
constituents (epicuticular wax and cutin) to the complex synthetic plastics, the phylloplanic
fungi can be explored towards their plastic degradation potential. Hence, these fungal isolates

were further explored and screened as potential candidates for plastic degradation.
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Chapter 3

Temporal Variations in the Surface
Micromorphology and Chemical
Composition of Cuticular Wax in

Xerophytic Plants

Part of the work presented in this chapter has been published as per the following details:
e Bhanot et al. (2021) Environmental and Experimental Botany 183, 104364
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3.1 Introduction

The phylloplane is the leaf surface environment which serves as the ‘communication
platform’ between the plant leaf and external abiotic & biotic factors. The anatomy of the
phylloplane is multi-layered and formed by chemically distinct regions, one of which is the
‘cuticle’ that lies above the cell wall of the leaf epidermal cells. The development of cuticle
coating has been noted as one of the most important adaptations during the evolutionary events
of plants’ habitat transition [Bhanot et al. 2021]. The evolution of cuticle has been documented
in early studies perceiving cuticle solely as an extracellular lipid deposit over the epidermal
cells [Martens, 1933]. Later studies concluded that the cuticle does not lie as an independent
entity, but rather occurs in a complex association with the cell wall of epidermal cells [Meyer,
1937; Sargent, 1976]. The transverse section (TS) of the leaf boundary would show the
polysaccharide cell wall of epidermal cells physical overlined by the cuticle components
occurring as a specialised lipid modification of the cell wall [Yeats and Rose, 2013].
Chemically, the cuticle is divided into two domains: the lower domain ‘cuticle layer’,
composed of an interconnection between cell wall polysaccharides and cutin polymers,
whereas the upper domain ‘cuticle proper’ is enriched in intra-cuticular waxes within the cutin
matrix, which are in-turn sealed by the extrinsic deposits of epicuticular wax that displays

distinct morphologies [Figure 3.1] [Bhanot et al. 2021].

5 Epicuticular Wax

:| Cauticle Proper
o

] Cutlcle Layer

:l Cell Wall
] Plasma Membrane

Epidermal Cells

Figure 3.1 A schematic diagram of transverse section of a leaf showing epidermal cell and
overlaying domains of cuticle and epicuticular wax deposits [Bhanot et al. 2021].

Waxes are essential structural and fundamental element of the plant surface which have
functional and ecological importance [Barthlott et al. 1998]. The cuticular waxes are majorly
composed of heterogeneous mixtures of very long chain hydrocarbon backbone with common
components including n-alkanes, aldehydes, fatty acids, alkyl esters, primary and secondary
alkanols, ketones, alkenes and terpenoids etc. [Aragon et al. 2017]. The cuticular waxes can be
extracted using organic solvents such as chloroform, acetone, ethyl acetate, hexane, and

methanol, whereas the cross-linked polymeric network of cutin makes it insoluble and difficult
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to extract [Nawrath, 2006]. These assorted hydrocarbons establishing the cuticular wax impart
hydrophobicity and water impermeability, making the phylloplanic surface superhydrophobic
[Zeisler-Diehl et al. 2018]. Waxes often form complex three-dimensional crystalline
microstructures such as platelets, rods, and tubules [Koch and Barthlott, 2006a]. The assorted
chemical composition and structural arrangement of cuticular waxes display an alteration in
response to varying environmental factors such as temperature, drought, etc. Based on the
appearance and arrangement of epicuticular wax on the surface, Barthlott et al (1998) proposed
classification and terminology for about 23 wax types by analysing at least 13,000 species to
systemize the micromorphological diversity. These classifications included the appearance of
wax as granules, platelets, threads, rodlets, tubules and wax chimneys with further introduced
sub-divisions. Additionally, these ultrastructures are also observed to appear in correlation to

the chemical composition of wax.

Functionally, these wax crystals exhibit a protection barrier against microorganisms
such as bacteria and fungi [Dominguez et al. 2011]. In addition, there is evidence of the
modulation and involvement of the cuticular wax components in establishing a ‘reversible’
transpiration barrier under different conditions of water availability. Although, the exact
mechanism has not yet been fully identified, but the components have shown to modify and
adjust in controlling water loss [Zhang et al. 2021]. Moreover, the hydration level of the cutin-
rich layer beneath the cuticular waxes also regulates the water permeation [Kamtsikakis et al.
2021].

The present study aims to examine the temporal dynamics in the surface
micromorphology and chemical composition of the cuticular wax of Calotropis procera and
Salvadora persica growing in the arid regions of Indian Thar Desert. The micromorphology of
cuticular waxes was investigated using SEM imaging and confocal microscopy, while the
chemical composition was studied using GC-MS/MS for the leaf samples collected during

summer, monsoon, and winter season, respectively.
3.2 Materials and Methods
3.2.1 Materials

All chemicals were of analytical grade and the solvents were of GC grade and procured
from Sigma Aldrich (India) or Merck (India) unless otherwise stated. Fully mature leaves of
C. procera and S. persica were obtained from naturally growing plants located in four districts

of Rajasthan namely, Jhunjhunu, Sikar, Churu and Nagaur during summer (June, 2019),
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monsoon (September, 2019), and winter (January, 2020) seasons. The area has been classified
as arid desert (hot) by the Kdppen-Geiger climate classification system [Peel et al. 2007].
Macroclimatic data are available with the Indian Meteorological Department, Ministry of Earth
Sciences, India. The leaf samples were immediately transferred in self-sealing plastic bags and
placed in an insulated box during transport. The samples were processed within 1 day of

collection.
3.2.2 Field-Emission Scanning Electron Microscopy (FE-SEM)

The leaves were cut along the mid-rib into 1x1 cm? using a clean scalpel blade and air-
dried overnight at room temperature to slowly reduce the water content [Pathan et al. 2008].
The dried leaves were fixed on aluminium stubs using an adhesive carbon tape and sputter
coated with gold palladium for 60-120 s at 40 mA (Quorum Q150T ES Plus, United Kingdom),
followed by investigation of three-dimensional surface micromorphology using FE-SEM
(ApreoS FEI/ FESEM, Thermo Fischer, USA). A voltage between 5 and 10 kV was maintained

while imaging the samples.
3.2.3 Staining of Tissue Sections

The transverse section (TS) of leaves were cut by free-hand sectioning using sterilized
blade and transferred into a drop of distilled water (dH.O) placed on the microscope slides
[Lux et al. 2005]. The excess water was removed using tissue paper and the sections were
stained according to the method described by Buda et al. 2009. Briefly, two stains, namely,
Auramine O and Calcofluor white M2R (Sigma-Aldrich), were used to visualize the cuticle
and cell wall under confocal laser scanning microscope. Calcofluor white M2R stain was
prepared in dH2O by dissolving 0.1 % (w/v) dye powder. Auramine O stain was freshly
prepared by dissolving 0.1 % Auramine O (w/v) in 50 mM Tris/HCI at pH 7.2. After staining
with Calcofluor white M2R for 2 min and gently rinsing with dH20, the T.S. were transferred
aseptically to microscope slides and then stained with Auramine O for 15 min. After washing
with dH20, the sections were suspended in 50 % glycerol (v/v) on a microscope slide, and a
coverslip was sealed to the slide with transparent nail-polish.

3.2.4 Confocal Laser Scanning Microscopy (CLSM)

Confocal laser imaging was performed using Zeiss LSM880 Airyscan confocal
microscopy (Carl Zeiss, Jena, Germany) with a 63x/1.4 oil immersion objective. The image

processing was done using the Zeiss ZEN 2.3 SP1 software. Auramine O was excited using a
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458 nm argon laser, and emission was collected between 491 to 563 nm. Calcofluor White
M2R was excited with a 405 nm near UV-diode, and emission was collected between 415 to
448 nm [Buda et al. 2009].

3.2.5 Extraction and Quantification of Cuticular Wax

The cuticular wax C. procera and S. persica leaves were extracted separately using
chloroform immediately after the seasonal sample collection. Ten leaves of each plant type
were used for the total wax extraction using the method described by Zhu et al. (2018). Briefly,
the leaves were dipped in 15 mL of chloroform in separate glass beakers (pre-weighted) and
stirred at room temperature for 30s. The chloroform containing the extracted wax was
evaporated to dryness, followed by the measurement of the wax dry weight. The amount of
total wax was calculated using the following formula and presented as weight per unit surface

area (ug cm’).

Total amount of wax = final weight-initial weight (of glass beaker)/area of leaf

sample.
3.2.6 Gas Chromatography-Mass Spectroscopy Analysis

For GC-MS/MS analysis, samples are derivatized in order to improve the
chromatographic separation, peak shape and enhance the detection sensitivity [Rasmussen and
Huang, 2012]. Hence, 50 uL N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA, Aldrich, GC
grade) containing 1% trimethylchlorosilane (Aldrich) was added to the dried wax sample,
followed by heating in a dry bath at 70 °C for 1 h. The dried samples was dissolved in 600 pL
chloroform and filtered through 0.22 pum polytetrafluoroethylene (PTFE) filter [Kim et al.
2007].

For each sample, 1uL filtrate (chloroform containing extracted wax) was analysed by
GC-MS/MS (Model TQ 8040, Shimadzu, Japan). The capillary column Rtx-5 (0.10 pm film
thickness, 0.25 mm i.d., 30 m length) was used for the gas chromatography using helium as a
carrier gas with head pressure of 47.5 kPa, and flow rate of 1.0 mL min™. The initial oven
temperature was held at 80 °C for 1 min, which was then increased @ 15 °C /min till it reached
to 260 °C and then held at 260 °C held for 10 min. The temperature was further increased by
5 °C /min up to 290 °C, where the temperature was held for 20 min. The conditions used during

MS/MS analysis were as follows: scan mode, start time of 5 min, end time of 49 min, scan
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speed 1666 u, event time 0.3 s, start m/z 45, and end m/z 500. The obtained data were compared

with the inbuilt standard mass spectra library system (NIST 16).
3.3 Results and Discussion
3.3.1 Surface Micromorphology of Cuticular Wax

SEM micrographs of the phylloplane of C. procera and S. persica elucidated the surface
morphology of the wax crystals. Although, the adaxial as well as abaxial sides of the particular
plant species equally covered by trichomes, the FE-SEM micrographs of adaxial sides are
represented in Figure 3.2. The micromorphology of the phylloplane of C. procera leaves
collected during seasonal survey showed consistency in the appearance of flattened, slender,
and elongated ribbon trichomes that densely covered the phylloplane [Figure 3.2 a, ¢ & e€].
Contrastingly, the phylloplane of S. persica exhibited ‘simple’ trichomes which were sparsely
present and appeared to be ‘standing’ over the leaf epidermal cells [Figure 3.2 b, d & f]. These
special structures can protect from herbivory by mammals, insect, and pathogens attacks,
increase the light reflectance, regulate temperature, and decrease water loss [Wagner et al.
2004]. In C. procera, the presence of dense trichomes did not allow the clear imaging of
stomata, although giant wax deposits could be visualised which were either lying or embedded

into the pits of the trichome laden surface.
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Figure 3.2 Micromorphology of the cuticular wax on the adaxial surface of C procera (a, c, €)

and S. persica (b, d, f) of the phylloplane samples collected during summer (1), monsoon (1)

and winter (111) seasons. The magnification of each image is 1000x.

In addition to the appearance of different types of trichomes, both the plant species
showcased the deposits of cuticular wax in distinct manner. The wax microstructures were
identified based on the classification of wax morphology proposed by Barthlott et al. (1998),
however some of the samples showed previously unidentified wax morphologies as well. In
case of C. procera, large ovate wax crystalloids were observed lying over the trichomes. During
the summer season, the trichomes on C. procera were densely packed with wax particles lying
over their surface [Figure 3.2 a], whereas in S. persica, trichomes were sparsely present, with
large wax crystalloids as well as aggregated wax platelets covering the surface. Additionally,
continuous patches of wax crust were also observed as shown in the upper and lower left
portions of Figure 3.2 b. Furthermore, comparatively larger portions of exceptionally thick wax
crusts were also observed exclusively during summers which would have deposited to
minimize the transpiration rate [Figure 3.3 a & b]. During the monsoon, C. procera exhibited
dominant presence of large crystalloids lying over the trichomes, with some unusual
‘snowflake’ like spikey wax crystals spread all over the leaf surface [Figure 3.2 c]. The surface
of S. persica mostly displayed thick aggregates of wax platelets spread across the surface, while
a large rectangular wax platelet was also observed standing over the surface as shown in the
right bottom of Figure 3.2 d. In comparison to summer season, a relatively thin continuous wax
coating/crust covering the centre of the leaf surface was observed during monsoon.
Interestingly, the phylloplane of S. persica also displayed ‘disco-ball’ like wax entity lying
over its adaxial surface [Figure 3.3 c]. The surficial pattern of the phylloplane of C. procera
varied in the packaging of the trichomes during the winters. The trichomes were comparatively
loosely arranged, with smaller wax granules/ crystalloids scattered throughout the surface
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[Figure 3.2 €]. In contrast, there were no visual changes observed in the number and appearance
of trichomes in S. persica leaves during winters. Nonetheless, the large aggregates of

morphologically unidentified wax crystals merged with each other were observed [Figure 3.2
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Overall, in C. procera, the crystalloid wax forms usually occurred as single crystalloids
and were irregularly dispersed over the leaf surface. Whereas the phylloplane of S. persica
displayed ‘platelet’ forming wax crystals densely covering the overall surface, however, some
spots showed aggregation of these platelets into large chunks. As documented by Barthlott et
al. (1998), platelets are one of the most prevalent wax crystals forms which are attached to the
surface via different angles and may possess regular or irregular margins showing high level
of variability in the morphology. The platelet formation by S. persica were observed to be
irregular platelets with high width to height ratio. Additionally, the phylloplane samples of S.
persica collected during the summer survey showcased the presence of massive thick wax
coverings, called the ‘crusts’. The occurrence of crusts is rare and might appear as continuous

or broken [Barthlott et al. 1998]. In present study, the crusts were individually present as
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separate entities appeared to be fractured at some points, which could be due to the expansion
of epidermal cells and wax production proceeding at a different rate. Overall, both the plant

species displayed consistent yet unique surface micromorphology across different seasons.

CLSM analysis of T.S. of C. procera and S. persica leaves was performed for the
qualitative and quantitative analysis of structural integrity and thickness of cuticle and cell wall
layers in order to check the temporal variation. Dichromatic staining with Auramine O and
Calcofluor allowed distinct visual separation of cuticle and cell wall since, Auramine O shows
differential affinity toward the various cuticular layers, whereas Calcofluor white M2R
provides precise localization of the cell wall of leaf epidermal cells [Buda et al. 2009]. The
dichromatic staining differentially resolved the cuticle layer as a bright pink coloured boundary

covering the underlying cell wall appeared blue in colour [Figure 3.4].
| 1 ]
(a) (c) (e)
(b) (d) ()

Figure 3.4 CLSM images of TS of C. procera (a, c, ) and S. persica (b, d, f) leaves collected

during summer (1), monsoon (11) and winter (111) seasons. Scale bar in all images is equivalent

to 10 um.
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The T.S. of C. procera showed consistent appearance of cuticle layer over the
epidermal cells. Under FE-SEM, the presence of trichomes hindered the visualisation of wax
crystals, therefore, confocal microscopy compensated the distinct appearance of cuticle layer
lying over the epidermal cells. There were not many variations observed in the thickness of the

cuticle layer of C. procera across the three seasons [Figure 3.4 a, ¢ & d].

Figure 3.5 Standing trichomes over the phylloplane of

C. procera. Scale bar equivalent to 10 um.

The cuticle appeared as a fine covering of about 2 um of thickness. Moreover, the wider
view of the T.S. of C. procera distinctly displayed the appearance of trichomes standing over
the surface of the phylloplane [Figure 3.5]. Similarly, consistent thickness of 3 pm was
observed in S. persica across the three seasons [Figure 3.4 b, d, f]. Notably, in the leaf samples
collected in summer season, the cuticle thickness was observed to be about 5 um particularly
at the edges [Figure 3.4 b]. While, in the monsoon and winter samples, the cuticle showed
relatively more variations in thickness ranging from 2-7 um [Figure 3.4 d and f]. The CLSM
results complemented the FE-SEM analysis [Figure 3.2 d & f], where large aggregates of wax
were observed at some portions, depicting the uneven thickness of the cuticle. These results
were also in coherence with the observations of Barthlott et al. (1998), describing irregular

platelets exhibiting high width-height variations.
3.3.2 Quantification and Chemical Composition of Cuticular Wax

The total wax from the phylloplanes of C. procera and S. persica was extracted via
organic extraction using chloroform [Table 3.1]. The effect of seasonal variation on the total
amount of wax obtained from C. procera leaves was found to range from 525 + 0.031 to 775
+0.019 pg cm™ across different seasons. The cuticular wax content was found to be highest
(775 £0.019 pug cm) during the summer season, whereas the lowest wax content (525 + 0.031
pg cm?) during the monsoon season. The total amount of extracted wax obtained from S.

persica was ranged from 491 + 0.009 pug cm?to 777 + 0.036 ug cm™ across different seasons.
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The cuticular wax concentration was highest (777 = 0.036 pg cm™) during the summer season

and the lowest (491 + 0.009 pug cm™) during the winter season.

Table 3.1 Seasonal variation in the total wax content (g cm™) of the phylloplane of

selected xerophytic plants.

Plant Summer Monsoon Winter
C. procera 775 £0.019 525 +0.031 610 + 0.021
S. persica 777 +0.036 526 + 0.009 491 + 0.009

The metabolic profile of the cuticular wax extracted from the leaves of C. procera and
S. persica collected during summer, monsoon and winter season are displayed in Figure 3.6 1,
I1 & 111, respectively. The wax composition of the C. procera leaves during summer, monsoon
and winter seasons showed presence of 53, 63 and 45 different wax compounds, respectively.
The extracted wax displayed the maximum number of different components in C. procera
during the monsoon season. Similar pattern was observed in case of S. persica leaves which
showed maximum number of compounds (110) during the monsoon season, whereas the leaves
collected during summer and winter had 48 and 49 compounds, respectively. Overall,
terpenoids, followed by alkanes were found to be the major components of the cuticular wax
in both the plant species. The main components of cuticular wax observed were various
terpenoids, steroids, alkanes (C11-Csa), fatty acids (C3z-C2a), alcohols (Ce-Cas), aldehydes (C1a-
C2s), ketones (C15-Cos) and alkenes (C14-Css). These results were found to be consistent with
the earlier reports [Wu et al. 2017; Chai et al. 2020; Wang et al. 2021] and detailed below.
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Figure 3.6 (I) Representative GC-MS/MS chromatogram showing key components of

cuticular wax extracted from the leaves of (a) C. procera and (b) S. persica during summer

season.

During summer season, the wax extracted from the leaves of C. procera and S. persica
had the higher number of terpenoids in comparison to other wax metabolites [Figure 3.6 |, a &
b]. Terpenoids such as amyrin, betulin, lupeol, 24-norursa-3, 12-diene and ursa-9(11), 12-dien-
3-one were common in both the plants, whereas, lup-20-(29)-en-3-one, cembra-2,7,11-trien-
4,5-diol and lanosterol were exclusively present in C. procera and S. persica, respectively. In
case of C. procera, alcohols (heptacosanol, triacontanol), alkanes (tetrapentacontane,
heptacontane and dotriacontane) and aldehydes (tetradecanal and hexadecanal) were present in
fairly equal proportions. Whereas, in S. persica, alkanes (tetrapentacontane, pentatriacontane,
heptacontane and dotriacontane) were found to be the second predominant compounds,

followed by aldehydes and alcohols, respectively.
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Figure 3.6 (Il) Representative GC-MS/MS chromatogram showing key components of
cuticular wax extracted from the leaves of (a) C. procera and (b) S. persica during monsoon

season.

During monsoon season, the wax extract from the leaves of C. procera and S. persica
showcased higher variety of compounds in comparison to the summer season [Figure 3.6 1l, a
& b]. Both the plant extracts showed similar proportions of terpenoids, alkanes and fatty acids
in their composition. Terpenoids such as betulin, lupeol, y-muurolene and 24-norursa-3, 12-
diene were present in the extracts of both the plants. A-noegammacer-22(29)-ene, 24,
noroleana-3, 12-diene and humulane were found to be exclusively present in C. procera,
whereas, amyrin, kolavenol, lupeol and longicamphenylone were exclusively present in S.
persica. In C. procera, the alkanes (octadecane, heneicosane and pentatriacontane, along with
aldehydes (tetradecanal and octadecanal), alcohol (heptacosanol) and fatty acids (palmitic acid
and octadecanoic acid) were also present as key components. While in S. persica, alkanes
(hexacontane, docosane, heneicosane, tetrapentacontane and tetracontane and), along with
aldehydes (octadecanal and eicosanal), alcohol (octacosanol) and fatty acids (palmitic acid,
propanoic acid, stearic acid and dodecanoic acid) were observed in slightly higher amount in

comparison to C. procera.
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Figure 3.6 (I11) Representative GC-MS/MS chromatogram showing key components of
cuticular wax extracted from the leaves of (a) C. procera and (b) S. persica during winter

season.

During winter season, the wax extract from the leaves of C. procera and S. persica
showed almost similar proportions of terpenoids, alkanes, alcohols and fatty acids [Figure 3.6
I11, a & b]. Various terpenoids such as amyrin, betulin, lupeol and 24-norursa-3, 12-diene were
commonly present in both plant extracts. A'-neogammacer-22(29)-ene and ursa-9(11), 12-dien-
3-one were found to be exclusively present in C. procera and friedoolean-14-en-3-one was
exclusively present in S. persica. Additionally, alkanes such as tetrapentacontane, alcohols
such as hexacosanol and octacosanol and fatty acids such as palmitic acid and stearic acid were
also found in both the plant extracts. However, alcohols such as triacontanol, and aldehydes
such as tetradecanal, hexadecanal and heneicosanal were exclusively present in C. procera,
while alkanes such as hexadecane, dotriacontane and aldehydes such as heptacosanal were

exclusively present in S. persica.

The details of all the wax components and other plant associated bioactive compounds
observed during the seasonal survey in both these plant species has been discussed in the

following section.
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3.3.2.1 Aliphatic Compounds

Wax constituents such as alkanes, primary alcohols, fatty acids, aldehydes, ketones and
alkenes combinedly fall into the category of aliphatic wax compounds. It was observed that the
proportion of total aliphatic compounds increased from summer season through monsoon, and
comparatively declined during the winters in both the plant species. Among the aliphatic wax
compounds, alkanes were predominant in C. procera constituting ~18% and 30% of the total
wax content during the summer and monsoon seasons, respectively [Figure 3.7]. Similarly, for
S. persica, alkanes majorly constituted ~49% and ~18% of the total wax contents during the
summer and monsoon season, respectively [Figure 3.7]. The alkane content was observed to
slightly decreased during winters, which could be due to the functional role of alkanes in
imparting water-retention property in the waxes [Chai et al. 2020]. Besides alkanes, primary
alcohols were consistently present in the cuticular wax of both the plant species throughout
seasons. In contrast, fatty acids were significantly present only during the monsoon season
representing 19% and ~16% of the total wax components in C. procera and S. persica,
respectively [Figure 3.7]. Diverse homologues of alkanes including hexadecane (CieHzs),
heptadecane (C17Hsg), octadecane (CigHas), tetrapentacontane (CssH110), and fatty acids such
as palmitic acid (C1sH3202) and stearic acid (C1sH3s02) were present across all seasons.
Additionally, the primary alcohols including 1-hexadecanol (CisH340), 1-hexacosanol
(C26Hs5402) and 1-octacosanol (C2sHssO) were consistently present in the wax extracts of both
plant species across all seasons. Although in lesser amounts, aldehydes such as eiocosanal

(C20H100) and octacosanal (C2gHs60) were also detected in the wax extract.

The cuticular wax components are very responsive to the environmental stimuli and
provides a crucial adaptation for climatological drought, low moisture, salinity and other
environmental stresses. In a study, Xu et al. (2016) reported that under dry conditions, the wax
extract of Populus euphratica leaves exhibited distinctly higher amount of alkanes, alcohols
and fatty acids in comparison to the wet conditions. The study demonstrated that the above-
mentioned cuticular wax components are closely associated with the plants’ adaptation to arid
climates. Similarly, the cuticular wax and transcriptomic analysis of two xerophytes namely,
Tetraena mongolica and Zygophyllum xanthoxylum confirmed that presence of higher number
of alkanes, alcohols and fatty acids are crucial towards protecting the plants against high
temperature and low water availability [Xu et al. 2020]. In addition to conferring adaptability
against arid conditions, presence of alkanes, primary alcohols and fatty acids also contribute

towards providing resistance against various insects. For instance, presence of shorter (Cg-C13)
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and mid-length (C1s-Cy2) fatty acids reduced the settling of insect on the leaves of cabbage and
raspberry, thus, preventing the crop damage by Myzus persicae and Amphorophora idaei,
respectively [Sherwood et al. 1981; Shepherd et al. 1999]. However, presence of higher amount
of ketones are known to increase the susceptibility of plants towards insect attack [Eigenbrode
et al. 1991]. Furthermore, aldehydes were observed to be in slightly lesser variety and quantity
in comparison to alkanes. Since, aldehydes are considered as direct precursors of alkanes, their
lesser quantity could signify that majority of the aldehydes got transformed to their respective
alkanes [Wu et al. 2018]. The aliphatic components constituting the cuticular wax have been
listed in Table 3.2.

Table 3.2 Chemical composition of common aliphatic compounds presents in the

cuticular wax of C. procera and S. persica.

S.No. Compound Molecular Formula
Alkanes
1. Undecane CiH24
2. Hexadecane Ci6H34
3. Heptadecane C17Hs3s
4, Octadecane CigHass
5. Nonadecane C1oHa40
6. Eicosane Ca0Ha2
7. Heneicosane C21Ha4
8. Docosane Ca2Has
9. Methyltricosane Ca4Hs0
10. Methylhexacosane Ca7Hs6
11. Triacontane CsoHe2
12. Dotriacontane Cs2Hes
13. Tetratriacontane CasHro
14. Pentatriacontane CssH72
15. Tetrapentacontane CsaH110
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Primary alcohols

1. 1-Hexanol CeH140

2. 1-Dodecanol C12H260
3. 1-Pentadecanol C15H320
4, 1-Hexadecanol C16H340
5. 1-Nonadecanol C19H400
6. 1-Tetracosanol Ca4Hs00
7. 1-Pentacosanol CasHs20
8. 1-Hexacosanol C26Hs40
9. 1-Heptacosanol C27Hs60
10. 1-Octacosanol C2sHs80
11. 1-Triacontanol CaoHe20
12. 1-Hexatriacontanol CasH740

Fatty acids

1. Propanoic acid C3HeO2

2. Hexanoic acid CeH1202
3. Nonanoic acid CoH1802
4. Undecanoic acid C11H220>
5. Myristic acid C14H280>
6. Palmitic acid C16H3202
7. Stearic acid C18H3602
8. Petroselinic acid C18H3402
9. Tetracosanoic acid C24H1g02

Aldehydes

1. Tetradecanal C14H280
2. Hexadecanal C16H320
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Octadecanal C18H360
Eicosanal C20H400
Heneicosanal Ca1H420
Hexacosanal C26Hs20
Heptacosanal C27Hs40
Octacosanal C2sHs60
Ketones
2-Pentadecanone C15H300
2-Nonadecanone C19H380
12-Tricosanone C23H460
2-Heptacosanone C27Hs40
2-Pentacosanone C25Hs00
Alkenes
1,5,9,13-Tetradecatetraene CiaH22
1-Heptadecene Ci7Ha4
4,6,9-Nonadecatriene CioHz4
1-Nonadecene CigHss
3-Eicosene CaoHao
Heneicosene CaHa
1-Heptacosene Co7Hs4
17-Pentatriacontene CssHro
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3.3.2.2 Cyclic Compounds

The non-polar cyclic compounds constituting the wax components include terpenoids,
steroids and flavonoids [Riederer and Muller, 2006]. In the present study, among all the cyclic
components, the terpenoids dominated the wax composition throughout seasons in both the
plant species. In case of C. procera, the proportion of terpenoids was found to be the maximum
during summer (38%), showed a significant decrease during the monsoon season (17.46%),
and was observed to be increased again in winters (20.40%) [Figure 3.7]. However, in S
persica, the terpenoid concentration remained almost consistent throughout seasonal variation
with maximum concentration during the summer (29.16%), followed by a slight decrease
during the monsoon (23.63%) and again reaching up (28.57%) during the winter [Figure 3.7].
On the basis of structural diversity, the terpenoids are classified as di-, tri-, and sesqui-
terpenoids. Among various terpenoids amyrins, betulin, lupeol, 24-norusa-3,12-diene were the
most common terpenoids found to be predominant in cuticular wax across the seasons [Table
3.3]. However, some of the terpenoids were observed to occur in a season and plant specific
manner. For instance, in C. procera, cembra-2,7,11, trien-4, humulane-1,6-dien-3-ol and
thunbergol were observed during summer season whereas, elemenone and geranylgeraniol
were observed during monsoon season. In S. persica, kolavenol and longicamohenylone were
only found during monsoon, whereas friedoolean-14-en-3-one and methanopicene were
observed during the winter season only. Moreover, y-muurolene was found to be present only
during the monsoon season in both the plant species. Terpenoids exhibit wide range of
structural diversity and biological activity such as sustaining mechanical strength as well as
acting as a functional defensive component against external abiotic and biotic factors [Wu et
al. 2018]. In Arabidopsis thaliana, the triterpenoids and sesquiterpenoids exhibited their
functional role towards strengthening the plant defence against certain phytopathogens [Huang
et al. 2012; Cérdenas et al. 2019]. Recently, diterpenoids have also been observed to establish
a dual defence against both biotic and abiotic stresses [Lu et al. 2018; Murphy and Zerbe,
2020]. Hence, their increased concentration observed during summer and winter seasons could

be due to their above-mentioned functions in C. procera and S. persica.

Phytosterols are crucial for maintaining the structural integrity and plants’ response to
various environmental stresses such as UV radiation, cold, drought, temperature, etc. Some of
the above-mentioned stress factors, such as UV radiation, has been reported to influence the
concentration of sterols in plants [Rogowska and Szakiel, 2020]. However, the direct

involvement of sterols in defining the cuticular transpiration barrier remains elusive. In the
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present study, GC-MS/MS analysis showed that xerophytic plants synthesise a complex
mixture of sterols, such as campesterol, stigmasteirol and sitosterol being some of the most
abundant compounds [Table 3.4]. The obtained results are in coherence with the previous
studies where the cuticle wax samples were observed to have the above-mentioned sterols
constituting a major proportion of phytosterols [Borisjuk et al. 2018; Rogowska and Szakiel,
2020]. The concurrent accumulation of phytosterols such as sitosterol, could enhance the
flexibility and mechanical strength of cuticle, facilitating it to withstand changes in the turgor
pressure while maintaining the integrity. Furthermore, the presence of campesterol has been
observed to be crucial for the plant growth and development whereas stigmasterol has been
reported to coordinate the plants’ defence towards external stresses via cell signalling [ Valitova
et al. 2016]. Phytosterols, in correlation with terpenoids have also been identified to

significantly participate as ‘resistant factors’ against infestation [Shepherd et al. 1999].

These preceding cyclic components (terpenoids and phytosterols) of the cuticular wax
are synthesised via Mevalonate (MVA) pathway [Trivedi et al. 2019; Bhanot et al. 2021].
Squalene is the key intermediate of this pathway resulting in the formation of phytosterols and
key triterpenoids such as lupeol and amyrins [Trivedi et al. 2019]. Noteworthy, GC-MS/MS
analysis also showed the presence of squalene, and its resulting terpenoids and phytosterols in

the wax extract of C. procera and S. persica representing the overall wax synthesis pathways.

Table 3.3 Chemical composition of terpenoids in the cuticular wax of C. procera and S.

persica.
S.No. Compound Molecular Formula

Diterpenoids

1. Cembra-2,7,11-trien-4,5-diol C20H3402

2. Clerodadien C21H300s

3. Geranylgeraniol C20H340

4. Kolavenol C20H340

5. Thunbergol C20H340
Triterpenoids

1. Amyrins CaoHs00
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2. Betulin C3oHs002
3. Friedoolean-14-en-3-one C30H4s0
4. Handianol C30Hs00
5. Lanosterol C3oHs00
6. Lupeol Cs0Hs00
7. Lup-20-(29)-en-3-one C3oH1g0
8. 6a, 14a-Methanopicene CasHis
9. 24, Noroleana-3, 12-diene Ca9Has
10. 24-Norursa-3, 12-diene Ca9Has
11. A'-Noegammacer-22(29)-ene CaoHso
12. Squalene CaoHso
13. Ursa-9(11), 12-dien-3-one CaoH160
Sesquiterpenoids
1. Elemenone C15H220
2. Humulane C15H260
3. Longicamphenylone C14H220
4, y-Muurolene CisHa4

Table 3.4 Chemical composition of phytosterols in the cuticular wax of C. procera and S.

persica
S.No. Compound Molecular Formula
1. Calusterone C21H3202
2. Campesterol C2sHasg0
3. 9,19-Cycloergost-24(28)-en-3-ol C32Hs202
4. Ergosta-5,22-dien-3-ol CagHs60
5. Obtusifoliol C3oHs500
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6. Pregn-5-en-3-ol Ca1H340

7. Stigmast-5-ene Ca9oHs0

8. y-Sitosterol C29Hs00

Further, additional non-wax bioactive compounds including carbohydrates, carboxylic
acids, carboxylic esters and various intermediates & precursors of phytochemicals were also
observed to constitute the cuticular wax [Table 3.5]. A few specific bioactive compounds such
as triacontyl acetate (plant growth stimulator), cinnamyl linolenate (antioxidant),
dihydrophytol (intermediate of phytanic acid), vitamin E (antioxidant), 2-palmitoyl glycerol
(fatty acid ester) and azulene (precursor of terpenoids such as vetivazulene and guaiazulene)

were also present.

Table 3.5 Chemical composition of non-wax metabolites in the cuticular wax of C. procera
and S. persica.

S.No. Compound Molecular
Formula
Carbohydrates
1. Mannitol CsH1406
2. D-Ribose CsH100s
3. L-Ribose CsH1005

Carboxylic acids

1. 1,2-Benzenedicarboxylic acid CgHs04
2. Fumaric acid C4H404
3. Glutaric acid CsHsO4
4, Methoxyacetic acid C3Hs0O3
5. 2-Propenoic acid C3H40O2
6. Trichloroacetic acid C2HCI30:
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Carboxylic esters

1. Heptacosyl acetate C29Hsg02
2. Octacosyl acetate C3oHeoO2
Additional bioactive compounds

1. Azulene CioHs

2. Cinnamyl linolenate C27H4002
3. Dihydrophytol C20H420
4. 2-Palmitoyl glycerol C19H3804
5. Triacontyl acetate Ca2Hs402
6. Vitamin E C29H5002

Comparative percentage of chemical compositions in the total wax content in both the
plant species, across seasonal variation, it was observed that alkanes (16.3-42.8 %), primary
alcohols (7.1-22.0 %) and terpenoids (19.4-37.5 %) collectively constituted the major
proportion of the cuticular wax, whereas aldehydes (4.1-12.4 %), fatty acids (1.7-18.5 %) and
ketones (3.4-4.5 %) were present in relatively lower concentrations across seasons [Figure 3.7].
The relative proportion of terpenoids was found to be more during the summer season as
compared to the monsoon and winter seasons. Notably, maximum number of alkanes were
observed during the summer season in S. persica. In general, both the plant species showed
presence of similar chemical compounds during respective seasons with slightly varied

concentration.
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Figure 3.7 Proportion of aliphatic and cyclic compounds constituting the cuticular wax of C.
procera and S. persica in different seasons. Abbreviations: CP- Calotropis procera; SP-

Salvadora persica; S-Summer; M- Monsoon; W-Winter; Others- non-wax metabolites.
3.3.2.3 Correlation between Morphology and Chemical Composition of Wax

In the present study, the -cuticular waxes exhibited exceptionally assorted
micromorphology in the form of films, layers, crusts, crystalloids, platelets, threads, rodlets,
tubules and even as chimneys around the stomata. The self-assembly of waxes into the
aforementioned morphologies has been observed to be influenced by their chemical
composition [Barthlott et al. 1998; Ding et al. 2018; Roma and Santos, 2021]. However, the
chemistry of waxes may have a formative but not exclusive role in determining the morphology
[Koch and Ensikat, 2008]. For instance, the alignment of the polar groups of the underlying
cutin matrix and external environmental factors may also combinedly influence the wax
morphology [Wu et al. 2018]. As mentioned above (section 3.3.1), the FE-SEM analysis of C.
procera revealed the presence of thread-like trichomes covering the phylloplane surface. The
wax deposits were present as independent ovate crystalloids lying over and in-between the
trichomes throughout all the seasons [Figure 3.2 a, ¢ & €] The GC-MS/MS results indicate that
large wax ovate crystalloids formed due to the presence of large proportions of alkanes and
terpenoids in the wax composition. However, the reports directly correlating the occurrence of

wax crystalloids with the chemical composition of wax compounds are scarce.
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S. persica showed the presence of wax crystals as platelets due to the large proportions
of alkanes, alcohols and terpenoids in the wax composition [Figure 3.2 b, d & f]. Previous
studies have also indicated that the presence of high proportion of alkanes, aldehydes, alcohols
and terpenoids correlate with the formation of platelets by wax crystals [Wu et al. 2018,
Boanares, et al. 2021, Wang et al. 2021]. However, it seems that similar wax structures can be
formed by different chemical compositions in different plant species. Noteworthy, platelets can
also be formed if any of the above-mentioned compounds are solely presence in abundance.
For instance, wax platelets in Sedum rupestre are characterized by a high amount of
triterpenoids, whereas platelets found in the Poaceae (e.g., Triticum sp., Zea sp.) are generally
dominated by the presence of primary alcohols in their wax composition [Koch et al., 2006b;
Trivedi et al. 2021]. Since various external factors are also participative in deciding the shape
of wax crystals, the wax structures observed on the leaves of C. procera and S. persica are not

only due to their dominant chemical composition but must also be influenced by other factors.
3.4. Conclusion

The present study provides following major conclusions: (i) The wax micromorphology
of both the plants showed presence of different types of trichomes. In C. procera, the flattened
trichomes densely covered the phylloplane surface, while in S. persica, ‘simple’ trichomes
were sparsely present in standing position. In C. procera, the wax was present as ovate
crystalloids, whereas, the phylloplane of S. persica showed the presence of numerous wax
platelets, with some regions of wax crusts formed during the summers; (ii) The wax content of
both the plants was observed to be maximum during the summer season. In C. procera, lesser
change was observed in the wax content during monsoon and winter seasons, whereas in S.
persica, the wax content consistently decreased through monsoon to winter; (iii) CSLM
analysis showed cuticle and cell wall as two distinct layers. The cuticle of C. procera was
thinner (~ 2 pm) in comparison to that of S. persica (~ 2 to 7 um) (iv) The main chemical
components of the cuticular wax for both the plant species were detected to be aliphatic as well
as cyclic compounds. The aliphatic compounds included alkanes (C11-Csa), primary alcohols
(Ce-Cas), fatty acids (C3-Cz4), aldehydes (C14-Czs), ketones (Cis-Czs) and alkenes (Ci14-Css).
While the cyclic components included di-, tri- and sesqui- terpenoids. The analysis represented
the presence of various long-chain compounds consisting of extensive C-C, C-H, -C=0 bonds
as well as aromatic components which are also common components of different synthetic
plastics including polyethylene, polystyrene, polyethylene terephthalate, etc, indicating similar

chemical foundation between the two polymers viz. cuticular wax and plastics. Additionally,
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the collective proportions of terpenoids and alkanes were maximum during the summer season,
while fatty acids and alkenes were comparatively more during monsoon season. In spite of
being comprised of similar chemical families, the specific composition and abundance of
compounds under seasonal variations reflects noticeable environmentally related differences.
Specifically, the combined dominance of terpenoids and alkanes during the summer season
indicates their role in response to high temperature conditions in xerophytes. Also, both the
plant species displayed distinct wax microstructure pattern indicating that the physical
mechanism to withstand temporal variation could be different. Therefore, understanding of the
surface and chemical adaptability of cuticle wax among different xerophytes would be crucial
for its practical applicability towards improved tolerance to temporal variation in commercial
crops that would broaden the cultivation horizon in arid & semi-arid areas of Indian Thar

Desert.
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Chapter 4

PSS Transformation Potency of
Phylloplane Fungi of Xerophytic Plants
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4.1 Introduction

In present era of expedited growth of industries aimed at comforting human lifestyle,
plastics and their applicability needs no introduction. Plastics are irreplaceable in their utility
and their end-of-fate evidently represents persistence and extreme distribution across various
environmental niches. While being constantly exposed to environmental factors, plastics tend
to undergo fragmentation forming smaller sized macro-/meso- (> 5 mm), micro- (<5 mm) and
nano- (1 nm to 1 mm) particles [Mariano et al. 2021]. Owing to their smaller size and low
density, these fragmented particles are easily transported via wind and water across large
distances [Syberg et al. 2015]. Additionally, their characteristic physical and chemical
properties such as size, porosity, surface area, adsorption, surface affinity, etc, provide a
suitable adhesion matrix for other toxic contaminants over their surfaces [Mei et al. 2020].
These plastic particles not only act as transportation vectors but are also mark as multiple
contamination threat. Moreover, they also contain various toxic chemicals added during the
manufacturing process, while simultaneously transporting the pollutants present in their close
affinity via adsorption. For instance, various polycyclic aromatic hydrocarbons,
polyfluoroalkyl substances, and persistent organic pollutants such as biphenyls, etc have been
reported to adsorb over the plastic surface [Joo et al. 2021]. Hence, plastic waste has a larger

significance as an ecological contaminant as compared to other pollutants.

The current scenario of plastic waste management includes three major strategies; (i)
alternative eco-friendly polymers to replace plastics, (ii) recycling and (iii) remediation of the
plastic waste. However, all the above-mentioned strategies have their own set of limitations.
Firstly, the eco-friendly polymers such as starch/cellulose-based polymers possess inherently
poor mechanical properties such as low porosity to vapor or oxygen, requiring complex and
expensive process treatments for commercialization in order to be at par with conventional
plastics [do Val Siqueira et al. 2021]. Moreover, the solution to the challenges associated with
these polymers are still at lab-scale and would require a greater effort to reach
commercialization. Secondly, although recycling of plastics appears to be one of the best-suited
way outs, it has its own challenges that remarkably declines its practice. The recycling of
plastics is restrictive for a variety of reasons including plastic properties, inclusion of additives
and plastic sorting [Seay et al. 2020]. Nevertheless, recycling does not provide a permanent
solution to the plastic waste, but only delays the inevitable fate of plastic ending up in the
ecosystem [Hahladakis et al. 2018]. Thirdly, incineration is the most widely used method to

remediate plastic waste by heating. However, incineration of plastics leads to the direct release
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of toxic gaseous by-products such as dioxins, polychlorinated biphenyls, furans, mercury, etc
into the atmosphere [Verma et al. 2016]. Nevertheless, incineration is not the terminator of
plastic waste, on the contrary, the generated bottom ash contributes to the release of
microplastics into the environment [Yang et al. 2021]. It is clear that neither of the above-
mentioned strategies have been clearly indicative of the possible eco-friendly end-of-fate
solution to the existing and growing plastic waste. Microbe-assisted remediation has been
observed to have certain advantages such as sustainability, high efficiency, broad substrate

spectrum, and cost-effectiveness, as compared to traditional remediation strategies.

Among various microbial groups, fungi are a highly diverse clade of eukaryotic,
heterotrophic, absorptive organisms found in virtually all environments, and exist in different
types including moulds, yeasts, lichens, rusts, and smuts [Naranjo-Ortiz and Gabaldén 2019].
Among the various types of fungi, moulds (filamentous fungi) have evolved a spatially
extensive growth form of thread-like hyphae, with the ability of the hyphal networks to spread
across over hundreds of acres [Ferguson et al. 2003; Stajich et al. 2009]. The genetics,
physiology and ecological adaptations have manifested filamentous fungi to perfectly exploit
various nutrient sources, enabling them to fit into extreme environments [Wrzosek et al. 2017].
The filamentous network of fungi can easily undergo continuous remodelling and is therefore
highly dynamic, adapting to different underlying nutrient conditions, damage, or assault by
meso-fauna [Fricker et al. 2008]. Through these networks, fungi release varied enzymes that

help them to survive under unfavourable conditions.

Owing to their remarkable capabilities, fungi have been exploited for their
biodegradative abilities towards various toxic and highly resistant xenobiotic compounds. For
instance, Aspergillus fumigatus has been reported to consume petroleum hydrocarbons from
contaminated sludge [Othman et al. 2022]. Similarly, Alternaria, Trichoderma and
Purpureocillium species have also been observed to utilise petroleum hydrocarbons from the
contaminated sites [Benguenab and Chibani, 2021; El-Aziz et al. 2021]. Other class of
pollutants such as polycyclic aromatic hydrocarbons, benzene, naphthalene, chlorophenol, etc
have also been reported to be susceptible against fungal action [Sandhibigraha et al. 2020;
Agrawal et al. 2021; Vipotnik et al. 2021; Li et al. 2022]. Generally, fungi involved in
hydrocarbons degradation are mesophilic organisms, growing in the range 10-40 °C, reaching
the functional optima in the range 20-35 °C [Kirk et al. 2008]. However, an appropriate
combination of different factors such as pH, temperature and exposure are required in order to

reach effective microbial activity against contaminant degradation [Fester et al. 2014; Liu et
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al. 2017]. Moreover, due to the limited number of studies conducted on PS degradation, it is
hard to predict the optimal temperature and pH ranges for its enzyme-mediated degradation
[Hou and Majumder, 2021].

In the present study, the fungi isolated from the phylloplane of xerophytes (as discussed
in Chapter 3) were tested for the potency to transform PSS considering the following reasons:
(i) The phylloplane of xerophytes is densely covered by a hydrophobic cuticle, which has
physical and chemical similarities to plastics; (ii) The xerophytic phylloplanic fungi are directly
exposed to extreme environmental conditions, hence, must be acclimatized to survive under
drastic abiotic conditions; (iii) Being eukaryotic and heterotrophic, fungi secrete versatile range
of extracellular components with a potential to be explored for remedial purposes. Further,

optimization of various process parameters was attempted in order to maximize the output.
4.2 Materials and Methods
4.2.1 Chemicals and Reagents

All chemicals (analytical grade) and solvents (GC grade) used were procured from
Sigma Aldrich (India) or Merck (India) unless otherwise stated. All culture media used were
purchased from HiMedia (India). Poly(sodium 4-styrenesulfonate) (PSS; Mw ~70,000 Da),
Sigma-Aldrich was used as the source of polystyrene. Standard protein molecular weight
marker (26610) was obtained from Thermo Fischer, USA. For ultrafiltration of proteins, a 12
kDa cut-off nitrocellulose membrane (Merck) was used.

4.2.2 Screening of Fungal Isolates

All the 20 fungal isolates were screened to check their ability towards PSS myco-
transformation. The individual fungal isolates were grown in 100 mL of potato dextrose broth
(PDB) in 250 mL Erlenmeyer flasks and incubated under dark conditions at 28°C for 72 h on
a rotary shaker (120 rpm). After incubation, the fungal biomass was separated from the culture
medium by centrifugation (5000 rpm; 4 °C; 15 min) and washed thrice with autoclaved Milli-
Q water to remove all traces of media. Typically, 10 g fresh weight (FW) of fungal biomass
was re-suspended in 100 mL of minimal salt media (MSM) containing NHsNO3 3 g L%,
KH:POs & KzHPO4-3H,O 0.5 g L' each; MgSO4-7H,O 0.008 g L, CuSO4-5H:0,
MnS0Q4-H,0, FeSO4-7H,0 and CaCl,-2H,0 0.002 g L each; pH 7.0 with 1% PSS as sole
carbon source in a 250 mL Erlenmeyer flask and incubated at 28 °C for 30 days on a rotatory

shaker (150 rpm) under dark conditions. After incubation, the biomass was separated by
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centrifugation at the above-mentioned conditions and its FW was measured. The isolate(s)

showing maximum increase in fresh weight biomass were selected for further study.
4.2.3 Effect of Various Parameters on PSS Myco-transformation Potency

To monitor the most favourable conditions for the utilization of PSS as sole carbon
source, experiments were carried out to test the effect of various reaction parameters viz.,
exposure duration, temperature, and pH. For optimization of reaction parameters, 20 g FW of
short-listed fungal isolate was re-suspended in 200 mL of MSM containing 1% PSS as sole
carbon source in a 500 mL Erlenmeyer flask and incubated at 28 °C on a rotatory shaker (150
rpm) under dark conditions. After completion of tested incubation period, the fungal biomass
was separated by centrifugation (5000 rpm; 4 °C; 15 min) & weighed. The supernatant was
filtered using Whatman grade 1 filter paper (Whatman Inc., USA) to obtain the cell-free filtrate
for further characterization.

The change in the fresh weight of fungal biomass was measured and compared with the
initial weight of fungal biomass inoculated at day zero of the respective experiments. The
increase in fungal biomass would be indicative of utilization of PSS as sole carbon source for
sustaining fungal metabolism. Treatment containing MSM with 3% dextrose was considered
as a positive control and treatment containing only MSM (without PSS and no other carbon
source) was considered as a negative control w.r.t fungal growth. All the treatments were
incubated at 28°C, which is the standard temperature used for cultivation of fungi. The data
points represent the mean of independent measurements, and the uncertainties were represented
as standard error. Further, Raman spectroscopy and GC-MS/MS analysis of the supernatant
were performed to monitor the extend of PSS myco-transformation in comparison to control
(MSM+1% PSS) sample. All the experiments were performed in triplicate with respective

controls.
4.2.3.1 Effect of Exposure Duration

Effect of PSS exposure duration on the utilization of PSS as sole carbon source was
studied by allowing the reactions to run for a period of 30 days during which the reactions were
terminated at the duration of day 5, 10, 15, 20 and 30 for all the treatment conditions, namely,
MSM+1% PSS and only MSM (negative control). Whereas, MSM+ 3% dextrose (positive
control) was terminated at day 5, in order to minimize the appearance of false protein bands.

All the experimental flasks were incubated at 28°C, 150 rpm under dark conditions.
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4.2.3.2 Effect of Temperature

Effect of temperature was studied by incubating Erlenmeyer flasks of all treatment
conditions (stated above) at three different temperatures, viz., 15°C, 28°C and 40°C. The
experimental flasks were incubated at 150 rpm at the optimized exposure duration, under dark

conditions.
4.2.3.3 Effect of pH

Effect of reaction pH was studied by altering the pH of different treatment conditions
(as stated above) before the addition of fungal biomass. For this, 0.1 N HCI or 0.1 N NaOH
was added to adjust the final pH of 5.0, 5.5, 6.0, 6.5, 7.0 and 8.0 using a Cyberscan 1100 pH
meter (Eutech Instruments, Singapore). The experimental flasks were incubated at 150 rpm at

the optimized exposure duration and temperature, under dark conditions.
4.2.4 Characterization of PSS Myco-transformation Ability of Fungal Isolates
4.2.4.1 Raman Spectroscopy Analysis

Raman spectroscopy enables the assessment of the chemical composition of a sample
through the acquisition of the inelastic scattering of monochromatic light interacting with the
molecule. Using this technique, a spectral fingerprint corresponding to the chemical
composition of a molecule can be obtained which is specific to its molecular conformation.
Raman spectroscopy was performed for the filtered supernatant (2mL) collected at the
termination of the reaction to evaluate the changes in the qualitative features due to myco-
transformation using LabRam HR Evolution model (Horiba, France). Optimal conditions for
the analysis of polystyrene were as follows: =785 nm (wavelength) at P=20 mW (power)
for an acquisition frame time of five cycles for 30 s using a 50x objective with 0.5 N.A.
(numerical aperture). Similarly, control sample containing only MSM+1% PSS was also
analysed in order to find out the shifts in the Raman spectra. Each spectral fingerprint was
computed according to the peak intensities and Raman shifts (centimetres) using the LabSpec
6- HORIBA Scientific. Noise reduction and base correction of the generated Raman spectra

were performed was done using OriginPro 9.0.
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4.2.4.2 GC-MS/MS Analysis

To examine the myco-transformation compounds generated during PSS myco-
transformation, chromatographic analyses were performed by the following method described
by Krueger et al. [2015]. The sample supernatant (2 mL) from fungal treated MSM+1% PSS
and control sample containing only MSM+1% PSS were extracted using 500 pL of chloroform.
The chloroform phase was extracted, and one microliter of each sample was analysed by gas
chromatography mass spectroscopy (Model TQ 8040, Shimadzu, Japan). The capillary column
SH-Rxi-5Sil MS (0.25 pum film thickness, 0.25 mm i.d., 30 m length) was used for the gas
chromatography with helium as a carrier gas (head pressure 72.5 kPa; flow rate 1.0 mL/min).
The initial oven temperature was of 60 °C held for 2 min, which was then increased at 8 °C
/min till it reached 280 °C. The temperature was then increased by 2.5 °C /min till it reached
300°C. Injector temperature was set at 280 °C as the transfer line to the mass spectrometer. The
mass spectra were acquired at full scan mode in the mass range from 50 u to 500 u. Electron
ionization (70 eV) was applied at an ion source temperature of 230°C. The conditions applied
to MS analysis were as follows: scan mode, start time of 3 min, end time of 39 min, scan speed
1666, event time 0.3 s, start m/z 45, and end m/z 500. The obtained data were compared with

the inbuilt standard mass spectra library system (NIST 16).

The raw data generated during optimization of different process parameters were used
to analyse the profile of the myco-transformation compounds using MetaboAnalyst version 5.0
software (McGill University, Montreal, QC, Canada) [Xia and Wishart, 2011; Pang et al.
2021]. To ensure that all samples were normally distributed, the datasets were normalized to
their total sample median for the specific parameter. The myco-transformation compounds
logio transformation was performed and data were Pareto-scaled by dividing the mean centred
by square root of the standard deviation of each variable in order to identify differentially
expressed myco-transformation compounds among the study groups and make individual
features more comparable [Dahabiyeh et al. 2020]. The logio transformation is done to reduce
or remove the skewness of the original data, while pareto scaling reduces the relative
importance of large values and maintains the originality of the data trend [van den Berg et al.
2006]. For clear and distinct representation of large metabolomics data, principal component
analysis (PCA), partial least squares discriminant analysis (PLS-DA), heat map and correlation
matrix were performed using Metaboanalyst 5.0 software. For heatmap generation, average
clustering method was performed with ‘Euclidean’ distance measuring and ‘Ward’ clustering

method.
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4.2.5 Protein Precipitation and One-Dimensional Gel Electrophoresis

Based on the results of tested process parameters (exposure duration, temperature and
pH) for efficient myco-transformation of PSS, the optimised parameters i.e. 28°C and pH 7.0
were selected to monitor the extracellular protein profile of C. dactyloctenicola VJP08 at all
the tested exposure durations (day 5 to day 30). To find out the active role of extracellular
fungal proteins in the myco-transformation of PSS, the extracellular proteins present in the
fungal cell-free filtrate from the experimental flasks (including controls) were precipitated
using modified TCA/acetone precipitation method [Niu et al. 2018]. Briefly, 20% cold
TCA/acetone was added to the cell-free filtrate in 1:1 ratio (v/v) at a final concentration of
10%TCA/ 50% acetone. The mixture was gently stirred for 5 min at 4°C, followed by
centrifugation (15,000 g, 3 min, 4°C). The resulting protein precipitate was washed twice with
80% acetone. The obtained protein pellet was then re-suspended in minimum volume of 50
mM phosphate buffer (pH 7.2) followed by dialysis using 12 kDa cut-off bag pre-treated as per
the manufacturer’s instructions. The duly sealed dialysis bag filled with proteins was immersed
in dialysis buffer (50 mM phosphate buffer, pH 7.2) and stirred gently at 4°C on a magnetic
stirrer for 12 h by changing the buffer at every 3 h. The total protein concentration in the
dialysed samples were quantified using QuantiPro BCA assay kit (Merck). The assay was
performed according to the manufacturer’s protocol and the protein concentration was
calculated against the standard protein curve plotted using bovine serum albumin provided in
the Kit.

Proteins obtained for each treatment were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) analysis as per standard procedure with
adequate modifications [Laemmli, 1970]. All the samples were denatured in 2X sample buffer
containing 60 mM Tris (pH 6.8), 25% glycerol, 2% SDS, 14.4 mM 2-mercaptoethanol, 0.1%
bromophenol blue by boiling for 5 min followed by centrifugation (8000 rpm, 1 min, 4°C).
Electrophoresis was performed on a Mini Protean® Tetra-Cell instrument (BioRad
Laboratories, USA) at a constant voltage of 80 kV for 120 min. Standard protein markers were
also run with the denatured samples. After electrophoresis, the gel was stained with Coomassie
Brilliant Blue (CBB) G-250 dye and observed in a BioRad ChemiDoc™ XRS+ imaging system

with Image Lab™ software.
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4.3 Results and Discussion
4.3.1 Screening and Short-Listing of Fungal Isolates

All the 20 fungal isolates were screened for their ability to utilize PSS as the sole carbon
source. For this, change in the FW of fungal biomass in presence of PSS (1%) as sole carbon
source in MSM media after 30 days was measured. Being heterotrophic organism, fungi obtain
its nutrient from the surrounding environment by secreting various extracellular enzymes,
which breakdown the complex organic compounds. The degraded compounds are then
absorbed (ingested) for nutrition. Carbon is a macro-nutrient and an essential source for
sustaining all metabolic processes in the fungal cells as well as maintain cellular integrity by
the cell wall synthesis. Hence, it must be extracted from the surrounding environment in
considerable amount [Bhanot et al. 2023]. Therefore, any increase in the fungal biomass would

be indicative of utilization of PSS as carbon source for growth [Bhanot et al. 2023].

Table 4.1 depicts the FW of fungal biomass recorded after 30 days for all the fungal
isolates. Considering the initial FW (10g) of fungal biomass, the fungal genera Aspergillus,
Alternaria, Cladosporium and Curvularia majorly showed an increase in their biomass weight
indicating that they could utilize PSS as carbon source. Noteworthy, all the fungal genera which
showed growth in MSM with PSS as sole carbon source were major phytopathogens [Marin-
Felix et al. 2017; Jayawardena et al. 2021; Singh et al. 2021]. Curvularia dactylotenicola VVJP08
showed maximum growth and significantly exceeded all other fungal isolates, with an increase
of ~52% in the final fungal biomass weight after 30 days of incubation in MSM+1% PSS. In
order to short-list the most efficient fungi, all the isolates showing ~ or >15% increase in the
biomass weight, namely, Cladosporium sp. VJP04, C. dactyloctenicola VJP08, Aspergilus
ochraceus VJP10, Aspergillus nidulans VJP11, Aspergillus foveolatus VJP13, Alternaria
alstroemeriae VVJP18 and Aspergillus welwitschiae VVJP20 were further evaluated for their PSS
myco-transformation ability using Raman spectroscopy analysis (data not shown). Based on

which, the isolate C. dactylotenicola VVJP08 was short-listed for further studies.

Curvularia is an upcoming fungal genus with many newly discovered species of
unexplored potentials [Kiss et al. 2019; Iturrieta-Gonzalez et al. 2020; Marin-Felix et al. 2020].
Recently, Curvularia sp. has received much attention as a potent phytopathogen possessing an
extraordinary enzymatic potential, with the ability to infect some of the rarely infected plant
species [Sharma et al. 2016; dos Santos et al. 2018; Liang, et al. 2018; Alawlaqi and Alharbi,

2020; Baral et al. 2022]. Moreover, species of Curvularia have been reported to synthesize
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distinct types of secondary metabolites such as antibiotics, pigments, amino acids, vitamins and
organic compounds that perform significant biological activities, and thus, can be explored for
several biotechnological applications [Mehta et al. 2022]. Apart from secondary metabolites,
genus Curvularia has reportably remarkable enzymatic potential capable of surpassing the
biodegradation efficiency of other filamentous fungi [Hamad et al. 2021]. For instance, among
20 fungal isolates, Cochliobolus lunatus strain CHR4D now classified as Curvularia lunata,
has been reported as the most promising candidate for the rapid degradation of chrysene, which
is a four-ringed high molecular weight polycyclic aromatic hydrocarbon (PAH) [Bhatt et al.
2014].

Table 4.1 The change in the fresh weight (FW) biomass of fungal isolates in MSM+1% PSS
after 30 days of incubation. (Initial FW fungal biomass =10 g).

S.No. | Fungus Isolate Final Biomass | % Change in
(9) FW
1 Cladosporium sp. VJPO1 10.8+0.3 8.0
2 Alternaria sp. VJP02 10.5+0.1 5.0
3 Penicillium chrysogenum VJP0O3 8.7£0.5 -13
4 Cladosporium sp. VJP04 12.5+0.3 25
5 Aspergillus sp. VJP05 10.0£0.2 N/A
6 Aspergillus ochraceus VJP06 9.4+0.4 -6
7 Fusarium sp. VJPO7 10.3+0.2 3
8 Curvularia dactyloctenicla VJP08 15.2+0.1 52
9 Purpureocillium lilacinum VJP09 10.1+0.0 1
10 Aspergillus ochraceus VJP10 12.8+0.1 28
11 Aspergillus nidulans VJP11 11.5+0.4 15
12 Epicoccum keratinophilum VJIP12 9.7+0.1 -3
13 Aspergillus foveolatus VJP13 11.6+0.3 16
14 Penicillium shearii VJP14 9.0£0.1 -10
15 Aspergillus sp. VJIP15 8.5+0.5 -15
16 Aspergillus quadrilineatus VJP16 10.7£0.2 7
17 Curvularia caricae-papayae VJIP17 11.0£0.1 10
18 Alternaria alstroemeriae VJP18 13.0+0.0 30
19 Penicillium sp. VJP19 9.1+0.2 -9
20 Aspergillus welwitschiae VJP20 11.7£0.3 17
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4.3.2 Effect of Various Parameters on Myco-transformation Potency

The efficiency of any microbe-mediated transformation/degradation of any compound
is influenced by the environmental factors which can impact their growth and metabolic
activities. To investigate the effect of various physico-chemical conditions on the myco-
transformation of PSS by C. dactylotenicola VVJP08 and to obtain the optimized conditions for
identification of participating biomacromolecules, a series of experiments were conducted.
Biological processes such as bioremediation or biotransformation heavily rely on the
enzymate-mediated reactions that occur at an optimum temperature [Endeshaw et al. 2017].
Additionally, these processes also depend on pH because it affects the enzymatic activities,
the cell membrane transport, and the catalytic reaction balance [Bonomo et al. 2001]. Hence,
exposure duration, temperature and pH were selected as the key parameters for optimization in

order to monitor the process of myco-transformation.
4.3.2 Effect of Exposure Duration

At first, the effect of PSS exposure duration on the growth of C. dactyloctenicola VVJP08
was studied by monitoring the changes in the FW of fungal biomass. The fungal growth in the
MSM+3% dextrose (positive control) showcased an increase of 321.65% over an incubation
period of 5 days as dextrose is a readily available carbon source for the growth of fungi (Table
4.2 a). While due to absence of carbon source in only MSM (negative control), the biomass
FW of C. dactyloctenicola VVJP08 was observed to be continuously decrease from 5.35% (at
day 5) to 32.83% (at day 30). In case of MSM+ 1% PSS, where PSS was present as sole carbon
source, C. dactyloctenicola VJP08 exhibited gradual increase in the biomass FW w.r.t initial
inoculated biomass. The biomass FW was observed to increase by 57.8% at day 5, which
further increased to its maximum potential of 73.8% at day 15. However, in comparison to day
15, the biomass FW was found to eventually decrease by 27.3% by the incubation period of 30
days. These results indicate that C. dactyloctenicola VVJP08 could utilize PSS which was the
sole carbon source to support its growth and metabolism. The maximum growth of C.
dactyloctenicola VJPO8 was observed at day 15. Since, the overall growth profile of C.
dactyloctenicola VVJP08 showed significant increase in biomass FW w.r.t to the initial inoculum
FW (20 g) during the tested exposure durations, Raman spectroscopy was employed to further

understand the myco-transformation profile of PSS.
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Table 4.2 (a) Effect of exposure duration (days) on the growth of C. dactyloctenicola VVJP08.
(Initial fungal biomass FW= 20 g).

Fungal biomass FW (g)
D5 D10 D15 D20 D30
MSM+ 3% 84.3+1.4 - - - -

Treatment

Dextrose
Only MSM 18.9+0.1 18.2+0.2 14.9+0.4 14.0+0.2 13.4+0.8
MSM+ 1% 315414 31.8+1.4 34.7¢1.1 32.2+0.9 29.3+1.7
PSS

D= days; + represent standard error
4.3.2.1 Raman Spectroscopy

In order to compare and analyse the changes in chemical fingerprint of PSS across
different exposure duration (day 5 to day 30), Raman spectra were analysed by employing the
stack plot of MSM+1% PSS treatment in comparison to control (untreated MSM+1% PSS)
[Figure 4.1]. Raman spectra of PSS showed main vibrations at 789.209, 1125.53, 1208.48,
1407.9, 1648.64, 3248.26 and 3387.59 cm™. These bands correspond to C-H deformation
(789.208 cm™), C-C stretch (1125.53 cm™), sulfonic acid (1208.48 cm™), CH: scissoring
(1407.9 cm™), benzene ring stretch (1648 cm™) and aromatic C-H band stretch (3248.26 and
3387.59 cm™) [Edwards et al. 2000; Nava et al. 2021]. In comparison to other bands, 3248.26
and 3387.59 cm™ bands showed a broad appearance (higher intensity) due to the presence of
hydrogen atom which is lighter than carbon. Moreover, the band ~3200 cm™ represent the
carbons in the aliphatic part of carbon chains connecting the styrene units, whereas band at

~3300 cm* represent the carbons in the aromatic part of carbon ring of styrene.
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Figure 4.1 Raman spectra of (a) control; (b-f) treatment containing MSM+ 1% PSS samples

exposed to C. dactyloctenicola VVJP08 for the exposure duration from day 5 to day 30.

In comparison to control, samples with C. dactyloctenicola VJP08 demonstrated
significant variations in the characteristic peaks, in addition to newly generated peaks at ~940,
~1050, ~1770, and ~2280 cm™. However, the appearance of these newly generated peaks
showed slight variation among samples exposed for different exposure durations. A significant
gradual decrease in the % intensities for peaks mainly at 3248.26 and 3387.59 cm™ was
observed with the increased exposure duration. In control sample, the intensity of these two
bands was found to be ~350%. However, at exposure duration of 5 days, the intensity of these
bands was observed to be ~160%, which further decreased to 70% by day 30. Along with the
decrease in the peak/ band intensity, the Raman peak originally positioned at 3248.26 and
3387.59 cm™* showed an average wavenumber shift to ~3035 and 3240 cm™ respectively. It is
due to the change in relative distance and orientation between atoms due to local deformation,
causing the change in the strength of corresponding chemical bonds. This subsequently changes
in the interaction between electromagnetic wave and chemical bonds of materials leading to

shift in Raman peak positions due to changes in the frequencies of Raman-induced phonons
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and/or molecular vibrations [Ganesan et al. 1970; Yang et al. 2020]. Furthermore, the newly
generated peaks at ~940 cm™ represents aromatic ring bending vibrations and peak at ~2280
cm can be assigned to a wide range of bands including C-H and C-C stretching, =CH; and C-
H deformation [Klisinska-Kpoacz et al. 2018]. Moreover, new functional group peaks observed
at ~1050 cm* and ~1770 cm™* represent —C—O— and —C=0 stretching, respectively indicating
oxidation of the PSS [Song et al. 2020]. The Raman spectroscopy analysis suggest that the C.
dactylocetnicola VJP08 could utilize both the aliphatic and aromatic carbon components of
PSS for its growth and metabolism throughout the incubation period of 30 days, during which
the utilization was observed to slow down after 20 days. Noteworthy, the peak intensity of
~2280 cm* band decreased at 30 days which indicates that fungal-mediated utilization of PSS
become restricted. However, the fungus survived by utilizing the products and by-products

generated during the earlier days of exposure.
4.3.2.2 Myco-transformation Compounds Analysis

The chemical fingerprint analysis discussed in above section indicated the capability of
C. dactyloctenicola VJP08 towards PSS utilization. Hence, to further investigate the
compounds generated during the myco-transformation of PSS, the treatment extracts were
subjected to GC-MS/MS analysis. The extracts from the control (MSM+ 1% PSS) sample
showcased the presence of key components of PSS, namely benzene (the monomeric structure
of PSS), and two plastic additives: 2,4-Di-tert-butylphenol (2, 4-DTBP) and 1,1°-Biphenyl, 2-
3’ diol which are commonly added as UV stabilizer and flame retardants. The peaks indicating
the compounds leaked from the GC-MS/MS column have not been marked in all the

representative chromatograms (Shown in Appendix-I11).
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Treatment containing MSM+1% PSS exposed to C. dactyloctenicola VVJP08 displayed
presence of various organic compounds, generated as a result of PSS myco-transformation.
The profiling resulted in identification of a total 6 compounds in control sample. In comparison,
total 29 (day 5), 33 (day 10), 32 (day 15), 28 (day 20) and 24 (day 30) compounds were
observed in the treatment containing MSM+1% PSS with fungal biomass [Figure 4.2],
respectively. Most of the compounds were found to be common during different exposure
durations. Overall, a total of 56 compounds were identified, of which, 22 compounds were
uniquely present in different exposure durations. The generated compounds were identified as
plastic-derived oxidized molecules, alkanes, alcohols, easters, carboxylic acids, fatty acids and
miscellaneous compounds [Figure 4.2]. These results indicate that C. dactyloctenicola VJP08

has the ability to myco-transform and utilise PSS as sole carbon source for its metabolism.
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Figure 4.2 Proportion of different compounds generated during myco-transformation of PSS

by C. dactyloctenicola VVJP08 at different exposure durations.

Further, the clustering of control (MSM+ 1% PSS without fungal biomass) sample and
treatment (MSM+1% PSS with fungal biomass) samples across different exposure duration
were analysed using two-dimensional (2D) principal component analysis (PCA) score plot.
The 2D scores PCA plot indicated the natural grouping and clear separation/ differentiation of
the control and treated samples at different exposure durations. The treated samples (indicated
as green circles) are clustered together due to the similarity in the variation of their component
profiles [Figure 4.3 A]. The two principal components used to generate the scores plot
accounted for almost 50% of the variance across the data set, with ~ 32% of the variance
contributing to the separation between the control and treated samples along the first PC

76



dimension. Additionally, the compounds with value greater than 1 in variable importance in
the projection (VIP) were marked as the most significant myco-transformation compounds
[Siddiqui et al. 2022]. The univariate VIP plot clearly indicated the higher expression of PSS-
transformation derived aromatic compounds such as benzothiazole, quinoline, octadecanoic
acid, and organic compounds such as pentadecane, hexadecane, heptadecane, octadecane,
nonadecane, dodecane, docosane & octacosane indicating that PSS has been transformed into
organic compounds by C. dactyloctenicola VJP08 for its metabolism [Figure 4.3 B]. The
generated compounds included alkanes and alcohols of varied carbon chain length ranging
from C7 to Css and Cio to C2o, respectively. The alkanes are generated as a result of enzyme-
mediated plastic depolymerization, subsequently to be utilised through -oxidation pathway [Ji
et al. 2013]. Among the metabolite classes, alkanes were found to be present most dominantly.
Pentadecane, heptadecane, octadecane, nonadecane, heneicosane, eicosane, octacosane and
tetrapentacontane were the most predominant alkanes synthesized during different exposure
durations (days). Generation of various organic compounds such as alkanes, alcohols,
carboxylic acids and esters have also been observed during biodegradation of various other
types of plastics [Mohanan et al. 2020; Ru et al. 2020; Zadjelovic et al. 2022]. Further
multivariate VIP analysis was performed to analyse the component profile during the
individual exposure durations [Figure 4.3 C]. The analysis revealed the occurrence of PSS
myco-transformation compounds at lower concentrations during the initial exposure duration
(day 5), which significantly increased till day 30, with the highest component concentrations
at day 15 and day 30. These results can be explained as follows: After exposure to C.
dactyloctenicola VJP08, PSS myco-transformation occured in a catabolite repression manner,
where the transformation exponentially increases till day 15 leading to the generation of
organic components, which are preferentially utilized by the growing fungal biomass, leading
to their decreased concentration in the sample as observed at day 20. Their depletion stimulates
the fungus to further transform the leftover PSS leading to the generation of new organic
compounds in higher concentration which were observed at day 30 during GC-MS/MS

analysis.
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The clustering of overall component profile of fungal-mediated PSS transformation
across different exposure durations could be clearly observed in the heatmap [Figure 4.4]. Since
PSS is majorly comprised of rigid aromatic ring structure, its chemical transformation is an
essential step for its utilization. The heatmap indicates that key PSS components such as
benzene, 2, 4-DTBP and 1,1°-Biphenyl, 2-3’ diol were present in highest concentrations in the
control sample, which got significantly decreased over the incubation period of 20 days. This
chemical transformation was evidently observed by the simultaneous formation of
benzenepentanoic acid at day 5 of exposure duration, which is an oxidized form of benzene. It
could be hypothesised that this oxidized form of benzene was readily mineralized by the fungus
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to synthesize various organic compounds such as alkanes and fatty acids, essential for the

fungal growth and metabolism. Further, the generation of sulfurous acid at day 5 indicated that

the PSS structure has been catabolically transformed by C. dactyloctenicola VVJP08.
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However, the concentration of other organic compounds were comparatively lesser at
day 5 which suggest that at day 5, the catabolic action of fungus towards PSS were at its initial
stage. The concentration of organic compoundss were observed to increase with the proceeding
exposure duration. The highest concentration of alkanes (hexadecane, heptadecane,
octadecane, dodecane, tetracontane, tetratetracntane, dotriacontane, pentacosane, octacosane
and nonacosane), carboxylic acids (carbonic acid and sulfurous acid), esters (eucosyl acetate)
and fatty acids (eucosanoic acid and octadecanoic acid) were observed at day 15. Similar to
our observations, Jindrova et al. (2002) also reported that the microbial degradation of aromatic
compounds essentially begins with their oxidation which further facilitates their subsequent
conversion into organic compounds. Overall, the reported polystyrene degradation products
including cyclopentane, octadecanoic acid, benzenepentanoic acid, etc indicated the catabolism
of PSS into metabolically crucial intermediates [Sanchez et al. 2020; Amobonye et al. 2021].

Further, a correlation matrix of myco-transformation compounds was also generated
using Pearson's correlation test in order to calculate the correlation coefficients between the
myco-transformation compounds [Figure 4.5]. The results exhibited positive correlation of
benzene with benzenepentanoic acid and 1°1-biphenyl-2°3-diol, while various organic
components such as dodecanol was found to be positively correlated to alkanes including
dodecane, hexadecane, tetradecane. Further, teracosyl acetate and hexacosyl acetate were also
positively correlated to their respective alcohol derivatives. It is noteworthy that cyclic and
acyclic alkanes such as cyclopentane, cyclotetralactosane, cyclotetracosane, cyclodecane,
hexadecane, octadecane etc., undergo a series of oxidation reactions leading to the formation
of corresponding dicarboxylic acids, which are further metabolized in the cell [Cheng et al.
2002]. These results indicate that complex fungal-mediated biochemical reactions occurred
during the myco-transformation of PSS into organic compounds and supported the fungal

growth and metabolism.
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Figure 4.5 Correlation matrix of identified compounds in control and treated samples

incubated for different exposure durations.

In summation, the biomass growth, Raman spectroscopy analysis and, myco-
transformation compounds profile combinedly indicated that although the fungal mediated PSS
myco-transformation continues till day 30, the process was paced down after 15 days. The
obtained results suggest that maximum activity of C. dactyloctenicola VJP08 towards PSS
utilization was at day 15 of incubation. Hence, day 15 was selected as the optimal exposure

duration time.
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4.3.3 Effect of Temperature

Temperature is one of the most key parameters for any microbial process as it centrally
affects the rate of microbial metabolism by affecting the structure and activity of proteins
[Tilton Jr et al. 1992]. Diverse and unique metabolic processes allow microbes to adapt to
unfavourable environments. However, organisms cannot efficiently shield themselves from
temperature in the way they can shield themselves from extreme external pH or salinity by
maintaining steep concentration gradients over biological membranes. Hence, the microbes and
their biomolecules must adapt to the temperatures of their surrounding environment [Engqvist
et al. 2018]. Apart from microbial metabolism, temperature also affects the chemical kinetics
of a biodegradation reaction including solubility, diffusion coefficients and volatilization of
hydrocarbon constituents [Atlas, 1975]. Thus, temperature is a highly important factor for
pollutant biodegradation in test systems and in the environment [Sjgholm et al. 2021].
Generally, most of the environmental microbes operate most effectively in the temperature
range of 15-40°C [Yadav et al. 2012; Engqvist et al. 2018]. Hence, we chose three
temperatures, i.e. 15°C, 28°C and 40°C to evaluate the efficiency of C. dactyloctenicola VVJP08

towards myco-transformation of PSS.

The growth and PSS myco-transformation capacity of C. dactyloctenicola VVJP08 was
evaluated under different temperatures by monitoring the change in the fresh weight biomass
[Table 4.2 b]. The fungus showed maximum growth when incubated at 28°C, which optimally
supports the overall growth and metabolism in fungi. Maximum increase of 321.65% was
observed in the biomass FW at 28°C, in comparison to other temperature conditions of 15°C
and 40°C, under which the fungus showed biomass increase of 186.65% and 24%, respectively.
These obtained results clearly indicated that the fungal metabolism become slow down at 15°C,
while largely lags at 40°C. Similar results were observed when C. dactyloctenicola VVJP08 was
incubated in MSM+1% PSS, where the maximum increase of 73.8% was observed in the
biomass FW at 28°C, while 36.65% and 13.3% increase was observed under incubation at 15°C
and 40°C, respectively. Due to unavailability of any carbon source in only MSM treatment, the
biomass FW was observed to decrease under all tested temperature conditions. Drastic decrease
of 36.7% in biomass FW at 40°C, followed by 25.2% and 23.5% decrease in biomass FW was
observed at 28°C and 15°C, respectively. Under nutrition starved conditions, the higher
temperature of 40°C might have stimulated cell lysis, whereas the lower temperature of 15°C
slowed down the fungal metabolism leading to the lesser decrease in the fungal biomass in

comparison to that at 28°C.
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Table 4.2 (b) Effect of temperature on the growth of C. dactyloctenicola VVJP08. (Initial fungal
biomass FW= 20 g; exposure duration= 15 days).

Fungal Biomass FW (g)
Treatment
15°C 28°C 40°C
MSM+3% Dextrose 57.3+2.9 84.3x1.4 24.8+1.3
Only MSM 14.9+0.4 15.3+0.6 12.6+0.6
MSM+19% PSS 27.3+0.8 34.7£1.1 22.6+1.8

+ represents standard error
4.3.3.1 Raman Spectroscopy

In order to compare and analyse the changes in chemical fingerprint of PSS under
different temperature conditions, Raman spectroscopy was performed, and the obtained graphs
were stack plotted for analysis [Figure 4.6]. The key PSS peaks corresponding to aromatic C-
H bands stretch (3227.27 and 3387.59 cm™) were found to show decrease at 15°C followed by
28°C. Highest intensity of =CH, and C-H deformation peak (2462.81 cm™) was observed at
15°C, indicating the slow utilization of PSS by C. dactyloctenicola VJP08 due to slow fungal
growth at this temperature. Additionally, a greater number of new peaks at 957.696, 1042.69,
1209.58, 1307.78, 1537.24, 1798.66, 1873.06 and 2018.47 cm™* were observed at day 15°C as
compared to other temperatures. These bands correspond to aromatic bending (957.696 cm™),
C-CHgsstretch or SOs stretch (1042.69cm™), sulfonic acid or free acid SO, (1209.58 cm™), CH
bending (1307.78 cm™), CCH ring quadrant (1537.24 cm™), —C=0 stretch (1798.66 cm™),
anhydrides such as SO; derived from PSS (1873.06 cm™) and -CH deformation (2018.47 cm’
1y [Edwards et al. 2000; Yuniarto et al. 2016]. The appearance of these new peaks indicates
that although the PSS transformation took place at 15°C, the generated by-products tend to
accumulate and were slowly utilized by C. dactyloctenicola VVJP08 due to slow fungal growth
at 15°C. Previous studies also reported that at low temperatures, mould fungi show slow growth

rate as formation of a unit of biomass consume more energy at 15°C [Li et al. 2009].
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Figure 4.6 Raman spectra of (a) control; (b-d) treatment containing MSM+ 1% PSS samples
exposed to C. dactyloctenicola VIP08 at 15°C, 28°C and 40°C, respectively.

In comparison to control sample, the intensity of PSS corresponding key peaks at 1610,
3277 and 3387 cm™ were found to decrease significantly the test sample incubated at 28°C.
The peaks at 1122.19 and 1420.73 cm™ corresponding to C-C stretch and CHz scissoring were
observed to be absent in the test sample incubated at 28°C. However, newly generated peaks
corresponding to C-CH3 (1037 cm™), SO,- asymmetric stretch (1310 cm®), aromatic ring
quadrant (1528 cm™), —C=0 stretch (1798.66 cm™), anhydrides such as SOs derived from PSS
(1877.06 cm™) and -CH deformation (2018.47 cm™) were observed indicating that C.
dactyloctenicola VJPO8 enabled PSS myco-transformation at 28°C. In contrast, at 40°C,
relatively less decrease in the intensity of peaks corresponding to aromatic C-H bands stretch
(3065.81 and 3228.89 cm™) was observed which indicated that due to higher temperature, there
was lower -CH deformation in the PSS by fungal action. The obtained results implied that the
temperature has a significant influence on the metabolic efficiency and growth rate of fungi
under cultural conditions [Venkatachalan et al. 2019]. Further, as compared to other
temperatures (15°C and 40°C), based on the maximum decrease in the intensities of PSS
corresponding peaks 28°C was selected as the most favourable temperature for fungal-
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mediated action over PSS. These results were also aligned with the maximum fungal biomass
FW which was observed at 28°C, followed by 15°C and 40°C, respectively (Table 4.2 b).

4.3.3.2 Myco-transformation Compounds Analysis

To further investigate the compounds generated during myco-transformation of PSS at
different temperature conditions, the treatment extracts were subjected to GC-MS/MS analysis.
The profiling resulted in identification of a total 3 compounds in control sample. In comparison,
total 30 (at 15°C), 43 (at 28°C) and 28 (at 40°C) compounds were observed in treatment
containing MSM+1% PSS with fungal biomass, respectively. Among all compounds, alkanes
were the most dominating class followed by PSS derived aromatic compounds, fatty acids,
carboxylic acids, esters and alcohols in all the temperature conditions [Figure 4.7]. Diverse
range from Cs to Ceo Were observed in alkanes, among which tetradecane, heptadecane,
octadecane, eicosane, heneicosane, octacosane, nonacosane, tetracontane and tetratetracontane
were commonly found in all the tested temperature conditions. A total of 69 compounds were

identified, of which, 23 compounds were uniquely present in different temperature conditions.
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Figure 4.7 Proportion of different compounds generated during myco-transformation of PSS
by C. dactyloctenicola VVJP08 at different temperature conditions.

The 2D PCA scores plot displayed grouping of treated samples incubated at different
temperatures, while the control sample displayed clear separation, indicating that although at
different magnitudes, PSS was transformed in the treated samples at all the tested temperatures
[Figure 4.8 A]. Additionally, the VIP plot clearly indicated that organic compounds such as

heptadecane, octadecane, eicosane, heneicosane, etc generated during the myco-transformation
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process were found in higher concentrations in the treated samples [Figure 4.8 B]. In order to

separately evaluate the process of myco-transformation at different temperatures, multivariate

VIP plot was analysed, which revealed variable presence of compounds at tested temperatures

[Figure 4.8 C]. Alcohols and esters were found to be dominated at 15°C, while alkanes were

more at 28°C and 40°C, respectively.
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Figure 4.8 (A) 2D-PCA score plot demonstrates statistical clustering of control (shown in red)

Law

and treated samples (shown in green); (B) Univariate VIP score plot of top 20 identified

compounds under untreated MSM+1% PSS; and treated samples at different temperatures; (c)

Multivariate VIP score plot of top 20 identified compounds in control; and treated samples at

different temperatures.
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Further, the detailed expression of component profile of fungal-mediated PSS
transformation across different temperature conditions can be clearly observed in the heatmap
[Figure 4.9]. The heatmap clearly indicates higher amount of alkanes such as cyclopentane,
pentacosane, cyclodocosane, 4,6-dimethyl dodecane, 3-methyl heneicosane, 3-methyl
pentadecane, etc were majorly present in the treatment supernatant incubated at 28°C, while
2,3-dimethyl dodecane, 2,6,10-trimethyldodecane, 6-cyclohexyl tridecane, 2-methyl-
tetracosane and pentatriacontane were present in the samples incubated at 15°C, and
methylated forms of eicosane such as 2-methyl eicosane, 4-methyl heptadecane and 4-
methylated octadecane were uniquely present in the samples incubated at 40°C. The myco-
transformation compounds analysis by Raman spectroscopy also revealed higher concentration
of sulfurous acid in fungal treated samples incubated at 15°C and 28°C. Fatty acids such as
hexadecenoic acid, octadecanoic acid were also found in the samples incubated at 15°C and
28°C, while octadecadenoic acid and eicosanoic acid were only found at 28°C. However,
treatment incubated at 40°C displayed presence of only one fatty acid, namely octadecanoic
acid. As observed in the heatmap, the least amount of PSS-derived organic compounds were
found in the fungal treated samples incubated at 40°C, whereas the highest amount of organic
compounds were found in samples incubated at 15°C and 28°C. It indicates that PSS was
transformed at these temperatures by C. dactyloctenicola VVJP08. The obtained results are in
correlation with the change in fungal biomass FW as well as with the results of Raman
spectroscopy analysis. The correlation matrix also indicated close association of various
organic compounds [Figure 4.10]. Various alkanes such as pentadecane, heptadecane,
octadecane and nonadecane and docosane were found to be positively correlated to their
methylated forms. For instance, pentadecane was found to be positively correlated with its 2-
methyl pentadecane, 6-methyl pentadecane and 2, 6, 11-methylpentadecane, while
heptadecane, octadecane, nonadecane and docosane were positively correlated to 2-methyl
heptadecane, 3-methyl heptadecane, 3-methyl/4-methyl octadecane, 4-methyl/2,3-dimethyl
nonadecane, 2,21-dimethyl/2, 6, 10 trimethyl, 2, 6, 11 trimethyl docosane, respectively.
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Figure 4.9 Heatmap showing the average clustering of component profiles of PSS myco-

transformation products in control and treated samples at different temperature conditions.
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| Ll

Figure 4.10 Correlation matrix of identified compounds in control and treated samples

incubated at different temperature conditions.

Additionally, benzene was positively corelated to one of its derivatives namely, 2,4-
DTBP, and other organic compounds such as cyclopentane and cyclodocosane indicating that
these cyclic compounds were generated from aromatic benzene ring via fungal-mediated
action. These results strongly indicate that various fungal-mediated biochemical reactions
resulted in the transformation of PSS into bioactive organic compounds, which actively
participated in catabolic and anabolic metabolism that supported fungal growth. Additionally,

the results also highlight that fungal metabolism has a different pace at different tested
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temperature conditions. In comparison to 28°C, the fungal growth and PSS utilization was
found to be slightly slower at 15°C, whereas the least transformation was observed at 40°C,
indicating that although C. dactyloctenicola VJP08 has the ability to survive and transform PSS
(as sole carbon source) at all the tested temperatures, it functions optimally at 28°C. Hence,
28°C was selected as the optimal temperature to monitor the effect of pH on PSS transformation

by C. dactyloctenicola VVJP08.
4.3.4 Effect of pH

In comparison to other microorganisms, fungi are capable to grow and develop over
wide pH ranges. For example, Aspergillus nidulans and Botrytis cinerea, etc have been
reported to grow in pH ranging from 2.5 to 9.0 [Manteau et al. 2003]. This is because fungi can
actively modulate the pH of surrounding environment by secreting acids or alkali [Landraud et
al., 2013; Vylkova, 2017]. During the infection process of phytopathogenic fungi, the pH of
infected cuticle rises from about 6.3 to 7.7, which is required for the regulation of cuticle-
degrading enzymes [Leger et al. 1998].

Considering the importance of pH, the growth and PSS myco-transformation efficiency
of C. dactyloctenicola VJP08 was studied in pH ranging from 5 to 8 (including the standard
pH of MSM media i.e. 7.0£0.2) by monitoring the change in the fungal biomass FW. C.
dactyloctenicola VJP08 showed maximum growth with an increase of 321.65% at pH7.0+0.2
in MSM+ 3% dextrose treatment, followed by 196.65%, 161.65%, 193.3%, 158.3% and
148.3% at pH 5.0, 5.5, 6.0, 6.5 and 8.0, respectively [Table 4.2 c]. The growth at pH 5.0 and
6.0 as well as pH 5.5 and 6.5 were found to be significantly similar, while the least growth was
observed at pH 8.0. Similar trend was observed in case of MSM+1% PSS treatments in which
the highest growth of 73.8% was observed at pH 7.0, while ~31% and ~22% increase were
observed at pH 5.0/6.0/8.0 and pH 5.5/6.5, respectively. These observations indicated that C.
dactyloctenicola VVJP08 supports versatile growth pattern under nutrient challenging conditions
along acidic to alkaline medium. Furthermore, while incubation in only MSM, C.
dactyloctenicola VJP08 displayed consistent decrease in the biomass FW at the tested pH
which may be due to nutrient starvation. However, only on the basis of change in the biomass
FW, it was difficult to clearly delimitate the effect of pH on myco-transformation capacity of
C. dactyloctenicola VVJP08. Hence, for further analysis Raman spectroscopy was performed for

all the samples exposed to different pH conditions.
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Table 4.2 (c) Effect of pH on the growth of C. dactyloctenicola VVJP08. (Initial fungal biomass
FW= 20 g; exposure duration= 15 days; temperature 28°C).

Fungal Biomass FW (g)
pH 5.0 pH 5.5 pH 6.0 pH 6.5 pH 7.0 pH 8.0
MSM+3% | 59.3+4.0 |52.3+t2.4 |58.6+2.3 |51.6+2.6 |84.3t1.4 |49.6+1.7

Treatment

Dextrose
Only 14.3+0.6 | 13.0+0.4 | 14.0+1.08 | 14.6+0.6 | 14.9+0.4 | 13.0£0.7
MSM
MSM+1% | 26.3+1.0 | 23.3t1.3 |26.3+2.3 |24.3t0.6 |34.7+£1.1 |27.6+1.8
PSS

* represent standard error

4.3.4.1 Raman Spectroscopy

Figure 4.11 depicts the changes in the signature peaks of PSS at different pH which are
represented in the form of stack plot. As observed in the Raman spectra of exposure duration,
the PSS peaks corresponding to aromatic C-H bands stretch (3235.36 and 3408.78 cm™)
showed a wavenumber shift (3043.37 and ~3230 cm™), as a result of altered strength of
corresponding chemical bonds indicating the deformation of PSS aromatic rings by C.
dactyloctenicola VJP08. In addition, the appearance of =CH, and C-H deformation peaks in
the range of 2000-2400 cm™ were also observed across pH 5.0-8.0. Similarly, as observed in
previous sections (4.3.2.1 and 4.3.3.1), newly generated peaks at ~805.542, 934.85, 1042.69,
1165.47, 1209.58, 1301.27, 1535.17, 1775.45, 1885.05 and 2283.75 cm™ were also found in
all pH treatments, with an exception of peaks at ~1156 and ~1301 cm™ corresponding to C-C
stretch and SO»-asymmetric stretch which were absent in pH 5.0 and 8.0 indicating that either
SO2 was consumed by the fungus; or SO, was not released. The newly generated peaks indicate
that C. dactyloctenicola VJPO8 is functionally capable to transform PSS at a wide pH range.
However, the peaks at ~3043.38 and ~3223 cm corresponding to aromatic C-H band stretch
were observed to show the highest decrease in peak intensities at neutral conditions

corresponding to pH 7.0.

91



(9) pH 8.0

1775.42°3-1786.54
1885.051856.03

-1-800.878 )-805.542
3043.38)-3030.05
3223.64)-3237.78

+935.9992-938.286

+41644.5)-1644.51

+1533.040-1526.73

|

fpHT7.0

814.858

(e) pH 6.5

046.071-1057.31
165.4711163.26
291.5141301.27
414.32}-1418.6

535.14-11549.83
640.38 +1637.27

790.377

(d) pH 6.0

Intensity (%; a.u)
2307.1%2283.75 {-2280.94

293.68

415.39

529.89
45.54

. . 1046. )

X 1165. ’

: . 1201. !

- . 1414, '

X . 1535, .

) X 1640. .
769.34 Y 17825 }1768.3211764.27
877.06 5-1871.06 ] 1856.03 |1835.88

HHHHHH

(c)pH 5.5

779.858 }-785.704

932.568 )-940.573 $-934.8553-945.143
531.99
652.77
3043.38 }-3048.37 13025.87 }3044.21

284.99
408.97

(b) pH 5.0

“h
541
1
A7)y
1
1

323534323051 305068 }-3244.23 322122

'4"779.85
}1126.64
11209.58
-1402.54-

1634.17

)

(a) Control

T T T
1000 1500 2000 2500 3000 3500

Wavenumber (cm™)
(A)
Figure 4.11 Raman spectra of (a) control; (b-g) treatment containing MSM+ 1% PSS samples
exposed to C. dactyloctenicola VJP08 at pH 5.0, 5.5, 6.0, 6.5, 7.0 and 8.0, respectively.

4.3.4.2 Myco-transformation Compounds Analysis

The component profile of C. dactyloctenicola VVJP08 incubated in MSM+1% PSS with
pH varying from 5.0 to 8.0 revealed that there were a total of 101 myco-transformation
compounds generated in the samples among which 55 were common and 46 were unique at
different pH conditions [Figure 4.12]. Similar to other process parameters (exposure duration
and temperature), alkane was found to be the most dominating class across the tested pH range.
The highest number of alkanes (42) were found to be generated in the sample kept at pH 5.0,
followed by pH 7.0 (35), pH 5.5 (34), pH 6.0 (32), pH 8.0 (30) and pH 6.5 (20), respectively.
However, the overall component profile was found to be metabolically less diverse at pH 5.0
in comparison to other pH treatments. Furthermore, the 2D PCA scores plot exhibited distinct
separation of both control and treatment samples and depicted clustering of all the fungal
incubated samples at different pH [Figure 4.13 A]. The results indicated that C.
dactylcotenicola VJP08 has the ability to successfully transform PSS, present as sole carbon
source, into organic components to be utilized for fungal growth and metabolism. The
univariate VIP plot clearly indicated the presence of PSS-derived and other fungal-generated
organic compounds in treated MSM+1% PSS samples with fungal biomass [Figure 4.13 B].
However, the multivariate VIP analysis indicated mixed proportion of components across
different treatment pH range [Figure 4.13 C].
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Careful analysis suggests that 4-methylpentadecane/hexadecane/ tetradecane, 5-methyl
octadecane, cyclohexacosane, hentriacontane, hexatriacontane, oleyl alcohol, piperazine-2,5-
dione were uniquely present in fungal treated samples incubated at pH 5.0. Whereas methylated
heptadecane/ eicosane/ tridecane/ pentacosane and triacontly acetate were uniquely present in
samples at pH 5.5. In addition to methylated, ethylated and acetoxy-alkanes, heptacosyl acetate
and tridecanoic acid were found to be uniquely present in samples incubated at pH 6.0
treatments. In addition to methylated alkane, diverse types of fatty acids including
eicosadienoic acid, tetracosanoic acid and triacontanoic acid as well as benzene derivative such
as benzoic acid and isophthalic acid were found in samples incubated at pH 6.5. At pH 7.0 and
pH 8.0, the unique alkanes were majorly found to be methylated. In comparison to other
treatment conditions, treatments at pH 7.0 displayed higher collective proportions of alkanes
and fatty acids, whereas, treatments at pH 5.0 and pH 6.5 displayed the abundance of only a

single compound class (either alkanes or fatty acids).

Although differently modified alkanes and other organic compounds were present in
different pH treatments, the correlation matrix analysis displayed varied pattern of
interrelations between these components [Figure 4.15]. PSS-derived benzothiazole displayed
positive correlation with other transformed compounds including sulfurous acid, octadecanoic
acid and alkanes of varied chain length alkanes (Cis-C24) such as pentadecane, tetradecane,
pentacosane, octacosane, tetracosane, etc. While long-chain tetracontane (Cao) was found to be
positive correlated with comparatively short-length alkanes including 6-methyl pentadecane,
3-methyl heptadecane, 3-methyl heneicosane, nonacosane and pentacosane, indicating that
short-chain length alkanes would have originated from the long chain alkanes via different
biochemical reactions by the action of fungal exo-enzymes.

The obtained results suggested that although C. dactyloctenicola VJP08 was able to
transform PSS under wide pH range, the most significant transformation was observed at pH
7.0.
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Figure 4.15 Correlation matrix of identified compounds in control and treated samples

incubated at different pH.
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4.4 Protein Precipitation and One-Dimensional Gel Electrophoresis

Fungi are considered natural decomposers and secrete large amount of extracellular
enzymes which have the ability to degrade varied complex macromolecules (nutrient sources)
into smaller units and help them to survive in harsh environment under low nutrient conditions
[Jeyakumar et al. 2013; Sanchez et al. 2020; El-Gendi et al. 2022]. Since the polymeric
molecules need to be broken down into oligomers/monomers (which are comparatively easier
to be utilized), extracellular enzymes represent crucial functional components for monitoring
such processes [Zhao et al. 2021; Bhanot et al. 2023]. In order to examine the role of
extracellular enzymes in PSS transformation, it was important to understand the extracellular
protein profile of C. datyloctenicola VIJPO8 under different growth treatments, namely
MSM+3% dextrose, only MSM and MSM+1% PSS. The cell-free filtrate displayed significant
difference in the concentration of total extracellular proteins under different treatment
conditions [Table 4.3].

Table 4.3 Extracellular protein concentration (g mL™) of C. dactyloctenicola VJPOS in tested

treatments at varied exposure duration.

Total extracellular proteins (ug mL™?)

Treatments

D5 D10 D15 D20 D30
MSM+3% 284.4+19.1 - - - _
Dextrose

Only MSM | 177.3+18.1 | 256.3+26.0 |279.3£18.5 |228.3+21.1 | 285.6%£12.7
MSM+1% | 344.0+12.0 | 264.4+329 |278.6+18.7 |308.3+40.7 | 233.3+13.5
PSS

D= days; + represent standard error

The concentration of total extracellular protein was found to be highest in treatment
with MSM+1% PSS (344.0 ug mL™) at day 5. The protein concentration was found to
decreased by day 10 and remained broadly constant till day 15, after which a slight increase
was observed at day 20, followed by a steep decline at day 30. The observed variation in the
protein concentration may be explained such that during the initial exposure duration of 5 days,
the fungus released large amount of different proteins to get carbon source from surrounding
environment, after which only selected proteins were secreted that were capable in myco-
transformation of PSS. However, during the prolonged exposure (20 days), possibility of

rupturing a few fungal cells cannot be ignored which could be leading to would have been
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ruptured leading to the release of internal cellular proteins causing the increase in total protein
concentration. It is also in correlation to the changes observed in fresh weight biomass, which
was found to exponentially increase by day 15 followed by decrease till day 30 (Table 4.2 a).
At this point, it is important to emphasize that our method does not claim to have extracted all
the proteins but only those that were being released and remained stable (not degraded) under
the experimental conditions. It could also be possible that the presence of secreted hydrolytic

enzymes might have led to degradation of proteins in substantial amounts.

The total extracellular protein profile revealed the presence of varied band patterns
across different treatments. For instance, the treatment MSM+3% dextrose showed six distinct
protein bands ranging from molecular weight from 14.4 kDa to ~80 kDa [Figure 4.16 A, Lane
2]; while almost similar protein bands were observed in MSM+1% PSS treatment at day 10
and 15, wherein total fourteen discrete bands ranging from ~15.0 kDa to ~90.0 kDa and twelve
bands ranging from 60.0 kDa to ~150 kDa, respectively [Figure 4.16 B & C, Lane 2]. Total
twenty-three distinct protein bands were observed in MSM+1% PSS treatment at the exposure
duration of 20 days ranging from molecular weight of ~11.0 kDa to ~150.0 kDa [Figure 4.16
D, Lane 2]. However, the total number of bands observed at day 30 decreased to12, ranging
from ~14 kDa to ~100.0 kDa [Figure 4.16 E, Lane 2]. These results highlight that the PSS
transformation ability of C. dactyloctenicola VJPO8 gets significantly affected by longer
exposure duration of 30 days. Hence, the protein sample of day 30 not considered for further
proteomics analysis. Noteworthy, the protein bands at ~14.0 kDa, ~37 kDa and ~60-70 kDa
(indicated in box) were found to be consistent throughout day 10 to 30 which indicated their
possible role in PSS myco-transformation. Among these, the protein band between 14.4 kDa
to 18.4 kDa was also present in MSM+3% dextrose treatment. It could be hypothesised that
this protein is either a housekeeping or a multi-functional protein. It is important to emphasize
that due to extreme jelly-like consistency of extracellular proteins in the cell-free filtrate at day
5, the protein bands could not be resolved through SDS-PAGE and hence, were directly
identified using proteomics approach.
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Figure 4.16 SDS-PAGE analysis of extracellular proteins secreted from C. dactyloctenicola VVJP08
incubated in MSM+3% dextrose (A) and MSM+1% PSS incubated at different exposure duration
at day 10 (B), 15 (C), 20 (D) and 30 (E). Lane 1 represents molecular size marker and lane 2

represents fungal extracellular protein sample.
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4.5 Conclusion

The present study divulges the potential of phylloplane fungi of xerophytic plants
towards myco-transformation of PSS, which is a structural analogue of PS. Out of 20 fungal
isolates, C. dactyloctenicola VJP08 showed highest growth increase (~52%) in the fungal
biomass FW after 30 days’ exposure to PSS as sole carbon source which indicated its potency
to utilize carbon from the aromatic structure of PSS. Further, independent variables, viz.
exposure duration, temperature, and pH were set in the range of 5-30 days, 15-40°C, and 5-8
pH, respectively to evaluate the fungal response towards PSS myco-transformation by
monitoring the change in biomass FW, chemical & myco-transformation compounds
composition, and protein expression. The obtained results suggested that 28 °C temperature,
pH 7.0, and exposure duration between 15 to 20 days were optimum for PSS myco-
transformation. The higher concentration of total extracellular proteins in the MSM+1% PSS
treatment in comparison to control (only MSM) illustrated their possible role in the myco-
transformation of PSS. The extracellular protein profile showed varied band pattern at different
exposure durations. The present study depicts 3 major aspects: (i) the phylloplanes of
xerophytic plants harbour phytopathogenic fungi of exceptional potential to myco-transform
recalcitrant compounds including PSS; (ii) the increase in fungal biomass FW in presence of
PSS as sole carbon source could be correlated to successful utilization of PSS by fungus for its
growth and metabolism; (iii) presence of high amount of aliphatic and cyclic alkanes, along
with their respective alcohol and fatty acid derivatives indicated that their generation was due

to transformation of PSS by C. dactylocteniola VVJP08.

Further, these organic compounds were incorporated into the central pathways of
cellular catabolism, which supports the fungal growth. Moreover, the observed correlation
between these compounds strongly indicated that the fungus possesses highly sensitive protein
system capable of utilizing PSS as sole carbon source for maintaining its biochemical activities.
In addition to the metabolomics approach discussed in the present chapter, detailed proteomics
profile of extracellular fungal proteins was performed to further explore and identify the

functional moieties behind myco-transformation of PSS.
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Chapter 5

Proteomics Analysis Reveals Putative
Proteins in the Secretome of Curvularia

dactyloctenicola VJP08 Involved in PSS
Transformation
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5.1 Introduction

PS is one of the most persistent and recalcitrant plastics due to its aromatic structure
and tightly packed C-C atoms. Although, few studies have discussed the possibility of PS
biodegradation, the enzymes involved and their mechanistic aspects are largely unexplored
[Danso et al. 2019]. The PlasticDB (a database of plastic degrading enzymes) display only one
entry for PS degrading enzyme namely alkane-1 monooxygenase which has been reported to
break the aliphatic chain of PS, however the enzymes behind the cleavage of aromatic PS ring
are unknown till date [Kim et al. 2021; Gambarini et al. 2022]. A wide biodiversity of
microorganisms have adapted to metabolize aromatic hydrocarbons of diverse degradation
pathways and become a central interest for researchers [van Hamme et al. 2003]. Few enzyme
families viz. oxidoreductases and hydrolases have been reported as potential PS degraders

based on the in silico studies [Hou and Majumder, 2021].

As discussed in Chapter 4, among various phylloplanic fungi screened, C.
dactyloctenicola VJP08 displayed the highest capacity for PSS transformation. Further, the
optimization of various process parameters revealed that 28°C temperature, pH 7.0, and
exposure duration of 15-20 days were the most suited parameters for PSS myco-transformation.
The SDS-PAGE profile of extracellular proteins in MSM+1% PSS treatment at different
exposure durations revealed diverse band patterns indicating the involvement of various
proteins and potential enzyme(s) in PSS myco-transformation [Figure 4.6]. The critical
analysis showed that PSS transformation was slowed down after day 20 due to the degradation
of extracellular proteins. Hence, the quantitative proteomics analysis was performed for the
selected extracellular protein samples (from day 5 to day 20) in order to clearly identify and

evaluate the participating protein(s) in PSS myco-transformation.

The proteomics-based approach directly detects and quantifies protein expression and
has proven its huge potential in mining new enzymes from a broad repertoire of microbial
sources [Bers et al. 2011; Sturmberger et al. 2016]. Exoproteome is the principal target while
screening potential plastic-degrading enzymes. As to introduce initial break-down of the rigid
structure, the microbial enzymes engaged in depolymerization are usually secreted
extracellularly [Urbanek et al. 2020]. Therefore, this chapter discusses the quantitative
proteomics profiling of C. dactyloctenicola VVIP08 exposed to MSM+3% dextrose (for 5 days)
and MSM+1% PSS (for 5, 10, 15 and 20 days), in order to comparatively evaluate the key
participating proteins involved in PSS myco-transformation.
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5.2 Materials and Methods
5.2.1 Materials

All chemicals used for the preparation of protein samples were of analytical grade and
purchased from Sigma Aldrich (India) unless otherwise stated. Milli-Q water was acquired
from a Milli-Q Biocel water purification system manufactured by Merck Millipore (Merck
KGaA, Darmstadt, Germany).

5.2.2 Sample Preparation and Peptide fractionation

To analyse the extracellular fungal proteins involved in the myco-transformation of
PSS, the extracellular proteins present in the fungal cell-free filtrate of the experimental flasks
(including control i.e. MSM+ 3% dextrose) were precipitated using modified TCA/acetone

precipitation method, as discussed in Chapter 4.

The purified and dialyzed extracellular protein samples (50 ug) were reduced using 5
mM Tris (2-carboxyethyl) phosphine hydrochloride (TCEP) at 56°C for 30 min (which results
in the opening of cysteine linkages), followed by subsequent alkylation with 50 mM
iodoacetamide at 23°C for 30 min under dark conditions (which prevents the reformation of
disulfide linkages in a random manner). The protein samples were further subjected to
digestion using trypsin (1:50, trypsin/lysate ratio) at 37°C for 16 h. The protein digests were
cleaned using a C18 silica cartridge in order to remove salts, followed by drying using vacuum
centrifuge. The obtained dried pellet was re-suspended in buffer A containing 2% acetonitrile,

0.1% formic acid.
5.2.3 LC-MS/MS Analysis

The gel-free proteomics analysis was performed using EASY-nLC-1000
UHPLC system coupled with an Orbitrap Exploris Mass Spectrometer (Thermo Fisher
Scientific). One microgram of each of the peptide samples was loaded on C18 LC column (3.0
pm particle size, 0.075 mm diameter, 150 mm length) (Acclaim™ PepMap™; Thermo Fisher
Scientific). Peptides were separated with a linear gradient from 0-40% gradient buffer B (80%
acetonitrile and 0.1% formic acid) at a flow rate of 300 nl min* for 60 min and injected for MS
analysis. MS1 spectra were acquired in the Orbitrap (R= 60k; AGQ target= 300%; Max IT=
25 ms; RF Lens = 70%; mass range = 375-1500; Profile data). Dynamic exclusion was
employed for 30s excluding all charge states for a given precursor. MS2 spectra (R= 15k; AGC
target 200%; Max 1T= 22ms) were collected for top 12 peptides.
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5.2.4 Data Analysis for Protein Identification

The generated RAW data files for all the samples were searched against the Uniprot
database with Proteome Discoverer (v2.5) (Thermo Fisher Scientific). For dual SEQUEST ™
and MSAmanda search, the precursor mass tolerance was set to 10 ppm and the fragment ion
tolerance was set to 0.02 Da. The enzyme specificity was set for trypsin/P with allowed
cleavage at the C terminus of “K/R: unless followed by “P”. Carbamidomethyl on cysteine as
fixed modification and oxidation of methionine and N-terminal acetylation were considered as
variable modifications for the database search. Both peptide spectrum match and protein false
discovery rate were set to False discovery rate (FDR) of 0.01%. The obtained data was analysed
to calculate fold changes (FC) followed by log> transformation. The proteins with the log.-fold
change value between >0.25 and <—0.25 were considered to be upregulated and down-

regulated, respectively [Massafra et al. 2017; Zhou et al. 2021].
5.2.5 In silico characterization
Secondary Structure Prediction and Physio-chemical Properties of Protein

In the absence of three-dimensional structure, secondary structure prediction is an
intermediate step facilitating structural understanding of proteins. Secondary structure of
selected differential/overexpressed protein(s) was generated using PSIPRED server to find out
the total number of a-helices and B-sheets present and to depict the conformation of amino acid

residues.
Molecular modelling and ligand preparation

I-TASSER server was used to generate the 3D structure of cerato-platanin and laccase,
[Yang and Zhang, 2015]. The model was then subjected to overall structural refinement and
energy minimization to generate a model close to native form in terms of H-bonding, backbone
topology and side chains positioning. Model refinement was done using ModRefiner [Xu and
Zhang, 2011]. The refined model was validated for various parameters viz. the covalent bond
distances and angles, stereochemical validation and atom nomenclature using the Structural
Analysis and Verification Server 6 (SAVES6) server [Laskowski et al., 1993; Hooft et al.,
1996].

Additionally, the 3D structure of PSS was downloaded from PubChem database
(PubChem CID: 75905) in SDF format. Open Babel software was used to convert the SDF file
to PDB file [O’Boyle et al. 2011].
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Molecular docking studies

Protein-Protein docking is useful to predict the binding extent between protein
complexes of biological relevance. In order to predict the binding between cerato-platanin and
laccase proteins, ClusPro 2.0 server was used. The protein-protein docking was performed by
uploading prepared PDB files of cerato-platanin and laccase into server, followed by job
submission using default parameters [Kozakov et al. 2013; 2017; Vajda et al. 2017; Desta et
al. 2020]. Blind molecular docking studies were performed using AutoDock 4.2.6 program to
understand the interactions of selected protein with styrene sulfonate monomer [Morris et al.
2009]. The ligand was kept in flexible condition when interacting with macromolecules which
was kept in rigid conditions. ADT files were used for running grid coordinates and subsequent
docking. Kollman charges and polar hydrogen atoms were included in the protein structure and
the prepared file was saved in the .PDBQT format. Ligand-binding affinities were predicted as
negative Gibbs free energy (AG) scores (kcal mol™). Post-docking analyses were visualized
using AutoDock 4.2.6, LigPlot+ and PyMol [Morris et al. 2009; Laskowski and Swindells,
2011]. Subsequently, binding poses of the complex were observed, and the best and most

energetically favourable conformation was selected.
5.3 Results and Discussion

The extracellular protein profile of C. dactyloctenicola VJP08 exposed to MSM+3%
dextrose (for 5 days) and to MSM+1% PSS (for 5, 10, 15 and 20 days) was carried out to
comparatively evaluate the key proteins involved in PSS transformation. The obtained results
showed that 109 proteins in total were common among all the treatments. In MSM+3%
dextrose (control), 16 proteins showed differential expression, while in MSM+1% PSS, the
differentially expressed proteins were seen to gradually rise from 2 (at day 5), 6 (at day 10), 20
(at day 15) to 22 (at day 20) [Figure 5.1 a].

107



MSM+3% Dextrose

= CAZymes = Protein metabolism = Transport

Structural components = Other metabolic processes = Hypothetical proteins

= Oxidoreductases

(@) (b)

MSM+1% PSS D5 MSM+1% PSS D10

= CAZymes = Protein metabolism = CAZymes = Protein metabolism
= Transport Structural components = Transport Structural components
= Other metabolic processes = Hypothetical proteins . . .
. = Other metabolic processes = Hypothetical proteins
= Oxidoreductases = Stress Response .
= Oxidoreductases = Stress Response

(c) (d)

108



MSM+1% PSS D15 MSM+1% PSS D20

A A

u CAZymes = Protein metabolism u CAZymes = Protein metabolism
Transport Structural components Transport Structural components
= Other metabolic processes = Hypothetical proteins = Other metabolic processes = Hypothetical proteins
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(e) (f)

Figure 5.1 Proteomic analysis of extracellular protein extracted from control and tested
samples: (a) Venn diagram showing shared and unique proteins in the protein extracts, where
1 represents MSM+3% dextrose and 2-5 represent MSM+1% PSS at exposure duration from
day 5-20 with 5-day interval; (b-f) Pie diagram representing the relative abundance of proteins

related to different molecular functions during different treatment conditions.

The proteomics analysis revealed proteins involved in various molecular functions viz.
carbohydrate-active enzymes (CAZymes), protein metabolism, structural proteins, transport
proteins, hypothetical proteins, oxidoreductases and proteins involved in stress response and
metabolic processes. Among these, the proteins associated with basic cellular functions i.e.
carbohydrate and protein metabolism were found to be the most abundant in all treatment
conditions. Noteworthy, MSM+1% PSS treatment displayed expression of some additional
proteins related in stress response which were not expressed in case of MSM+3% dextrose
[Figure 5 b-f]. These stress-responsive proteins play an important role in promoting microbial
adaptation to the nutrient challenging environment [Seo et al. 2009]. Careful analysis data
suggests that two categories of proteins are of central importance, (i) the oxidoreductases that
would mediate the PSS break-down in order to extract the carbon from its structure, and (ii)
CAZymes which assist in carbon assimilation by mediating the conversion of PSS-derived
carbon into more utilizable form to support fungal growth and energy metabolism [Ene et al.
2014; Goulet and Saville, 2017; Mohanan et al. 2020]. Therefore, these two protein categories
were expressed in all treatment conditions [Figure 5.2]. Oxidoreductases have also been known
to be involved in fungal housekeeping functions, hence their expression in case of MSM+3%
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dextrose (control) sample is justified [Sitzl et al. 2019]. The most dominating oxidoreductases
in MSM+3% dextrose sample were GMC (glucose-methanol-choline) oxidoreductases which
assist the activity of other CAZymes including glucose dehydrogenase, glucose oxidase,
pyranose dehydrogenase, etc [Sutzl et al. 2018]. In addition, different subclasses of
oxidoreductases reported to be involved in biodegradation of organic pollutants were also
identified in the protein profile of MSM+1% PSS extracts. Highest expression of CAZymes
was observed to be highest at day 15 of exposure duration in MSM+1% PSS sample.
Oxidoreductases were observed to be significantly higher in MSM+1% PSS samples in
comparison to MSM+3% dextrose. During day 10 through day 20, presence of high
concentration of oxidoreductases indicates active fungal-mediated metabolism of PSS which

was the sole carbon source.
m Oxidoreductases ®m CAZymes

MSM+1% PSS D20

MSM+1% PSS D15

|

I

I

I
MSM+1% PSS D10 h

e

I

MSM+1% PSS D5

MSM+3% Dextrose

Relative abundance

Figure 5.2 Bar diagram depicting relative abundance of oxidoreductases and CAZymes in

different treatment conditions.

5.3.1 Logz-Fold Change Analysis

The log>-fold change values were generated to track and measure the protein expression
from day 5 to 20 in order to determine the ideal exposure time. A total number of 25, 49, 74
and 64 proteins were found to be upregulated in MSM+1% PSS samples on day 5, 10, 15 and
20, respectively. Majority of the upregulated proteins were found to be common at different
days. Highest upregulation of proteins was observed at day 15 which confirms the PSS
transformation results in Chapter 4. Oxidoreductases, particularly bilirubin oxidase, FAD-

binding PCMH-type, laccase, and multicopper oxidase were found to be highly expressed at
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day 15 of exposure duration. Considering the higher number of proteins and higher log. fold-
change values observed at day 15, we concentrated on thorough and meticulous analysis of

protein expression data at day 15.

Based on the log>-fold change, a total of 74 proteins were found to be upregulated and
14 proteins were found to be downregulated at day 15 as depicted in Tables 5.1 and 5.2,
respectively. The majority of upregulated proteins (23) belonged to CAZymes, which were
followed by the proteins involved in fungal protein metabolism (16), transporter proteins (4),
fatty acid biosynthesis (1), and other metabolic processes (12), such as maintaining cell
homeostasis, lipid metabolism, etc. Various oxidoreductases (10) were also found to be
upregulated. A surface-active biosurfactant protein, namely cerato-platanin, which is only

secreted by fungus was also found to be upregulated.

Fungi have a wide range of intracellular and extracellular enzymes which can catalyse
a variety of reactions making them highly efficient for the degradation of pollutants such as
petroleum-based polymers [Olicdn-Hernandez et al. 2017]. These enzymes include various
oxidoreductases with unique characteristics and ability to attack a wide variety of recalcitrant
substrates. Among them, laccases, tyrosinases, peroxidases and monooxygenases, are
important for the fungal-mediated metabolism of organic pollutants [Harms et al. 2011]. These
enzymes transfer carry out oxidation-reduction reactions using H20z as an electron accepting
co-substrate, as well as additional reactions including epoxidation, aromatic preoxygenation
and sulfoxidation, to transport electrons from organic pollutants to molecular oxygen [Karich
et al. 2017]. Moreover, previous reports on the fungal-mediated plastic degradation suggest
that oxidoreductases trigger the C-C bond scission, activating key metabolic pathways that
result in the production of alkanes, fatty acids, alcohols, and other compounds that were also
demonstrated in Chapter 4 [Francesc et al. 2005; Balserio-Romero et al. 2017; Ghosal et al.
2017]. Upregulation of oxidoreductases viz. laccases, multi-copper oxidases, copper radical
oxidases, peroxidases and FAD binding PCMH-type domain containing proteins in the
MSM+1% PSS treatment in comparison to control at day 15 showed their involvement in
transformation of PSS structure. The observed upregulation of cerato-platanin is due to its
functions as a surface-active self-assembling protein which is known to mediate the attachment
of fungal hyphae to the hydrophobic PSS polymer [Sanchez, 2020]. The upregulation of
various transport proteins indicates their involvement in the uptake of PSS myco-transformed
products for further intracellular utilization. Zhang et al. (2022) also reported upregulation of

various enzymes associated with bacterial PVC biodegradation (extracellular catalase-
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peroxidase), and subsequent transport of small organic molecules and fatty acids (ABC
transporter, porins), and intracellular metabolism (ATP synthase, Glucose-6-phosphate, etc) to
support growth. Similarly, Nzila et al. (2018) reported upregulation of proteins involved in cell
homeostasis, and chemical stress during pyrene biodegradation by Achromobacter
xylosoxidans. However, the bacterial proteomics data of both the above-mentioned studies lack
the presence of key oxidoreductases i.e. laccases, monooxygenases, etc which might be
involved in the cleavage of C-C bond of aromatic ring/PVC. The present study revealed the
upregulation of multiple oxidoreductases indicating that fungi have superior potential to
degrade recalcitrant substances in comparison to the bacteria [Harms et al. 2011]. Moreover,
the expression profile of C. dactyloctenicola VVJP08 extracellular protein revealed concurrent

involvement of various enzymes in PSS myco-transformation.

The total number of downregulated proteins (15) were found to be lesser in comparison
to the upregulated proteins [Table 5.2]. It includes proteins related to CAZymes, protein
metabolism, and some hypothetical proteins. Among these, some other isoforms of CAZymes
were also found to be upregulated [Table 5.1]. To maximize the utilization of different carbon
sources, fungi secrete different isoforms within a protein family, for instance, different
isoforms of glycoside hydrolase family were largely upregulated [Table 5.1]. None of the
oxidoreductases were found to be downregulated in the extracellular proteins of C.
dactyloctenicola VJP08 in MSM+1% PSS treatment. Although, a few studies have emerged
which discuss the proteomics-based mechanism of plastic biodegradation by marine bacteria
[Meyer-Cifuentes et al. 2020; Zadjelovic et al. 2022], the present study first time reports the

role of extracellular fungal proteins in PSS transformation.

Table 5.1 List of extracellular proteins identified as upregulated from the expression profile of
C. dactyloctenicola VJP08 in MSM+1% PSS treatment at 15 days of incubation.

S.No. Protein Name Accession no. of
isomers*
CAZymes

1 Carbohydrate-binding module family 18 protein W6Z4Z3

2 Carbohydrate esterase family 4 protein W7EEQ1, W7F3Q0

3 . AOABH5ZK68,

Chitinase

M2SUE9

4 beta-Galactosidase W6XSF9

5 beta-Glucosidase W6ZVR3
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6 Galactose mutarotase-like protein W6Y6M3

7 Glycoside hydrolase family 2 protein M2UAT3

8 Glycoside hydrolase family 3 protein W6YDY2, W6ZPH6

9 Glycoside hydrolase family 5 protein W6ZTN5

10 Glycoside hydrolase family 30 protein W7EMS5

11 Glycoside hydrolase family 36 protein WT7FOES5

12 Glycoside hydrolase family 38 protein WT7EIT4

13 Glycoside hydrolase family 55 protein M2TRMO

14 Glycoside hydrolase family 93 protein N4XN89, NAWMU7

15 Glycoside hydrolase family 105 protein W6YBN9

16 Glycoside hydrolase family 125 protein N4X945

17 Probable alpha/beta-glucosidase agdC N4AXPUO

18 beta-Xylanase W6YT31

19 Oxalate decarboxylase oxdC W7E0Q9

Protein Metabolism

1 Carboxypeptidase WrEVTA, WoYVaL
M2U894

2 Dipeptidyl-peptidase V AOA8H6EDVX7

3 Glutaminase GtaA W6XUG2

4 Peptide hydrolase W6YRAG

5 Peptidase A1 domain-containing protein W6ZHW?7

6 Peptidase M14 domain NAX3P3, MaRzWS,
W6Z7U9

7 Peptidase_S9 domain-containing protein W6Y890

8 Sialidase domain-containing protein M2S712

9 Subtilisin-like serine protease-like protein METGAS, M2VOCS,
W6ZLNG6

10 Succinylglutamate desuccinylase/aspartoacylase AOABH6DVF5

Transporter Proteins
1 ABC transporter domain-containing protein W7E781
2 Plasma membrane ATPase W6XUR4
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3 Phosphatidylglycerol/phosphatidylinositol transfer WeY2v1i
protein
4 MFS domain-containing protein (sugar transport) W7ECZ7
Fatty acid Biosynthesis
1 ATP citrate synthase W62JD3
Other Metabolic Processes
1 Alkaline phosphatase N4XS65
2 N4XES860,
Carboxylic ester hydrolase
AOABH5ZMQ8
3 COesterase domain-containing protein NAWWG3
4 Hypothetical NAD binding oxidoreductase W7EQ31
5 GP-PDE domain-containing protein W62U26
6 Glutathione hydrolase AOABH5ZK14
7 Heme_Haloperoxidase domain-containing protein M2TGH4
8 PHD-type domain-containing protein W6ZUQ8
9 Phosphorylcholine phosphatase W7EUJS8
10 Pyridoxamine 5'-phosphate oxidase-domain-containing N4XX09
protein
11 WDA40 repeat-like protein M2T321
Oxidoreductases
1 Bilirubin oxidase N4XVC2
2 Copper radical oxidase AOA8H5ZFZ8
M2UGF4, N4XQY9,
3 FAD-binding PCMH-type domain-containing protein | W6YQQ1, W6Z9D3,
WT7ENE7
4 Laccase M2TBI3
5 Multicopper oxidase W7EKAO
6 Secreted protein (Lignin/Versatile/MnP peroxidases) W6YQY4
Biosurfactant
1 Cerato-platanin W6EYTX3
Structural
1 ADF-H domain-containing protein N4X2Z7
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Hypothetical Proteins
1 Apple domain-containing protein M2RJ61
2 FAS1 domain-containing protein W7F128
3 Lactamase_B domain-containing protein WT7E4N5
4 MARVEL domain-containing protein M2TELS
5 Ovule protein N4X6U1
6 Uncharacterized protein W6XKIO0

*The accession no. are from UniProt.

Table 5.2 List of extracellular proteins identified as downregulated from the expression profile
of C. dactyloctenicola VJP08 in MSM+1% PSS treatment at 15 days of incubation.

S.No. Protein Name Accession no.
of isoforms*
CAZymes
1 Glucan endo-1,3-beta-glucosidase btgC AOABH5ZFU3
2 Glucose-6-phosphate isomerase NAWP77
3 Glycoside hydrolase family 43 protein M2UORS,
W7F9D4
4 Glycoside hydrolase family 55 protein N4X5Q9
5 Glucanase AOABHBE0Q6
6 1,3-beta-Glucanosyltransferase W6Y5Y5
7 alpha,alpha-Trehalase W6YHEO
Protein Metabolism
1 Carboxypeptidase AOABH5ZNS3
2 Peptide hydrolase W7A2V0
Other Metabolic Processes
1 Oxoglutarate dehydrogenase (succinyl-transferring) WT7EFL6
Hypothetical Proteins
1 Extracellular serine-rich protein W6YV56
2 NmrA domain-containing protein W7EG6X0
3 Secreted protein (Fragment) N4X212
4 SurE domain-containing protein N4X3H3

*The accession no. are from UniProt.
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5.3.2 Differentially Expressed and Potential Proteins Involved in PSS Myco-transformation

The differentially expressed proteins in the MSM+1% PSS treatment at 15 days of
exposure duration were identified in comparison to MSM+3% dextrose treatment. The
obtained data revealed that a total of 20 proteins were differentially regulated, which majorly
belonged to the two main protein categories (oxidoreductases and CAZymes) associated with
PSS myco-transformation [Table 5.3]. It is apparent that both the upregulated and differentially
expressed proteins combinedly participate in PSS myco-transformation. Based on the
proteomics analysis, it is proposed that a total of 17 different oxidoreductases (from
upregulated and differentially regulated proteins) participate in PSS transformation, in addition
to other enzymes that lead to the utilization of cleaved PSS products and their subsequent
conversion into simpler organic metabolites which are easily utilized by fungus. Table 5.4

depicts the location and proposed function of these 17 oxidoreductases with suitable references.

Table 5.3 List of differentially expressed proteins identified from the expression profile of C.
dactyloctenicola VJP08 in MSM+1% PSS in comparison to MSM+3% dextrose (control) at 15

days of incubation.

S.No. Protein Name Accession no.
of isoforms*

Carbohydrate Metabolism

1 Chitinase M2SUE9

2 Glutaminase Gta A M2UIEOQ

3 Glycoside Hydrolase family 3 WT7ES27,
WT7ESF5

4 Glycoside Hydrolase family 43 WG6YLR9

5 Glycoside Hydrolase family 105 M2UUH3

Protein Metabolism

1 Alpha-1,2-Mannosidose M2UQX6

2 Peptidase_M14 domain AOABH6DZ70

3 Peptidase_S9 domain AOA8H5Z924

4 Indoleamine2,3-dioxygenase W6Y5B3

Oxidoreductases

1 BH4_2 domain W6Y3P4

2 Enoyl reductase M2V7N5

3 FAD_binding_3 domain M2ST41
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4 FAD binding PCMH-type W6XSB5
5 Flavodoxin-like domain M2T268
6 Tyrosinase Cu-bd domain N4X430
7 Vanadium chloroperoxidase M2UKA1
Other Metabolic Processes
1 elF-5a domain Translation elongation W7EZK6
Hypothetical Proteins
1 DUF4331 domain N4X1U3
2 GCR1_C domain W6ZDUG6

*The accession no. are from UniProt.

Since PSS is comprised of aromatic ring structure, many studies indicated that enzymes
capable to cleave the associated aromatic compounds would also be functional against PSS.
For example, enzymes such as ring-hydroxylating dioxygenase and biphenyl dioxygenase,
benzoate 1,2-dioxygenase which have been reported to cleave the related aromatic compounds
namely, benz[a]anthracene, biphenyl, and benzoate, respectively, would also be applicable in
PS/PSS biodegradation [Patrauchan et al. 2008; Fu et al. 2018; Peng et al. 2018]. Further,
oxidoreductases and lipases have also been proposed by other researchers to be involved in PS-
degrading pathways. For instance, P450 monooxygenases and alkane hydroxylases probably
play a role to break the main-chain C-C bonds of PS [Hou and Majumder, 2021]. Additionally,
biochemical analysis of PS degradation had also indicated the probable role of depolymerases
in its degradation [Mohan et al. 2016]. However, the clear involvement of these enzymes in PS
biodegradation has not been identified yet.

Table 5.4 Combined list of upregulated and differentially expressed oxidoreductases identified

from the expression profile of C. dactyloctenicola VJP08 in MSM+1% PSS at 15 days of

incubation.
Accession Cellul P q

S.No | Protein Name no. of eliutar ropose Reference
. Location Function
isoforms*

1 ) Messerschmi

o ) Unrecognised
Bilirubin oxidase N4XVC2 Extracellular i dt and Huber,
function 1990
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2 _ aromatic ring Fujii et al.
BH4 2 domain W6Y3P4 Intracellular
cleavage 1988
3 Copper radical aldehydes to )
] AOA8H5ZF ] Whittaker et
oxidase Intracellular carboxylic
_ Z8 _ al. 1999
(Glyoxal oxidase) acids
4 Alcohol Jornvall et al.
Enoyl reductase M2V7N5 Intracellular
dehydrogenases 1987
5 FAD_binding_3 Aromatic ring | Schreuder et
) M2ST41 Intracellular
domain cleavage al. 1992
M2UGF4, Vanillyl
FAD-binding W6YQQL1, alcohol Fraaije et al.
Extracellular ) )
6 PCMH-type W6Z9D3, oxidase-like 2000
W7ENE7 activity
7 FAD binding
W6XSB5, Dehydrogenase | Condon et al.
PCMH-type Intracellular o
N4XQY9 activity 2013
8 Flavodoxin-like NAD(P)H Wang et al.
] M2T268 Intracellular
domain dehydrogenase 1997
9 Ring cleavage Kumar and
Laccase M2TBI3 Extracellular of organic Chandra,
compounds 2020
10 ) _ Messerschmi
Multicopper Phenolic
) W7EKAO | Extracellular dt and Huber,
oxidase substrates
1990
11 Secreted protein Phenolic and )
o ) _ Sellami et al.
(Lignin/Versatile/ | W6YQY4 Extracellular | non-phenolic 2020
MnP peroxidases) substrates
12 Tyrosinase Cu-bd Hydroxylation | Halaouli et al.
] N4X430 Extracellular
domain of phenols 2006
13 Sulfoxidation
Vanadium ) ten Brink et
) M2UKA1 Intracellular of organic
chloroperoxidase ) al. 2000
sulfides

*The accession no. are from UniProt.
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5.3.3 Predicted PSS Myco-transformation Pathways

In the present study, the oxidoreductases identified as upregulated and differentially
regulated must have a crucial role in PSS transformation processes. However, since a total
number of 16 oxidoreductases were identified in both the analysis, it was necessary to short-
list these enzymes by identifying their target substrates [Table 5.4]. The analysis revealed that
there were 9 extracellular and 8 intracellular oxidoreductases indicating that the intracellular
enzymes would have released in the cell-free filtrate during fungal life cycle (including
replication and cell death). However, the presence of these enzymes widened the PSS myco-
transformation pathway visualization spectrum. Based on the combined analysis of proteomics
data with respect to the reported functional mechanism of probable enzymes, we propose the

following mechanism for PSS myco-transformation by C. dactyloctenicola VVJP08:

Common Step: In order to depolymerize the hydrophobic aromatic ring of PSS, its
accessibility for catalysis is an essential step. The extracellular and intracellular degradation of
PS has not yet been evaluated explicitly [Hou and Majumder, 2021]. Based on our study, we
propose that transformation pathway of PSS involves several steps. The amphiphilic
biosurfactant ‘cerato-platanin’ is hypothesised to function as the ‘interaction bridge’ (between
PSS and catalytic enzyme) for the initial cleavage of polymeric PSS into its monomeric form
SS (styrene sulfonate). It is possible that either chitinase, laccase or both participate in the
cleavage of PS main chain. Essentially, the extracellular oxidation of SS can be mediated by
laccases or peroxidases resulting in either aromatic ring fission, hydroxylation or quinoid
production. The metabolites generated during extracellular oxidation may be subject to
intracellular catabolism. The initial transformation may occur intracellularly by the action of
monooxygenases, followed by further catabolism and metabolite secretion [Harms et al. 2011].
A recent study demonstrated that the known depolymerizing enzymes (mainly acting on
polymers with aromatic residues and long-chain alkane groups), like leucine arylamidase, 3-
glucuronidase, B-galactosidase, phosphatases, chitinase, etc., exhibited higher activities in the
gut microbiome of T. molitor larvae when it was fed with cellulose, PE and PS waste
[Przemieniecki et al., 2020].

Extracellular PSS transformation: The key participating extracellular enzymes
proposed to be crucial for PSS myco-transformation are laccases, peroxidases, tyrosinases and
multicopper oxidases. All these enzymes have been reported to be involved in the degradation
of aromatic pollutants via ring cleavage [Harms et al. 2011]. Among these, laccases were found
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to be the most abundant enzymes, followed by multicopper oxidase (64% lesser than laccases),
and bilirubin oxidase (73% lesser than laccases). As all the three enzymes belong to a common
family of multicopper oxidase, they are capable in catalysing one-electron oxidation of a broad
range of compounds including substituted phenols, arylamines and aromatic thiols to the
corresponding radicals. [Reiss et al. 2013]. Interestingly, the enzyme intradiol dioxygenase
was also present at day 15 of exposure duration, however, it was neither upregulated nor
downregulated in comparison to control. Since intradiol dioxygenase play a crucial role in ring
cleavage, its functional relevance can also be considered in PSS myco-transformation.
Considering the presence of reported enzymes in the secretome of C. dactyloctenicola VVJP08,
the PSS myco-transformation may take place through various probable pathways occurring

through side-chain or aromatic ring cleavage [Figure 5.3].
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In the first and the most probable pathway, laccases act on PSS and introduces cleavage
in its polymeric main-chain via radical chain scission mechanism, leading to the formation of
primary free radicals due to the bond rupture of PSS backbone. The secondary radicals formed
at the vinyl side-chain or by direct ring-cleavage forming peroxyl radical of styrene [Fordyce
et al. 1984; Gubler et al. 2011]. Since laccase is a high redox potential enzyme capable of
oxidizing the subsequent substrates, it is predicted that the generated radicals are subsequently
oxidized by laccase leading to the generation of metabolites including alcohols, aldehydes and
carboxylic acids (also observed in Chapter 4). Using in silico studies, Santacruz-Juarez et al.
(2021), also predicted hydrophobin (biosurfactant) HFBII-assisted laccase-mediated
degradation of PE caused the oxidation of PE due to its oxidation and subsequent generation
of alcohols, aldehydes and carboxylic acids which were reported to enter the Krebs cycle to be
mineralized into CO, and H20. Moreover, PS has been reported to be depolymerized by two
laccases AbiLacl and AbiLac2 from white-rot fungi Abortiporus biennis via aromatic ring
cleavage. These enzymes have high affinity towards the degraded products including
hydroxybenzoles, methoxybenzoles, hydroxybenzoic acids and catechol. These findings
suggest that laccases are capable of converting PS into compounds that can beconsumed by
cells on their own [Zerva et al. 2023]. In contrast to the present study, the commercial laccase
from Trichoderma versicolor did not show any evidence of PSS degradation [Krueger et al.,
2015]. It should be noted that the redox potential of laccases plays a key role in the degradation
of polymers, hence the extent of degradation may vary.

Other pathways predicted to occur extracellularly include peroxidases mediated side-
chain oxidation of styrene monomer to form styrene oxide (SO), which can also be metabolised
intracellularly [Maurya et al. 2007]. This SO may be sequentially oxidated extracellularly into
phenylacetaldehyde or benzoic acid which are then supplied into the Krebs cycle [Tsochatzis
et al. 2021]. The metabolomic study of the treatment extract in the present study (Chapter 4)
also revealed the production of benzoic acid, demonstrating that PSS is simultaneously
metabolised by various pathways. Moreover, tyrosinases can also add OH groups to the
aromatic ring of styrene monomer forming diphenolic structure, which is eventually
dehydrogenated (by NADPH dehydrogenase) to form 3-vinyl catechol [Figure 5.3 II]. This
modified aromatic ring (catechol) is cleaved by the action of intradiol dioxygenase, which
cleaves the aromatic ring at ortho position (ring opening reaction) leading to synthesis of 2-
vinyl cis, cis muconic acid which is ultimately fed into Krebs cycle [Guzik et al. 2013]. Similar

results were observed in case of Marinobacter HA2 which secretes intradiol dioxygenase to
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degrade phenol by ortho-ring cleavage [Abbas et al. 2022]. It has been reported that many
aromatic compounds are biodegraded by being converted into intermediates such as
protocatechuate or catechol which are then processed into Krebs cycle intermediates through
the B-ketoadipate pathway [Harwood and Parales, 1996]. Also, it’s possible that catechol
undergoes extracellular metabolic conversion to form alkanes, alcohols and carboxylic acids,

extracellularly, which are subsequently transported inside the cell via ABC transporters.

Intracellular PSS metabolism: The SS monomer generated due to depolymerization
of PSS by laccase occurs as a common step. The fungal cells may allow either the SS
monomers, or any of the laccase generated intermediates such as styrene sulfonate oxide (SSO),
phenylacetic acid or benzoic acid to enter and be further metabolised. The SS monomers that
enter the cell may be oxidised into SSO by the action of FAD_binding_3 domain or
Flavodoxin-like monooxygenases (MO), which exhibit SMO-like activity [Figure 5.3 I11]. This
oxidised SSO may be further metabolised into Krebs cycle intermediates by enoyl reductase
which exhibit alcohol dehydrogenase activity and facilitate production of aldehydes from
alcohol, and copper radical oxidase which exhibit glyoxal oxidase activity and mediates the
conversion of aldehydes to carboxylic acids. However, the understanding of the specific
substrates for enoyl reductase and copper radical oxidase in the PSS transformation pathway
are lacking and might be clearly predicted by studies specifically targeting intracellular
transformation of PSS.

Additionally, the aromatic ring cleavage of SS monomer can occur by the action of
BH4_2 domain like protein and Hypothetical NAD binding oxidoreductase (domains similar
to benzene dioxygenase), resulting in its conversion into catechol, which is ultimately fed into
the Krebs cycle [Figure 5.3 1VV]. However, as the present study did not focus on intracellular
PSS myco-transformation, hence, the proposed pathways are solely based on the proteomics
data. Since biological systems are quite dynamic, there is a great possibility that other enzymes
may also be involved and that the stated enzymes may catalyse other reactions. Furthermore,
there is also a possibility that some of the intermediate enzymes were proteolyzed by the

enzymes that breakdown extracellular proteins.

In summation, the experimental findings indicate the involvement of various enzymes
involved in PSS myco-transformation via side-chain and aromatic ring cleavage mechanisms,
as schematically represented in Figure 5.4. Here, it may be hypothesized that the presence of

PSS in the surrounding environment is sensed by an unkown protein, which induces fungal cell
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to synthesise different proteins required for its cellular utilization. Since the aromatic ring
structure is hydrophobic in nature, biosurfactant: cerato-platanin assists the laccase in binding
and catalysing the depolymerization of PSS into its subsequent monomers. Moreover, laccases
are self-sufficient enzymes for PSS myco-transformation via generation of radical monomers
and oligomers, which undergo subsequent transformations. The generated SS monomer may
either enter the fungal cell via diffusion or get further transformed extracellularly by the fungal
secretome. Both extra- and/or intra-cellular transformations of SS occur via two pathways:
aromatic ring cleavage and/or side-chain cleavage. In case of extracellular transformation, the
intermediates or generated metabolites finally enter the cell through ABC transporters and fed

into the Krebs cycle.

It has been reported that some oxidative enzymes such as vanillyl-alcohol oxidase, act
as auxiliary enzymes in synergy with the primary degrading enzymes (laccases) [Gygli et al.
2018]. Notably, H-O: is produced by the majority of enzymes categorised as oxidoreductases.
Extracellular H20- is necessary for the production of oxygen radicals, peroxidase activity, and
laccase [Shah and Nerud, 2002]. Among H202-generating enzymes, aryl alcohol oxidase and
glyoxal oxidase are most important enzymes [Kersten and Cullen, 2007]. Interestingly,
auxiliary enzymes like vanillyl-alcohol oxidase and glyoxal oxidase observed in the current

study suggest their potential role in PSS myco-transformation.
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5.3.4 In silico Characterization
Structural analysis and physio-chemical properties

The secondary structure of cerato-platanin (14.3 kDa; 138 amino acids) and laccase
(66.2 kDa; 601 amino acids) were generated using online server PSIPRED [Buchan and Jones,
2019]. The obtained results indicated that cerato-platanin protein consisted of 4 a-helices (H)
and 5 B-strands (E) joined by a total 11 coils (C) [Figure 5.5 a]. Cerato-platanin was found to
be majorly comprised of non-polar (43.47%), hydrophobic (21.01%), and aromatic cysteine
residues (13.04%) indicating that the protein is mainly dominated by hydrophobic forces,
although the presence of polar residues (22.46%) imparts an amphiphilic nature [Figure 5.5 b].
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For laccase, the obtained results showed that it protein consisted of 8 a-helices (H) and
31 B-strands (E) joined by a total 39 coils (C) [Figure 5.6 a]. Laccase was found to be majorly
comprised of non-polar (36.27%), hydrophobic (21.79%), aromatic cysteine residues (11.31%)
and polar (30.63%) residues [Figure 5.6 b].
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Figure 5.6 Structural analysis of laccase (a) Predicted secondary structural elements (b)
hydropathy profile indicating the polarity of the amino acid sequence.

Further, the GRAVY values for both cerato-platanin and laccase were observed to be
0.131 and -0.27 indicating that the former is slightly hydrophobic in nature while the latter is
hydrophilic in nature [Chang and Yang, 2013].

Molecular modelling, model refinement and validation

The FASTA sequences of cerato-platanin (Accession no. EUC40798) and laccase
(Accession no. EMD66227) were extracted from NCBI and submitted to I-TASSER for model
generation. Since, the protein models were generated through threading, its necessary to
minimize the model energy in order to determine the most stable and energetically favourable
molecular conformation [Elton et al., 2019]. Hence, the generated models were refined using
ModRefiner. Further, both the models were validated using Ramachandran Plot [Figure 5.7 a
and b]. In case of cerato-platanin, the Ramachandran plot analysis showed that 78 residues
(67.8%) were in favourable region, 36 residues (31.3%) were in allowed region and only 1
residue (0.9%) was found in the disallowed region. The overall existence of 99.1% residues in
favoured and allowed regions showed that the model is good and free from stearic hindrance.
Additionally, the model had a C-score of -0.27 and TM-score of 0.68+0.12. For laccase, the
Ramachandran plot analysis revealed that 380 (76.3%) residues were in favourable region, 100
(22.3%) residues were in allowed region, and 7 (1.4%) residues were in disallowed region.
These results indicate that this protein model is also good and free from stearic hinderance.
Additionally, the model had a C-score of -1.39 and TM-score of 0.54+0.15. The model having
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a C-score value >—1.5 and TM-score value >0.5 is considered to have a correct fold [Xu and
Zhang, 2010; Yang and Zhang, 2015].
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Figure 5.7 Ramachandran plot assessment for (a) Cerato-platanin and (b) Laccase.
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Cerato-platanin-Laccase docking using ClusPro 2.0

Docking analysis by ClusPro 2.0 revealed that both cerato-platanin and laccases have

a strong binding capacity. ClusPro protein—protein docking displayed 10 best-docked

confirmations, of which the top ranked model from balanced coefficient module was

downloaded in PDB format and used for analysis. The individual model of laccase and docked

proteins have been depicted Figure 5.8. Cerato-platanin and laccases exhibited binding energy

value of — 897.3 kcal mol™. Protein-protein docking is a common approach used to understand

the vaccine designing, amyloid aggregation and peptide designing against diseases

[Kowalsman and Eisenstein 2007; Cui et al. 2010]. However, protein-protein docking to study

biodegradation mechanism is rare. Hence, in order to evaluate the binding energies, the above-

mentioned reports were considered for comparison. For instance, docking of a human toll-like

receptor with a vaccine model showed the energy score of -1311.5 kcal mol™* which was

suggested to be good binding affinity [Yang et al. 2021]. The observed binding between cerato-
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platanin and laccase supported our predicted hypothesis that both these proteins interact during

PSS myco-transformation.

Figure 5.8 In silico docking analysis of binding interactions between cerato-platanin and
laccase (a) Laccase only, (b) Cerato-platanin (green) and laccase (cyan) docked complex, (c)
Overlapped structure of laccase over docked complex, and (d) Surface representation of laccase
with cerato-platanin.

Cerato-platanin-Styrene sulfonate complex analysis by molecular docking

Based on the above-mentioned results, it is clear that cerato-platanin and laccase
displayed strong interaction potential and may also function together for PSS myco-
transformation. Hence, it is important to individually understand their interaction with SS. The
docking analysis between cerato-platanin and SS highlighted that the protein pocket interacting
with SS is mainly comprised of 7 hydrophobic residues namely Alal0, Gly69, Gly102, lle21,
Phel4, Tyr67 and Vallland 2 polar residues namely, GIn68 and Thr22. The aromatic ring
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mainly interacts with the hydrophobic patch, whereas two hydrogen bonds (indicated in green)
of length 3.04 A and 2.67 A were observed between the oxygen atom of the SS and Thr22
[Figure 5.9 a]. These hydrophobic residues form a hydrophobic-ligand binding pocket for SS
[Figure 5.9 b]. Additionally, all the 7 hydrophobic residues interact via hydrophobic
interactions (indicated in red) with the oxygen, sulfur and ring (C1-C6) and side-chain carbon

of SS, indicating strong interaction between the residues of cerato-platanin and SS.

The binding energy of the cerato-platanin and SS complex was found to be -5.55
kcal mol. The binding energy of a complex is important for defining the strength of the
protein-ligand interactions and is considered as the most important aspect for estimating the
complex stability [Bitencourt-Ferreria et al. 2019]. Cerato-platanin family is a relatively newly
discovered protein family of unique fungal proteins with overlapping and closly related
attributes to hydrophobins [Bonazza et al. 2015]. However, cerato-platanins are better in
solubility than hydrophobins [Gaderer et al. 2014]. Cerato-platanins are commonly found in
phytopathogenic fungi and promote their hyphal adherence to the cuticle. These proteins self-
assemble in the form amphipathic membrane at the hydrophobic/hydrophilic interfaces,
thereby forming a protective surface coating of fungal structures and aiding in their adherence
to the surfaces [Baccelli, 2015]. Therefore, the basic focus of the cerato-platanin studies are

mainly related to plant sciences, and lack docking studies.

valfi(a)

Figure 5.9 Insilico@holecular docking analysis of binding interaction&)?etween cerato-platanin
with SS (a) Schematic 2D representation of the identified hydrogen bonding and hydrophobic
interacting residues in the protein domain. (b) representation of the binding cavity showing the
interaction of SS with cerato-platanin.
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Laccase-Styrene sulfonate complex analysis by molecular docking

The docking analysis of laccase with SS revealed that both the moieties interact via
hydrogen and hydrophobic interactions. There are mainly 4 hydrophobic residues Argl76,
Glul29, Lys173 and Tyrl175 which interact with the sulfur, oxygen & ring (C1-C6), and side-
chain carbon of SS via hydrophobic interactions (shown in red). Further, Leul74 forms 2
hydrogen bonds (shown in green) of length 3.18 A and 3.28 A with SS; while GIn156 forms 2
hydrogen bonds of length 2.72 A and 3.08 A with SS indicating that the binding is quite strong

between two interacting moieties.

Leul74 7
B (G :

GInl156

(@) (b)

Figure 5.10 Insilico molecular docking analysis of binding interactions between laccase with
SS (a) Schematic 2D representation of the identified hydrogen bonding and hydrophobic
interacting residues in the protein domain. (b) representation of the binding cavity showing the

interaction of the SS with laccase.

Further, the binding energy of the docked complex was observed to be -5.41 kcal mol
! Interestingly, both cerato-platanin and laccase exhibited similar extent of binding energies
towards SS. The negative binding energy reflects that process is spontaneous. The lower
binding energy between enzyme and substrate makes it more favourable for the enzyme to
combine with the substrate, and subsequently ease degradation of pollutants can be degraded
[Hongyan et al. 2019]. The binding energy between laccase and SS were found to be
comparable with the published reports. The binding energy between laccase and PE was

observed to be -6.0 kcal mol?, and laccase was found to be crucial in polyethylene degradation
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[Santacruz-Juarez et a. 2021]. The binding free energy between bisphenol A and laccase was
calculated to be -7.25 kcal mol™ [Hongyan et al. 2019]. Binding energy of -7.19 kcal mol™ was
observed during molecular docking of laccase and azo dyes [Sridharan et al. 2021]. Majority
of the above-mentioned studies used the experimentally derived laccase structures, whereas the
structure of C. dactyloctenicola VVJP08 laccase was derived by threading. So, it is possible that
the structural interactions established through experiments will indicate stronger binding
energy with SS. In summation, the proximity of the above discussed binding energies to the
binding energy found in the present study suggests that laccase has a great potential for PSS

myco-transformation.
5.4 Conclusion

The extracellular proteomic analysis revealed that C. dactyloctenicola VVJP08 secretes
a huge array of depolymerization enzymes. These enzymes include oxidoreductases essential
for PSS myco-transformation, CAZymes important for utilizing the generated metabolites,
stress-response and homeostasis proteins, energy generation proteins and surface-active cerato-
platanin protein crucial for mediating interaction between laccase and PSS. Together, these
proteins support the utilization of PSS as the sole carbon source to enable fungal metabolism
and growth. The proteomics analysis also identified various fungal-mediated extra- and intra-
cellular fungal-mediated PSS metabolising pathways that function via aromatic or side-chain
cleavage. These findings were further validated by in silico studies which exhibited preliminary
indication that the two functionally complementing proteins, namely cerato-platanin
(biosurfactant) and laccase (catalytic) necessary for PSS myco-transformation have significant
binding forces. Both these proteins independently exhibited similar binding energies towards
SS monomer suggesting their capability to interact with SS. The results support the conclusion
that cerato-platanin interact with hydrophobic SS as biosurfactant and aides in catalytic
enzymes ability to depolymerize it. Together, these findings have important environmental
significance as they can deepen our understanding on the molecular mechanism underlying
proteins that degrade plastics. These findings can shed light on putative mechanisms behind
the myco-transformation pathways, which would assist in functional predictions and future
validations on the identified proteins. These findings also raise intriguing questions on the
selection process of microbes used for plastic biodegradation. The present study suggests that
phytopathogenic fungi are an excellent source of depolymerization proteins and enzymes.
Since phytopathogenic fungi have evolved to penetrate and infect hydrophobic plant barriers,

by degrading natural polymers, such as cutin, the extracellular enzyme arsenal of these fungi
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functionally relevant to metabolize structurally related compounds like plastics. The present
study identified that phytopathogenic fungus C. dactylocteniola VVJP08 releases a variety of
oxidoreductases including Laccase, Multicopper oxidase, Tyrosinase Cu-bd domain,
FAD_binding_3 domain, Flavodoxin-like domain, which have the ability to cleave aromatic
rings and long chain carbons by oxidation, which otherwise is a challenging problem in plastic
biodegradation. The oxidation and cleavage of PSS makes the polymer more hydrophilic, after
carboxylic group synthesis, and facilitates its interactions with other extracellular enzymes
(e.g., lipase and esterase). These enzymes were also observed to be upregulated in the
proteomics data. Last but not least, the proteomics data revealed significant expression of
several transporters, which play a key role in absorption of generated myco-transformation

products by fungal cells.
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Chapter 6

Phylloplane Fungus Curvularia
dactyloctenicola VJP08 Effectively
Degrades Commercially Available PS

Products
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6.1 Introduction

Industrial, economic and population expansion has led to the over-exploitation of
fossils fuels for generation of energy, chemicals, and commodity products raising three majorly
inter-connected global challenges i.e., climate change, loss of biodiversity, and chemical
pollution [Demeneix et al. 2020; Raj et al. 2022]. One of the key contributing factors to the
environmental deterioration is plastic pollution. Invented about 110 years ago, plastics are now
the most widely used man-made substances with excellent properties such as durability,
resistance to erosion, ease of processing and economic feasibility leading to its mass
applicability in medical supplies, packaging, disposable cutlery, automobiles, clothing, and
construction materials [Wong et al. 2015]. Global production of plastics had drastically
increased over the decade, and it is expected to reach up to 589 Mt by the year of 2050 [Garside,
2020]. The increase in plastic demand has consequently led to the generation and accumulation
of larger amount of plastic waste being released into the environment. About 50% of the total
plastic manufacturing is inclined towards single-use products and only ~20% is used for long-
term applications [Geyer et al.2017]. Despite their mass production, effective strategies in
response to the plastic waste disposal issues lack implementation [Kedzierski et al. 2020].
Furthermore, current strategies such as recycling, incineration and landfilling are practically
inadequate to reduce the impact of waste on the environment [Turner, 2018]. Serious health
effects have been observed in workers involved in plastic manufacturing and recycling
industries [Meeker et al. 2009; Zhigui et al. 2015].

Polystyrene (PS) is a single-use thermoplastic composed of aromatic styrene
monomers. Presently, PS dominates the market with applications in everyday disposable
cutlery such as clamshell containers, ready-to-consume food packaging, take-away drinking
cups, lids, etc [Thakur et al. 2018]. Therefore, a large portion of PS waste ends up in landfills/
oceans that ultimately cause the leaching out of harmful additives as well as its micro-/nano-
forms into the environment [Avio et al. 2016; Syranidou et al. 2017]. The adverse consequences
of ingestion of PS/ PS derived micro- and nano-plastics have also been investigated to induce
various molecular, biochemical, and cellular alterations such as induction of oxidative stress,
neurotoxicity, DNA damage, and impaired organ formation [Xiao et al. 2020; Dimitriadi et al.
2021; Teng et al. 2022].
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The PS biodegradation studies have discussed various approaches including culture
enrichment, pre-treatments, and carbon-labelling to monitor the degradation process, however,
lower degradation rate is a major concern [Zhang et al. 2022]. The reason behind this could be
that PS structure is extensively formed by the C-C skeleton which requires high bond
dissociation energy (BDE) making it a less preferential carbon source for the microbes
[Blanksby and Ellison, 2003]. Some microorganisms, such as bacteria (Bacillus sp.,
Pseudomonas sp., Rhodococcus sp., Microbacterium sp., etc) and fungi (Aspergillus sp.,
Alternaria sp., Curvularia sp., Cephalosporium sp., Mucor sp., etc) can form biofilm on PS,
and can partially change the chemical properties of PS [Zhang et al. 2022]. However, majority
of the studies on PS degradation focus on its pre-treatment by exposing PS to various chemicals
and/ or radiations causing its structure to be susceptible for the microbial action prior to
exposing it to microorganisms [Galgali et al. 2004; Motta et al. 2009; Chaudhary et al. 2021].

The mineralization of polymers is a complex process and can be accomplished by the
microbial species having functional complementarity and adaptability [Syranidou et al. 2019].
As established in previous chapters, phylloplane fungus Curvularia dactyloctenicola VVJP08
demonstrated characteristic ability towards utilization of polystyrene sulfonate (PSS), which is
a structural analogue to PS. The present study highlights the efficiency of C. dactyloctenicola
VJP08 towards its ability to utilize and colonize over the commercially used PS products. The
fungal response was estimated in terms of its growth, microscopic investigations, mechanical

properties of PS and predicted metabolites generated during treatment duration.
6.2 Materials and Methods
6.2.1 PS sample collection

The PS lids were collected from the food vendors at the Chhatrapati Shivaji Maharaj
International airport (coordinates: 19.0904°N, 72.8628°E). The lids clearly bearing the PS
identification symbol were collected. The procured samples were cleaned with sterile distilled
water and then aseptically cut into smaller pieces of 5Smm*5mm size. These samples were

surface sterilized using 70% ethanol solution prior to incubation with fungi.
6.2.2 PS Myco-degradation Studies

Microbial degradation of PS samples was studied using C. dactyloctenicola VJP08. The
stock culture of fungal isolate was maintained by regular sub-culturing on PDA plates (pH

5.6£0.2) at 28°C. From an actively growing culture, a loopful of spores was inoculated in
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circular fashion on the surface of mineral salt agar (MSA) plates containing NHsNO3 3 g L™;
KH2POs & KyHPO4:3HO 0.5 ¢ L each; MgSO4-7H20 0.008 g LY CuSO4-5H:0,
MnS0O4-H,0, FeSO4-7H,0 & CaCl,-2H,0 0.002 g L each; and agar 20 g L%; pH 5.60.2.
Total 8 PS sample pieces (5Smmx5mm size) as the sole carbon source were firmly placed at
almost equal distance on the fungal inoculum circle in the MSA plates and incubated at 28°C
under dark conditions for 30 days. MSA plates inoculated with fungal spores (without PS
pieces) as negative control and MSA plates with 1% dextrose (without PS sample pieces) as
positive control were also incubated simultaneously along with experimental plates in three

replicates.
6.2.3 Assessment of PS Myco-degradation
6.2.3.1 Surface Morphology and Chemical Characterisation of PS Samples

The morphological changes in the PS samples before and after fungal exposure were
investigated using Field Emission-Scanning Electron Microscope (FE-SEM). The PS samples
with and without fungal exposure were fixed on aluminium stubs using a double-sided carbon
tape and sputter coated with gold palladium for 60-120 s at 40 mA (Quorum Q150T ES Plus,
United Kingdom), and visualized under FE-SEM (ApreoS FEI/ FESEM, Thermo Fischer,
USA) at different magnifications. A voltage of 10 kV was maintained while imaging the
samples. Additionally, the critical elemental composition of PS samples was determined using
Energy Dispersive spectroscopy (EDS), in order to evaluate the extent of degradation of the PS

samples.
6.2.3.2 Determination of Percent Weight Loss

For the myco-degradation study, the initial weight of PS sample pieces were recorded
prior to their placement on the MSA plates. After completion of incubation period (30d), the
PS sample pieces were aseptically taken out and washed properly with aqueous sodium dodecyl
sulfate (2% v/v) solution [Sivan et al., 2006]. After washing, the final weight of the air-dried
PS sample pieces was recorded, and the percent weight loss was calculated using the following

formula;

Wi — Wr

% weight loss = x 100

Wj

Where, Wi: initial weight; Ws: final weight

138



6.2.3.3 Determination of Percent Change in Thickness of PS samples

The initial and final thickness of PS sample pieces were measured at five distinct
locations using a micrometer screw gauge (Fisher Scientific). The average thickness and
standard deviation were calculated for each piece. The percent change in the thickness was

calculated using the following formula:

Ti—Te

% change in thickness = X 100

i
Where, Ti: initial thickness; Ts: final thickness
6.2.3.4 Differential Scanning Calorimetry (DSC) Analysis

In order to understand the molecular changes in the control and test PS samples,
differential scanning calorimetry (DSC) analysis was carried out using DSC-4000 system
(Perkin Elmer, USA). The temperature ranges from 20 to 110 °C with a heating rate of
10 °C/min was used in a nitrogen atmosphere for the first and second heating and cooling

cycles.
6.2.3.5 GC-MS/MS Analysis

After completion of incubation period (30 days), the degraded products of PS sample
pieces were identified by the GC-MS/MS analysis. For this, the treated PS samples were
washed (as described in section 6.2.3.2) and individually mixed in 10 mL chloroform followed
by ultrasonication for 2 h at 55°C. The chloroform was evaporated at room temperature, and
the samples were re-suspended in 2 mL chloroform followed by filteration using 0.2 um PTFE
syringe filter. The filtered samples were analysed by GC-MS/MS using helium as carrier gas
(head pressure 72.5 kPa; flow rate 1.0 mL/min). Rtx-5 capillary column having 0.10 pm film
thickness, 0.25 mm i.d., and 30 m length was used. The oven temperature was initially held at
60 °C for 2 min and then increased at a rate of 5 °C min* to a final temperature of 220 °C. The
injector temperature was set to 250 °C. Electron impact mass spectra were collected at 70 eV
over the range of 30—300 m/z. The ion source and analyser temperatures were set to 250 and
230 °C, respectively. Identification of the degradation products was performed by comparing

their mass spectra with the NIST16 Mass Spectral Library.
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6.3 Results and Discussion
6.3.1 Myco-degradation of PS

In nature, fungi are the major decomposers and predominantly responsible for the
degradation of naturally occurring polymers such as lignocelluloses. The lignocelluloses form
a very complex and stable conglomerate of different structural units including polysaccharides
linked to aromatic lignin imparting strength to the whole structure [Nishimura et al. 2018].
Lignin is a complex aromatic biopolymer and have methyl ester and C-C bonds. The bond-
dissociation energy (BDE) of C-C bonds (240-425 KJ mol™?) in lignin is comparable to the
BDE of C-C bonds (330-370 KJ mol™?) present in the plastics such as PS [Daly et al. 2021].
Besides possessing slightly higher BDE range, lignin is susceptible to fungal action, while
plastics are not readily utilized by the fungi. Since the adaptability of fungus towards lignin
degradation dates to the Palaeozoic era, fungi have not yet evolved active enzymes adapted to
attack the comparatively ‘recently’ discovered and introduced plastics in the environment
[Floudas et al. 2012]. However, there are reports which support that pathogenic fungi have
dominant prevalence and degradative relevance towards plastic degradation [Danso et al.
2019]. Mechanistically, the prevalence of pathogens in plastic degradation may be reasoned by
the production of invasive structures (e.g., appressoria), biofilm formation, mucilage secretion
and thigmotropism [Gkoutselis et al. 2021]. Hence, the potential of phytopathogenic fungi may
be explored towards their ability to attack plastics. In the present study, the ability of
phylloplane fungus C. dactyloctenicola VVJP08 towards utilization of commercially available
PS as nutrition source was tested. As expected, substantial mycelial growth was observed in
MSA plates (without PS sample pieces) containing 1% dextrose as carbon source at day 2 of
incubation [Figure 6.1 a]. However, no growth was observed at day 2 in the negative control
MSA plates as they did not contain any carbon source [Figure 6.1 b]. Interestingly, the fungal
hyphae began to develop around the PS sample pieces within 2 days of incubation, and
gradually lead to dense growth on the PS samples over an incubation period of 30 days [Figure
6.1c&d].
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Figure 6.1. Representative images depicting the growth of C. dactyloctenicola VJP08 on (a)
MSA+ 1% dextrose (at day 4), (b) only MSA (at day 4); and around & on the PS sample pieces
firmly placed on MSA plates (c) at day 2 (d) at day 30 of incubation.

6.3.2 Surface morphology and chemical characterisation of PS samples

The visual and physical appearance of specimens provides a first clue about the
occurrence of polymer degradation during the biodegradation process [Karimi-Avargani et al.
2020]. The degradation of plastics begins with the attachment of fungal hyphae followed by
the mycelial growth and colonization on the plastic surface and disturbing the molecular
arrangement within plastics by altering the physical and mechanical properties [Bhanot et al.
2020; Chaudhary et al. 2021]. During the present study, a gradual increase in the fungal growth
on the PS sample pieces was clearly observed visually during the incubation period [Figure
6.1]. In order to minutely visualise the physical changes on the PS surface, SEM analysis of
different PS sample was performed [Figure 6.2]. SEM micrographs showcased a relatively
smooth and homogeneous solid surface in the untreated control PS samples [Figure 6.2 a and
b]. In contrast, the PS samples incubated with C. dactyloctenicola VJP08 showed dense
colonization by the fungal mycelia [Figure 6.2 ¢ and d]. The presence of dense hyphal network
of C. dactyloctenicola VVJP08 on the PS surface suggested the possible utilization of PS as

carbon source during the growth and development of fungal mycelia [Figure 6.2 ¢ and d].
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© (d)

Figure 6.2. Representative SEM micrographs of PS sample pieces. (a) and (b): control; (c) and

(d): mycelial network on the surface of PS samples inoculated with C. dactyloctenicola VJP08

after 30 days of incubation. Scale bar in a =100 um; b =30 um; ¢ and d =20 um

Higher resolution (HR) SEM micrographs depicted the presence of overlapped and
densely intertwined hyphae presumably considered as the sites for the release of higher amount
of extracellular matrix (proteins, enzymes and polysaccharides) mediating the PS degradation
[Figure 6.3 a, b, d]. The formation of pores, fractures and corrosions over the PS surface were
clearly visualised at the immediate proximity of the hyphal meshwork indicating the
breakdown of PS by fungal enzymes [Figure 6.3 ¢ and d]. Noteworthy, after hyphal growth,
the fungi developed reproductive conidia [Figure 6.3 a, b, c]. Gkoutselis et al. (2021) also
reported the presence of similar fungal structures (hyphae and conidia) and fungal secreted
mucilage on the microplastic polymer matrix. During degradation, the formation of the void
structures such as pores, corrosion or cracks over the plastic surface are known to facilitate the
penetration of fungal hyphae resulting in diffusion of enzymes further deeper into the plastic
matrix, thereby decrease its thickness [Karimi-Avargani et al. 2020]. It is noteworthy that solid
hydrophobic surfaces such as PS films, are also known to induce morphological differentiation
and formation of invasive structures in pathogenic fungi [Kumamoto, 2008]. Nonetheless, the
presence of putatively germinating spores and a conidiogeneous hypha further confirmed the
reproduction and propagation of fungus as a result of PS degradation.
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Figure 6.3. HR-SEM micrographs showing fungal colonization on PS and its surface
degradation artifacts. (a) and (b): dense intertwined hyphae and conidia, with extracellular
matrix (indicated by white arrows); (c) and (d): pores and cracks (indicated by white arrows)

on the PS surface.

The EDS analysis of the untreated and treated PS samples further confirmed the
degradation of PS when inoculated with C. dactyloctenicola VVJP08 for 30 days [Figure 6.4].
In comparison to the untreated samples, the fungal-treated samples showed 3% decrease in the
carbon content, indicating the extraction of carbon from the PS to support the fungal growth
and metabolism. Moreover, ~3% increase in the oxygen content of the treated samples also
confirmed the PS degradation. Canopoli et al. (2020) also reported alterations in the surface
morphology and increased amount of oxygen by SEM-EDS analysis which were considered as

indicators for the plastic degradation.
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Figure 6.4. SEM-EDS spectra and elemental composition of PS samples (a) control and (b) PS
samples inoculated with C. dactyloctenicola VVJP08 after 30 days of incubation.
6.3.3 Percent Weight Loss in PS Sample Pieces

Microbial growth on the plastic surfaces is considered as the initial step implicating its
biodegradation. The extent of biodegradation can be confirmed by performing the gravimetric
analysis of the degraded plastic samples [Syranidou et al. 2019]. One of the fundamental
method to determine the degradation of polymers is measurement of its weight loss. Several
studies have reported weight reduction in the plastic samples due to the activity of various
microbes [Balasubramanian et al. 2010; Das and Kumar, 2015]. Before placing the PS sample
pieces on the MSA plates inoculated with C. dactyloctenicola VVJP08, the initial average weight
of the PS pieces was recorded to be 0.0114+0.0012 g. After 30 days of incubation, the average
final weight was recorded to be 0.0107+0.0016 g. The observed weight reduction of 3.57% in
the PS samples confirmed the capability of C. dactyloctenicola VVJP08 to degrade PS and

showed its potential to survive on the surface of PS as the sole carbon source.

Previous reports of fungal-mediated degradation of pure PS samples observed 2.17%
and 1.81% weight reduction when incubated for 8 weeks with Cephalosporium sp. and Mucor
sp., respectively [Chaudhary and Vijayakumar, 2020]. Moreover, the fungal-mediated
degradation of PS and PS-linked with different carbohydrates revealed that pure PS was
resistant to degradation by fungi including Aspergillus niger NCIM 1025, Penicillium
ochrocloron NCIM 1219, Pullularia pullalans NCIM 1049 and Trichoderma sp. NCIM 1297,
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while PS-linked lactose, PS-linked glucose and PS-linked sucrose were susceptible to fungal
degradation showing a maximum % weight reduction of 12%, 20.4% and 19.6%, respectively
[Galgali et al. 2004]. However, the reason behind this partial degradation could be the selective
utilization of carbohydrate source by the fungi. In another study, chemically oxidised PS was
reported to be susceptible for colonization and degradation by Curvularia sp. however this
study only focused on microscopic analysis of fungal adherence and lacked % weight reduction
analysis [Motta et al. 2009]. Nonetheless, majority of the studies monitor the degradation of
pre-treated PS samples [Johnston et al 2018; Du et al. 2022], which are inherently more

susceptible to the microbial attack.
6.3.4 Percent Change in Thickness of PS Samples

Since fungal hyphae breach the substrate for nutrition, the fungal mediated degradation
of PS can also be evaluated by measuring the change in thickness of treated samples. The
average initial thickness of all the PS samples was recorded to be 0.317+0.018 mm. After 30
days of incubation with tested fungal species, the average thickness of treated PS sample pieces
was recorded to be 0.289+0.018 mm. The decrease of 8.8% in the thickness of PS sample pieces
indicated that C. dactyloctenicola VJP08 successfully penetrated and utilized PS sample for
carbon acquisition and growth.

Earlier studies also reported that fungal degradation of different plastic types is
accompanied by the decrease in thickness of tested samples. For instance, 52% decrease in the
thickness was observed when polylactic acid (PLA) was incubated with Aspergillus flavus
CCUG 28296 for a period of 6 months [Karimi-Avargani et al. 2020]. Another study reported
16.6% decrease in the film thickness of polyhydroxybutyrate and hydroxyvalerate (PHBV)
when landfilled for a period of 120 days [Ishigaki et al. 2004]. Although, various studies have
been published which report the % change in the weight of PS samples, the present study first

time report fungal induced % change in the thickness of PS samples.
6.3.5 DSC Analysis

The influence of C. dactyloctenicola VJP08 colonisation on the thermal properties of
PS was studied by DSC that measures the heat flow into a sample. During DSC measurement,
the glass transition temperature (Tg) of the control PS sample was recorded to be 97.28°C,
which was found to decrease to 95.23°C in case of PS sample exposed to C. dactylocteniola
VJP08 for 30 days [Figure 6.5]. The reduction in Tq4 occurred due to the alterations in the

physical and mechanical properties of polymer by fungal degradation, causing higher degree
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of freedom of molecular motility in presence of heat [Lu and Jiang, 1991]. Thermal stability or
decomposition onset temperature is directly related to its mean molecular weight, such that
lower molecular weight results in lower thermal stability of the polymer [Shojaeiarani et al.
2019]. Since, Tg is inversely proportion to the molar mass of the polymer, the decrease in Ty

indicated decrease in the molar mass of PS.
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Figure 6.5. DSC thermograms of PS film: (a) control; (b) PS sample inoculated with C.
dactyloctenicola VVJPO8 after 30 days of incubation.

Similar results were observed by Karimi-Avargani et al. (2020), who reported a
decrease in the Tqof fungal treated PLA from 61.5°C to 60.5°C after six months of incubation.
Various other studies have also reported the application of DSC to identify the structural
changes in different plastics indicating the decrease in crystallinity and Tgas a result of their
degradation [Volke-Sepulveda et al. 2001; Tatai et al. 2007; Houchin and Topp, 2009; Osman
et al. 2017].

6.3.6 GC-MS/MS Analysis

To further explore the details of PS degradation by C. dactyloctenicola VJP08, the
degradation products were analysed by GC-MS/MS [Figure 6.6 a and b]. The untreated control
and fungal treated PS samples were analysed for the presence of various PS monomers,
oligomers, plastic additives and various aromatic derivatives such as benzene, 2, 4 Di-tert-
butylphenol (2,4-DTBP), Diethyl phthalate, 1,2 -diphenyl cyclobutane and (2,3-
diphenylcyclopropyl) methylsulfanylbenzene (2,3-DCMSB). After 30 days of incubation with
C. dactyloctenicola VVJP08, these compounds were observed to be either partially or completely
utilized by the fungus. A significant decrease of 73.6% in the peak area of benzene was
observed, which is a key monomer of the PS structure, which suggest that the major proportion

of carbon was extracted from the PS skeleton by its degradation. Additionally, diethyl
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phthalate, which is a plastic additive, was found to be completely utilized by the fungus, along
with significant reduction in the concentrations of aromatic derivatives including 2,3-DCMSB
after incubation period. These results are in accordance with the previous studies, where similar
PS-derived compounds have been detected during PS myco-degradation. For instance, 2,4-
DTBP and aromatic derivative namely, 1,3,5-triphenylcyclohexane and 2,4,6-
triphenylcyclohexene were identified in the PS samples treated with Tenebrio molitor larvae
[Tsochatzis et al. 2020]. Similarly, compounds such as benzene, cyclobutane, and phenyl
derivatives were identified during the PS myco-degradation by fungal isolates and mealworm
larvae [Oelschldgel et al. 2018; Chaudhary and Vijayakumar, 2020; Tsochatzis et al. 2021].
Furthermore, Diethyl 2-(p-tolyl) malonate and Dodecanamide were the newly generated
compounds hypothesized to be the degradation by-products of PS. Noteworthy, as observed in
the treated samples, earlier reports also observed generation of benzene associated amides- ,
methyl-, methoxy-, and sulfoxide groups during the microbial degradation of styrene
[Oelschlégel et al. 2018]. The obtained results clearly indicated that the tested fungal isolate
VJP08 could significantly colonize and utilized PS which was the sole carbon source in MSA
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Figure 6.6. Representative GC-MS/MS chromatogram of PS degradation products (a) control
containing PS extract in chloroform; (b) treatment containing PS samples exposed to C.

dactyloctenicola VVJP08.
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6.4 Conclusion

As discussed in chapter 1 and 3, owing to the similarities between the naturally
occurring lignocelluloses and synthetic plastics, the phytopathogenic fungi emerged as better
candidates adapted to utilize plastics. The present study revealed the functional potential of
phylloplane fungus C. dactyloctenicola VVJPO8 (reportedly a phytopathogen) towards its ability
to colonize and degrade the commercially available PS products. The PS myco-degradation
was systematically evaluated by different characterization techniques. The visual and SEM
analysis revealed the surface profile of PS samples displaying dense fungal colonisation,
propagation and myecelial invasion for carbon extraction causing cracks and holes on its
surface. The EDS analysis revealed that PS was utilized by the fungi via oxidation leading to
3% reduction in the atomic carbon concentration. The weight and thickness of PS samples were
reduced by 3.57% and 8.8% respectively, indicating its degradation and utilization by fungus
for the growth and metabolism. The altered mechanical strength of PS was confirmed by the
DSC analysis, which revealed a decrease in Tg in treated samples. Furthermore, GC-MS/MS
analysis showed a significant reduction in the concentration of benzene and related aromatic
derivatives due to the fungal action, which was fully consistent with the above-mentioned
analysis. These findings establish a clear cross-assessment of the phylloplane fungi which may
have the ability to breach the plant cuticle to be analyzed for their potential application in

development of degradation strategies of synthetic plastics.
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Chapter 7

Unveiling the Potential of Lichtheimia
ramosa AJP11 towards PSS Myco-

transformation

Part of the work presented in this chapter has been published as per the following details:

e Bhanot et al. (2023) Journal of Environmental Management 325, 116579
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7.1. Introduction

Biodegradation of pollutants is a complex process facilitated by the action of various
microbial enzymes and subsequent utilization of degraded products as the nutrient source
[Srikanth et al. 2022]. The extent of biodegradation is facilitated by a strong enzymatic arsenal
and robust microbial growth. Among various microbes, fungi have an enormous extracellular
and intracellular enzymatic system that work together to support the fungal growth under
different environmental conditions [Shin et al. 2018]. In addition, fungi also have the ability to
modify their myecelial structure for optimal nutrient acquisition. The mycelial network
undergoes continuous remodelling which makes it highly dynamic towards adapting to
different nutrient conditions [Davidson and Olsson, 2000]. For instance, in response to defence
against frugivorous nematodes, Coprinopsis cinerea undergoes a novel type of hyphal
differentiation and communication within a fungal mycelium facilitating faster and more
efficient redistribution of nutrients and signals within the hyphal network in comparison to
simple diffusion [Schmieder et al. 2019]. Similarly, for utilization of nutrients from rigid solid
polymers, fungi spread their mycelia to grow through the solid substrate and dig into the
substrate using extracellular enzymes [Naranjo-Ortiz and Gabaldon, 2019]. Fungi have a well-
developed secretome that allows them to extract nutrients, even from highly polymerized and
often very hydrophobic compounds, such as cutin and/ or lignin, which is very difficult for
other microbes [Hiscox et al. 2018]. In secretome, there are certain surface-active fungal
proteins namely hydrophobins (hydrophobic surface-binding proteins) which has the ability to
bind to hydrophobic surfaces. Although these proteins do not possess catalytic activity, they

play a major assistive role during degradation of hydrophobic compounds.

The present study aimed to investigate (i) the ability of fungi isolated from the
rhizosphere of plants growing in heavy metal rich sites to myco-transform the synthetic
polymer polystyrene sulfonate (PSS) and, (ii) highlight the probable myco-transformation
mechanism and identify the putative biomacromolecule(s) involved in myco-transformation of
PSS.
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7.2. Materials and Methods
7.2.1 Chemicals and Reagents

All chemicals (analytical grade) and solvents (GC grade) used were procured from
Sigma Aldrich (India) or Merck (India) unless otherwise stated. All culture media used were
purchased from HiMedia (India). Poly(sodium 4-styrenesulfonate) (PSS; Mw ~70,000 Da) was
used as the source of PS. Standard protein molecular weight marker (26610) was obtained from
Thermo Fischer, USA. For ultrafiltration of proteins, a 12 kDa cut-off nitrocellulose membrane

(Merck) was used.
7.2.2 Screening and Shortlisting of Fungal Isolates with PSS Mycotransformation Ability

The metal-tolerant fungal isolates (AJP02-AJP11) used in the present study were
isolated from the rhizosphere of the plants growing in iron rich sites. The complete details of
their isolation and molecular characterization can be seen in the previous report of our lab
[Bhargava et al. 2016]. The individual fungal isolates were revived from the glycerol stocks by
streaking on the potato dextrose agar (PDA) media plates followed by incubation at 28°C for
3-4 days, and subsequent sub-culturing. The pure cultures of all the 10 fungal isolates (AJP02-
AJP11) were screened to check their ability towards PSS myco-transformation as per the
protocol described in Chapter IV (section 4.2.2). The fungal isolates showing maximum

increase in their fresh weight biomass was selected for further studies.
7.2.3 PSS Myco-transformation Studies

Three different treatment conditions were used for analysing the PSS myco-
transformation potential of short-listed fungal isolate. For this, freshly grown 20 g fungal
biomass was resuspended in 200 mL of MSM containing 1% (v/v) PSS in 500 mL Erlenmeyer
flask and incubated at 28°C for 30 days on a shaker (150 rpm) under dark conditions in
triplicate. Simultaneously, 20 g fungal biomass was also resuspended in only MSM (negative
control) and in MSM+3% dextrose (positive control) and incubated at 28°C for 30 days and 4
days, respectively in triplicates. All the experimental flasks were tightly sealed using cotton
plugs. After incubation, the fungal biomass was separated by centrifugation (2500 rpm, 10 min,
4°C) and evaluated for the percent change in its fresh weight. The obtained supernatant was
vacuum filtrated using Whatman filter paper no. 1 and the fungal cell-free filtrate (CFF)

containing extracellular fungal metabolites was collected for further analysis [Jain et al. 2014].
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7.2.3.1 Determination of Fungal Biomass and Viability

After incubation, the separated biomass was washed thrice with the autoclaved Mili-Q
water. The percent change in the fresh weight of biomass was measured by comparing it with
the initial weight of fungal biomass inoculated at day zero of the experiment. The increase in
fungal biomass would be indicative of utilization of PSS as sole carbon source for sustaining
fungal metabolism. The data points represent the mean of independent measurements, and the

uncertainties were represented as standard error.

The viability of fungal cells after exposure to PSS for 30 days was determined by
inoculating the exposed fungal mycelia on fresh PDA (pH 5.6) plates. The inoculated plates
were incubated at 28°C for 4 days under dark conditions [Jain et al. 2013]. Since the method
indicating the direct utilization of PSS for fungal growth are lacking, the increase in the fungal
biomass (in presence of PSS as sole carbon source) and fungal viability after 30 days’ exposure
to PSS were found to be the most reliable indicators to check the capability of fungi towards
utilization of PSS.

7.2.3.2 GC-MS/MS Analysis

Chromatographic analyses were performed following the method described by Krueger
et al. [2015] as per the details given in Chapter 4 (section 4.2.4.2).

7.2.4 Mechanistic Studies
7.2.4.1 Protein Precipitation and One-dimensional Gel Electrophoresis

To find out active role of extracellular fungal proteins in PSS myco-transformation, the
extracellular proteins in fungal CFF from experimental flasks (including controls) were
precipitated, quantified and stained for visualisation as per the details given in Chapter 4
(section 4.2.5).

7.2.4.2 Peptide Mass Fingerprinting

The over-expressed protein bands obtained by SDS-PAGE were subjected to in-gel
digestion overnight at 37°C with 10 ng uL! of trypsin [Shevchenko et al. 1996]. The resulting
peptides were mixed with a-Cyano-4-hydroxycinnamic acid (HCCA) matrix in 1:1 ratio and
2 ul sample was spotted onto MALDI plate. After air drying the sample, it was analyzed on the
MALDI TOF/TOF Ultraflex Il instrument. FLEX analysis software was used for obtaining
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the peptide mass fingerprint and the obtained mass spectra were submitted for MASCOT search
in “CONCERNED” database for identification of protein [Jain et al. 2014].

7.2.4.3 In silico Characterization
Secondary Structure Prediction and Physio-chemical Properties of Protein

Secondary structure prediction was done as per the details given in Chapter 5 (section
5.2.5).

Physico-chemical properties such as amino acid composition, molecular weight,
theoretical isoelectric point (pl), extinction coefficient, instability index, aliphatic index, grand
average of hydropathicity (GRAVY), the total number of positively and negatively charged
residues of the selected protein(s) were identified using Protparam server [Gasteiger et al.
2005].

Molecular Modelling, Ligand Preparation and Molecular Docking Studies

Molecular modelling, ligand preparation and molecular docking were performed as per

the details given in Chapter 5 (section 5.2.5).
7.3 Results and Discussion
7.3.1 Screening and Shortlisting of Fungal Isolates

All the 10 fungal isolates (AJP02-AJP11) were screened for their PSS utilization ability.
Out of which, Lichtheimia ramose AJP11 showed maximum biomass increase (see section
7.3.2.1) by utilizing PSS as the sole carbon source in comparison to all the other fungal isolates
(data not shown) and hence, it was short-listed for further studies.

7.3.2 PSS Myco-transformation Studies
7.3.2.1 Effect of PSS on Fungal Biomass and Viability of L. ramosa AJP11

As heterotrophs, fungi obtain nutrition from surrounding environment by secreting
extracellular enzymes, which breakdown the complex organic compounds. Carbon is major
and an essential compound for sustaining all the metabolic processes and maintaining cellular
integrity. Hence, it needs to be extracted by the fungi from the surrounding environment in
considerable amount. In the present study, utilization of PSS as possible carbon source was
tested by incorporating it in MSM for the growth of L. ramosa AJP11. The increase in fungal

biomass in MSM+1% PSS would indicate the utilization of PSS present as the sole carbon
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source in medium towards the growth and metabolic activities of fungal hyphae. Figure 7.1
shows comparative fungal biomass growth at day zero (a) and day 30 (b) in Erlenmeyer flask
containing MSM+1% PSS. The fresh weight of fungal biomass at day 30 was recorded to be
28.3x1.8 g. Since the initial fresh weight of fungal biomass inoculated at day zero of
experiment was 20 g, the increase (41.6%) in the fungal biomass could positively correlate and
indicate utilization/transformation of PSS by the fungal isolate. However, in case of only MSM,
since no carbon source was present in the media, the fungus showed significant decrease
(22.2%) in the fresh weight biomass. As dextrose is an easily extractable and preferred carbon
source, L. ramosa AJP11 showed enhanced fresh weight biomass (52+1.5 g) in MSM+3%
dextrose (positive control) after 4 days. The fungus incubated in only MSM displayed
considerably low revival rate with minimized growth intensity [Figure 7.1 c]. However, the

fungus could appreciably maintain its normal growth rate as it showed significant growth on

PDA plates even after 30 days exposure to PSS as the sole carbon source [Figure 7.1 d].

@ (b)
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(d)

Figure 7.1 Visual representation of the comparative biomass growth (a) at zero day of
incubation (b) at 30 day of incubation; growth of fungi after 30 days exposure to (c) only MSM

(d) PSS as sole carbon source.
7.3.2.2 GC-MS/MS Analysis

In fungi, the carbon source utilization is regulated via finely tuned system that allows
utilization of various complex sources. Potential of fungi to degrade various organic pollutants
viz. polyhydroxy aromatic and aliphatic hydrocarbons, recalcitrant dyes, persistent organic
pollutants and complex polymers (plastics) is widely studied [Bhargava et al. 2016; Carstens
et al. 2020; Li et al. 2020; Grelska and Noszczynska, 2020]. Various reports have demonstrated
the degradation potential of fungal enzymes namely, esterases, cutinases and lipases against
various plastic types such as PE, PU and PET [Ali et al. 2021]. However, reports discussing
fungal-mediated degradation of PS are limited. Interestingly, pre-treatment of PS by chemicals
and UV-radiations has been observed to make it susceptible to the action of fungi such as
Cephalosporium sp. and Penicillium variabile [Tian et al. 2017; Chaudhary et al. 2021, 2022].
However, all these studies involved harsh pre-treatment conditions, prolonged incubation
period (8-16 weeks) and lacked focus on the molecular mechanism behind the PS degradation.
As plastics are composed of long-chain carbon atoms attached via covalent bonds, their fungal-
mediated catabolism would result in the generation of various by-products that can provide
insight into the overall plastic utilization metabolism.
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In the present investigation, the by-products generated during the exposure of L. ramosa
AJP11 to PSS in comparison to the tested controls implied about the previously unestablished
modes of PSS utilization [Table 7.1]. On the basis of GC-MS/MS analysis, following three
major findings were acknowledged, (i) disappearance of benzene and [1,1°-biphenyl]-2,3’diol
in the PSS fungal treated sample [Figure 7.2 a & b] indicated the depolymerization of PSS by
fungal enzyme(s) since benzene is the structural unit of PS and biphenyl is a popular persistent
organic plastic additive; (ii) formation of PS oligomers such as cyclohexane and 2,4-DTBP
indicated myco-transformation of PSS for carbon utilization; (iii) the alkanes such as
pentadecane, hexadecane, heptadecane, octacosane, nonadecane, etc., released as by-products
of PS degradation, may undergo oxidation to their subsequent alcohol, aldehyde and carboxylic
acid forms. Moreover, they can further react with Coenzyme A to undergo [3-oxidation resulting
in formation of acetyl-CoA units which subsequently enters in the Krebs cycle. The bioactive
compounds such as free fatty acids and alkanes formed due to the significant enzymatic and
biochemical activity that occurred during myco-transformation of PSS. However, the origin of
triethyl phosphate (TEP) observed during GC-MS/MS analysis is debateable since it’s an
organophosphate plasticizer of anthropogenic origin but has also been reported to serve as a
source of phosphate under stress conditions with lesser-known effects on the microbial growth
[Story and Brigmon, 2017].
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Figure 7.2 Representative GC-MS/MS chromatogram of PSS myco-transformation products
(a) control containing MSM+1% PSS (without fungal biomass); (b) treatment containing

MSM+1% PSS with fungal biomass.
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Earlier reports also referred to the release/generation of organic compounds including
alkanes, carboxylic acids and keto carbonyls due to plastic degradation by the action of
microbial enzymes [Shahnawaz et al. 2016; Sangale et al. 2019]. The key components
generated in the treatment containing MSM+1% PSS with fungal biomass (Table 7.1) were
found to be consistent with Tsochatzis et al. [2021] who reported depolymerization of PS into
oligomers such as acetophenone, 2,4-DTBP and cyclohexane in the gut of mealworm.
Moreover, utilization of complex plastic source such as PP by yeast also generated fatty acids
namely, oleic acid, palmitic acid and stearic acid [Mihreteab et al. 2019]. Balasubramanian et
al. [2014] reported the release of similar alkanes and carboxylic acids as a consequence of
myco-transformation of high-density polyethylene (HDPE), and hypothesized their further
oxidation and activation into fatty acetyl-CoA subsequently entering the Krebs cycle.
Additionally, Sangale et al. [2019] reported the release of similar organic compounds as major
by-products of fungal treated PE. Oxalic acid, octadecanoic acid and acetic acid found in the
treatment extract can serve as crucial intermediates at the junction of anabolic and catabolic
biochemical pathways including Krebs cycle, amino acid and fatty acid metabolism and can
act as substrates for the acetyl-CoA synthetase to form acetyl-CoA [Patel and Walt, 1987,
Starai and Escalante-Semerena 2004]. The obtained results suggest that emergence of organic
products/intermediates resulted due to the myco-transformation of PSS. Apart from these
intermediates, exact fate of other by-products needs to be further explored due to limited
knowledge of biological and ecological relevance of individual organic compounds and their

mixtures w.r.t fungal biochemistry [Bitas et al. 2013; Guo et al. 2020]. Interestingly, n-alkanes
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have also been reported to induce certain enzymes capable of catalysing oxidization reactions
and facilitating hydrocarbon assimilation in fungi [Huarte-Bonnet, 2018]. Consequently, it may
be hypothesized that certain recorded n-alkanes might be inducing the enzymes involved in

oxidation of a complex hydrocarbon source, PSS.

Table 7.1 Key compounds generated in the treatment extract containing in MSM+1%

PSS with fungal biomass.

Analyte Retention Molecular Molecular Mass
Time Formula (Da)
2,4-Di-tert butyl- 16.694 C14H220 206.32

phenol (DTBP)

Pentadecane 16.568 CisHs2 212.41
Hexadecane 18.137 CisHaza 226.41
Heptadecane 19.634 Ci7Hs3s 240.5
Octadecane 21.056 CigHass 254.494
Nonadecane 22.426 C1oHa40 268.518
Octacosane 25.024 CasHss 394.80
Hexadecanoic acid  23.206 Ci16H3202 256.42

(Palmitic acid)
Octadecanoic acid 25.777 C18H3602 284.50

(Stearic acid)

Acetic acid 26.345 CH3COOH 60.052
Cyclopentane 28.630 CsHio 70.135
Oxalic acid 29.805 C2H204 90.034
Cyclohexane 30.105 CeH12 84.160
Triacontane 31.301 CsoHez 422.81
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7.3.3 Mechanism behind PSS degradation
7.3.3.1 Characterization of Fungal Extracellular Protein

Out of the wide range of extracellular metabolites (exo-polysaccharides, organic acids,
fatty acids, phenols, quinones and proteins), the major component of the fungal secretome are
enzymes (proteins) which possess various absorptive, hydrolytic and biosurfactant properties
and have ability to extract carbon from plastics as energy source for cellular metabolism
[Pareek et al. 2020; Sénchez, 2020]. Since fungal enzymes are functionally involved in
catalysing various reactions, it is justified to study their expression during different treatment
conditions in order to identify the relevant candidate(s) of PSS myco-transformation.
Previously, Krueger et al. (2017) studied that the action of Fenton chemistry driven oxidation

of PSS, however, no specific proteins in the process of oxidation were discussed.

The fungal extracellular proteins under different treatment conditions were precipitated
by modified TCA/acetone method and dialysed using 12-kDa cut off cellulose membrane to
analyse and understand their involvement in PSS degradation. The concentration of total
extracellular proteins was found to be highest in treatment with MSM+1% PSS (74.75 pg mL"
1, followed by MSM+3% dextrose (70.57 pg mL™?), whereas lowest concentration was found
for only MSM (61.62 ug mL™). In order to completely transform PSS into utilizable organic
compounds, fungus could secrete more number/amount of extracellular proteins (enzymes)
when exposed to PSS. Whereas, comparatively lesser amount of proteins in case of only MSM
signifies that in absence of any energy source, fungus metabolised few secreted proteins during

treatment duration.

The total extracellular protein profile revealed the presence of varied band patterns
across different treatments. For instance, the treatment MSM+3% dextrose showed eleven
protein bands ranging from molecular weight of 16.8 kDa to 85.5 kDa [Figure 7.3, Lane 2];
while in case of treatment with only MSM, nine bands ranging from 15.6 kDa to 105.2 kDa of
comparatively lower intensity were observed [Figure 7.3, Lane 3]. Eleven discrete protein
bands with a molecular weight of 14.4 kDa (a), 20 kDa (b), 22.6 kDa (c), 26.5 kDa (d), 38.4
kDa (e), 40.4 kDa (f), 43.8 kDa (g), 46.8 kDa (h), 60 kDa (i) and 107.9 kDa (j) were present in
the treatment containing MSM+1% PSS [Figure 7.3, Lane 4]. Out of which, protein bands at
14.4 kDa, 46.8 kDa and 107.9 kDa were exclusively overexpressed in MSM+1% PSS
treatment, while bands such as (b), (c), (d), (f), (g) and (j) were consistently expressed in all

the three treatments indicating their housekeeping role in the fungal metabolism. Noteworthy,
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the protein band at 14.4 kDa (indicated by the arrow) was found to be significantly intense in

comparison to other bands/treatments indicating its possible role in PSS myco-transformation.
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Figure 7.3 One-dimensional SDS-PAGE analysis of extracellular proteins secreted from L.
ramosa AJP11. Lane 1: molecular size marker ranging from 14.4 to 116 kDa; Lane 2: fungal
extracellular proteins in MSM+3% Dextrose; Lane 3: fungal extracellular proteins in only
MSM and Lane 4: fungal extracellular proteins in MSM+1% PSS.

7.3.3.2 Peptide Mass Fingerprinting

To characterize the overexpressed proteins at 14.4 kDa, 46.8 kDa and 107.9 kDa and
to elucidate their role in PSS myco-transformation, they were analysed by MALDI-TOF/TOF
mass spectroscopy and the obtained sequences were searched for sequence homologies using
MASCOT server against NCBI protein database. The obtained results indicated that these
proteins belong to very different protein families namely, universal stress protein (Usp; 46.8
kDa) (Accession no. CDS03339.1) [Figure 7.4] and PRP-1 splicing factor (107.9 kDa)
(Accession no. CDS07580.1) [Figure 7.5], and hydrophobic surface binding protein (Hsb;14.4
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kDa) (Accession no. CDS02765.1) [Figure 7.6]. Noteworthy, Usp and PRP-1 splicing factor
are intracellular proteins [Urushiyama et al. 1997; Chi et al. 2019]. Presence of these proteins
in the extracellular cell free filtrate may be due to the disruption of few fungal cells during long
exposure duration under PSS stress condition.

B

Intons. [au.]
by
i
5

2000 -|

1500 1639.194
1639.194

1839.319

3052449
H

1340.946 &%ﬂ !

1198.897 |
]

3245.025
3245025

—

mz

10‘00 ‘5';00 20‘00 25’00 302)0

Start - End Observed Mr(expt) Mr(calc) Delta M Peptide

19 —31 1708.13391707.1266 1707.8230 -0.6963 1 R.RQLFDHFHTHNEK.S

32 —53 2499.5010 2498.4937 2499.3221 -0.8284 2 K.SEKPHYDLPKVTVTDTSKVDIK.D

42 -66 2776.80862775.8014 2776.4131 -0.6117 2 K.VTVTDTSKVDIKDPVEAQSFQDLNK.V

54 —-66 1489.9342 1488.9269 1489.7049 -0.7780 0 K.DPVEAQSFQDLNK.V

99 —112 1637.1937 1636.1864 1636.7072 -0.5208 1 K.GAEMLEDDMEKNQK.L

99 —112 1670.2162 1669.2089 1668.6971 0.5118 1 K.GAEMLEDDMEKNQK.L + 2 Oxidation (M)
110 —117 1029.6982 1028.6909 1028.5363 0.1546 1 K.NQKLDQQR.Q

110 —127 2259.5686 2258.5613 2258.0523 0.5091 2 K.NQKLDQQRQNEEEEEVSR.V

141 —154 1702.1904 1701.1832 1701.8977 -0.7146 1 K.YIPYIEPQPETPKK.K

158 —169 1435.0350 1434.0278 1433.6874 0.3403 0 K.HPHLGFDEPVMR.I
R.KPRVYMVACDFSSESVNAIEWTMGTMMR.D
+ Oxidation (M)
R.VYMVACDFSSESVNAIEWTMGTMMR.D +
Oxidation (M)

266 —280 1839.3193 1838.3121 1838.0059 0.3062 1 K.HMLLYDIKMVVHAIR.G
285 —306 2523.6924 2522.6851 2522.3059 0.3792 1 K.EVLISMIYELPLTMVVCGSRGR.S
346 357 1234.92851233.9212 1233.6466 0.2747 0 K.AAHPAPLSESVR.T

195 —222 3311.5022 3310.4949 3311.4906 -0.9956 1

198 —222 2932.3811 2931.3738 2930.2417 1.1321 0

(b)

1 MDYHQSPHPHRHHHHHYRRQLFDHFHTHNEKSEKPHYDLPKVTVTDTSKVDIKDPVEAQSFQDLNKVDAQ
71 DAAVPPAEIVNPEPVQNVIDKQDPMYYKGAEMLEDDMEKNQKLDQQRQNEEEEEVSRVSEELRRTTEQNK
141 YIPYIEPQPETPKKKKKHPHLGFDEPVMRILPDRVVITQLYGHQPVSEMQQAKRKPRVYMVACDFSSESV
211 NAIEWTMGTMMRDRDEVHILTVVPPDDSSSQGSSPANQLQGTSISLCDKARDILKHMLLYDIKMVVHAIR
281 GHVKEVLISMIYELPLTMVVCGSRGRSGMKGLLVGSISNYLIQKSPVPVSVIRKPKTKSKVKKTKAAHPA
351 PLSESVRTGQLVVDELGSKSKHER

(©

161



Figure 7.4 (a) MALDI-TOF/TOF MS Spectrum of the tryptic digests of Universal Stress
Protein (46.8 kDa) from Lichtheimia ramosa AJP11 (b) List of identical peptide sequences
with their relative molecular masses and position in protein sequence (c) Complete amino acid
sequence deduced from MASCOT analysis using NCBI database.

Based on the obtained results, it may be hypothesized that sensing of PSS in the outer
environment of fungal cells triggers a series of events inside the cell that allow the uptake of
PSS. For instance, it is well known that the Usp(s) play a crucial role in reprogramming the
cell to withstand different stress conditions by largely unknown mechanisms [Tkaczuk et al.
2013]. Some of the reported mechanisms in bacteria and plants suggest their function in
increasing the transcript turnover, and/or modulating the metabolic pathway [Lee et al. 2006;
Chi et al. 2019]. However, in fungi, their function during stress conditions is least explored.
Apart from the Usp, another identified protein belongs to the family of splicing factors. Fungal
splicing factors have been studied to be particularly involved during the unfavourable

conditions [Gritzmann et al. 2014].
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Start — End Observed Mr(expt) Mr(calc) Delta M Peptide

1 -6 06544790 6534717 653.3207 0.1510 0 -MFGATK.D

7 —23 17717490 1770.7417 17709417 -0.2000 0 K.DFIGKPAPPNYVAGLGR.G

32 -54 2205.1216 2204.1143 2204.0458 0.0685 2 R.SDIGPARESGDFGADAKQGAAGK.E
89 - 101 1650.5749 1649.5676 1649.8018 -0.2342 2 R.VWAMIDTKMDERR.K

89 - 101 1666.7490 1665.7417 1665.7967 -0.0550 2 R.VWAMIDTKMDERR K + Oxidation (M}
97 -102 834.5874 833.5802 833.4177 0.1624 2 K.MDERRK.A

118 =131 1687.3699 1686.3626 1680.9053 -0.5427 1 R.QERPKISQQFADLK.R

118 —132 1844.1790 1843.1717 1843.0064 0.1653 2 R.QERPKISQQFADLKR.Q

133 — 156 2655.8327 2654.8254 26543187 0.5066 1 R.QLSSIDEEEWAAIPEVGDLVGKNR.K
222 - 238 1789.4893 1788.4820 1788.8742 -0.3921 0 K.LDQVSDSVSGQTTIDPK.G

239 - 259 2236.5708 2235.5635 2235.1634 0.4001 1 K.GYLTDLNSVVVKSDAEIGDIK.K
342 - 357 1855.5880 1854.5807 1854.0251 0.5556 2 K.IWLKAVDLETDPKAQK.R

359 —372 1641.8426 1640.8353 1640.9726 -0.1373 2 R.VLRRALEFIPNSVK.L

376 —393 1971.35551970.3482 1970.9731 -0.6249 1 R.AAVNMEENPDDAKVLLSR.A

420 —440 2274.4829 2273.4757 2273.2756 0.2000 2 K.VLNKARAAVPTSHEIWIAAAR.L

461 —471 1160.1969 1159.1896 1159.6197 -0.4301 0 R ALSQTGTVLDR.D

619 —628 1241.6987 1240.6915 1240.5207 0.1707 0 K.VESESNEYER.A

645 —648 563.2149 5622076 562.2937 -0.08620 R.VWMK.S

(b)

I MEGATKDFIGKPAPPNYVAGLGRGATGFTTRSDIGPARESGDFGADAKQGAAGKEGGDDDDERFQDPDNE

71 VGLFSGAPYEEDDEEADRVWAMIDTKMDERRKARREAREREELARYRQERPKISQQFADLKRQLSSIDEE
141 EWAAIPEVGDLVGKNRKRNKMPERYTPMTDTILAAARDKTGYDTTLNEQEQKLGGVTTPADGMMTNFREI
211 GQARDKVLGLKLDQVSDSVSGQTTIDPKGYLTDLNSVVVKSDAEIGDIKKARLLLNSVITTNPKHAPGWI
281 AAARLEEVAGRPVQARNIIAKGCEQCPKSEDVWLESARLNTVDNAKIILANAVRQLPQSVKIWLKAVDLE
351 TDPKAQKRVLRRALEFIPNSVKLWRAAVNMEENPDDAKVLLSRAVELVPLSVELWLALARLESYENAQKYV
421 LNKARAAVPTSHEIWIAAARLEEQHGKPHMVDRIIQLAARALSQTGTVLDRDQWLKEAEKCEKNGSVLTC
491 QAIVRATIGLGVEEEDQKATWMEDAESCIAHGSIETARAIY AHALKVFPGRKSIWMAAAYLEKGHGTPQS
561 LEELLQRAVRYCPQAEVLWLMGAKEKWLADDVQGARAILEEAFRANPNSEKIWLAAVKVESESNEYERAR
631 KLLELARKESGTDRVWMKSAMLERQLKNYDGCLQLLEEGLQRYPTFDKLWAIKGQVEDEALNNSSKARET
701 YNKAVKNCPKSTLLWILLAKLEEKMGMVTKARSTLEKARYTNPKTPELWVEGIRIEVRAKNQSVAKSMSA
771 KALQECPTSGAIWREVIFLEARPQRKARSVDALKKCEHDPIVVTTVALLFWTDRKIEKARNWFQKAVQID
841 PDQGDSFAWWYKFELQHGTEEQQEAVVKRCVASEPRHGERWTAVAKDMANIGKRTADILKLCAAKLEPIK

(©)
Figure 7.5 (a) MALDI-TOF/TOF MS Spectrum of the tryptic digests of PRP-1 Splicing
protein (107.9 kDa) from Lichtheimia ramosa AJP11 (b) List of identical peptide sequences
with their relative molecular masses and position in protein sequence (c) Complete amino acid

sequence deduced from MASCOT analysis using NCBI database.

Splicing factors play crucial role in mediating fungal response during the stress
conditions by regulating a wide range of cellular functions related to enzyme activation and the
binding affinities of proteins [Sieber et al. 2018]. These functions allow the fungi to survive
under unfavourable scenarios. According to previous findings, PRP-19 associated splicing
proteins are functionally involved in regulating the depolymerization of plant cuticle
(hydrophobic in nature) for promoting fungal pathogenicity [Liu et al. 2021]. Here, it is
hypothesized that the overexpressed PRP-1 splicing factor indicated the increased translational
efficiency of the fungal biomass for the synthesis of various potential protein(s), one of which
could be the third over-expressed protein, Hsb, in order to combat stress conditions and

facilitating the myco-transformation of PSS.
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1 MKFTAIIALV AFTAVNALTL DRRGVPECAA GLTTVQNQLD VVTITGVNNWK VSDGYAGALK
61 VQTEETKLEN YLDSAKSACT ISGTVSDTDA QTILAQVDTL VPKVESALSS IVTKKPDFDK
121 VLLVTALVTK DIKNLKTKTD ALDNALLSAT PASYKDQANA YVARINKAFA DAYTAYGI

(©)

Figure 7.6 (a) MALDI-TOF/TOF MS Spectrum of the tryptic digests of hypothetical protein
(14.4 kDa) from Lichtheimia ramosa AJP11 (b) List of identical peptide sequences with their
relative molecular masses and position in protein sequence (c) Complete amino acid sequence
deduced from MASCOT analysis using NCBI database.

The Hsb proteins belong to the small-secreted proteins (SSPs) secretome of fungi that
contain a signal peptide having sequence less than 300 amino acids. Only few of them have
been functionally characterized, specifically belonging to fungal genera Aspergillus [Valette et
al. 2017]. The SSPs are reported to be involved in strategies developed by fungi to resist the
associated stress that could be due to toxicity of some aromatic compounds or reactive oxygen
species released during degradation. Thus far the only known fungal hydrophobic surface
binding protein (HsbA; 14.5 kDa) is reported to be produced by Aspergillus oryzae RIB40
[Ohtaki et al. 2006]. Different orthologs/paralogs of HsbA have been identified in other fungal
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species. Hydrophobic surface binding proteins have functional similarities to hydrophobins, a
class of surface-active fungal proteins with the ability to bind hydrophobic surfaces [Sunde et
al. 2017]. Although these proteins do not possess catalytic activity, they play a major assistive
role during degradation of hydrophobic compounds. The Hsb proteins have the ability to
interact and adsorb to the hydrophobic moieties such as plastic surfaces and potentially
enhances the recruitment of lytic enzymes to promote the depolymerization of the plastic
[Ohtaki et al. 2006]. 1t may be hypothesized that Hsb might also have a role in initially sensing
the hydrophobic surfaces in the environment.

However, the exact molecular mechanism behind the interaction of Hsb(s) to the
hydrophobic polymer is unexplored. Hence, in silico studies were performed to further
understand the mechanism behind the functioning of this unique hypothetical protein of L.

ramose AJP11 in mediating PSS transformation.
7.3.3.3 In silico Characterization
Structural Analysis and Physio-chemical Properties

The secondary structure of the selected overexpressed protein (14.4 kDa; hypothetical)
of L. ramosa AJP11 was generated using online server PSIPRED [Buchan and Jones, 2019].
The obtained results showed that it consisted of 7 a-helices (H) joined with the help of total 8
coils (C), with no B-strands in protein structure [Figure 7.7 a]. The protein was found to be
majorly comprised of hydrophobic (25%) and non-polar (38%) residues, while polar (29%)
and cysteine residues (8%) were present in moderate proportion, giving it an amphiphilic
understanding [Figure 7.7 b]. Since cysteine side-chain hydrophobicity has been a matter of
ambiguity, their occurrence imparts both hydrophilic and hydrophobic attribute [Marino and
Gladyshev, 2010; lyer and Mahalakshmi, 2019]. Sulfhydryl (-SH) group of cysteine imparts
non-polar nature restricting formation of hydrogen bonds with water, however, the involvement
of sulfhydryl group also allows covalent bond formation, thus modifying residue properties to

greater extent [Poole, 2015].
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Figure 7.7 Structural analysis of hypothetical protein of L. ramosa AJP11 (a) Predicted
secondary structure showing a-helices as the main structural elements joined by coils (b)

hydropathy profile indicating the polarity of the amino acid sequence.

Further, physicochemical properties of the hypothetical protein were identified using
online servers PSIPRED and ProtParam [Table 7.2] [Gasteiger et al. 2005]. The instability
index is an estimation of the stability of a protein, where a value smaller than 40 is considered
stable [Guruprasad et al. 1990]. Since the instability index value for the hypothetical protein
was found to be 18.12, it can be regarded as a stable protein. The aliphatic index of protein is
defined as the relative volume occupied by the aliphatic side chains [alanine
(Ala), valine (Val), isoleucine (lle), and leucine (Leu)] and is correlated with the
thermostability of protein [lkai, 1980]. The high aliphatic index (100.90) of hypothetical
protein indicated its stability under wide temperature range. The GRAVY s calculated by
adding the hydropathy value of all residues divided by the number of residues in polypeptide

166



[Kyte and Doolittle, 1982]. Positive GRAVY values indicate hydrophobic, whereas negative
values mean hydrophilic [Chang and Yang, 2013]. Since the GRAVY value of the tested
protein was 0.075, it could be understood that the protein has amphiphilic attribute.

Table 7.2 Characteristic features of hypothetical protein of L. ramosa AJP11.

Characteristic features Value
Molar extinction coefficient 13370.00
Molecular weight 18909.57

Isoelectric point 5.23

Charge -0.97

Instability index 18.12

Aliphatic index 100.90

Grand average of hydropathicity 0.075

(GRAVY)

Additionally, the 2D topology of the protein was predicted using the PROTTER
software which showed presence of a 17 residues long signal peptide at the N-terminal of
protein [Figure 7.8]. The presence of a signal peptide on hypothetical protein further confirms
that the protein is a fungal SSP. No possible sites for post-translational modifications such as

phosphorylation/glycosylation were observed.
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Figure 7.8 Two-dimension topology of the hypothetical protein of L. ramose AJP11 with the

predicted signal peptide shown in red colour.

These results were in coherence with the previously reported HsbA and HsbB
proteins (Accession no. BAE53453 and BAE53530) of Aspergillus oryzae [Table 7.3; Ohtaki
et al. 2006]. The obtained results suggest that although these proteins belong to same
superfamily of Hsb proteins and have similar sequence length, molecular weight and 2D
topologies, there is rather low percent identity between the sequences indicating that these
proteins cannot be identified based on sequence alignment and share low sequence

conservancy.

Table 7.3 BLAST analysis of the FASTA sequences of hypothetical protein of L. ramosa
AJP11 with its orthologs/paralogs of A. oryzae [Ohtaki et al. 2006].

Hypothetical protein | Hypothetical protein HsbA and HsbB
Proteins
and HsbA and HsbB
Percent identity 26.16% 29.21% 29.75%

Molecular Modelling, Model refinement and Validation

The FASTA sequence of the 14.4 kDa protein (178 amino acid residues) was extracted
from NCBI and submitted to I-TASSER. It resulted in generation of five protein models, out
of which, the first model was selected based on the given C- score and estimated local accuracy.

The selected model comprised of a-helices and had a C-score of 0.53 and TM-score of
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0.65+0.13 [Figure 7.9 a]. It is well known that the model having a C-score value >—1.5 and
TM-score value >0.5 is considered to have a correct fold [Xu and Zhang, 2010; Yang and
Zhang, 2015]. Additionally, binding ligands were predicted by COACH server (in-built in i-
TASSER program) by matching the target model with the BioLip database which showed that
compounds containing long chain hydrocarbons and benzene could be possible ligands for the
protein [Yang et al. 2013a, b].

Since, the model was generated through threading, its necessary to minimize the model
energy in order to determine the most stable and energetically favourable molecular
conformation [Elton et al. 2019]. Hence, the model was refined using ModRefiner. The
obtained results showed ERRAT score of 100 indicating that the generated model is of high
quality. Additionally, the model was validated using Ramachandran Plot which showed that
161 residues (97.6%) were in favourable region. Only 1 residue (0.6%) was in allowed region
and 3 residues (1.8%) were found in the dissallowed region. The overall existence of 98.2%
residues in favoured and allowed regions showed that the model is good and free from stearic
hinderance [Figure 7.9 b & c].
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Hypothetical Protein-Styrene Sulfonate Complex Analysis by Molecular Docking

Beyond experimental and structural validation, it was also interesting to understand the
interactions between the 14.4 kDa protein and monomeric styrene sulfonate (SS). The protein
pocket interacting with SS comprised of four amino acid residues namely, Lys50, Lys 60,
Gly45 and Val51. The docking analysis revealed that SS interacts with protein via two types
of bonds, i.e. hydrogen and hydrophobic bonds. The docking analysis revealed the sizes and
locations of binding sites, hydrogen-bond interactions, hydrophobic interactions, and bonding
distances from the position of the docked ligand. The oxygen atoms in styrene structure forms
two hydrogen bonds (indicated in green) of length 2.77 A and 2.80 A with the Lys60 and one
hydrogen bond of length 2.64 A with Lys50 [Figure 7.10 a]. Additionally, lysine also forms
four hydrophobic interactions (indicated in red) with the oxygen, sulfur and carbon (C1 and
C3) of SS, indicating lysine as a crucial residue capable of interacting with the ligand via
different bonds [Figure 7.10 a]. Owing to its amphipathicity, lysine residues have been reported
to frequently occur in the active/binding sites of the proteins and also known to form hydrogen
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bonds with ligand molecules [Betts and Russell, 2007]. Along with lysine, neighbouring neutral
and hydrophobic residues viz. Gly45 and Val51 also exhibited hydrophobic interactions with
carbon atoms comprising the styrene ring as well as the vinyl chain. Similarly, Liu et al. [2018]
reported the interactions between hydrophobic amino acids of PETase, namely, methionine,
tyrosine, tryptophan and isoleucine providing ready-to-bind structural base against the
hydrohobic PET facilitating its degradation. The hydrophobic interactions significantly
manifest the adhesion between two moeities including the self-assembly of proteins [Yoon et
al. 1999; Meyer et al. 2006; Ohtaki et al. 2006]. Since, the Hsb proteins show similar functional
assemblages over plastic surfaces, the presence of these interactions could also function in
between the protein and SS interaction. Consequently, ligand binding cavity was found to be
largely consisting of hydrophobic patches surrounding the vinyl side chain and aromatic ring
of SS, whereas polar sulfonate group interacts with the hydrophilic patch [Figure 7.10 b]. Here,
it is hypothesized that the proposed protein can adsorb over the hydrophobic surface of SS by
the virtue of hydrogen and hydrophobic interactions enabling its biotransformaion into
intermediates of the central metabolic pathways (as shown in GC-MS/MS analysis). Since the
bulky aromatic ring of styrene obstructs the binding of PS polymers within the active site of
the catalytic enzymes, the interactions of Hsb proteins with the hydrophobic moieties facilitates
the action of catalytic enzymes [Ohtaki et al. 2006; Zhang et al. 2022].

Figure 7.10 In silico molecular docking analysis of binding interactions between hypothetical
protein of L. ramosa AJP11 with SS (a) Schematic 2D representation of the identified hydrogen
bonding and hydrophobic interacting residuesin the protein domain. The Lys50 and Lys60 form
hydrogen bonds with the sulfonate group of the SS; while Gly45 and Val51 participate in
hydrophobic interactions (b) representation of the binding cavity showing the interaction of the
vinyl chain of SS with the hydrophobic (red) surface cavity of the protein.
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Further, the binding energy between the hypothetical protein and SS monomer was
found to be -5.02 kcal mol™. Similarly, the hydrolases capable of degrading different forms of
phthalates had binding energy of -5.01 and -4.4 kcal mol™ for mono-hexyl phthalate and mono-
ethyl-hexyl phthalate, respectively [Singh et al. 2017]. The binding energy of PETase-like
enzyme against PCL was found to be < -5.0 kcal mol™* [Almeida et al. 2019]. Additionally, the
binding energies for fungal lignonlytic enzymes against PE were reported to range between -
6.09 to -5.5 kcal mol™? [Santacruz-Juarez et al. 2021]. The propinquity of the above-reported
binding energy scores for protein-mediated biodegradation of different organo-pollutants

indicated that it is an efficient value for degradation approximation.
7.4 Conclusion

The exponential demand and production of various plastic goods has lead to the over-
accumulation of plastic waste that requires a sustainable solution. The present study unviel the
potential of L. ramosa AJP11 for myco-transformation of PSS which is a structural analogue
of PS. Upon 30 days exposure to PSS as the sole carbon source, the observed increase (41.6%)
in the fungal biomass indicated utilization of carbon from the aromatic structure of PSS. Further
analysis revealed formation of various organic intermediates viz. alkanes and fatty acids which
are involved in energy generation and cellular metabolism. The higher concentration of total
extracellular proteins in the MSM+1% PSS treatment in comparison to only MSM treatment
portrays the possible role of extracellular proteins (enzymes) in the myco-transformation of
PSS. The extracellular fungal protein profile showed considerable overexpression of Hsbh
protein (14.4 kDa). In silico analysis of Hsb protein sequence explorated that it is a-helical
protein that showed involvement of hydrophobic amino acids pivotal in forming hydrophobic
interactions with PSS. Although, bacterial-based enzyme systems for PS degradation have been
reported, this is the first report introducing the involvment of Usp, Prp-1 splicing factor and
Hsb protein in mediating PSS myco-transformation by monitoring the fungal response to
different treatment conditions. Based on the experimental findings, a schematic representation
of the series of events occuring during the myco-transformation of PSS have been depicted in
Figure 7.11. Here, it may be hypothesized that the presence of PSS in the surrounding
environement is sensed by an unkown protein, which induces the Usp gene in nucleus resulting
in maximizing cellular transcript level (by PRP-1 splicing protein) in order to utilize PSS. The
various transcripts synthesize different proteins including extracellular Hsb which adheres to
the hydrophobic PSS assiting its myco-trasnformation into organic compounds, which are later

used by fungal cells for growth. Moreover, there is a strong possibility that catalysing enzyme
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plays collaborative role with Hsb in mediating metabolic-conducive biotransformation of PSS.
Further, the application of Hsb in a cell-free way or in a cellular engineered system under
controlled reactor conditions may offer an accelerated and sustainable platform for PS waste
disposal. The obtained results represent the binding attributes of Hsb protein with hydrophobic
material which can be further explored for depolymerization of other hydrophobic pollutants.
Alongside, subsequent efforts must be made to imporve the plastic recyling and waste
management strategies. Currently, the laws and policies against plastic pollution are strictly
territorial resulting in the accumulation of plastic waste over international waters. Hence, the
global response must be holistic and dynamic, requiring coordinated action by diverse

stakeholders at the national, regional, and international levels.
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Figure 7.11 Schematic representation of the fungal mycelial cell showing the predicted series
of events behind the myco-transformation of PSS by cellular proteins. Abbreviations: USP:
Universal Stress Proteins; FAs: Fatty acids; SER: Smooth Endoplasmic Reticulum; RER:
Rough Endoplasmic Reticulum; Hsb: Hydrophobic Surface Binding Proteins. Dotted lines
represent the hypothetical series of events where the participating biomacromolecule is

unknown.
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Chapter 8

Summary and Future Prospects
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8.1 Summary of the Work

The plastic crisis is a global burden that requires immediate solution, particularly for
the plastics’ end-of-life fate. Plastics can withstand harsh climatic conditions and can remain
durable for decades, becoming widely distributed in the environment. These distributed plastic
fractions can travel across continents and act as vectors for undesired microflora and hazardous
chemicals, which either leach into the soil and enter groundwater system and/or are ingested
by invertebrates causing their introduction into the food chain. Therefore, land and water act
as final sink for the discarded plastic which results in ecosystem destabilization. Ongoing
attempts to mitigate the hazardous effects of plastic waste include development of waste
disposal strategies, recycling, and their replacement with biodegradable (bio)plastics, however,
a lot of challenges exist in their implementation. In the past decade, various studies have
reported the microbe-mediated utilization of plastics as a non-toxic sustainable solution. It is
mediated by utilization of plastic as a carbon source and its conversion into cellular metabolites.
Additionally, during microbial transformation, the plastic sources are upcycled into valuable
products such as bioplastics and biosurfactants. However, to commercially achieve these
valuable by-products, it is essential to understand the microbial enzymes and associated
pathways involved in plastic-transformation. It would help to develop sustainable strategies to
mitigate the plastics waste problem.

The present work is based on the rationale focuses on the similarities of the hydrophobic
recalcitrant plant cuticle & its associated components with plastics. Since the phytopathogenic
fungi are capable of breaching the hydrophobic cuticle, their functional attributes were
evaluated towards their applicability in plastic degradation. Since xerophytic plants possess
thicker cuticle to preserve water loss from transpiration, the infected xerophytic leaves were
collected in different seasons, and phylloplanic fungi were isolated via agar plate imprinting
method. A total of 20 different fungal species were isolated and evaluated for the ability to
utilize polystyrene sulfonate (PSS) as the sole carbon source on the basis of change in fresh
weight of the fungal biomass in MSM+1% PSS treatment. Fungal genera such as Aspergillus,
Alternaria, Cladosporium and Curvularia showed ability to utilize PSS. Curvularia
dactylotenicola VJP08, showed maximum efficiency with an increase of ~52% in the final
fungal biomass (FW). Hence, C. dactyloctenicola VVJP08 was selected for further optimization
of process parameters viz. exposure duration (5,10, 15, 20 and 30 days), temperature (15°C,
28°C and 40°C) and pH (5.0, 5.5, 6.0, 6.5, 7.0 and 8.0). The results were evaluated by
monitoring the change in FW of fungal biomass, Raman spectroscopy, GC-MS/MS, and
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protein profiling. The obtained results suggested that 28 °C temperature, pH 7.0, and exposure
duration between 15 to 20 days were optimum for PSS myco-transformation. Further, the
exometabolites generated during the PSS myco-transformation process indicated the utilization
of PSS (as a sole carbon source) into cellular metabolites which supported the fungal growth
and metabolism.

The proteomics analysis of the secretome of C. dactyloctenicola VJP08 exposed to
MSM+1% PSS for different exposure durations (day 5, 10, 15 and 20) revealed that maximum
upregulation of extracellular proteins occurred at day 15. The upregulated proteins included a
wide arsenal of depolymerization proteins, including oxidoreductases (essential for PSS myco-
transformation), CAZymes (important for utilizing the generated metabolites), stress-response
and homeostasis proteins, energy generation proteins and surface-active cerato-platanin protein
(crucial for mediating interaction between laccase and PSS). Protein such as fad_binding_3
domain, flavodoxin-like domain, laccase, multicopper oxidase, tyrosinase Cu-bd domain were
found to be critical in PSS myco-transformation. The experimental findings indicated
involvement of various enzymes in PSS myco-transformation via aromatic ring cleavage and/or
side-chain cleavage of PSS, and its subsequent conversion into alcohols, ketones and aldehydes
which can be directly fed into Krebs cycle [Figure 5.4]. The in silico study of two primarily
participating proteins namely, laccase and cerato-platanin revealed a strong association
between these proteins confined our hypothesis that, both these proteins work in collaboration
to transform PSS. Additionally, both the proteins individually displayed strong binding
energies with SS, indicating their involvement in its transformation.

Furthermore, the real-time potential of C. dactyloctenicola VVJP08 towards polystyrene
(PS) depolymerization was confirmed by checking its ability to colonize and degrade the
commercially available PS products. Different characterization techniques such as SEM, EDS,
DSC and GC-MS/MS revealed that upon exposure to C. dactyloctenicola VVJP08, the surface
profile of PS pieces displayed dense fungal colonisation, propagation and mycelial invasion
for carbon extraction causing cracks and holes on its surface. The fungal colonization also led
to alter various in properties such as reduction in weight (3.57%), thickness (8.8%), and T of
PS treated samples. Additionally, GC-MS/MS analysis confirmed significant decrease in the
concentration of benzene and related aromatic derivatives as a result of fungal action.
Combinedly, all the above-mentioned analysis strongly indicated phytopathogenic fungus C.
dactyloctenicola VVJP08 to be a powerful contender for plastic depolymerization.
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Considering the fact that different fungi employ unique biomolecules to adapt under
varied environmental conditions, the present study also evaluated the potential of fungus
Lichtheimia ramosa AJP11 isolated from the rhizosphere of plants growing in heavy metal rich
sites towards PSS myco-transformation and its underlying mechanism. L. ramosa AJP11 was
observed to display increased biomass (~41%) in the presence of MSM+1% PSS as sole carbon
source. GC-MS/MS analysis revealed the formation of various organic intermediates viz.
alkanes and fatty acids which were involved in energy generation and cellular metabolism. The
extracellular protein profile indicated over-expression of three proteins (14.4 kDa, 46.8 kDa
and 107.9 kDa), identified to be hydrophobic surface binding protein, universal stress protein
and PRP-1 splicing factor, respectively. In silico analysis of Hsb indicated its involvement as
an assistive protein crucial for mediating the interactions between hydrophobic PSS and
catalysing enzyme. Based on the obtained results, the series of events occurring during myco-
transformation of PSS have been identified [Figure 7.11].

Overall, the present study suggests that phytopathogenic fungi are interesting
candidates for the myco-transformation of PSS (and related plastics). Since phytopathogenic
fungi have evolved to attack and depolymerize hydrophobic and rigid plant cuticle, their
extracellular protein profile represents a huge array of enzymes which are capable to
depolymerize plastics. Interestingly, the study also highlighted that different fungi employ
different proteins in metabolizing same organic pollutant. To the best of our knowledge, this is
the first report which combinedly present the metabolic proteomic and in silico analysis of PSS

myco-transformation by C. dactyloctenicola VVJP08.

8.2 Future Prospects

In the present-day scenario, concerns regarding increasing environmental issues,
particularly plastic pollution, has gained much attention. Although, the implementation of
possible solutions of plastic waste management is a futuristic idea, the development of a
workable strategy is a current requirement. Microbial treatment of plastic waste is a persuasive
option that uses plastic as a carbon source leading to its transformation into value-added
products. Although, studies primarily focusing on biodegradation of plastic have been a focus
for researchers, limited progress has been made into studying the participating biomolecules
and mechanisms behind its microbial utilization. The present work opens interesting gateways
to progress in the arena of plastic biodegradation. Various oxidoreductases such as laccases,
multicopper oxidases, tyrosinases, intradiol dioxygenase and biosurfactants cerato-platanin and

hydrophobic surface-binding (Hsb) protein have been found to be transforming PSS. Since the
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structure of PSS is comprised of extensive C-C bonds, the above-mentioned enzymes may also
be applicable towards transformation of related plastics such as PE, PP and PVC. However,
much more work at molecular level is still required for its successful implementation. Here we

present the following recommendations for future experiments:

1. Whole-genome sequencing and functional gene annotation of C. dactyloctenicola VVJP08.
It will reveal the genetic basis of the proteins involved in the degradation of plastics
and other xenobiotic pollutants. The annotation of genes responsible for plastic
degradation is critical to identify target proteins which are functionally relevant in
understanding the potential degradation cascades and production of commercially
valuable products.

2. Real-time PCR and transcriptomic analysis to reveal highly functional genes in plastic

biodegradation.
It will reveal the potential biomolecules involved in plastic sensing mechanism(s) and
channel proteins that allow the intake of plastic oligomers/monomers into the cell.
Identification of such biomolecules would be helpful in speeding up the process of
plastic biodegradation.

3. Structural analysis of biosurfactants viz. cerato-platanin, Hsb and catalytic proteins
including laccases, multicopper oxidases, tyrosinases, intradiol dioxygenase by X-ray
crystallography/ Nuclear magnetic resonance.

Studying the structural biology of proteins will provide the molecular basis of
biological processes. The resolved 3D structures would be helpful in experimental
validation of protein reactivity, substrate specificity and thermostability. It will help to
understand the involvement of structural components important for plastic
biodegradation.

4. Real-time analysis of adsorption kinetics between biosurfactants and catalytic enzymes.

In the present study, both biosurfactants and enzymes have been predicted to co-localise
onto the hydrophobic plastic surface to mediate its degradation. Hence, their real-time
interactions can be validated by quartz crystal microbalance (QCM), circular dichroism
and fluorescence recovery after photobleaching (FRAP) analysis. The QCM analysis
would reveal whether the biosurfactant and catalytic proteins establish direct contact
with each other over the plastic surface. Circular dichroism would provide the extent of
their attachment onto the plastic surface and FRAP analysis would reveal the real-time

mobility of these proteins over the plastic surface.
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5. Assessment of enzyme kinetics of the participating proteins.
Understanding of the kinetic parameters for enzymes involved in both, degradation and
upcycling processes would be crucial for formulating and establishing a
methodology for designing batch biodegradation reactors. This would not only allow
the large-scale degradation of plastic waste but would also facilitate the recovery of
commercially important secondary metabolites released as by-products during the

biodegradation process.

Considering the demand for sustainable, economical feasible and tailor-made technologies for
handling the over-accumulating plastic (and other xenobiotic pollutant) waste, the present
study provides a strong foundation and various possibilities of translating the powerful fungal

enzyme system into ecology-based technologies.
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APPENDIX IV

Representative GC-MS/MS Chromatograms (Chapter 4)
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Figure 1. Representative GC-MS/MS chromatogram of untreated MSM+1% PSS.
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Effect of Exposure Duration on PSS Myco-transformation Potency (Chapter 4)
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Figure 2. Representative GC-MS/MS chromatogram of PSS myco-transformation products in
treatments containing MSM+1% PSS exposed to C. dactyloctenicola VVJPO8 for different
exposure duration; (a) Day 5; (b) Day 10; (c) Day 15; (d) Day 20 and (e) Day 30.
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Effect of Temperature on PSS Myco-transformation Potency (Chapter 4)
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Figure 3. Representative GC-MS/MS chromatogram of PSS myco-transformation products in
treatments containing MSM+1% PSS exposed to C. dactyloctenicola VJP08 at different
temperatures; (a) 15°C; (b) 28°C and (c) 40°C.
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Effect of pH on PSS Myco-transformation Potency (Chapter 4)
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Figure 4. Representative GC-MS/MS chromatogram of PSS myco-transformation products in

treatments containing MSM+1% PSS exposed to C. dactyloctenicola VVJPO8 at different pH;
(@) pH 5.0; (b) pH 5.5; (c) pH 6.0; (d) pH 6.5; (e) pH 7.0 and (f) pH 8.
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CHAPTER

3

Myco-degradation of plastics
Vishalakshi Bhanot, Vikram Pareck, Shreya Vivek Fadanavis, Jitendra Panwar-

Department of Biological Sciences, Birla Institute of Technology and Sciences, Pilani, Rajasthan, India

*Corresponding author. E-mail: drjitendrapanwar@yahoo.co.in

3.1 Introduction

The word plastic is derived from the Greek word “plastikos,” which means “capable of being molded or shaped”
(Joel, 1995). Plastics are manmade, long-chain polymeric molecules of carbon and hydrogen atoms as the backbone
to which oxygen, sulfur, or nitrogen atoms may be attached. The majority of plastic monomers such as ethylene and
propylene are derived from fossil hydrocarbons, which are extracted from oil, coal, and natural gas (Sheldrick and
Vogl, 1976). Plastics are robust, light, odorless, chemically resistant, and last for hundreds of years. Plastics have
replaced paper, glass, and metals in most manufactured goods. Plastics have become omnipresent in our daily lives,
and a world without plastics seems unimaginable today. Polyethylene (PE), polypropylene (PP), polystyrene (PS),
polyvinyl chloride (PVC), polyethylene terephthalate (PET), and polyurethane (PUR) are the main types of plastics
that correspond to more than 80% of total demand (Geyer et al., 2017).

However, the success, dominance, and longevity of plastic have led to serious global environmental concerns
due to its recalcitrant nature and negligible decomposition. The majority of plastics are notably resistant to degra-
dation under natural environmental conditions and therefore tend to last long in the environment (Andrady, 2015;
Prieto, 2016). Hence, plastics concentrate rather than decompose in landfills and the natural environment. Over the
past 70 years, plastics’ production and its waste have dramatically increased due to rapid urbanization, resulting
in increased production of “throw-away” products. In the year 2010 alone, ~ 4 to 12 million metric tons (Mt) of
plastic waste generated on land had entered the marine environment, and this amount is expected to grow steadily
(Jambeck et al., 2015). As of 2015, ~ 6300 Mt of plastic waste has been generated worldwide. Of this waste, around 9%
has been recycled, 12% has been incinerated, and 79% has been dumped into landfills or the natural environment.
With the concomitant increase in “white pollution” around the world, it is estimated that by 2050 around 12,000 Mt
of plastic will be dumped in the natural environment and will be a major threat to life on Earth (Geyer et al., 2017).

3.2 Plastic types and their structures

There are multiple types of plastics with different chemical composition and properties, such as strength, weather
resistance, melting point, thermal and moisture resistance, and so on. These properties make plastics suitable for
various uses in domestic, industrial, and nonindustrial industries. Variation in plastic types contributes majorly to
the world’s economy and infrastructure as they have applications in telecommunications, wire-coatings, pipes, pack-
aging, healthcare, construction, and most importantly, agriculture.

Plastics are of two types, namely, synthetic and biodegradable plastics. Synthetic plastics are derived from nonre-
newable sources such as coal, petroleum, or natural gas, and are mostly nondegradable in the environment. A few
examples are PE, PP, PVC, and PS. According to ASTM International (formerly known as the American Society for
Testing and Materials), a biodegradable plastic is one in which the degradation results from the action of naturally oc-
curring microorganisms such as bacteria, fungi, and algae, such as polyhydroxyalkanoates (PHA) and polybutylene
succinate (PBS) (ASTM, 1999). Table 3.1 represents different plastic types and their respective chemical structures.

New and Future Developments in Microbial Biotechnology and Bioengineering 25 © 2020 Elsevier B.V. All rights reserved.
https://doi.org/10.1016/B978-0-12-821007-9.00003-6
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ARTICLE INFO ABSTRACT

Keywords: Having evolutionary significance in establishing colonization of terrestrial plants, cuticle occurs to act as a
C“tfde continuous shield over the plant epidermal cells, facilitating multifunctional communication passage between
Cutin the plant and outer environment. Cuticle is a hydrophobic layer acting as a fencing between the aerial plant parts
gi:n viz. primary stem, leaves, trichomes, flowers and fruits, and their external environment. The chemical nature and
Biosynthesis structure of cuticle may vary during various developmental and growth stages, as well as between various or-

gans, genotypes, and species, depending on the environmental conditions. It is majorly composed of cutin and
epicuticular wax depositions. In-depth understanding of the mechanism behind the cuticle biosynthesis remains
to be unveiled. This review systematically discusses and sheds light on the structure and composition of cuticle,
various genes, transcription factors and molecular pathways involved in the biosynthesis of cuticle, and how
their regulation affect the plant health. Moreover, various functions of cuticle in terms of plant protection have

Plant health
Abiotic and biotic factors

been discussed.

1. Introduction

The occurrence of plants in the terrestrial ecosystem was marked
around 470-500 million years ago in mid-Palaeozoic era, when Char-
ophycean green algae evolved to their new form, the embryophytes
[Waters, 2003; Niklas and Kutschera, 2010]. Transition of these algae
from the aquatic ecosystem to their new home, the terrestrial ecosystem,
required a lot of modifications to support their survival and successful
colonization. Factors such as UV exposure, winds, temperature ex-
tremes, desiccation due to heat, etc. required development of various
physiological and morphological advancements. The development of
cuticle coating on the various aerial parts of the plants has been one of
the most important adaptations. Klebsormidium flaccidum, a transitional
link between the green algae and terrestrial plants shows the presence of
a cuticle-like matrix which is made up of a lipid polymer and waxes
[Kondo et al., 2016]. Cuticle works as an interface between the plants
and their outer environment. The presence of cuticle on aerial surfaces
has been supported by fossil evidences [Edwards, 1993]. It is found to be
present among a wide range of all embryophytes [Budke et al., 2012]. It
provides protection to the plants against high intensity UV-radiations,
temperature, mechanical and chemical damage by various phytopath-
ogens, prevent evaporation of water and penetration of pollutants [Yeats

* Corresponding author.

and Rose, 2013; Heredia-Guerrero et al., 2018].

Cuticle is a hydrophobic layer composed of two lipophilic moieties
namely, cuticular wax and cutin. The cuticular waxes can be extracted
using organic solvents such as chloroform, acetone, ethyl acetate, hex-
ane and methanol whereas, the cross-linked polymeric network and lack
of melting point of cutin makes it insoluble and difficult to extract
[Nawrath, 2006; Kumar et al., 2018]. The cutin majorly constitutes a
network of esterified and oxygenated aliphatic C16-C18 o-hydroxy fatty
acids, glycerol, polysaccharides (cellulose, hemicelluloses, pectin),
waxes and small amounts of terpenoids, flavonoids and phenyl prop-
anoids [Heredia, 2003; Heredia-Guerrero et al., 2014]. Plant bio-
polymers such as suberin and sporopollenin are the structural and
functional homologues of cutin, known to play significant roles in
transportation of water, protection from high temperature, UV radia-
tions and external injuries by working as an insulator for the plants
[Scott, 1994; Scott et al., 2004]. Like cuticle, both suberin and sporo-
pollenin are extracellular biopolymers that protect the plants from
various physical, chemical or mechanical stress. Suberin, and associated
waxes are deposited on the root epidermal cells, cork and casparian
strips [Karahara et al., 2004; Thomas et al., 2007]. Suberin is primarily
composed of w-hydroxy fatty acids (C16-C18), fatty a,m-diacids
(C16-C26), very long chain fatty acids (VLCFA), alcohols [Kolattukudy,
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Plastic pollution is a major environmental concern due to its deleterious effects on various ecosystems. The
limitations and shortcomings of waste management strategies has led to the over-accumulation of plastic waste,
mainly comprised of single-use plastics, such as polystyrene (PS). Considering the advantages of biotransfor-
mation over the other plastic disposal methods, it has become a major focus of the modern research. Biotrans-
formation of plastics involves its microbial hydrolysis into short chain oligomers and monomers that are
eventually assimilated as carbon source by the microbes leading to the release of CO». As fungi are known to
possess multifarious and highly regulated enzyme system capable of utilizing diverse nutrient sources, the
present study explored the potential of Lichtheimia ramosa AJP11 towards myco-transformation of polystyrene
sulfonate (PSS), a structural analogue of polystyrene (PS). During the 30-day incubation period of L. ramosa
AJP11 in minimal salt medium (MSM)+1% PSS, the fungus showed 41.6% increment in its fresh weight biomass,
indicating the utilization of PSS as sole carbon source. Further analysis revealed the generation of various re-
action intermediates such as alkanes and fatty acids, crucial for the continuum of fungal metabolic pathways.
Moreover, detection of PS oligomers such as cyclohexane and 2,4-DTBP confirmed the myco-transformation of
PSS. The extracellular fungal protein profile showed considerable overexpression of a 14.4 kDa protein, char-
acterized to be a hydrophobic surface binding (Hsb) protein, which is hypothesized to adsorb onto the PSS to
facilitate its transformation. Further, in silico analysis of Hsb protein indicated it to be an amphiphilic a-helical
protein with ability to bind styrene sulfonate unit via both hydrogen and hydrophobic interactions, with a
binding energy of —5.02 kcal mol~!. These findings open new avenues for over expression of Hsb under
controlled reactor conditions to accelerate the PS waste disposal.

1. Introduction been reported to bind and form biofilm over PVC-based support [Zettler

et al., 2013; Prakash et al., 2018].

Plastics are an integral part of most of the daily requirements. The
indiscriminate usage and disposal of plastics have led to the accumula-
tion of massive quantities of waste over land and aquatic ecosystems
[Kalia et al., 2021]. Since commercial-use plastics are synthetic and
non-biodegradable in nature, they are difficult to manage and dispose
due to their partial natural degradation [Patel et al., 2021]. Out of 6500
million metric tons (Mt) of plastic waste generated, only minor portions
have been recycled (9%) and incinerated (12%), whereas the rest is left
as litter in the environment [Geyer et al., 2017]. About 80% of plastic
waste in environment releases microplastics that behave as support for
microbial biofilm formation, for example, Bacillus amyloliquefaciens has

* Corresponding author.

Polystyrene (PS) (CgHg), is high molecular weight, synthetic and
non-biodegradable polymer composed of aromatic styrene monomers,
used in throw away products [Ho et al., 2018]. PS possesses desirable
manufacturing attributes such as low specific weight, high transparency,
low shrinkage, chemical inertness and brilliant mechanical properties
such as resistance to compression, system strengthening, and porosity,
which make it suitable for applications in engineering [Toksoy and
Giiden et al. 2005; Patel et al., 2019; Tang et al., 2019]. Also, its eco-
nomic feasibility makes it widely applicable in packaging, construction
material, food containers, disposable cutlery, fisheries, water sports, etc.
The extensive applicability is accompanied with negligible recycling
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Abstract
Styrene is a nonpolar organic compound used in very high volume for the industrial
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well as copolymers like acrylonitrile butadiene styrene, latex, and rubber. These resins

are widely used in the manufacturing of various products including single-use plastics
such as disposable cups and containers, protective packaging, heat insulation, and so
forth. The large-scale utilization leads to the over-accumulation of styrene waste in
the environment causing deleterious health risks including cancer, neurological
impairment, dysbiosis of central nervous system, and respiratory problems. To elimi-
nate the accumulating waste. Microbial enzyme-based system represents the most
environmental friendly and sustainable approach for elimination of styrene waste.

However, comprehensive understanding of the enzyme-substrate interaction and
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associated pathways would be crucial for developing large-scale disposal systems.

This study aims to understand the molecular interaction between the protein-ligand

sdny)

complexes of the styrene catabolic reactions by bacterial enzymes of sty operon.
Molecular docking analysis for catalytic enzymes namely, styrene monooxygenase
(SMO), styrene oxide isomerase (SOI), and phenylacetaldehyde dehydrogenase (PAD)

of the bacterial sty operon was carried out with their individual substrates, that is,

L19)/W09" Ko 14"

styrene, styrene oxide, and phenylacetic acid, respectively. The binding energy, amino

P!

acids forming binding cavity, and binding interactions between the protein-ligand

binding sites were calculated for each case. The obtained binding energies showed a

stable association of these complexes indicating the future scope of their utilization
for large-scale bioremediation of styrene, and its commercially used polymers and

copolymers.

KEYWORDS
phenylacetaldehyde dehydrogenase, protein docking, sty operon, styrene, styrene catabolism,
styrene isomerase, styrene monooxygenase

1 | INTRODUCTION

butadiene rubber and acrylonitrile to form synthetic rubbers of
diverse properties.® Styrene is of high relevance in various industries

Styrene is an aromatic compound that naturally occurs in the environ-
ment as a petroleum component and used to produce wide range of
functional polymers.>? The main applications of styrene include its

polymerization into polystyrene (PS) and copolymerization with

and produced in million tonne scale, causing substantial anthropogenic
release.* Polymer mixtures of styrene are used for the production of
beverage cups, and packaging containers for meat, egg, yogurt,

cheese, and ready-to-eat foods causing migration of residual

Proteins. 2022;1-10.
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