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ABSTRACT

Ectomycorrhizal (ECM) fungi hold a potential role in bioremediation of heavy metal polluted
areas because of its metal accumulation and detoxification properties. However, the incomplete
information about the molecular response of these fungi restricts its potential applications. The
present study focuses on scrutinizing the ECM fungi for its potential role in heavy metal
detoxification and understanding the molecular mechanisms involved in its tolerance. ECM
fungi, Laccaria bicolor and Hebeloma cylindrosporum when exposed to increasing
concentrations of cadmium (Cd) and arsenic (As), accumulated the metal(loid) intracellularly,
inducing the glutathione biosynthesis pathway. The genes coding for glutathione (GSH)
biosynthesis enzymes, y-glutamylcysteine synthetase (y-GCS) and glutathione synthetase (GS)
were highly regulated by Cd and As stress. Both Cd and As coordinately upregulated the
expression of both y»-GCS and GS genes, thus resulting in increased y-GCS and GS protein
expressions and enzyme activities, with substantial increase in intracellular GSH. Functional
complementation of the two genes (y-GCS and GS) in their respective yeast mutants (gsh14 and
gsh24) further validated the role of both enzymes in mitigating Cd and As toxicity. These
findings clearly highlight the potential importance of GSH antioxidant defense system in
regulating Cd and As induced responses and its detoxification in ECM fungus L. bicolor and
H. cylindrosporum. Further, the proteomic analysis of ECM fungi in response to Cd stress
provides deep insight into the mechanisms of Cd toxicity and the response of ECM fungi in
mitigating it. The comparative proteomic analysis of L. bicolor reported 997 differentially
expressed proteins under Cd stress. The KEGG annotation of these differentially expressed
proteins revealed that Cd induced toxicity in ECM fungi by altering various metabolisms like
carbohydrate metabolism, nucleotide metabolism, energy metabolism, lipid metabolism and
genetic information processing like DNA replication, DNA repair, transcription, translation,
protein folding and chromosome metabolism. In defense, the ECM fungi confront the Cd
induced toxicity by up-regulating the enzymes involved in oxidative response including
glutathione metabolism, inducing signaling pathway and increase the amino acid and protein
biosynthesis. These observations provide deep understanding of the Cd toxicity mechanisms
and highlight the biomarkers for Cd toxicity in L. bicolor. This study also provides the
reference dataset on fungal proteome changes under Cd stress.
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sharing common letter within the strain are not significantly
different at P<0.05 (n=3). Error bars are + SD.
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three biological replicates. Values sharing a common letter
within the gene are not significantly different at P < 0.05. Error
bars are £ SD.
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gene are not significantly different at P < 0.05. Error bars are +
SD.

136

Figure 4.32

Validation of gPCR amplified genes through agarose gel
electrophoresis. Lane 1: 100 kb ladder, lane 2: Lb a-actin, lane
3: Lb B-tubulin, lane 4: Lb adenosine kinase, lane 5: Lb y-GCS
and lane 6: LbGS.

138

Figure 4.33

pFL61 plasmid isolated from the bacterial cell with approximate
size 5 kb. Lane 1: ladder 1kb, Lane 2,3,4: plasmid pFL61.

139

Figure 4.34

pFL61 digested with restriction enzymes along with the
undigested control. Lanel: ladder, lane 2: digested pFL61, lane
3: undigested pFL61.

139

Figure 4.35

Ligation of pFL61 with L. bicolor genes. lane 1: pFL61+ Lby-
GCS, lane 2: pFL61+LbGS, Lane 3,4: pFL61 control.

140

Figure 4.36

Positive clones selected by colony PCR of E. coli DH10p cells.
Lane 1: 1 kb ladder, Lane 2: control, Lane 3: blank, Lane 4, 5,
6,7: positive clones of Lby-GCS, LbGS, Hcy-GCS and HcGS,
respectively.

140

Figure 4.37

Functional complementation of S. cerevisiae mutant gsh1 and
gsh2” transformed with empty vector pFL61 (EV) and their
respective glutathione biosynthesis genes Lby-GCS and LbGS in
response to cadmium. BY4741 cells transformed with EV were
used as positive control. The 5 ul drop of each culture diluted 10
1107, 10 times was spotted on SD- Ura plated supplemented
with and without cadmium.

142

Figure 4.38

Functional complementation of S. cerevisiae mutant gsh1 and
gsh24 transformed with empty vector pFL61 (EV) and their
respective glutathione biosynthesis genes Lby-GCS and LbGS in
response to arsenic (100 uM). BY4741 cells transformed with
EV were used as positive control. The 5 ul drop of each culture

142

XXi
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CHAPTER 1
INTRODUCTION

Heavy metal(loid)s (HMs) represent major environmental hazards to human health. Heavy
metal(loid)s like cadmium, arsenic, lead, mercury, zinc etc., are continuously being mobilized
into the biosphere through both natural processes like volcanoes, erosion, weathering of
metalliferous rocks and anthropogenic activities like combustion of fossil fuels, mining and
industry, use of phosphate fertilizers, sewage sludge, dust from smelters, bad agricultural
practices etc. Metal polluted soil is the major source of heavy metals in the environment. The
excess heavy metals in soil, gets accumulated into the plants thus entering the food chain.
Amongst all heavy metals, arsenic (As), cadmium (Cd), chromium (Cr), mercury (Hg) and lead
(Pb) possess the highest degree of toxicity. Arsenic and cadmium have been placed in the list
of “Group-1 carcinogens” by IARC (International Agency for Research on Cancer) (IARC,
2019). Arsenic has been ranked first in the toxicity and as the most hazardous metalloid in the
environment by the Agency for Toxic Substances and Disease Registry (ATSDR-Agency for
toxic substances and Disease Registry, 2017) with cadmium holding the 7% rank. These heavy
metal(loid)s are highly toxic to living organisms affecting various physiological processes
(John et al., 2009). These heavy metals enter inside the cell through the same transport system
as essential ions and alter various cellular and molecular activities. Inside the cell, they induce
toxicity through different mechanisms. Firstly, they generate reactive oxygen species (ROS)
due to their ionophoretic property, leading to oxidative stress and induction of antioxidant
defense mechanisms. Secondly, HMs having similarity with the nutrient cations, compete with
nutrient molecules to enter inside cell, thus interfering with various cellular mechanism, e.g.
As and Cd show similarity with P and Zn, respectively and use their transporters to enter inside
cell. Inside the cell, these HMs displaces essential cations from their specific binding sites
leading to cellular malfunctioning (Singh et al., 2011). Thirdly, HMs show high affinity for the
sulfhydryl group (-SH) of various functional proteins, thus disrupting their structure, function
and rendering them inactive (Tchounwou et al., 2012). Most commonly affected molecular
metabolisms under HM stress are energy metabolism, carbohydrate metabolism, ATP
synthesis, glutathione metabolism, response to oxidative stress, DNA replication and repair,
protein metabolism and signal transduction pathway (Yang et al., 2015; Zhang et al., 2015; Jin
etal., 2016).



Although there are many conventional methods like soil replacement, vitrification,
encapsulation, electro-kinetics, soil washing, immobilization etc., to detoxify these heavy
metals but they are tedious, expensive, applicable on small scale (Khalid et al., 2017).
Bioremediation using plants and microorganisms have proven to be more efficient and cost-
effective method to remediate heavy metals. Mycorrhizas are the class of rhizospheric
microorganisms that grow in close proximity with the plant roots, forming a symbiotic
association with the root cells. They are cosmopolitan and abundant, even in the highly
degraded areas. They protect the host plant from various biotic and abiotic stress. Broadly,
there are two types of mycorrhizal fungi depending on whether the fungus colonize the
intercellular space of roots (Ectomycorrhizal) or develop inside the cortical cells of roots
(Endomycorrhizal). The ectomycorrhizal (ECM) fungi do not penetrate inside the host cell,
instead forms an intracellular network of hyphae known as Hartig’s net (Bonfante and Genre,
2010). The Hartig’s net is the region of juxtaposition where the exchange of nutrients, water,
and other components between both fungi and plant roots takes place (Balestrini and Bonfante,
2014; Henke et al., 2015). In contrast to host dependent endomycorrhizas, ectomycorrhizas
have dual lifestyle. They can live both in symbiosis with the plant roots and as facultative
saprotrophes in soil (Martin and Nehls, 2009). When in soil, ECM fungi depend on their host
plant for carbohydrates, whereas under laboratory conditions, they can be cultured without host
(Van Der Heijden et al., 2015). Therefore, ECM fungi are gaining more interest. The ECM
fungi are known to benefit the host plant by improving nutrient and water uptake, improves
plant growth and protects against various stresses like drought, salinity, pests and toxic
metal(loid)s (Leung et al., 2013). Extensive studies have been carried to implicate their use in
bioremediation of heavy metals (Cejpkova, et al., 2016; Xu et al., 2018). The ECM fungi
possess multifarious defence mechanisms against heavy metal(loid)s toxicity (Bellion et al.,
2006). The metal tolerance mechanisms can be broadly classified as ‘Avoidance’ and
‘Tolerance’. In ‘Avoidance’, the ECM fungi prevent the uptake of heavy metal(loid)s into the
cytosol by extracellular chelation through extruded ligands like tricarboxylic acid, oxalic acid
(Xu et al., 2015) or by biosorption of these metal(loid)s to the fungal cell wall through chitin
and glucosamine (Bellion et al., 2006) or by increasing the metal efflux (Majorel et al., 2014).
However, inspite of the restricted entry of these metals, 20-30% of metal still enters the cytosol
(Fernandez-Fuego et al., 2017). Further, the metal(loid)s accumulated in the cytosol are
detoxified by synthesizing thiol rich ligands like glutathione (y-Glu—Cys—Gly, GSH) and
metallothioneins (small cysteine-rich proteins, MTs) (Bellion et al., 2006; Reddy et al., 2016).

MTs and GSH are the key molecules in ECM fungi responsible heavy metal homeostasis. MTs
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are low molecular weight cysteine rich proteins coded by specific genes, whereas GSH is a

non-protein thiol synthesized enzymatically.

Glutathione play an important role in metal(loid) scavenging due to the high affinity of
metal(loid)s to its thiol (-SH) group and as a precursor of phytochelatins (PCs). Glutathione a
tripeptide (y-glutamyl-cysteinyl-glycine) is the most abundant non-protein thiol present in the
living system (Pocsi et al., 2004). GSH provides dual protection to the cells under HM stress.
Firstly, it acts as metal scavenger to sequester HMs metals away from the functional organelles.
It sequesters the toxic metal(loid)s (X) by forming non-toxic (GSH)nX conjugates, which are
further compartmentalized into the vacuoles through ABC (ATP-binding cassette) transporters
(Schlunk et al., 2015). Both cadmium and arsenic show high affinity for the thiol (-SH) group
of glutathione. Thus, forming a metal(loid)-(GSH)> complex, which gets subsequently
sequestered into the vacuoles (Verbruggen et al., 2009). GSH is biosynthesized in two
sequential ATP dependent reactions, mediated by two enzymes y-glutamylcysteine synthetase
(y-GCS; E.C.6.3.2.2) and glutathione synthetase (GS; E.C.6.3.2.3). In the first step y-
glutamylcysteine synthetase catalyzes the formation of y-glutamylcysteine using L-glutamate
and _-cysteine, followed by the second step catalyzed by glutathione synthetase, where |-
glycine is added to the C-terminal of y-glutamylcysteine, forming glutathione. Studies have
reported the induction of GSH biosynthesis pathway by different heavy metal(loid)s like As,
Cd, Hg and Cr (Thorsen et al., 2007; Jozefczak et al., 2012).

In many ECM fungi like Laccaria bicolor, Hebeloma cylindrosporum, Pisolithus albus,
Suillus luteus, S. himalayensis etc., metallothioneins have been found highly expressive under
copper stress (Ramesh et al., 2009; Reddy et al., 2014, 2016; Nguyen et al., 2017; Kalsotra et
al., 2018). However, very little expression of MTs have been reported under cadmium stress.
It has been hypothesized that Cd detoxification in ECM fungi might be operated through
glutathione chelation as the concentrations of GSH in ECM fungi are reported in millimolar
range in response to Cd stress (Courbot et al., 2004). These observations show that different
mechanisms are induced by different metal(loid)s in ECM fungi. Therefore, the molecular
analysis of the response of ECM systems under metal stress is a prerequisite so that the fungi

can be implicated further for bioremediation.

Proteomics has recently emerged as a powerful tool to study the response of cell, tissue
or organism under different conditions. It is practically intricate, as it involves the analysis and

characterization of overall protein signatures of the genome. Most of the functional information
3



of genes is characterize by their translated proteins. The proteomic analysis provides complete
characterization of cell’s proteome including protein expression, structure, functions,
interactions and modifications under a particular situation. Although very complex, but
proteomics is the most significant methodology to assimilate the actual gene function. It
provides complete information about the fluctuations in the gene expression under two
different conditions. Moreover, in comparison to transcriptomic analysis, where the microarray
chips provide information regarding the mRNA expression levels under different conditions,
proteomic analysis is considered more relevant. The genomic and transcriptomic studies do not
always correlate with the actual gene expression because the mRNA is not always translated
into proteins and also it may undergo various post-translational modifications. Therefore,
proteomic analysis provides more relevant dataset than transcriptomics. The complete
proteomic analysis revolves around the separation of proteins by either sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), 2-dimensional gel electrophoresis (2DGE)
or Liquid chromatography (LC) followed by their digestion into smaller fragments and

identification through Mass spectroscopy (MS) or tandem mass spectroscopy (MS/MS).

Differential proteomic analysis is a powerful tool to study the effect of various biotic
as well as abiotic stresses on living systems. There are few studies on plants (Cvjetko et al.,
2014; Borges et al., 2019), bacteria (Khan et al., 2017; Zhai et al., 2017) and yeast (llyas et al.,
2016), where the response of biological system to heavy metal stress was revealed through
proteomic analysis. However, till date there is no report on studying the response of

ectomycorrhizal fungi to heavy metals through proteomics.

The present study focuses on studying the effect of As and Cd on ECM fungi, Laccaria
bicolor and Hebeloma cylindrosporum and providing the molecular insight into the
mechanisms involved in mitigating the toxic effect of Cd and As with special emphasis on
GSH biosynthesis. The present study concentrates on studying the response of ECM fungi to
Cd and As and to investigate the role of glutathione metabolism in its mitigation. Also, the fact
that the mechanisms involved in Cd toxicity and the response of ECM fungi- L. bicolor in
mitigating Cd have not been investigated till date, prompted us to investigate the entire
proteome of L. bicolor under Cd stress. The present research work focuses on the fulfilment of
following objectives:

1. Cloning and characterization of y-glutamylcysteine synthetase (y-GCS) and
glutathione synthetase (GS) genes involved in the glutathione biosynthesis



2. Heterologous expression of glutathione biosynthesis genes in yeast mutants

3. Proteomic analyses of ectomycorrhizal fungi in response to metal stress



CHAPTER 2

REVIEW OF LITERATURE

2.1 Heavy metals and their modes of toxicity

Heavy metals (HMs) are the naturally occurring metallic elements (both metals and metalloids)
characterized with high atomic weight and specific density greater than 5 g cm™. In 1997, a
chemistry professor- Stephen Hawkes defined HMs as ‘metals with insoluble sulfides and
hydroxides, whose salts produce colored solution in water and whose complexes are usually
colored’ (Hawkes, 1997). They are consistently present in the earth’s crust in the form of
sulfide and oxide ores. They cannot be degraded or destroyed but can be transformed from one

form to another (Figure 2.1).
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Figure 2.1: Physical properties of heavy metals

Although most of the HMs are highly noxious, few HMs are required for certain biochemical
and physiological functions in trace amount. Such HMs are known as essential HMs (Alloway,
2012). Copper (Cu), Cobalt (Co), Chromium (Cr), Iron (Fe), Magnesium (Mg), Manganese
(Mn), Molybdenum (Mo), Nickel (Ni), Selenium (Se) and Zinc (Zn) are few heavy metals that
are essential micro-nutrients for various functions in living systems. They are important
component of many key enzymes and play significant role in various oxidation-reduction
reactions. They are also involved in various other biochemical processes like: formation of
protein structures, regulation of osmotic pressure, maintaining the ionic balance etc (Alloway,
2012). Our body mass constitutes of 0.01% of these heavy metals mainly — iron, zinc, lead and
copper. However, the same essential elements when present in elevated concentrations lead to

the formation of free radicals and reactive oxygen species with detrimental consequences to
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the cell, affecting their structural and functional properties. The ectopic binding of excess

metals to various proteins disturb their structures and function (Hansch and Mendel, 2009).

On the other hand, heavy metals like Aluminum (Al), Antimony (Sb), Arsenic (As), Barium
(Ba), Beryllium (Be), Cadmium (Cd), Gallium (Ga), Germanium (Ge), Gold (Au), Indium (In),
Lead (Pb), Lithium (Li), Mercury (Hg), Nickel (Ni), Platinum (Pt), Silver (Ag), Strontium (Sr),
Tellurium (Te), Thallium (TI), Tin (Sn), Titanium (Ti), Vanadium (V), Uranium (U), have no
biological function and are considered non-essential heavy metals (Tchounwou et al., 2012).
Inside the biological system, they affect various cellular components and organelles like cell
membrane, mitochondria, endoplasmic reticulum, lysosome, nuclei and various enzymes
involved in detoxification, metabolism and damage repair (Wang and Shi, 2001). Most of them
are carcinogenic (arsenic, cadmium, mercury, cobalt, nickel, antimony) (Kim et al., 2015),
mutagenic (arsenic, vanadium), allergic (nickel), teratogenic (arsenic), disrupting endocrine
(copper, selenium, silver, zinc), causing osteoporosis (cadmium), damaging nervous system
(mercury, lead, manganese, thallium, tin), hepatoxic/nephrotoxic (cadmium, manganese,
mercury) and affecting the immune system (lead) (Tchounwou et al., 2012; Koller and Saleh,
2018). These heavy metal ions displace the naturally binding essential metal ions from the
biomolecules, thus disrupting their structure and activity and causing various deficiency
symptoms. The heavy metals also lead to the production of free radicals and reactive oxygen
species by autoxidation and Fenton reaction, thus causing oxidative stress inside the cell. Many
studies claim that oxidative deterioration of biomolecules is mainly due to the binding of heavy
metals to the DNA and nuclear proteins, thus causing DNA damage and conformational
changes that leads to carcinogenesis, cell cycle modulation and apoptosis (Beyersmann and
Hartwig, 2008; Flora et al., 2008). According to USEPA (United States Environmental
Protection Agency) and IARC (International Agency for Research on Cancer) these heavy
metals are characterized as ‘known’ or ‘probable’ human carcinogens based on
epidemiological and experimental studies revealing a strong association between metal
exposure and cancer incidence in humans and animals. Arsenic, cadmium, lead, mercury and
chromium have been listed into the twenty most hazardous substances by the ‘Agency for
Toxic Substances and Disease Registry (ATSDR, 2012) and United States Environmental
Protection Agency (USEPA, 2018). The common sources of these HMs in environment and

their effects on living systems have been summarized in Table 2.1.



Table 2.1: Sources of heavy metals in environment and their harmful effect on humans

S.No. Heavy Metal Sources Effect on humans

1 Arsenic Pesticides, fungicides, Cancer, bronchitis, dermatitis,
metal smelters poisoning

2 Cadmium Welding, Renal disfunction, lung disease, lung
electroplating, cancer, bone defects (osteomalacia,
fertilizers, pesticides, osteoporosis), increase blood pressure,
Cd and Ni batteries, kidney damage, bronchitis,
nuclear fission plant gastrointestinal disorder

3 Mercury Pesticides, batteries, Tremors, gingivitis, acrodynia,
paper industry, spontaneous abortion, nervous

breakdown, protoplasm poisoning

4 Chromium Mines, mineral sources Nervous damage, fatigue, irritability

5 Lead Paint, pesticides, Mental retardation, developmental
smoking, automobile delay, fatal infant encephalopathy,
emission, mining, congenital paralysis, sensor neural

burning of coal

deafness, nervous damage, epilepticus,
liver, kidney, gastrointestinal damage

The toxicity of HMs depends upon various factors like dosage, chemical species, route of

exposure, age, genetics, gender and nutritional status of exposed individual (Tchounwou et al.,

2012). The toxicological properties of HMs include:

e Persistence - long residual and half life

e Soil residence time - >1000 years

e Acute toxicity — in plants, animals and microorganisms

e Bioaccumulation and biomagnification

e Chronic and sub-lethal effect at low-concentrations

e Synergistic effects

e Teratogenic and carcinogenic properties.

Amongst all heavy metals, arsenic, cadmium, chromium, mercury and lead possess the highest

degree of toxicity. Arsenic, cadmium and chromium have been placed in the list of “Group-1



carcinogens” by IARC (IARC, 2019). Arsenic (As) has been ranked first in the toxicity and as
the most hazardous metalloid in the environment by the Agency for Toxic Substances and
Disease Registry (ATSDR, 2017) with cadmium holding the 7" rank. These heavy metal(loid)s
are highly toxic to living organisms affecting various physiological processes (John et al.,
2009).

2.1.1 Cadmium

Cadmium is the metallic compound with atomic number- 48, relative atomic mass- 112.41,
placed in group I1B of periodic table with oxidation state +2. It is silver-white with blue-ting,
usually odorless. It occurs naturally in the earth’s crust and in ocean water and is emitted in the
environment due to both natural and anthropogenic activities (Friberg, 2018). In the earth’s
crust, cadmium usually appears in association with ores of zinc, lead and copper forming
complex oxides, sulfides and carbonates (ATSDR, 2008). It is extracted as the by-product of

zinc and lead mining and smelting.

It has been widely used in industries due to its special properties of being a) excellent corrosion
resistance, low melting temperature, high ductility and high thermal and electrical conductivity
(Friberg, 2018; National Resources Canada, 2007). According to the U.S Geological survey,
the main use of cadmium has been found in nickel-cadmium batteries (83%), pigments (8%),
coating and plating (7%), stabilizers for plastic (1.2%) and others including photovoltaic

devices, semiconductors and non-ferrous alloys (0.8%) (US Geological Survey, 2009).

Cadmium is one of the most toxic elements found in earth’s crust. It has been ranked seventh
in the list of most hazardous elements by ATSDR (ATSDR, 2017). Many research agencies
have classified cadmium as a potential carcinogen to humans including NTP (National
Toxicology  Program)  (https://ntp.niehs.nih.gov/ntp/roc/content/profiles/cadmium.pdf),
USEPA (https://cfpub.epa.gov/ncea/iris/iris_documents/documents/subst/0141 summary)
WHO (World health organization) and IARC (https://monographs.iarc.fr/wp-
content/uploads/2018/06/mono100C-8.pdf). Under section 112 of the “Clean Air Act”,
cadmium and its compounds have been included in the list of 189 hazardous air pollutants
(EPA, 2007). Not only in air, cadmium has also been designated as the hazardous substance
under Section 311 of “The Clean Water Act”. Due to its toxicity, long half-life and high

solubility, cadmium has been designated as the non-essential heavy metal.


https://cfpub.epa.gov/ncea/iris/iris_documents
https://monographs.iarc.fr/wp-content/uploads/2018/06/mono100C-8.pdf
https://monographs.iarc.fr/wp-content/uploads/2018/06/mono100C-8.pdf

Cadmium contaminates the environment either due to natural activities like volcanic eruptions,
sea spray, weathering of Cd-containing rocks, mobilization of cadmium previously deposited
into soils, sediments, landfills or due to the anthropogenic activities like mining and smelting,
combustion of fossil fuels, waste incineration and release from municipal landfills. Cadmium
rich sludge can pollute surface water as well as soil. Phosphatic fertilizers are also the major

source of cadmium in soil (Satarug et al., 2003).

2.1.1.1 Sources and effect of cadmium on living systems

Cadmium emitted into the soil and water through various natural and anthropogenic activities
is retained there for several decades. It gets strongly adsorbed to the organic matter present in
the soil. The plants growing on these contaminated areas uptake these cadmium molecules and
mobilize them into various parts. In the aquatic ecosystems, cadmium gets bioaccumulated in
mussels, oysters, shrimps, lobsters and fish (Campbell, 2007; Ibemenuga, 2013). Therefore,
human beings get exposed to cadmium through the consumption of contaminated food,
drinking contaminated water, inhaling cadmium particles from ambient air, cigarette smoking
or from contaminated soil and dust (Nawrot et al., 2010). Tobacco leaves are natural bio-
accumulators of large amount of cadmium. Therefore, cigarettes are a major source of cadmium
exposure in humans (Marano et al., 2012). Smoking one pack a day can imbibe 5 to 10 times
of cadmium consumed through regular diet. Tobacco smokers consume almost 1.7 pg of
cadmium per cigarette (Ganguly et al., 2018). The non-smokers usually get exposed to
cadmium often through plant and sea driven foods. Ingesting contaminated foodstuffs like
cereals, grains, fruits, leafy vegetables as well as contaminated beverages is the major source
of cadmium in humans (Jackson and Alloway, 2017; Mandlate et al., 2017; Wang et al., 2019).
As per “The Agency for Toxic Substances and Disease Registry”, in USA, more than 500,000

workers get exposed to cadmium toxicity each year (Bernard, 2008).

Cadmium has been implicated in promoting various diseases in living systems. In plants,
cadmium toxicity causes retardation in photosynthesis, chlorosis, rolling of leaves, stunting,
decreased leaf conductance and impairs the CO- uptake by plants (Andresen and Kupper, 2013;
Benavides et al., 2005;). Cadmium interferes with the uptake and transport of various essential
elements like Ca, Mg, P, K and water by the plants (Perfus-Barbeoch et al., 2002). Cadmium
also inhibits nitrate reductase activity in plants leading to poor absorption of nitrates and affects
nitrogen fixation and ammonia assimilation in plants (Gouia et al., 2000; Garg and Aggarwal,
2011). Cadmium toxicity also affects the plasma membrane permeability in plants, causing
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reduction in water uptake (Singh and Tewari, 2003). It also affects the ATPase activity, indices
lipid peroxidation, inhibits chlorophyll biosynthesis and reduces the activity of enzymes
involved in CO: fixation (Benavides et al., 2005; Andresen and Kipper, 2013; Xue et al., 2013;
Shanying et al., 2017). Insufficiency of cadmium detoxification in some plants disturbs the
redox-control of the cell, thus inhibits the plant growth and stimulates secondary metabolites
leading to cell death (Schutzendubel and Polle, 2002).

In mammals, cadmium has been classified as a human carcinogen, resulting in various types
of cancers like cancer of lungs, prostate, pancreas, kidney and breast (Verougstraete et al.,
2003; Hartwig, 2018; IARC, 2018; Kolluru et al., 2019). Apart from being carcinogenic,
cadmium exposure also various defects in human body including, cardiovascular,
developmental, gastrointestinal, neurological, renal, reproductive and respiratory (Bernard,
2008). Airborne cadmium ions cause chronic toxicity resulting in proteinuria and lung
emphysema, skin ulcers and cancer (Bonnell, 1955; Friberg, 2018). The disease Itai-Itai has
also been associated with cadmium exposure (Kobayashi et al., 2009; Aoshima, 2016).
Cadmium contamination also effects the microbial population present in the soil. Excessive
amount of cadmium in soil disrupts the homeostasis of soil by interfering with the control
mechanisms on the genetic level and damaging the metabolic pathways, often resulting in the

cell apoptosis (Wyszkowska et al., 2013).

2.1.1.2 Mode of toxicity

The mechanisms involved in cadmium induced toxicity are multifactorial. Cadmium has been
implicated in increasing the oxidative stress, replacing essential metals, promoting apoptosis,

inhibiting DNA repair and inducing genotoxicity in the cells.

a) Oxidative stress:

The principal molecular basis underlying the cadmium cytotoxicity is the induction of
oxidative stress. Cadmium is a bivalent cation and is redox-inactive, therefore it cannot
generate free radicals directly. However, numerous studies have reviewed the production of
ROS after Cd exposure (Joseph 2009; Thévenod 2009; Cuypers et al., 2010; Rani et al., 2014;
Nath et al., 2015). There are many explanations to this indirect generation of oxidative stress
in the cells. First possible explanation to this is the depletion of cell’s major antioxidants

(glutathione) under cadmium stress leading to oxidative stress (Ercal et al., 2001; Lopez et al.,
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2006). Another possible reason is the replacement of redox-active elements. Cd replaces Fe in
various proteins, thus increasing the cellular concentration of free redox active metal like iron
and copper. These redox-active metals undergo Fenton reactions leading to the free radical
synthesis (Dorta et al., 2003; Watanabe et al., 2003; Cuypers et al., 2010). These free radicals
and ROS inside the cell can lead to disruption of macromolecules- protein degradation, DNA
cross-linking and membrane peroxidation (Thévenod 2009). The cadmium mediated ROS also
induces mitophagy (mitochondrial apoptosis) (Wei et al., 2015, Yan et al., 2016) and causes
mitochondrial dysfunction (Belyaeva, 2018) by affecting the mitochondrial membrane
potential and electron transfer chain (Yeh et al., 2009). The imbalance created in redox system
affects both damaging (apoptosis and uncontrolled cell proliferation) and repair process by
activating several signaling cascades. Therefore, oxidative stress plays an important in acute
Cd poisoning and carcinogenicity. (Cuypers et al., 2010).

b) Genotoxicity:

Cadmium induces toxicity by altering the cell proliferation, differentiation, cell cycle
progression, DNA synthesis, apoptosis and various cellular mechanisms (Aimola et al., 2012;
Rani et al., 2014). Cadmium also causes genomic instability by inhibiting the DNA repair
mechanism of cell (Giaginis et al., 2006; Hartwig 2018). Cadmium does not interact directly
with the DNA, however, the reactive oxygen species (ROS) generated in response to Cd
interfere with DNA processing and repair, thus causing DNA damage. DNA damage includes
a range of lesions- DNA breaks in both single and double strand, DNA base modifications,
DNA sugar lesions, DNA-protein crosslinks and abasic sites (Cadet and Wagner, 2014). Cd
has been reported of impairing all major DNA repair pathways including base excision repair
(BER), nucleotide excision repair (NER) and DNA mismatch repair (MMR) (Giaginis et al.,
2006), thus leading to genomic instability and cadmium induced carcinogenicity. Apart from
DNA damage, Cd also provoked clastogenic effects in the cell such as micronuclei formation
and chromosomal aberrations (Beyersmann and Hartwig, 2008; Filipi¢, 2012; Nersesyan et al.,
2016; Hartwig, 2018). Cadmium also affects the cell cycle control mechanisms and apoptosis.
Cadmium has been known to interfere with the structure and function of p53-zinc binding
domain (involved in tumor suppression) (Schwerdtle et al., 2010). All these factors together

contribute to cadmium carcinogenicity.
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2.1.2 Arsenic

Arsenic is a ubiquitous metalloid with atomic number: 33, atomic mass: 74.92 and belongs to
group VA. It exists in four oxidation states -3, 0, +3, +5. The chemical and physical properties
of As are intermediate between a metal and non-metal, therefore it is often categorized as a
semi-metal or a metalloid. Arsenite (Aslll) and Arsenate (AsV) are the two predominant
oxidation states under reducing and oxygenated conditions respectively (IARC, 2018a). It is
the 20" most common element found in earth’s crust and occurs both naturally and
anthropogenically in nature. It has been used widely in pharmaceuticals, wood preservation,
metallurgical, glass making, agriculture chemicals and in semi-conductor industries (Sun,
2010).

Arsenic (As) has been ranked first in the toxicity and as the most hazardous metalloid in the
environment by the ATSDR (ATSDR, 2017). Arsenic and its compounds have been classified
as “Carcinogenic to humans” by IARC, mostly responsible for lung, bladder, liver, kidney and
skin cancer (IARC, 2018). World Health organization, USEPA, Health Canada and European
Union (EU) has restricted the amount of arsenic in drinking water to 10 mg/I. Still there are
millions of people across the world especially in India, Bangladesh, Thailand, Argentina,
Nepal, Poland, China, Mexico and USA who are in exposure to the concentrations of As much
higher than the prescribed value (greater than 100 mg/l) (Argos et al., 2010; Cho et al., 2011;
Bundschuh et al., 2012; Rodriguez-Lado et al., 2013; Diwakar et al., 2015; Komorowicz and
Baratkiewicz, 2016; Bhowmick et al., 2018; Pinter et al., 2018).

2.1.2.1 Sources and effects of Arsenic

Geogenic activities occurring inside the aquifers are the major cause of arsenic mobility into
the environment. The use of these As polluted tube-wells for irrigation further pollutes the
agricultural topsoil (Casentini et al., 2011). Other anthropogenic activities like mining, use of
pesticides, burning of fossil-fuels, coal combustion, tobacco and use of arsenic laden irrigation

water are the major cause of arsenic exposure to living systems.

Arsenic toxicity in plants affects plant biomass, grain yield, seed germination, plant height, leaf
area and photosynthesis (Srivastava and Sharma, 2013; Farooq et al., 2016). Arsenic
accumulates inside the plants, thus entering the food chain and posing high threat to human
beings. Human beings are exposed to As through ingestion of contaminated food, drinking
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water from As-rich ground strata (bore or well), seafood or inhaling As ambient air (Abdul et
al., 2015; Taylor et al., 2017). Arsenic toxicity in humans leads to various types of cancers like
cancer of lungs, urinary bladder, kidney, skin, liver and prostate (Kuo et al., 2017; Smith et al.,
2017; Koutros et al., 2018). Apart from cancer, As exposure also leads to many other notorious
diseases like neurological disorders, skin lesions, arsenical-keratosis, leukaemia, diabetes, liver
damage, peripheral vascular diseases, black foot disease, gastrointestinal disturbances, renal

diseases and various reproductive problems (Jomova et al., 2011).
2.1.2.2 Modes of toxicity

Arsenic exposure is highly carcinogenic and may cause various health intimidations. The
arsenic toxicity levels and mechanisms are strongly dependent upon the chemical speciation in
the environment (Wang et al., 2015). In general, the toxicity of different As species is in the
order: dimethylarsinous acid (DMA(111)) > monomethylarsonous acid (MMA(II1)) > arsenite
(As(111)) > arsenate (As(V)) > dimethylarsinic acid (DMA(V)) > monomethylarsonic acid
(MMA(V)) (Petrick et al., 2000; Hirano et al., 2004; Wang et al., 2015). In environment,
arsenic mainly exists in two forms: pentavalent arsenate (As(V)) and trivalent arsenite
(As(111)). Both are easily taken up by the plants and microorganisms, thus entering the food
chain. Inside the cell, As(V) is readily converted to As (111) (Finnegan and Chen, 2012)

Arsenate (As(V)) is the main As species present in the oxic conditions of aerobic soil. Since
As and P belong to same chemical group (Group 15 (VA) of periodic table), both exhibit similar
chemical and geochemical properties. As(V) being analogous to Pi, enters the plants as a
hitchhiker through the phosphorous transporters and thereby pose high threat to the plant
establishment (Wu et al., 2011). As(V) competes with phosphate (PO4>) in various enzymatic
reactions, thus inhibiting both phosphorylation and oxidative phosphorylation and interfering
with the cellular mechanisms (Bhattacharjee et al., 2008). As(V) also interferes with the
phosphorous metabolism in ATP cycle by incorporating into the phosphorylated compounds
(Levy et al., 2005; Wang et al., 2015). Arsenite (As(l11)) on the other hand is more toxic than
arsenate. It is the thiol reactive compound causing toxicity by blocking the sulfhydryl (-SH)
group in various cellular proteins like pyruvate dehydrogenase and 2-oxoglutarate
dehydrogenase leading to production of ROS causing membrane degradation and cell death
(Lloyd and Oremland, 2006).
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Oxidative carbon metabolism, amino acid metabolism, protein formation, nitrogen and Sulphur
assimilation are also affected by As exposure (Finnegan and Chen, 2012). In plants, As
damages the cellular membranes causing electrolyte leakage (Singh et al., 2006). The arsenic
exposure also enhances the lipid peroxidation leading to oxidative stress (Altikat et al., 2015).

Still the exact mechanism through which arsenic causes toxicity is unknown.
2.2 Remediation of heavy metals

There are more than 5 million sites covering more than 20 million hector of land globally, in
which the soil is contaminated with different heavy metal(loids) (He et al., 2015b; Liu et al.,
2018). These heavy metals impair the natural ecosystem, enters the food chain, thus damaging
human health. Due to their pervasive and persistent nature, they do not biodegrade, instead they
bioaccumulate into the environment with time, therefore, it becomes difficult to remediate them
from environment. There are various in-situ and ex-situ techniques, that have been developed
over time to clean up or restore heavy metal contaminated soil like soil washing, soil flushing,
surface capping, electrokinetic extraction, vitrification, solidification and phytoremediation
and bioremediation (Liu et al., 2018). The selection of the suitable remediation technique
depends upon the site characteristics like- soil type, soil pH, geographical location, types of co-
contaminants, depth, water content, particle size and clay content etc (Diagne et al., 2015).

Remediation
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Figure 2.2: Different methods of heavy metal remediation form contaminated soil
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The heavy metal remediation techniques can be classified into five categories: Physical,
Chemical, Electrical, Biological and Thermal (Figure. 2.2). These technologies vary
significantly in cost and effectiveness in field practices (Khalid et al., 2017). The in-situ
methods of soil remediation include; soil replacement/soil capping, encapsulation,
immobilization, soil washing/ soil flushing, electro-kinetics, vitrification, phytoremediation

and bioremediation.

a) Soil replacement/Soil capping: Soil replacement refers to replacing/partly replacing
the contaminated soil by non-contaminated soil. This dilutes the concentration of heavy
metals in soil, leading to increased soil fertility (Khalid et al., 2017). The replaced soil
can be further treated or dumped at another barren place. Douay et al., (2008) reported
improvement in vegetation and soil quality by replacing the garden soil contaminated
with Pb and Cd with non-contaminated soil. Whereas in soil capping, the surface of the
contaminated land is covered with a layer of material like clay, concrete, asphalt, and
high-density polyethylene etc, to form a stable, protection surface. Although effective
but these techniques are very laborious, costly and appropriate only with small areas
(Khalid et al., 2017).

b) Encapsulation: Encapsulation involves mixing of contaminated soil with products like
concrete, lime, asphalt, calcium aluminate cement (CAC), or immobilizing agents like
polyvinyl alcohol, chitosan, alginate, agar, polyurethanes and polyacrylamide. The
contaminated soil becomes immobilized and thus prevent the contamination of
surroundings. The carboxylic group of alginate mediates efficient sorption of metal ions
and makes it an excellent encapsulation agent (Kuang et al., 2015). Alginate
encapsulated microparticles efficiently remoced Cd, Zn and Cu in synthetic medium
(Bertagnolli et al., 2016). Encapsulation in nanoparticles is gaining a lot of interest
these days. Metallic nanoparticles (NPs) of Fe (Park et al., 2000), Ni (Hou and Gao,
2003) and Co (Tripp et al., 2002) are of great interest due to their magnetic, optical and
electrochemical properties. Carbon encapsulated magnetic NPs have proven to be
promising candidates for efficiently removing heavy metals from waste water
(Pyrzynska and Bystrzejewski, 2010; Haham et al., 2015).

c) Immobilization: In immobilization, the precipitating/stabilizing chemicals or organic
materials are incorporated into the contaminated soil to induce physiochemical
interactions between the immobilizing agent and heavy metals in-order to reduce their

mobility (Tajudin et al., 2016). The wide range of materials are used for immobilization

16



d)

like- carbonates (lime), phosphates (ammonium phosphate, bone meal, apatite and
hydroxyapatite), alkalines (calcium hydroxide and fly ash), clay, bauxite, red mud,
greensand, goethite, silica gel, vermiculite, zeolite and organic matters like- chitosan,
peat, starch xanthate, compost, manure, biochar, activated carbon etc (Mahar et al.,
2015; Huang et al., 2016; Seshadri et al., 2017; Waterlot et al., 2017; Liu et al., 2018).
Apart from these, low cost industrial residues like industrial eggshell (Soares et al.,
2015), termitaria (Anoduadi et al., 2009), red mud (Smiciklas et al., 2014) also hold
potential in immobilizing HMs from soil (Khalid et al., 2017). Khan et al., (2015) used
farm yard manure to immobilize Fe, Cr, Ni, Mn and Pb, and di-ammonium phosphate
for stabilizing Cd, Cu and Zn from soil. These soil amendments induce HMs
precipitation, complexation and surface adsorption, thus reducing their bioavailability
and leaching potential. The soil treated with immobilization can be used for growing
plants. This is an effective and affordable method to temporarily fix heavy metals in
less contaminated farmland soils (Liu et al., 2018).

Soil washing/Soil flushing: The basic principle of both techniques is the extraction of
heavy metals from the soil matrix by solubilizing them into various reagents and
extractants like EDTA, EDDS, organic acids, humic substances, surfactants and
cyclidextrins, that can leach HMs from soil (Kulikowska et al., 2015). However, soil
washing is an ex-situ process whereas soil flushing is an in-situ process. In soil washing
the contaminated soil is dug-out and mixed with the suitable extractant, depending upon
the type of soil and metal. The heavy metals in soil may undergo precipitation, ions-
exchange, adsorption or chelation and gets transferred into the liquid phase (Ferraro et
al., 2015). The separated soil is then again backfilled into the original site. Wei et al.,
(2016) used phosphoric acid, oxalic acid and Na.EDTA to wash soil and enhance the
As and Cd removal efficiencies. It is a rapid method and completely remediates the soil.
Owing to its high efficiency, it is considered one of the most effective soil remediation
technique applicable on limited areas.

Electrokinetics: Electrokinetics works on the principle that the low-density direct
current electricity is applied using electrodes inserted into the ground (in-situ)/ in
electrolytic tank (ex-situ), the cations in the contaminated soil migrates towards the
cathode whereas the anions migrate towards anode, to establish an electric field
(Habibul et al., 2016). Heavy metals present in the soil are separated either through
electrophoresis, electroplating, co-precipitation, electric seepage, electro-migration or

ion exchange resin complexation, thus decontaminating the soil (Rosestolato et al.,
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2015; Fuetal., 2017). Rosestolato et al., (2015) remediated approx. 400 kg of soil using
in less than 3 months using electrokinetic remediation. Various factors effecting the
remediation of heavy metals through -electro-kinetics include- type of HMs,
concentration of metals, soil type, soil pH, organic content, type of electrolyte used etc
(Figueroa et al., 2016). Lee et al., (2016) isolated As, Cu, Zn and Pb using KH2PO4 as
anolyte. Suzuki et al., (2014) also reported efficient Pb and Cd remediation using
electrokinetics by adding ethylene diamine disuccinate. Mao et al., (2016) used
electrokinetic phytoremediation to lower soil pH thus enhancing the dissolution of Pb,
As and Cs in soil. Electro-kinetic remediation is economically effective, easy to install
and do not abolish the original nature of soil.

Vitrification: It is a thermal remediation technique that restricts the mobility of heavy
metal(loids) in soil by applying high temperature and transforming them into glass like
solids (Liu et al., 2018). Vitrification can be done both in-situ and ex-situ. In in-situ
vitrification, electric current is passed through vertically inserted array of electrodes
into the contaminated soil. The heavy metals are encapsulated into the glassy matrix,
while the organic contaminants get destroyed. However, ex-situ vitrification is done in
various stages — excavation, mixing, pretreatment, melting, feeding and casting of
melted products. There are three types of vitrification depending upon the source of
energy: electrical vitrification, thermal vitrification and plasma vitrification. Dellisanti
(2009) efficiently cleaned tons of Pb and Zn contaminated ceramic waste by heating
upto 1850 °C. Navarro et al., (2013) vitrified Ag-Pb waster using solar technology. The
main limitation of vitrification is the potential of soil to melt so as to pass the current
through it. Soils with high alkaline content are usually poor conductors of electricity.
This technique can be applied on small scale and can be highly expensive. Moreover,
the processed soil is no longer suitable for agricultural purposes.

All the above techniques are highly expensive, laborious and time consuming.
However, bioremediation using plants/microorganisms is more cost effective, non-
invasive and provides permanent solution.

Phytoremediation: Phytoremediation is the process of growing plants on the
contaminated soil either to remove heavy metals (phytoextraction and
phytovolatilization) or to stabilize them into harmless state (phytoimmobilization and
phytostabilization) (Figure 2.3) (Liu et al., 2018). Phytoremediation is an environment
friendly, operationally simple, aesthetically preferable, non-invasive, energy efficient,

economically viable, cost-effective and widely accepted technology for soil
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remediation from heavy metals (Mahar et al., 2016). Unlike other physical, chemical
and electrical remediation methods that irreversibly alters the soil properties,
phytoremediation on the other hand improves the physical, chemical and biological
qualities of contaminated soil. Hyperaccumulator plants and macrophytes, are the key
plants responsible for heavy metal remediation from soil and water. These plants can
tolerate high concentrations of HMs, grow well in metalliferous soil and have
tendencies to efficiently absorb metal ions from soil and translocate them to aerial parts.
Till date approximately 721 species of plants have been identified as metal
hyperaccumulators (Reeves et al., 2018). Arabidopsis thaliana, Brassica juncea and
Chara canescens are capable of up-taking heavy metals and transferring them to
gaseous state, followed by their release into the atmosphere (Verbruggen et al., 2009).
However, most of the hyperaccumulators are metal-selective, limited to native habitats,
slow growth rate, have shallow roots and low biomass (Chaney and Baklanov, 2017).
To reduce 1 mg/kg Cd from a contaminated soil, hyperaccumulator requires 15 years
(Li et al., 2012). These factors make phytoremediation an inefficient and impractical
technique.

Phytovolatilization

(Converts metals into
volatile form and subsequ
releases them into atmosphere
through leaf surface)

Phytoextraction
L (Accumulation of metals

Phytodegradation in shoots)

(Breakdown or
transformation of metals by
enzymes within tissues)

Phytostabilization
(Limits mobility and
availability of metals in
s0il by roots)

Phytofiltration
(Sequestration of
metals from water)

Rhizo(sphere) degradation
(Breakdown of metals by
rhizospheric microorganisms)

Figure 2.3: Different processes involved in phytoremediation of heavy metals (Dixit et
al., 2015)

Microbial remediation: Microbial remediation is the process of detoxification and
rehabilitation of contaminated soil with the use of microbes. It is one of the most
innovative and promising technology for removal and recovery of heavy metals from

contaminated areas. Many microorganisms have developed specialized metabolic
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capabilities using their molecular machineries to survive and perform well even in the
heavy metal polluted habitats. They have developed different detoxification
mechanisms to cope up with different heavy metals like- biosorption, bioaccumulation,
biotransformation, bioleaching and biomineralization, thus proving themselves to be
potent candidates for heavy metal remediation both in-situ and ex-situ. Rhizospheric
microorganisms are the most suitable candidates for bioremediation with abilities to
bioaccumulate heavy metals from contaminated soil and protect the host plant. These
include various bacteria, fungi, algae, protozoa, arthropods and nematodes (Mendes et
al., 2013). In case of fungi, ascomycetes and basidiomycetes are the most reported
candidates for HM detoxification (Narendrula-Kotha and Nkongolo, 2017). An
extensive study has been performed on fungi of genera Penicillium, Rhizopus, Suillus
and Aspergillus for their potential role in HM removal from soil and aqueous solution
(Liu et al., 2017; Kalsotra et al., 2018). Most commonly isolated bacteria in HM
contaminated sites includes Actinobacteria, Proteobacteria and Firmicutes, commonly
from genera Bacillus, Pseudomonas and Arthrobacter (Pires et al., 2017). One of the
most potential microorganisms found in the rhizosphere are mycorrhizal fungi. They
form a symbiotic association with the plant roots, thus protecting them from various
biotic and abiotic stresses (Bonfante and Genre, 2010). Mycorrhizas possess inherent
novel remediation properties for HMs in soil, therefore can act as good metal
accumulators. They can survive well in poor nutrient soil, loaded with heavy metals.
Thus, microbial remediation serves as a most easy, safe and effective technology for

remediation and rehabilitation of contaminated soil.

2.3 Mycorrhizas

Mycorrhizal fungi are mutualistic root symbionts with heterogeneous fungal taxas that thrive

in the rhizospheric soil. In this association, both plant and fungi assist each other with various

nutritional and non-nutritional benefits (Bonfante and Genre, 2010). Mycorrhizae forms a

dense filamentous network that draw water and nutrients from the deeper soil and delivers to

the plant roots, thus accelerating plant growth and root development. It is estimated that every

kilometer of soil contains at least 200 km of fungal strands, accessing the smallest pore of the

soil (Bonneville et al., 2009). Apart from providing nutrition, mycorrhizal fungi also protect

the plant from drought and salinity, pests and pathogens, heavy metal toxicity and extreme

environments (Smith and Smith, 2015). In exchange to all these benefits, the mycorrhizae are
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awarded with photosynthates or carbohydrates like glucose by the plants. The fungi utilize
these carbohydrates for its growth and synthesis of glycoprotein glomalin which is released
into the soil improving the soil structure and organic content (Wu et al., 2014). In the soil, the
mycorrhizal hyphae form an extensive network of wood-wide web, which connect all
surrounding plant communities promoting horizontal nutrition transfer (Harrison, 2005). They
are the source of carbon to many achlorophyllous heterotrophic plants. Alpines and boreal
zones, tropical forests, grasslands and croplands are the most commonly mycorrhizal colonized
areas (Selosse and Roy, 2009).

These mycorrhizal fungi are more than 450 million years old. About 80% of all land plants
with more than 92% plant families are mycorrhizal (Wang and Qiu, 2006). They are most
prevalent symbionts involving about 6000 fungal species in the Glomeromycotina,
Ascomycotina, and Basidiomycotina and 240,000 plant species (Bonfante, 2003). Mycorrhizas
are cosmopolitan and abundant even in the highly degraded areas. They are classified into 5
groups based on their characteristic interact with the host cells (Table 2.2). Among the five
associations, arbuscular mycorrhizas (AM) and ectomycorrhizas (ECM) are the two most
abundant associations. Orchid, ericoid and arbutoid mycorrhizas are confined to the genera
within the Orchidaceae, Ericaceae and Arbutoideae families, respectively (Brundrett, 2017).
Arbuscular, orchid, ericoid and arbutoid mycorrhizas establish an intracellular symbiosis by
penetrating their hyphae into the root cells, whereas the ectomycorrhizal hyphae remain
extracellular (Bonfante and Genre, 2010). Till date mycorrhizas have garnered vast attention
owing to the new genetic, cellular and molecular techniques along with the genome sequencing

of various mycorrhizal plants and fungi (Martin et al., 2008).

Table 2.2: Classification of different types of mycorrhiza based on fungal Texas and plant

species along with their characteristic features.

Mycorrhiza Fungal Texas  Plant Host Features

Type

Arbuscular-  Glomeromycota Angiosperms e Fungus penetrates the cortical

Mycorrhiza Gymnosperms cells of roots of wvascular
Pteridophytes plants forming arbuscules

Lower plants
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Ecto-

Mycorrhiza

Orchid

Mycorrhiza

Ericoid

Mycorrhiza

Ascomycota Woody trees:

Basisiomycota  Pinaceae

Zygomycota Fagaceae
Dipterocarpaceae

Caesalpinoidaceae

Basidiomycota  Orchidaceae

Ascomycota Ericaceae

help plants in capturing
phosphorus, sulfur, nitrogen
and micronutrients from soil
found in 80% of vacuolar

plants

fungus don’t penetrate the
plant cells, instead forms an
intercellular  hypha called
Hartig net

found in 2% plant species
forms 40 pM thick hyphae
mantle around the root surface
protect host plant from
various biotic and abiotic

stresses

association between roots of
plants orchidaceae and variety
of fungi

during germination, orchid
seeds receive carbon from
their fungal symbionts

fungus develop structures
called pelotons within the root
cortex of orchids

association between members
of Ericaceae family and
various fungi

highly adopted to acidic and
nutrient deprived soil
including boreal forests, bogs

and heathlands
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e Molecular clock estimated
these associations to be

approximately 140 million

years old
Arbutoid Basidiomycota ~ Arbutoideae e fungal association between
Mycorrhiza plants of family arbutoideae

and basidiomycetes

e fungus forms intracellular
coils within the cortical cells,
intercellular hartig net and
outer mantle sheath

e fungus induces a pinnate-
crutiate branching pattern

with host lateral roots

Among different types of mycorrhizas, ectomycorrhizas hold a great interest due to their dual
lifestyle. In soil, they form symbiotic association with the host plant, depending on plants for
carbohydrates, whereas under laboratory conditions, they can live as facultative saprotrophs
and can be cultured on suitable media. Therefore, they hold potential application in

bioremediation.
2.4 Ectomycorrhiza

Ectomycorrhiza is a symbiotic association of fungi to the plant roots, where the fungi ensheath
its hyphae around the root tip forming the thick hyphae mantle of nearly 40 pm. Inside the
mantle, the hyphae penetrate the cell wall and grow in between epidermal cells and cortical
cells. They never penetrate inside the cell lumen of roots, hence forming a Hartig net (Figure
2.4). This Hartig net is the region of juxtaposition where exchange of water, nutrients and other
components between both fungi and the plant roots takes place (Bonfante and Genre, 2010;
Balestrini and Bonfante, 2014; Henke et al., 2015).
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Figure 2.4: The hyphae of ECM fungi colonizing epidermal and cortical cell layer (A) The
confocal micrograph of ECM Tuber melanosporum colonizing hazelnut, indicating the mantle
(m) formed by the dense hyphae and Hartig net (arrows) surrounding epidermal and cortical
cells. (B) Hartig net (Hn) (C) Magnification of the contact zone between plant (*) and fungal
cell wall (arrows). F-fungus; H-Host cell. (Balestrini and Bonfante, 2014).

On the other end outside the fungal mantle, hyphae extend into the soil called extraradical
mycelium and acts like an extension to the plant roots so as to have access to the nutrients from
deeper parts in soil. In pine seedlings, extraradical mycelium of Pisolithus tinctorius
contributes 99% of the nutrient-absorbing surface of roots (Rousseau et al., 1992). Thus,
ectomycorrhizal fungi provide water, mineral and nutrients to the plant and are rewarded with
the photosynthates or stored carbohydrates by the host plant (Figure 2.5) (Martin and Nehls,
2009; Bonfante and Genre, 2010). These fungi have a dual lifestyle, form symbiosis with the
plant roots and as facultative saprotrophs in soil (Martin and Nehls, 2009). At laboratory
conditions they can be cultured without host (unlike AMF), but under field conditions they

depend on their host for carbohydrates (Van Der Heijden et al., 2015).
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Figure 2.5: Nutrient exchange mechanism between ECM fungi and their host plant (Bonfante
and Genre, 2010)

Ectomycorrhizal fungi belong to the family of Basidiomycota (252 genera), Ascomycota (84
genera) and Mucoromycota-Endogonales (Van Der Heijden et al., 2015). More than 10,000
fungal species have been estimated to form ectomycorrhiza with the host plants (Finlay, 2008).
They can form a visible reproductive structure of epigeous mushroom and hypogeous truffles
at the feet of trees they colonize. The most popular edible mushrooms ‘Tuber fungus”, deadly
caps destroying angels “Amanita” also belongs to ectomycorrhizas. Trees hosts for
ectomycorrhizal fungi include families like Pinaceae, Fagaceae, Betulaceae, Dipterocarpaceae
and Caesalpinoidaceae, distributed in the sub-tropic, temperate and boreal forests (Smith and
Read, 2010). Birch (Betula), dipterocarp (Pakaraimaea), beech (Fagus), Willows (Salix), Pine
(Pinus), Oaks (Quercus), eucalypts (Eucalyptus) are the common host species for
ectomycorrhizal symbiosis (Chen et al., 2015; Hrynkiewicz et al., 2015; Murata et al., 2015;
Brearley et al., 2016; Garcia-Guzman et al., 2017; Horton et al., 2017; Kaiser et al., 2017)

It has been estimated that more than 50,000 plant species are involved in ectomycorrhizal
association. Most of the ectomycorrhizas have colonized northern temperate forest soils,
whereas arbuscular mycorrhizas are commonly found in tropical forests. Agaricomycetes were
found to be the most dominant class of ectomycorrhizal fungi in the soil (Buée et al., 2009).
Ascomycetes have been reported showing higher stress tolerance as compared to
basidiomycetes. Many authors have observed the dominance of ascomycetes in heavily
polluted areas whereas basidiomycetes were observed in less polluted and control plots. The
genera Phialophora, Phialocephala, Leptodontidium and many other ascomycetes have been

reported to have adaptive metal tolerance (Colpaert et al., 2011). Similarly many
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basidiomycetes have also been reported to have complete defense mechanisms against heavy
metals like Laccaria bicolor (Reddy et al., 2014), Hebeloma cylindrosporum (Ramesh et al.,
2009), Pisolithus albus (Reddy et al., 2016), Suillus bovinus (Ruytinx et al., 2013), Suillus
luteus (Nguyen et al., 2017), Suillus himalayensis (Kalsotra et al., 2018) Paxillus involutus
(Bellion et al., 2007), Amanita strobiliformis (Osobovva et al., 2011) etc.

2.4.1 Laccaria bicolor

Laccaria bicolor is an ectomycorrhizal fungus widely used as a soil inoculant in various
agricultural and horticultural practices with a variety of tree species like red pines, jack pines,
black spruce, Oregon pine, Poplar, etc. (Heller et al., 2008; Felten et al., 2009; Plett et al.,
2011). They belong to Phylum: Basidiomycota - Class: Agaricomycetes - Order: Agaricales
and Family: Hydnangiaceae. L. bicolor grows gregariously in the temperate zone of the globe
including temperate and boreal forests of North America, Great lake region in West Virginia
and Northern Europe (Mueller and Gardes, 1991; Selosse et al., 1998). It is edible but not much
palatable and grows usually in mixed birch and pine woods. They are small tan colored
mushrooms with lilac gills (Figure 2.6). The gills are faintly purplish to pinkish in color. The
mushroom cap is 2-4.5 cm broad, flat to convex, often incurved at the margins in various shades
of ochraceous buff and tan. The fibrillose flesh is whitish, tinged with pink having no apparent
smell or taste. The microscopic analysis reveal that the spores are white, nearly round with thin
spines and 4-spored basidia. The mushroom stem is 3-10 cm long and almost 1 cm thick with
slightly swollen from base. L. bicolor is a carnivorous fungus that can catch and kill insects
specially springtails (Klironomos and Hart, 2001).

L. bicolor is the first ectomycorrhizal fungus to have its whole genome sequences (Martin et
al., 2008). The genome is approximately 65 mega bases long with estimate 20,000 protein
coding genes (Martin and Selosse, 2008). The fungus has a dual saprotrophic and biotrophic
lifestyle. The genome of L. bicolor lacks enzymes involved in degradation of plant cell wall
however, possess enzymes involved in degradation of other polysaccharides. Thus, they can

also live as saprotrophs in soil (Martin et al., 2008).
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Figure 2.6: Picture of L. bicolor showing mushroom cap, lilac gills and stem while growing in
soil (Source: https://www.first-nature.com/fungi/laccaria-bicolor.php)

L. bicolor is known to support forest growth and sustainability by providing growth limiting
nutrients to their host plant. It stimulates lateral root formation in the host plant (Poplar and
Arabidopsis), thus providing access to the otherwise inaccessible areas of soil (Felten et al.,
2009; Plett et al., 2014). In field studies, it has proven to efficiently colonize and improve the
survival of red pines, black spruce, Douglas-fir and jack pines (Quoreshi and Timmer, 2000;
Selosse et al., 2000; Podila et al., 2002; Felten et al., 2009). It secretes various endocellulases
like B-1,4 endoglucanase (Zhang et al., 2018), lipochitooligosaccharides (Cope et al., 2019)
and small-secreted proteins (Pellegrin et al., 2019) to form symbiotic association with host
plants. L. bicolor is commercially used in French nurseries to inoculate Douglas-fir seedlings,

S0 as to obtain high-performance planting material for reforestation.
2.5.2 Hebeloma cylindrosporum

Hebeloma cylindrosporum is a mushroom forming ectomycorrhizal fungus. It belongs to
Phylum: Basidiomycota, Class: Agaricomycetes, Order: Agaricales and Family:
Cortinariaceae. It was first isolated and identified by a French mycologist Henri Romagnesi
(Romagnesi, 1965). Its mushroom cap is almost 2-4 cm wide, convex in beginning but later
gets flattened. Its slightly papilliform with margins slightly striated and incurved. The cuticles
are viscous with smooth brown color in center with lighter edges (Figure 2.7). The cylindrical

mushroom stem is usually very long of slightly lighter color than the mushroom cap. The flesh
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is thin, whitish with no smell. It has been reported to occur in Europe mainly from Norway to
Finland in north and to Spain in south. It is mostly precured in autumn season until mid-winter,
before frost from the mixed forests with pines, oaks and sandy soil (Gryta et al., 1997;
Marmeisse et al., 2004). It grows in basins of plains and rivers but not in mountains. It is
abundant in forest stands, developing on sand dunes with little organic matter mostly along the
Mediterranean and Atlantic coast (Contu, 1991). It is mostly associated with different pine
trees, mainly reported with Pinus pinaster (Torres-Aquino et al., 2017). H. cylindrosporum is
a saprotroph and can utilize soil organic nitrogen (Kohler et al., 2015). It is the ectomycorrhizal
fungus with smallest genome sequenced so far. The genome of H. cylindrosporum consists of
38 mega bases with 15382 predicted protein coding genes (Kohler et al., 2015). The genome
retains diverse genes coding for enzymes active on polysaccharides (cellulose, hemicellulose,
pectin) and lignins (Peroxidases) (Dor¢ et al., 2015; Kohler et al., 2015). The fungi have few
genes coding for cell wall degrading enzymes but have retained a diverse array of genes coding

for other lignocellulose degrading enzymes (Kohler et al., 2015).

Figure 2.7: H. cylindrosporum showing mushroom hat, cuticles and long stem (Source:
http://www.mykologie.net/index.php/houby/podle-morfologie/lupenate/item/1442-hebeloma-

cylindrosporum).
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One of the most remarkable feature of H. cylindrosporum is that its entire life cycle (including
fruit body formation) can be reproduced in laboratory under axenic conditions using defined
medium and can be genetically transformed using Agrobacterium tumerfacins (Debaud and
Gay, 1987; Combier et al., 2003). Therefore, H. cylindrosporum represents a good model to

perform in-depth studies on ectomycorrhizal systems.
2.5 Mycorrhizal interaction with Heavy metals

Mycorrhizas are an integral and functional part of plant roots. They colonize the plant roots
and extend their extensive network of hyphae into the surrounding environment. These hyphae
penetrate deep into the soil, fetching the low mobility nutrients like P, N, Cu, Zn etc., for the
host plant. They play an important role in promoting plant growth and health through nutrient
exchange, water cycling and proving tolerance to biotic as well as abiotic stresses in exchange
for plant fixed carbohydrates (Bonfante and Genre, 2010; Smith and Read, 2010).The
experimental field application of these mycorrhizal fungi have proven to increase the overall
productivity and biomass in many crops including fruits, legumes, cereals and trees (Hashem
et al., 2016; Mo et al., 2016; Bona et al., 2017; Grelet et al., 2017;). They are well known for
their role in alleviating heavy metal toxicity in the host plant. They act like a buffer to protect
the host plant from heavy metal toxicity. The ECM fungus Paxillus ammoniavirescens
increased the biomass of Betula pubescens, protecting it from heavy metals like Cu, Zn, As,
Cd, Hg and Pb leading to lower oxidative stress (Fernandez-Fuego et al., 2017). Similarly, in
Popular clones, the inoculation of plants with both ecto and endomycorrhizal fungi increased
the plant biomass whereas limiting the accumulation of Zn, Cu, Pb and Cr (Phanthavongsa et
al., 2017). Also, Tuber borchii Vitt. innoculated with Cistus creticus L. protected it form Zn,
Pb and Cr stress (Sabella et al., 2016). ECM fungus Pisolithus albus accumulated Cd and Cu,
protecting the host Eucalyptus tereticornis from metal stress (Reddy et al., 2016). Pisolithus
sp., Cenococcum geophilum, Laccaria laccata protected Japanese red pine and Oak in copper
mine tailing (Zong et al., 2015)

However, the response to mycorrhizal fungi to different heavy metals depends upon the plant
species, fungal isolate and the associated heavy metal (Ferrol et al., 2016). Although
mycorrhizal fungi are well known for their ability to filter the transfer of HMs from soil to
plant roots, but in many cases they have been reported of enhancing the metal accumulation in
the host plant (Leung et al., 2010). In a study by Ortowska, (2012), different mycorrhizal fungi
(Rhizophagus intraradices, Funneliformis geosporum, Rhizophagus clarus, Glomus sp.)
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inoculated with Plantago lanceolate plant showed differential response to different heavy
metals. The mycorrhizal inoculation inhibited the transfer of arsenic and lead to the host plant
whereas enhanced the uptake of zinc and cadmium in P. lanceolate. Similar observations were
recorded in case of sunflower plant inoculated with Rhizophagus irregularis and Funneliformis
mosseae. The Rhizophagus irregularis enhances the cadmium phytoextraction by sunflower
plant whereas the Funneliformis mosseae promoted Cd and Zn phytostabilitization in soil
(Hassan et al., 2013). Also, in case of Limonium sinuatum, inoculation of plant with Glomus
mosseae and G. intraradices increased the total Pb and Cd accumulation in roots by 3 folds

higher than the non-mycorrhizal plant (Sheikh-Assadi et al., 2015).

Different mycorrhizal fungi accumulate different metals under different conditions. When
exposed to different metals, Imleria badia accumulated Ag, Cd, Zn and Cl whereas Amanita
muscaria accumulated V (Cejpkova et al., 2016). Similarly, in a different study, exposure of
different fungi to different metals showed that Agaricus campestris accumulated Ni, Cr and
Cd, whereas Macrolepiota procera accumulated Pb and Boletus edulis accumulated Hg (Siri¢
et al., 2017). Therefore, the mycorrhizal fungi show different response to different metals.

2.6 Ectomycorrhizal fungi and the mechanism of HM detoxification

ECM fungi have proven to protect the plants against heavy metal stresses. The presence of
ECM symbionts at plant roots significantly reduces the heavy metal uptake (Degola et al.,
2015; Reddy et al., 2016). ECMs are not only capable of surviving under metalliferous soil but
also promote the growth of host plant under metal stress. ECM fungi modulate the heavy metal
transfer into the host plants. The fungal mantle acts as an effective barrier or filter for the heavy
metals to enter into the plant cells (Figure 2.2). The heavy metal concentration decreases from
the rhizomorphs - hyphae mantle — cortical cells to vascular tissues. This has been clearly
demonstrated in case of Pinus sylvestris colonized with Suillus luteus under zinc stress, where
the concentration of zinc declined from 12,830 pg/g in rhizomorph to 2040-3820 ug/g in
hyphal mantle, to 280-675 pg/g in cortical cells to 430 pg/g in the vascular tissues (Turnau et
al., 2001). Similar results were reported in case of Cu and Mn by Turnau et al., (2001), where
the Cu concentration decreased from 420 pg/g in rhizomorphs to 17 pg/g in hyphal mantle and
6 pg/g in vascular tissues and Mn concentrations decreased from 490 ug/g in rhizomorphs to
88 ug/g in hyphal mantle, to 13-26 pg/g in cortical cells and 14 pg/g in vascular tissues (Turnau
et al., 2001). Betula pendula seedlings inoculated with ECM fungi reduced the concentration
of Cu and Pb in the above ground parts of plant, thus protecting the plant from elevated metal
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stress (Bojarczuk and Kieliszewska-Rokicka, 2010). Similar results have been reported in
Pinus sylvestris, where the plants inoculated with Suillus luteus, Suillus bovinus, Scleroderma
citrinum, Amanita muscaria and Lactarius rufus showed better plant protection and nutrient
uptake, transferring less Cd, Cu, Pb and Zn to the above ground plants than non-mycorrhizal
plants (Adriaensen et al., 2005, 2006; Krupa and Kozdroj, 2007; Krznaric et al., 2009).

Colpaert et al., (2011) reported development of adaptive heavy metal tolerance in different
ECM fungi isolated from metal polluted areas. Suillus luteus and Suillus bovinus isolated from
metal polluted areas showed better tolerance to heavy metals like Zn, Cu and Cd when
colonized with Pinus sulvestris than the same fungus isolated from non-polluted areas
(Adriaensen et al., 2005, 2006; Krznaric et al., 2009; Colpaert et al., 2011). Similar
observations have also been made with Pisolithus tinctorius, Pisolithus albus and Cenococcum
geophilum, where the isolates from metal polluted areas showed higher metal tolerance than
isolates from non-polluted areas (Egerton-Warburton and Griffin, 1995; Goncalves et al., 2009;
Jourand et al., 2010). These fungi have developed polygenic mechanisms to cope with heavy
metals in the soil, thus protecting their host plant. These mechanisms can be broadly classified

into two categories: Avoidance and Tolerance.

precipitation

Increase

Figure 2.8: Polygenic response of ECM fungi to heavy metals either through avoidance or
through tolerance.

In “Avoidance”: the ECM fungi restrict the entry of heavy metals through extracellular
precipitation by excreting di/tricarboxylic acids and oxalic acids, by bisorption of metal ions
to the cell wall through chitin and glucosamine or by increasing the cellular efflux (Figure 2.8).

In spite of the restricted entry of these heavy metals, 20-30% of heavy metals could still be
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found in the cytosol and vacuoles (Blaudez et al., 2000; Fernandez-Fuego et al., 2017). The
heavy metals that enter inside the cell are chelated intracellularly through various thiol rich
compounds like metallothioneins (MTSs), glutathione (GSH) and phytochelatin (PCs) known as
“Tolerance” mechanisms (Figure 2.8). Heavy metals have high affinity for the thiol group (-
SH) of these chelators and forms metal-MT, metal-(GSH) complex, which actively gets
transported into the vacuoles (Sharma et al., 2016) (Figure 2.9). The role of ECM fungi in
metal homeostasis has been clearly reviewed by Bellion et al., (2006), Colpaert, (2011), Luo
etal., (2014), etc.

GSH-M

Vacuole

Figure 2.9: Mechanisms of heavy metal tolerance in ECM fungi. 1) extracellular chelation by
secreted ligands 2) cell wall binding 3) enhanced efflux 4) intracellular chelation by
metallothioneins (MT) 5) intracellular chelation by glutathione (GSH) 6) subcellular

compartmentation 7) compartmentation of GSH-M in vacuoles.
2.6.1 Biosorption to Cell wall

Cell wall is the first barrier to the heavy metal toxicity. Fungal cell wall, being rich in
polysaccharides and glycoproteins, exhibit excellent metal binding properties (Georgescu et
al., 2019). The fungal cell wall being negatively charged (due to anionic glucan and chitin)
offers multiple active sites for heavy metal binding (Bellion et al., 2006; Anahid et al., 2011).
The polysaccharides present in fungal cell wall — chitin and chitosan have been well
characterized for their metal sequestration potential. The chitin molecules present in the fungal
cell wall have been characterized for their efficient binding to Cd molecules forming the Chitin-

Cadmium complex in Neurospora crassa (Bhanoori and Venkateswerlu, 2000). The role of
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polysaccharide a-(1,3)-D-glucan and B-(1,3)-glucanase in Pb, Cd and Ca biosorption has also
been characterized in Boletus edulis and Neurospora crassa through GPC, NMR and FTIR
analysis (Sowjanya and Mohan, 2009; Choma et al., 2018). The potential metal-binding sites
on the fungal surface includes- free carboxyl groups, amino groups, hydroxyl groups,
phosphate and mercapto groups of cell wall polysaccharides, proteins and lipids (Dhankhar and
Hooda, 2011). Different mechanisms responsible for metal binding to the fungal surface are
adsorption, ion-exchange, surface complexation, chelation, precipitation and crystallization
(Figure 2.10). In a recent study on Pleurotus ostreatus under Cd stress, the SEM-EDX and
FTIR characterization revealed that the biosorption of Cd on the fungal wall was due to the
ion-exchange process along with the complexation of functional groups (Georgescu et al.,
2019).

[t st — BIOSORPTION
Eon exchange J

[ Complexation ]
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Microbial cell

Biotransformation sulphide
Oxidation Bioprecipitation
HCOs-, HPOs—,
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Figure 2.10: Mechanisms involved in heavy metal biosoption to fungal cell wall (Hansda et
al., 2016)

There are many reports on the metal biosorption tendencies of different fungi. Phanerochaete
chrysosporiun adsorbs As, Cd and Cr (Rudakiya et al., 2018), Hebeloma crustuliniforme
adsorbs Cd and Zn (Frey et al., 2000), Amanita rubescens (Sari and Tuzen, 2008), Aspergillus
niger adsorbed Cd and Ni, Trichoderma for Cd (Bazrafshan et al., 2016) etc.
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2.6.2 Metal efflux

The reduced uptake of heavy metals by ECM fungi is due to the induction of efflux mechanism
under heavy metal stress. Majorel et al., (2014) reported low accumulation of Ni in P. albus
tissues, under exposed to high Ni concentrations, due to the metal efflux mechanisms. Similar
observations were made in S. bovinus, P. involutus and H. cylindrosporum, where the increase
in metal efflux resulted in low metal accumulation in the fungal tissue. This metal exclusion in
fungal symbionts results in lower metal influx by the host plant, thus protecting from metal
stress (Blaudez et al., 2000; Blaudez and Chalot 2011; Ruytinx et al., 2013). In contrast to the
above observations, few studies have reported increase in metal bioaccumulation in both ECM
and its associated host when exposed to high metal stress (Ma et al., 2014; Siri¢ et al., 2016).
ECM fungus Paxillus involutus significantly increased the net Cd influx in the root apical

region of Populus canescens when exposed to high cadmium stress (Ma et al., 2014).

ECM fungi have been reported of secreting various exudates in the rhizosphere in response to
metal stress. These exudates like oxalic acid, formic acid, malic acid and succinic acid can alter
the bioavailability of toxic metals in the rhizosphere, thus protecting the host plant from metal
toxicity (Meharg 2003; Bellion et al., 2006; Ray and Adholeya 2009; Colpaert et al., 2011;
Targhetta et al., 2013). Johansson et al., (2008) reported oxalate exudation in six ECM fungi,
Hebeloma velutipes, Piloderma byssinum, Paxillus involutus, Rhizopogon roseolus, Suillus
bovinus and Suillus variegatus, when exposed to Pb, Cd and As stress (Johansson et al., 2008).
In addition of fungal exudates, ECM fungi also induce plant exudates in the rhizosphere. Pinus
tabulaeformis when colonized with ECM fungus Xerocomus chrysenteron, showed enhanced
activity of soluble proteins and acid phosphatases in root exudates than their non-mycorrhizal
roots under Cu and Cd stress (Zheng et al., 2009). Bellion et al., (2006), reported upto 85%
reduction in Cd uptake by oxalic acid exudation in cadmium stressed Paxillus involutus. In a
similar study Shi et al., (2018), reported 99% removal of chromium Cr(V1) by Pisolithus sp.
by secreting H* ions and organic acids. The H™ ions secreted by Pisolithus sp. reduced the pH
of medium, thus reducing Cr(\VI1). After 12 days treatment with Pisolithus sp., it was observed
that 75% Cr was removed due to extracellular reduction and 24% was removed by adsorption
on cell wall (Shi et al., 2018).
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2.6.3 Intracellular chelation

Inspite of the all the extracellular mechanisms, the ECM fungi still accumulate metal ions into
its cytosol. The accumulation of these metal ions into the fungal cytosol has been reported in
many studies on Macrolepiota procera, Agaricus campestris, Boletus edulis, Agaricus
macrosporus, Pisolithus albus, Aspergillus niger, etc. (Mukherjee et al., 2010; Melgar et al.,
2016; Reddy et al., 2016; Siri¢ et al., 2017). ECM fungi have developed an intense intracellular
mechanism to cope with the heavy metals accumulated inside the cell, thus preventing their
transfer to host plant. ECM fungi synthesize various thiol rich ligands like metallothioneins
and glutathione in response to metal stress. Heavy metals having high affinity for the thiol
group of these ligands bind them forming a strong metal-MT or metal-(GSH). complex,
rendering them nontoxic and subsequently sequestering into the vacuoles (Sousa et al., 2015),
thus protecting the host plant from metal stress. The heavy metal tolerance mechanism in ECM

plants depends on various factors like type of plant, ECM strain and the type of heavy metal.
2.6.3.1 Metallothioneins

Metallothioneins are intracellular, low molecular weight (usually below 7 kDa), cysteine rich
(up to 33%) proteins having high affinity for binding metals and xenobiotics. They lack
aromatic amino acids. They also protect cells by trapping reactive oxygen species (ROS). MTs
are heterogeneous proteins with diverse amino acid and nucleotide sequences. They are named
metallothionein for the ability of their thiol group to bind metal, resulting in a metalloprotein
complex which is accumulated into vacuole and later released as metallic complex (Diaz et al.,
2006). Apart from metal chelation, MTs are also induced under oxidative stress and salt stress.
Metallothioneins are characterized with recurring C-X-C motifs in their primary structure
(Figure 2.11) (Reddy et al., 2014; Kalsotra et al., 2018). There are total nine conserved cysteine
motifs reported till date, which include- C-X-C, C-X-C-X-C, X-X-C-X-X, X-C-C-X, C-X-C-
C, C-C-X-C, C-C-C, C-C-X-C-C and C-X-C-X-C-X-C, where X is any amino acid other than
cysteine (Ziller and Fraissinet-Tachet, 2018). Among these nine motifs, only C-X-C motif is

common to all MTs, whereas others are species specific.
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ShMT1 - —-—-—————————————————~— MSTATEVPV-SNNN@GSSSESE@GT SEO®KPGEEK® 34
ShMT2  -—-——————————————————— MSTPTEVPV-SNNN@GSSSESEVT SEO®KPGOEKE 34
PaMT1  ————————————————————— MQOSVNAVLVNNNGN@GSAAGAGGSNOGAGKPGE@K® 35
RaMT1  ————————————————————— MSPVIQNPV-NEHH@GNSSET@GDSEOO®KPGE @K 34
AsMT1  ————-————————————————~- MQOSESQSLV-SFANGGSNSENEGASGA®KPGDEKE 34
PiMT1  ——-——————————————————— MNTITSVPV-NENN@GSNSEGEGS S@AG®KPGE @K 34
AbMT1 MPATTCASKCGEACACANNCQCCSNNEVPK--NQH@GMS S[@G[®GD S@®GE®K P DE@KS® 54
GIMT1  —-—--—————————————————=- MYSTTDVVK--NAAGGSSSENEGGATEGAG®KPGE®K® 33
LbMT1  -————————————————————— MISTINVPV--SQT@GSSSENEGE S®AGKPGEEKE 33
SiMT1  -----———————————————— MISETIVPV--NON@GGNSSESE@GDSEO®KPGEEKE 33
PmMT1  ——===——————————————— MQOSVNAVLVNNNDK GSAA T GSS A KPGE K 35

* * * % * ok ok ek ek

Figure 2.11: Multiple sequence alignment of MT genes isolated from different fungal sources
highlighting conserved C-X-C motifs: Suillus himalayensis (ShMT1: KY775394, ShMT2:
KY775395), Pisolithus albus (PaMT1: AJO67962), Russula atropurpurea (RaMT1:
AHA31882), Amanita strobiliformis (AsMT1: AGO04615), Paxillus involutus (PiMT1:
AAS19463), Agaricus bisporus (AbMT1), Ganoderma lucidum (GIMT1: ABP02008),
Laccaria bicolor (LbMT1: AH143933), Serendipita indica (SiMT1: ACT83730), Pisolithus
microcarpus (PmMT1: ESTN25) (Kalsotra et al., 2018).

Metallothioneins bind both essential as well as non-essential heavy metals like copper,
cadmium, zinc, arsenic, lead, mercury, silver and forming metal-thiolate complex resulting in
metal homeostasis and metal detoxification (Ramesh et al., 2009; Reddy et al., 2014). They
form y-mercaptide bonds with the metal. MT genes are induced by the same metal ions that
bind to the MT protein, thus providing a direct activation of the defense mechanism (Waalkes
and Goering, 1990). The most common inducers of metallothioneins are Zn, Cu, Cd and Hg.

Among these copper and zinc are the primary inducers of metallothioneins.
2.6.3.1.1 Classification of metallothioneins

Numerous studies have reported the presence of metallothioneins in almost all organisms
including prokaryotes, fungi, sea urchins, mammals to plants. UniProt data till date records 15
metallothionein families and 38 subfamilies including vertebrates (12), mollusc (4), crustacean
(3), echinodermata (2), diptera (2), nematoda (2), ciliate (1), fungi (6), prokaryota (1) and plant
(5) (Released: 20" December, 2019) (UniProt, 2019).

Metallothioneins are classified into 3 classes based on their heterogeneous amino acid
sequence. Class | metallothioneins comprises of all metallothioneins having sequence
similarity with horse kidney MTs. MTs from various vertebrates and mammals fall in this class.

Class Il metallothioneins consists of all MTs with sequence different from that of Class |
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metallothioneins. They mainly include metallothioneins from plant, fungi, yeast and
nonvertebrate animals. Class Il metallothioneins are basically phytochelatins, which is an
entirely different class now (Binz and Kagi, 1999). So broadly we can say that metallothioneins
can be classified into two classes Class | and Class Il. In case of plants, Class Il is further
classified into four types based on the distribution of cysteine motifs on both N-terminal and

C-terminal domain (Robinson et al., 1993).

A new functional classification system has been proposed by Palacios et al., (2011), in which
metallothioneins are classified into two groups Cu-thioneins and Zn-thioneins based on their
metal binding ability (Palacios et al., 2011). Zn-thioneins (also Cd-thioneins) are those which
form a homometallic Zn-MT or Cd-MT complexes when exposed to zinc or cadmium-enriched
media. They exhibit high degree of folding with expected stoichiometry. But when exposed to
copper-supplemented media, they form various heteronuclear complexes like Zn-MT/Cu-MT
with a lower degree of folding and high thiol group oxidation resulting in disulfide formation.
Similarly, Cu-thioneins forms homometallic Cu-MT complexes when exposed to copper-
enriched media and shows heteronuclear complexes of Cu/Zn-MT when exposed to zinc
supplemented media. Cu-thioneins when exposed to cadmium-supplemented media, forms
heterometallic complex of Cd-MT containing sulfide ligands (5% (Palacios et al., 2011). Two
MTs in Saccharomyces cerevisae Cupl and Crs5 are identified as Cu-thioneins and Zn-
thioneins respectively, where Cupl isoform has been classified as the strict Cu-thionein and
Crs5 can be defined as a dual metal binding MT more expressive for zinc than copper. Most
of the Zn-thioneins exhibit dual behavior (Pagani et al., 2007). In different organisms MTs
occur in different isoforms, depending on their different metal binding tendencies. One
organism can code for many MTs having differential expression for different metals.

2.6.3.1.2 Structure of metallothioneins

MTs in its apoform (native form without metal ions) are devoid of any tertiary structures. When
exposed to metal ions, MTs bind the metal coordinates and form metal-thiolate clusters. Hence,
we can say that metallothioneins undergo metal-induced protein folding (Ngu and Stillman,
2009). Since different metal ions require different coordinate geometry, depending on whether
they are monovalent or divalent, a single MT protein can be folded into different three-
dimensional conformations. Hence, the three-dimensional structure of the metallothionein
depends upon the metal ion bound to it. In case of plants, mammals and other higher organisms,

metal-MT complexes are reported of having two-domain structure (C-terminal a-domain and
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N-terminal B-domain). The a-domain consists of 11 cysteine molecules and can bind 4 divalent
metal ions (M4(Cys)11), whereas f-domain consists of 9 cysteine molecules which can bind 3
divalent metal ions (M3(Cys)e) (Figure 2.12 A,B) (Blindauer and Leszczyszyn, 2010).

(8)

Figure 2.12: Structure of metal-MT complex in different organisms. Mammalian MTs have
two domains o and B-domain A) B-domain in mammalian MTs showing Cd3(Cys)9 complex
B) a-domain in mammalian MTs showing Cd4(Cys)11 complex C) S. cerevisiae Cu8-Cupl,
showing the Cu8(Cys)10 complex D) S. elongatus Zn4—-SmtA, showing the Zn4(Cys)9(His)2
complex (Capdevila et al., 2012).

In case of lower organisms like bacteria, yeast, fungi single domain MTs have been reported.
Neurospora crassa, Agaricus bisporus, Saccharomyces cerevisae, Synechococcus are reported
of having a single domain metallothioneins (Figure 2.12 C,D) (Blindauer et al., 2001; Cobine
et al., 2004; Calderone et al., 2005). Metallothionein from Neurospora crassa has 25 amino
acid residues containing seven cysteines. These seven cysteines can coordinate six Cu™ atoms
forming Cue(Cys)7 complex (Cobine et al., 2004). Cupl of Saccharomyces cerevisae consists
of ten cysteine residues which can coordinate 8 Cu* ions forming Cus(Cys)io complex.
Bacterial zinc metallothionein SmtA has also been reported in cynobacteria Synechococcus
forming Zn4(Cys)s(His)> complex. This is for the first time that metallothioneins have been
reported of having Histidine molecules. Inspite of diversities, a conserved sequence segment
has been reported in mammals, sea-urchins and many single domain MTs, which clearly signals

for the common ancestry.
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2.6.3.1.3 Metalation by metallothioneins

Inspite of devoting more than three decades on the study of metallothioneins, the information
on true mechanisms involved in the metalation process are still incomplete. Metalation can be
achieved either by binding of metals to the apo-MT or by the substitution of metalated-MT
with the metal with higher binding constant (Li and Otvos, 1998). There are three reasons
behind this paucity, firstly the metalation reactions are generally fast to be completed in
milliseconds, secondly metallothioneins are very sensitive to oxidation and thirdly lack of
proper chromophores (Ngu and Stillman, 2009). Earlier studies on Co?* metalation with
metallothioneins concluded that the initial binding of the cobalt ions to metallothioneins occur
randomly followed by rearrangement to form unique metal-thiolate clusters (Ejnik et al., 2002)
but recently Ngu and Stillman (2009) reported the metalation process using arsenic instead of
copper and zinc by electrospray ionization mass spectrometry (ESI-MS). As metalation process
is slow and takes minutes to process, whereas copper and zinc metalation occur in milliseconds.
The process explains that metals are bound in a non-cooperative manner to the MT peptide. As
the first As ion binds to the MT, the rate constant value for the second As ion decreases and
the process becomes slow. Similarly, the rate constant keep on decreasing as the metal ions
keep on binding and the process becomes slow. The rate constant for binding first As is 6.8
times greater than that for the last As. So, it can be observed that the rate binding values depend
upon the number of binding sites in the MT peptide. Since single domain MTs have lesser
metal binding sites than double-domain MTs, the metalation process in single domains is

slower than in double domains (Ngu and Stillman, 2009).
2.6.3.1.4 Regulation of Metallothionein genes

MT genes are mostly induced under stress conditions like heavy metal stress, oxidative stress,
heat shock, etc. Copper, zinc and cadmium are the most active inducers of metallothioneins.
Many studies have reported high expression of MT genes under copper and zinc stress (Reddy
et al., 2014). The regulation of MT genes occurs mainly at transcription level but some of the
post-transcription, translation and post-translation regulations may also occur. Large number
of the regulatory sequences are present on the 5’ promoter region of MTs. They include various
cis-acting elements like metal response elements (MRES), antioxidant response elements
(AREs), glucocorticoid responsive elements (GREs), cCAMP response elemnts (CREs), TPA
response elements (TRES), Interferon response elements (IRE), heat shock elements (HSES),
etc located in the promoter region (Guirola et al., 2012; Ziller and Fraissinet-Tachet, 2018).
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When exposed to metal stress, metal transcription factor-1(MTF-1) binds MREs and induces
the metallothionein expression. Hence, we can say that MT genes are regulated at
transcriptional level (Park et al., 2013). The transcriptional regulators of MTs can also be used
as biomarkers of cell metal toxicity (Lu et al., 2018).

2.6.3.1.5 Metallothioneins and ectomycorrhizal fungi

It is very essential to study the role of metallothioneins in ECM fungi, since they thrive on the
metal polluted soil and possess a significant role in bioremediation. Although many reports are
available till date on metallothionein genes isolated from prokaryotic bacteria (Jan et al., 2014),
plants (Shukla et al., 2016), animals (Davis and Cousins, 2000) and fungal species (Reddy et
al., 2016) etc., but not much have been reported in ECM fungi.

The metal binding tendency of metallothioneins varies for different metals and host species.
Different metallothionein isoforms express differentially in different ECM fungi in response to
different metals. In case of Amanita strobiliformis, three isoforms of metallothionein genes
(AsMT1, AsMT2, AsMT3) have been characterized. Among these AsSMT1 was up-regulated in
the presence of copper and silver, AsMT2 in the presence of cadmium and AsSMT3 by zinc
(Hlozkové et al., 2016). Reddy et al., (2014) characterized two (LbMT1 and LbMT2) out of six
putative metallothionein genes in Laccaria bicolor genome and reported their differential
expression to copper, cadmium and zinc stress. The expression of both LoMT1 and LbMT2
were found to increase as a function of increasing external copper concentration, whereas only
LbMT1 responded to cadmium. The expression of both the genes was unaffected by zinc
(Reddy et al., 2014). Kalsotra et al., (2018) also identified two MT genes in Suillus
himalayensis (ShMT1 and ShMT2), both genes were highly expressive under copper stress but
not under cadmium stress. Further, the functional complementation of both ShMT1 and ShMT2
genes in yeast mutants cupl (S. cerevisiae mutant for copper), zrcl (S. cerevisiae mutant for
zinc) and yapl (S. cerevisiae mutant for cadmium) through drop assay on SD media
supplemented with heavy metal. The results clearly demonstrated the role of ShMT1 and
ShMT2 genes in providing copper and zinc tolerance (Figure 2.13). However, poor tolerance
was recorded for cadmium (Figure 2.13) (Kalsotra et al., 2018).
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Figure 2.13: Functional complementation of Saccharomyces cerevisiae mutants, cup14, ycf14
and zrc14 on selective media. Mutant strains were transformed with empty vector (EV) pFL61,
or vector containing ShMT1 and ShMT2. Diluted transformant cultures were spotted on SD-
Ura medium with or without metal supplement as indicated. Wild-type strains cup1® and
BY4741 transformed with EV were used as positive controls (Kalsotra et al., 2018).
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Also, in case of Hebeloma mesophaeum, three MT isoforms (HmMMT1, HmMT2, HmMT3) have
been identified and characterized, among which HmMT1 was induced by zinc and cadmium
whereas HmMMT2 was induced by silver (Sacky et al., 2014). In case of Hebeloma
cylindrosporum two metallothionein genes (HCcMT1 and HcMT2) have been characterized,
where HCMT1 was expressive only in response to copper and HCMT2 was expressive in
response to both cadmium and copper (Ramesh et al., 2009). The expression level of both
HcMT1 and HCMT2 genes in response to different concentrations of cadmium and copper also
analyzed by RT-PCR analysis. The HCMT1 transcription was induced by copper and HCMT2
transcription was induced by cadmium (Ramesh et al., 2009). This clearly shows that different

isoforms of MT genes express differentially to different metals in different ECM fungi.

In other studies, on Pisolithus albus (Reddy et al., 2016) and Paxillus involutus (Bellion et al.,
2007), one metallothionein coding gene PaMT1 and PiMT1, respectively was identified in
each, which were induced by both cadmium and copper stress. Nguyen et al., (2017)
characterized two highly conserved MT genes SIMTa and SIMTb in Suillus luteus. The
heterologous expression of these genes in yeast mutants successfully rescued them from Cu
toxicity but could not survive Cd and Zn. Therefore, both SIMTa and SIMTb were classified as

Cu-thioneins.

Lorenzo-Gutiérrez et al., (2019) characterized MT gene (mtl) isolated from Fusarium
oxysporum. The expression of mt1 gene was highly activated under Zn exposure. However, the
Fusarium oxysporum strain mutated with mt1 gene, showed high sensitivity to Cu, Cd, and Zn.
The mtl mutant strain also displayed poor resistance to macrophage killing and were more
prone to oxidative stress due to low induction in of gapdh and prx genes. This observation
highlights the fact that the absence of mtl gene impairs the fungal defense system against
reactive oxygen species, Cu and Cd. Many other metallothionein isoforms were also identified
in other ECM fungi as listed in Table 2.3.
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Table 2.3: Differential expression of different metallothionein isoforms in ECM fungi in

response to different metal stress.

S.No. Ectomycorrhizal Metallothionein  Inducing metal References
fungi genes
1. Fusarium oxysporum Mtl Zinc Lorenzo-Gutiérrez et al.,
(2019)
2. Suillus luteus SIMTa Copper Nguyen et al., (2017)
SIMTb Copper
3. Pisolithus albus PaMT1 Copper, cadmium Reddy et al., (2016)
4. Laccaria bicolor LbMT1 Copper, cadmium Reddy et al., (2014)
LbMT2 Copper
5. Amanita AsMT1la Silver Osobova et al., (2011)
strobiliformis AsMT1b Silver, cadmium
AsMT1c Silver, copper
6. Amanita AsMT1 Silver, copper Hlozkova et al., (2016)
strobiliformis AsMT2 Cadmium
AsMT3 Zinc
7. Hebeloma HcMT1 Copper Ramesh et al., (2009)
cylindrosporum HcMT2 Cadmium, copper
8. Hebeloma HmMT1 Zinc, cadmium Sacky et al., (2014)
mesophaeum HmMMT2 Silver
HMMT3 Silver
Q. Russula RazZBP1 Zinc Leonhardt et al., (2014)
atropurpurea RaZBP2 Zinc
10. Paxillus involutus PiMT Cadmium, Copper Bellion et al., (2007)

2.6.3.2 Glutathione

Glutathione (GSH) is a tripeptide (L-y-glutamyl-L-cysteinyl-glycine) (307 Da) composed of 3

amino-acids, glutamate, cysteine and glycine. It is synthesized endogenously and plays an

important part in various cellular processes (Townsend, 2007).
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Glutathione is the most abundant non-protein thiol present in living systems. The normal
glutathione concentration in yeast and fungi is approximately 10 mM (Pdcsi et al., 2004).
Gluathione production has been reported in both prokaryotes and eukaryotes. Bacteria
(Smimova and Oktyabrsky, 2005), algae (Chen et al., 2012), yeast (llyas and Rehman, 2015),
fungi (Pocsi et al., 2004), plants (Noctor et al., 2012), mammals (Bhowmick et al., 2015) all
produce glutathione. Glutathione plays multiple roles in the cell; it is an efficient redox buffer
(Foyer and Noctor, 2005), xenobiotic detoxifier (Cummins et al., 2011), sulphur assimilator
(Kopriva, 2006), heavy metal detoxifier (Cobbett, 2000), cell signaling component (Foyer and
Noctor, 2005), and antioxidant (Mittova et al., 2003). Glutathione functions as an antioxidant
in two ways: firstly, it oxidizes its thiol group in the presence of reactive oxygen species leading
to the formation of oxidized glutathione (GSSG); secondly, it acts as a substrate for the
enzymes like glutathione peroxidase which scavenges peroxides using glutathione as the
reducing factor. Glutathione is a key component in metal scavenging, due to the high affinity
of metals for its thiol (-SH) group and also as a precursor of phytochelatins (PCs). It bind heavy
metals forming a metal-(GSH), complex, which is further compartmentalized into the vacuoles
through various ATP-binding cassette (Outten et al., 2017).

2.6.3.2.1 Biosynthesis of glutathione

The biosynthesis of GSH consists of 2 sequential ATP dependent reactions mediated by two
enzymes y-glutamylcysteine synthetase (y-GCS; E.C.6.3.2.2) and glutathione synthetase (GS;
E.C.6.3.2.3) (Figure 2.7). Firstly, y-glutamylcysteine (y-GC) is formed from -glutamate and
L-Cysteine by y-glutamylcysteine synthetase and then glycine is added to the C-terminal of y-
GC by glutathione synthetase (GS) forming Glutathione (Figure 2.14). Both the reactions
require ATP as substrate. The y-GCS is a rate limiting enzyme for GSH synthesis. In cell the
y-GCS activity is enhanced by Cd ions and the expression of genes in GSH biosynthesis
pathways is stimulated by As, Cd, Hg, Cr (Vido et al., 2001; Thorsen et al., 2007).

In plants, y-GC is restricted to plastids, whereas GS is localized in cytosol (Wachter et al.,
2005). Two important factors affecting GSH synthesis are sulfur availability and y-GCS
activity (rate limiting). During metal toxicity both factors increase in order to meet the desired
GSH demand for detoxification and survival (Jozefczak et al., 2012). The GSH synthesis in
cell is controlled by the feedback inhibition, where GSH itself act as an inhibitor to y-GCS
activity. During metal stress, GSH inside the cell is oxidized and consumed in phytochelatin
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synthesis, resulting in depleting cellular GSH level which results in releasing the feedback
inhibition and increasing GSH synthesis (Hibi et al., 2004).

, =
ql A%DP — AT%DP w

Y-GlutamateCysteine Glutathione
Synthetase synthetase

Figure 2.14: Biosynthesis of glutathione - two step reaction catalyzed by two ATP dependent

enzymes y-glutamatecysteine synthetase and glutathione synthetase.

Recently, studies have reported two more pathways named F-pathway and P-pathway for
glutathione production in different organisms (Figure 2.15) (Tang et al., 2015). Few organisms
lacking genes for y-GCS and GS were reported of producing glutathione. This observation
threw light on the new pathway known as F-pathway for the synthesis of glutathione. In few
strains of Gram-positive bacteria Listeria monocytogenes, Streptococcus agalactiae,
Streptococcus thermophilus and Pasteurella multocida a novel bifunctional enzyme GshF was
identified (Gopal et al., 2005; Janowiak and Griffith, 2005; Vergauwen et al., 2006). GshF

functions both as y-GCS and GS and performs complete synthesis of glutathione.

The third pathway identified is P-pathway. Bioinformatic analysis of some glutathione
producing strains of yeast and Escherichia coli revealed the absence of gene coding for y-GCS
but presence of GS in their genome. This observation gave rise to a new compensatory pathway
for glutathione production. The gene Prol in proline biosynthesis pathway encodes y-Glutamyl
kinase (GK) which catalyzes the formation of y-glutamylphosphate which reacts with cysteine
to form y-glutamylcysteine. Glutathione synthetase catalyzes the addition of glycine to produce

glutathione (Figure 2.15).
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Figure 2.15: Different pathways of glutathione production. G-pathway involves two enzymes
v-GCS and GS, F-pathway involves only one enzyme GshF and P-pathway involves glutamyl
kinase (GK) and glutathione synthetase (GS).

2.6.3.2.2 Glutathione and heavy metal detoxification

Glutathione has a dual protection mechanism. It acts as a metal scavenger during metal
homeostasis and as an antioxidant during oxidative stress. As an antioxidant, it reacts non-
enzymatically with different ROS. Cells under heavy metal stress generated ROS such as
hydrogen peroxide (H20.), superoxides (O2" 7) and hydroxyl radicals (*OH) which are the
major contributors of oxidative damage to membrane lipids, proteins, nucleic acids and cellular
organelles (Hernandez et al., 2015). Glutathione in cell is present in both reduced-GSH and
oxidized-GSSG. In reduced state, the thiol group of cysteine has the tendency to donate an
electron to the unstable ROS like H20- and free radicals and neutralize them, but GSH itself
becomes reactive and reacts with another reactive GSH to form oxidized GSSG (Pdcsi et al.,
2004). This electron transfer is mediated by an enzyme glutathione peroxidase (Margis et al.,
2008). Glutathione reductase (a FAD-containing protein) further converts this GSSG to GSH
using NADPH as an electron donator (Marty et al., 2009; Noctor et al., 2012), thus maintaining
the redox balance (Figure 2.16). The ratio of reduced to oxidized glutathione (GSH/GSSG) in
a cell is used as a measure of cellular toxicity or oxidative stress. The GSH/GSSG plays an
important role in maintaining cell homeostasis. Qualitative and quantitative alterations in this
ratio are considered as the indices of oxidative damage. If the ratio favors GSSG production, it
signifies that the apoptosis may have triggered (Shakhristova et al., 2016). Many studies have
reported the role of GSH in mitigating oxidative stress.
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Ilyas and Rehman (2014) reported the increased GSH levels when in Candida tropicalis in
response to As, Cd and Cr. However, the decline in GSH concentration was observed under Cu
and Pb stress due to GSH degradation. The stressed cells had more GSSG than GSH. However,
the GSH/GSSG ratio increased significantly under Cd and Cu stress in contrast to As, Pb and
Cr. Similar results were observed in Saccharomyces cerevisiae, where the GSH biosynthesis

was induced under As stress (Thorsen et al., 2007).

The active role of GSH in mitigating metal toxicity has also been highlighted in various plants.
GSH and its metabolic enzymes were actively induced under metal stress (Hossain et al., 2012).
In plants, glutathione is the key thiol responsible for relief against Cd, As and Hg toxicity and
controlling the cellular redox homeostasis (Hernandez et al., 2015). In Brassica juncea,
increased GSH production was reported in response to Cd, Zn and Ni (Asgher et al., 2014;
Barrameda-Medina et al., 2014; Khan and Khan, 2014; Khan et al., 2016; Per et al., 2016).
Similar observations were made for Triticum aestivum (Khan et al., 2015) and Lycium chinense
(Guan et al., 2015) where the GSH production increased in response to Cd stress. Arsenic
induced GSH production was reported in Pteris vittata (Sakai et al., 2010) and Oryza sativa
(Dixit et al., 2016).

Reduced Glutathione

e

’ Glutathione Glutathione
peroxidase reductase

e i’

Oxidized Glutathione

Figure 2.16: Glutathione in alleviating oxidative stress by hydrogen peroxide. Role of

glutathione peroxide and glutathione reductase in maintaining cellular redox homeostasis

Glutathione act as sequester for various heavy metals and xenobiotics like fungicides,
insecticides etc. The GSH bind these toxic metal/xenobiotics (X) forming a non-toxic GSH-X
complex. This conjugation is catalyzed by the enzyme Glutathione-S-transferase. These GSH-
X conjugates are then transported to vacuoles through the ABC (ATP-binding cassette)
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transporters (Schlunk et al., 2015). The MRP (multidrug resistance related protein) transporters
of ABC type undergo ATP hydrolysis to transport these conjugates across the vacuolar
membrane (Klein et al., 2002). The two ABC transporters, ABCC1 and ABCC2 have been
identified as the major GSH-X complex transporters (Song et al., 2014). The sequestration of
Cd and Pb by GSH has been characterized using Infrared Rays (IR) and protonic Nuclear
Magnetic Resonance (NMR) (Jacquart et al., 2017; Bottari et al., 2020). Due to the strong
metal binding property of GSH, it is becoming the molecular probe of choice in preparation of
sensors for heavy metal ion detection (Zhang et al., 2019).

2.6.3.2.3 Regulation of Glutathione synthesis

As explained earlier, glutathione is synthesized in a two-step process, where synthesis of
gamma glutamylcysteine is the rate limiting step. Hence, the key regulator of glutathione
synthesis is the gene coding for y-GCS. Like metallothioneins, y-GCS gene expression is also
regulated on the transcriptional level. y-GCS in its promoter region carries AREs like sequences
that match 11 out of 12 positions (Wu and Moye-Rowley, 1994). Two transcription factors,
yAP-1 and Met-4, controls the expression of y-GCS gene. Under stress conditions, cellular
glutathione gets depleted, which further activate yAP-1 and Met-4 target gene through
oxidation of thioredoxin (which otherwise downregulate the yAP-1 mediated response)
(Wheeler et al., 2003). In case of yeast, yAP-1 response elements (YRES) were recognized by
yAP-1 protein (Wu and Moye-Rowley, 1994). Hence, we can say that when an organism is
exposed to stress, glutathione is depleted and oxidized thioredoxin is accumulated, which leads
to the activation of yAP-1/Met-4 dependent transcriptional response of y-GCS (Wheeler et al.,
2003).

2.6.3.2.4 Glutathione in ectomycorrhizal fungi

Many ECM fungi have been reported of producing glutathione in response to heavy metal
stress. Courbot et al., (2004) reported no metallothionein but the increase in glutathione
concentration in Paxillus involutus in response to cadmium stress (Courbot et al., 2004).
Similar results were observed in case of Laccaria laccata (Gallie et al., 1993). Glutathione
production in mycorrhizal fungi is mainly triggered by cadmium and arsenic stress followed
by chromium, lead and copper (llyas and Rehman, 2015). Numerous studies have now
confirmed the dominant role of glutathione as a cadmium chelator. Glomus mosseae also

produced glutathione in response to cadmium whereas no glutathione was reported under lead
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stress (Garg and Aggarwal, 2011). Funneliformis mosseae was also reported to have increased
glutathione levels in response to cadmium and arsenic (Degola et al., 2015). Phanerochaete
chrysosporium and Penicillium chrysogenum also clearly demonstrated the role of glutathione
as an intracellular cadmium chelator (Xu et al., 2015; Xu et al., 2016). Putative genes encoding
for the y-glutamylcysteine synthetase and glutathione synthetase have been reported in the
genome of Laccaria bicolor, Hebeloma cylindrosporum, Paxillus involutus (Bellion et al.,
2006). However, the detailed information on the cellular response of ECM fungi towards the
trace metals and heavy metal pollutants is still incomplete and therefore restricts its successful
execution in soil remediation. Since ectomycorrhizal fungi lives in close association with the
plants in metal polluted areas and are the most potential candidates for bioremediation of heavy
metals therefore, it is necessary to study the cellular and molecular response of these fungi to

metal stress.

2.7 Proteomic analysis: technology and methods

‘Proteomics’ involves the application of different technologies for identification and
quantification of the whole proteome present in cell, tissue or organism. It studies the structure
and function of proteins on large scale, in complex biological samples. The proteomic analysis
is commonly used for: a) protein identification, b) proteome profiling, c) comparative analysis
of the protein expression in two or more samples, d) localization and identification of post-
translational modifications, e) protein-protein interaction studies f) protein-nucleic acid
interactions (Chandramouli and Qian, 2009; Zhang et al., 2014). Proteins are the functional
unit of an organism. Therefore, most of the functional information of the genes resides in its
proteome. Proteome of a cell includes a complex dynamic range which comprises of various
processes like protein phosphorylation, protein trafficking, protein localization and protein-
protein interactions. Genomics and transcriptomic studies do not always correlate with the gene
expression because MRNA is not always translated into protein. Since single mMRNA transcript
can code for several proteins and post translational modifications can immensely modify the
function of proteins. Therefore, proteomic analysis provides exact information about the
expression of each gene under certain circumstance. However, proteomic analysis is more
complex than genomics and transcriptomics due to the rapid changes in protein function and
abundance caused by altered gene expression, multiple post-translational and post-
transcriptional modifications, protein hydrophobicity and hydrophilicity (Zhang et al., 2014,
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Garcia 2018). The proteome of a cell fluctuates from time to time, from cell to cell and in

response to external conditions.

With the invent of mass spectroscopy (MS), the proteomic analysis has become easier and more
convenient. It is the most important tool used for identifying, characterizing and quantifying
the proteins and their post translational modifications with high throughput at larger scale. The
complete proteomic analysis revolves around three steps (i) isolation of total proteins, (ii)

protein separation, (iii) identification and quantification by mass spectrometry.

2.7.1 Protein separation

There are different methods of protein separation, which include:

a) Gel based methods of protein separation: The proteins are separated on poly acrylamide
gel through either sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), two-dimensional gel electrophoresis (2DE) or two-dimensional differential gel
electrophoresis. The proteins are separated on the basis of their molecular weight and
their isoelectric point, followed by their digestion and identification through mass
spectroscopy (Chevalier et al., 2010; Rabilloud et al., 2010; Magdeldin et al., 2014).

b) Chromatography based protein separation: These are the conventional methods of
protein separation and purification. They include, liquid chromatography, ion-exchange
chromatography and affinity chromatography (Shishkova et al., 2016; Liu et al., 2019).
The proteins can be easily digested to peptides, which are more easily separated by
liquid chromatography, rapidly analyzed and is much cost-effective than gel-based

proteomics (Di Palma et al., 2012).

Both Gel-based and chromatography-based techniques are widely used these days for
comparative analysis of protein expressions under different conditions. There are many studies
where the differentially expressed proteins were analyzed using 2D gel electrophoresis. These
techniques are widely used in studying the response of different plants and organisms to various

biotic and abiotic stresses like metal stress, salt stress, soil conditions, microbial infestation etc.

Liuetal., (2020) and Long et al., (2019) used 2DE to identify proteins involved in salt tolerance
in mangrove plant Kandelia obovate, Medicago sativa and Medicago truncatula. Yang et al.,

(2015) identified 83 differentially expressed proteins in Populus yunnanensis leaves when
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exposed to Cd stress, through 2DE. Similarly, 53 differentially expressed proteins were
identified in Kandelia candel roots under Cd stress through 2DE (Weng et al., 2013). Ahsan et
al., (2008) used 2DGE to identify 37 differentially expressed proteins in rice roots under As
stress. Szajko et al., (2020) studied the effect of fungal infestation on different potato cultivars
using 2DE and LC-MS analysis.

However, the protein differentiation in gel-based separation is not unequivocal. Moreover, only
the high abundance proteins can be identified through 2DGE, low abundance proteins may be
hidden inside the gel and might be non-detectable. Also, the proteins with extreme isoelectric
values 4>p1>9 as well as very high (>200 kDa) and very low (<10 kDa) molecular weight or
hydrophobic in nature are usually undetectable under 2DGE. The 2DGE is also very tedious,
time consuming and requires extensive manual handling. Therefore, these days the Gel-free

proteomics is trending in many studies (Baiwir et al., 2018).
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Figure 2.17: Schematic diagram discriminating between Label-based proteomics and Label-

free proteomics.
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Different techniques have been developed to quantify the separated proteins. The most
commonly used are label based quantification and label free quantification. Isotope-coded
affinity tag (ICAT), stable isotope labeling with amino acids in culture (SILAC), isobaric tag
for relative and absolute quantitation (iTRAQ), have been recently developed for quantitative
proteomic analysis. In contrast to this, the label free shortgun proteomics quantifies proteins
based upon their signal intensity and spectral counting (Neilson et al., 2011; Baiwir et al.,
2018) (Figure 2.17). These techniques have been widely used to study the response of different
plants and organisms under heavy metal stress (Table 2.4).

2.7.2 Protein mass spectroscopy

The proteins/peptides separated by Gel-based or Gel-free approaches are then introduced into
the mass spectrophotometer for its quantitative and qualitative analysis. The basic principle
behind mass spectroscopy is the generation of multiple ions from the protein (sample) under
investigation, followed by their separation according to their mass/charge (m/z) ratio. The
detector then records the relative abundance of each ion with respective to their m/z ratio in a
graph known as mass spectrum. These spectra provide information about the mass of particles,
their isotopic signature, chemical identity and helps in predicting their structure. For mass
spectroscopic analysis of a protein sample, the chromatographically separated proteins are
introduced into the ionization chamber, where they are ionized and fragmented. The positively
charged ions are then deflected into the magnetic field and separated according to their
mass/charge ratio. The ions with same m/z will be deflected at the same range. The deflected
ions are then detected by the detector capable of detecting the charged particles. The output is
displayed as a spectrum plotting signal intensity as the function of m/z ratio. Further the ions
can be identified by correlating its mass to the known data or through the characteristic
fragmentation pattern. The mass spectrometer mainly consists of three components: an ionizer,

a mass analyzer and a detector (Figure 2.18).

e lonizer: Itionizes the sample (protein/peptide) into positive charged fragments or ions.
Different ionizers are used under different conditions depending upon the type of
analyte. lonizers can be classified broadly into two categories: Hard ionizer and soft
ionizers. Hard ionizers impart very high energy to the analyte molecules, thus invoking
high fragmentation (eg. Electron ionization (EI)). Soft ionizers on the other hand

imparts very little energy generating positive ions with very less fragmentation. The
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soft ionizers include: fast atom bombardment (FAB), electron spray ionization (ESI),
chemical ionization (Cl), matrix-assisted laser desorption/ionization (MALDI) and
atmospheric-pressure chemical ionization (APCI). Apart from these photoionizers
(ionization using high energy photons), thermospray, desorption/ionization on silicon
(DIOS), spark ionizers and thermal ionizers are also used to for fragmentation and
ionization.
Mass analyzer: Mass analyzer separates the fragments ions according to their m/z ratio.
They accelerate the movement of ions by applying the electric or magnetic field and
deflect them towards the detector on the basis of m/z ratio. lons with lower m/z will be
deflected faster than the ions with higher m/z. However, the ions with same charge will
be separated on the basis of their mass. There are different types of analyzers based
upon their deflection tendencies:
» Time-of-flight (TOF) mass analyzer: use electric field to accelerate ions and
measures the time they required to reach the detector
» Quadrupole mass analyzer: it consists of four cylindrical rods aligned parallel
to each other. The ions are separated on the basis of the stability of their
trajectories in the oscillating electric or magnetic fields applied to the rods. The
movement of ions in quadrupole will depend upon the voltage generated
between the rods. Therefore, it also acts as mass filter.
> lon traps: in this mass analyzer, the ions are first trapped between the electrodes
and then sequentially ejected. There are many types of ion trappers which
include: three-dimensional quadrupole ion trap, cylindrical ion trap, linear
quadrupole ion trap, orbitrap
Detector: The deflected ions are then received by the detector. The detector then
records the ion intensity by measuring the charge induced or current produced as the
ions reaches its surface. The most commonly used detector is the electron multiplier.
Other detectors commonly used are Faraday cups, ion-to photon detectors,
microchannel plate detectors. Since the signal received by the detector is usually very

low, therefore, these detectors amplify the signal and makes it recordable.
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Tandem mass spectroscopy: In this spectroscopy, two or more mass spectrometers are
coupled so as to increase their ability to analyze with more precision. It is commonly
used for analyzing biomolecules like proteins and peptides. In this, the ionized
molecules are separated on the basis of their m/z ratio in first mass spectrometer. The
separated ions are then selected and passed into a collision chamber, where they are
further split into smaller fragment ions using various techniques like collision-induced
dissociation, photodissociation or ion-molecule reaction. The fragmented ions are then
again introduced into second mass spectrometer, where they are again separated
according to their m/z ratio and detected (Figure 2.19). The additional fragmentation
step in tandem mass spectroscopy helps in separating and identifying ions that
otherwise have similar m/z ratios in normal mass spectrophotometer. The technique is
widely used now a days to study the relative protein quantification under different
conditions (Zhang et al., 2017).
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Mass spectroscopy has been developed to study the complex proteins with higher sensitivity.
It has wide application in analytical laboratories to study the physical, chemical and biological
properties of different compounds. It shows excellent specificity in characterizing the
fragmentation patterns, identifying the unknown compounds, analyze the molecular weight,

calculating the isotopic abundance of elements and resolving their chemical composition.
2.7.3 Protein microarray

Apart from these, protein microarrays or chips have also been developed for rapid and high-
throughput protein expression analysis. It is a new emerging class of proteomics, which can be
used to detect, identify proteins, track protein interactions and activities and determine their
function from very small concentration in large number of samples. There are mainly three
types of protein microarray: analytical protein microarray, functional protein microarray and
reverse-phase protein microarray (Aslam et al., 2016). They are very rapid, automated,

economical and highly sensitive techniques for protein analysis.
2.8 Proteomic analysis under heavy metal stress

Although the transcriptomic analysis of gene expression at the mRNA level made a huge
contribution to our understanding on different effects of heavy metals on living systems. But
the level of mMRNA not always correlate with the levels of final protein products. Therefore,
the prediction of proteins from their mRNA transcripts does not give the true analysis. The
MRNA transcripts undergo various post translational regulations like nuclear export,
transcription stability, mRNA localization, translation regulation and protein degradation
(Pradet-Balade et al., 2001). However, the proteomic analysis provides precise picture of the
protein networks and various metabolic pathways involved in metal induced toxicity, cellular

detoxification and tolerance mechanisms against heavy metal toxicity.
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The power of proteomics in providing deeper insight into the heavy metal responses has been
recently realized in different plants like Arabidopsis thaliana, Populus tremula, Populus
yunnanensis, Kandelia candel, rice, Sorghum, Amaranthus hybridus, tomatoes, Brachypodium
distachyon (Lee et al., 2010; Semane et al., 2010; Weng et al., 2013; Lin et al., 2015; Yang et
al., 2015; Jin et al., 2016; Roy et al., 2016; Cheng et al., 2018; Borges et al., 2019), in algae
Sargassum fusiforme (Zhang et al., 2015), bacteria Lactobacillus plantarum, E. coli (Khan et

al., 2017; Zhai et al., 2017), yeast Rhodotorula mucilaginosa (llyas et al., 2016) etc.

The proteomic analysis of the organisms under metal stress helps in identifying the proteins
potentially involved in metal tolerance, metal accumulation and regulation of metal responses.
Thus, providing deep understanding of the mechanisms involved in metal tolerance and

accumulation and metabolic changes induced by metal stress.

In hyperaccumulator Chlamydomonas reinhardtii, Cd stress up-regulated the expression of
proteins involved in glutathione metabolism, ATP metabolism, response to oxidative stress and
protein folding (Gillet et al., 2006).

Jinetal., (2016), reported increased expression of the proteins involved in energy metabolism,
protein metabolism, signal transduction and stress and defense, leading to enhanced Cd
tolerance in Amaranthus hybridus under Cd stress. However, the expression of structural

proteins involved in cell wall, microRNA, were down-regulated under Cd stress.

Roy et al., (2016) studied the effect of Cd stress on Sorghum bicolor leaves. Cd stress induced
major changes in the level of proteins involved in carbohydrate metabolism, transcriptional
regulation, translation and stress response. However, the ATP synthesis, carbon fixation and

protein synthesis were inhibited under Cd stress.

The proteomic analysis of the response of Populus yunnanensis to Cd stress revealed the up-
regulation in defense-response proteins, photosynthesis and energy associated proteins,
antioxidant enzymes, heat shock proteins, MAPK signaling and plant cell wall synthesis. Thus,
providing defense against Cd stress (Yang et al., 2015).

The prompt increase in antioxidative response including glutathione biosynthesis, TCA and
PPP cycle for generating ATP, NADH and NADPH was reported in proteomic analysis of

Kendelia candel roots exposed to Cd stress (Weng et al., 2013). The proteomic analysis of rice
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roots in response to As stress revealed that glutathione plays a central role in mitigating As
stress (Ahsan et al., 2008).

Zhai et al., (2017) identified the key proteins and metabolic pathways responsible for Cd
tolerance in Lactobacillus plantarum. Cd stress altered the proteins involved in energy
metabolism, purine and pyrimidine metabolism, lipid metabolism, amino acid metabolism,
global stress response, cell wall binding, and membrane transportation. The induced
biosynthesis of hydrophobic amino acids enhanced the surface hydrophobicity of cell thus

protecting the cells from Cd induced protein damage.

Zhang et al., (2015) studied the response of brown algae Sargassum fusiforme to Cd stress
through comparative proteomic analysis. The proteins involved in carbohydrate metabolism,
energy metabolism, amino acid metabolism, nucleotide metabolism, stress and defense,
transport and catabolism were significantly down-regulated under Cd stress. However, the most
Cd sensitive pathway was energy metabolism. Most of the proteins involved in energy
metabolism like photosynthesis, oxidative phosphorylation, ATP synthetase were significantly

down-regulated under Cd stress.

However, to our knowledge no report is available on comparative proteomic analysis of ECM
fungi in response to Cd stress. Since, these ECM fungi thrive in metal polluted areas, have high
tolerance for metal toxicity and are good metal-accumulators, they hold high potential for their
application in HM bioremediation. Therefore, knowing the internal mechanisms of these fungi
in response to HMS is a need of an hour. Therefore, the present study focuses on studying the

metabolic response of ECM fungus L. bicolor to Cd stress.
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Table 2.4: Use of proteomic analysis to study the response to heavy metals (2010-2020).

S.No. Heavy Plant/organism Proteomics Major findings References
metal methodology
1 Cr Streptomyces sp.  2D-nanoUPLC-ESI- Induction in expression of molecular biosynthesis, energy Bonilla et al.,
MSI/MSI generation, protein folding, stress response, transcription, (2020)
DNA supercoiling, DNA repair and replication, oxidation-
reduction process.
2 Cd Solanum Label free LC-MS/MS DAPs associated to cell wall, redox and stress response. Borges et al,
lycopersicum (2019)
3 Ag Nicotiana 2DE, MALDI- Affected photosynthesis metabolism, enhanced energy Stefani¢ et al.,
tabacum TOF/TOF MS/MS production (2019)
4 Cd Brachypodium 2D-DIGE, MALDI- DAPs in energy and carbon  metabolism, Chengetal., (2018)
distachyon TOF/TOF-MS photosynthesis/respiration, stress and defense, protein
folding and degradation and amino acid metabolism.
5 Cd Lactobacillus ITRAQ LC/LC- Low abundance of proteins involved in carbohydrate Zhaietal., (2017)
plantarum MS/MS metabolism, global stress response, phosphotransferase

system, two-component system, membrane protein and cell
surface proteins. And higher abundance of proteins
nucleic acid

involved in amino-acid metabolism,

metabolism and extracellular proteins.
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Cd Escherichia coli 2DE, LC-ESI, QTOF, Down-regulation in carbohydrate metabolism and up- Khanetal., (2017)
MS regulation in SOD activity.

As, Cd Rhodotorula 2DE, IAF labeling, Differentially affected ATP  synthesis, protein llyasetal., (2016)
mucilaginosa MALDI-TOF-MS degradation/synthesis and metabolism of xylose and chitin

Cd Sorghum bicolor 2DE, MALDI-TOF Major changes in proteins of carbohydrate metabolism, Roy et al., (2016)
MS/MS transcriptional regulation, translation and stress response.
Cd stress inhibited carbon fixation, ATP production and
protein synthesis.
Cd Amaranthus 2DE, TOF Increased expression of proteins involved in energy Jinetal., (2016)
hybridus metabolism, protein metabolism, signal transduction, stress
and defense and down-regulation in mechanisms involved
in synthesis of cell wall and micro RNAs.
Cd Populus 2DE, MALDI-TOF, Induction in defense response molecules, energy associated Yang et al., (2015)
yunnanensis MS/MS proteins, photosynthesis, antioxidant enzymes, heat shock
proteins, MAPK signaling pathway and cell wall synthesis
Cu Allium cepa 2DE, MALDI-TOF- Differentially expressed proteins involved in defensive Qinetal., (2015)
TOF MS response, protein synthesis, transcriptional regulation, cell
cycle, cell wall synthesis, DNA replication and repair
Cd Oryza sativa Native PAGE, LC- Proteins involved in energy metabolism and glutathione Linetal., (2015)
MS/MS metabolism were up-regulated
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13

14

15

16

17

18

Cd Sargassum
fusiforme

Al Glycine max

Cu Streptococcus
pnemoniae

Cu Acidithiobacillus

ferrooxidans

Cu Oryza sativa
Ur, Caulobacter
Cr, Cd crescentus

2DE, MALDI-
TOF/TOF MS

LC-MS/MS (Gel free

proteomics)

2DE, MALDI-
TOF/TOF MS

2D-nano, ICPL, LC-

ESI-MS/MS

2DE, MALDI-
TOF/TOF-MS

LC-MS/MS (Gel free

proteomics)

Differentially expressed proteins involved in carbohydrate
metabolism, energy metabolism, genetic information
processing, molecular chaperons and HSP

Decrease in metabolism,

energy protein

synthesis/degradation, glycolysis, lipid metabolism,
transcriptional regulation,

Differentially expressed proteins involved in call wall
synthesis, protein biosynthesis, purine and pyrimidine
metabolism, nitrogen compound metabolic process
Up-regulation of proteins involved in efflux pumps,
histidine synthesis, cysteine production. Down-regulation
of proteins involved in outer membrane porin, ionic
transporters

Up-regulation in proteins involved in antioxidant defense,
carbohydrate metabolism, nucleic acid metabolism, protein
transport, protein folding and stabilization and cell wall
synthesis

Cell signaling and amino-acid metabolism was up-
regulated under all three metals, decreasing electron

transport and cell motility. Uranium up-regulated phytase,

Zhang et al., (2015)

Mustafa et al.,

(2015)

Guo et al., (2015)

Almarcegui et al.,

(2014)

Song et al., (2014)

Yung et al., (2014)
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19

20

21

22

23

Cd

Cd

Al

Cd

Cd

Cd

Brassica juncea

Kandelia candel

Rhodotorula

taiwanensis

Glycine max L.

Glycine max L.

T. aestivum

2DE LC MS/MS

2DE,
MS/MS

2DE,

MALDI-TOF

MALDI-

TOF/TOF-MS

2DE,

LC-MS/MS,

MALDI-TOF MS

2DE, LC-MS/MS

2DE,
MS

MALDI-TOF

Cr up-regulated HSPs and outer membrane receptors and

Cd up-regulated efflux pumps and oxidative stress response

Alterations in expression of enzymes involved in
antioxidant responses, ATP synthase subunits, carbonic
anhydrase and Calvin cycle.

The proteins involved in oxidative stress response were

promptly induced under Cd stress

Decreased in abundance of proteins involved in DNA
transcription, translation, DNA defense, Golgi function and
glucose metabolism and increased abundance of malate
dehydrogenase and intracellular citrates

Activation of energy metabolism, photosynthesis,
antioxidant enzymes like SOD, APX, CAT, molecular
chaperons under Cd stress.

Activated proteins involved in Cd-chelation, lignin

biosynthesis under Cd stress

Most of the up-regulated proteins were involved in metal
detoxification and anti-oxidant process (acsorbate

peroxidase and glutathione-s-transferase)

D’Alessandro et
al., (2013)

Weng et al., (2013)

Wang et al., (2013)

Hossain et al.,,
(2012)

Ahsan et al., (2012)

Wang et al., (2011)
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24

25

Cd

Cd

Phytolacca

Americana

Oryza Sativa

2DE, MALDI-TOF,
MS/MS

2DE, MALDI-TOF,
MS

Predominantly proteins involved in photosynthesis, and
sulfur metabolism and glutathione metabolism were up-
regulated. Other up-regulated proteins were attributed to
transcription, translation and molecular chaperons

Antioxidants like GST, APX, NADH-ubiquinone

oxidoreductase up-regulated in response to CD stress

Zhao et al., (2011)

Lee et al., (2010)
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CHAPTER 3

MATERIALS & METHODS

3.1 Biological Materials

3.1.1 Ectomycorrhizal fungi

Two ectomycorrhizal (ECM) fungi used in this study were Laccaria bicolor strain S238N and
Hebeloma cylindrosporum strain h7. The monokaryotic strain h7 of H. cylindrosporum was
obtained from single spore germination (Debaud and Gay, 1987). Both the strains were
maintained on modified Melin-Norkran’s medium (MMN) (Melin,1953) supplemented with

Heller’s micronutrients at 25°C in dark (Figure 3.1) (Appendix I).

Figure 3.1: Cultures of a) L. bicolor and b) H. cylindrosporum grown on MMN agar plates at
25°C for 14 days.

3.1.2 Bacterial Culture

Escherichia coli DH10B cells “MAX Efficiency DH10B8 Competent Cells” (Invitrogen,
California, USA) were maintained on Luria agar medium (Appendix 1) at 37°C. The culture
was further preserved at -80°C in the form of glycerol stocks.
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3.1.3 Yeast Cultures

Two Saccharomyces cerevisiae mutants gsh1? (Y07097) (BY4741; MATa; ura3A0; leu2A0;
his3A1; metl15A0; YJL10lc::kanMX4) and gsh2? (Y01740) (BY4741; MATa; ura3A0;
leu2A0; his3A1; metl5A0; YOL049w::kanMX4), which are deficient of y-glutamylcysteine
synthetase (y-GCS) and glutathione synthetase (GS) genes, respectively, were procured from
Indian Institute of Science Education and Research, Mohali, Punjab, India. Saccharomyces
cerevisiae BY4741 stain was used as wild type. All the cultures were maintained on YPD
medium (Appendix I) at 30°C in dark conditions and stored at -80°C in the form of glycerol
stocks. For the functional complementation studies, the transformed cells were selected by
growing them on complete synthetic defined (SD) medium (Appendix 1) without uracil (DO
supplement -Ura; Cat. No. 630416), (Takara, CA, USA)

3.1.4 Heavy metals

Heavy metal(loids) cadmium (Cd) and arsenic (As) were used in the present study. Cd was
used as cadmium sulphate octahydrate (3CdSO4.8H20) and As was used as di-sodium
hydrogen arsenate heptahydrate (NazHAsO4.7H20). Both metals were procured from Sigma
Aldrich (Missouri, USA)

3.2 Methods
3.2.1 Tolerance of ECM fungi to heavy metals Cd and As

The response of ECM fungi, L. bicolor and H. cylindrosporum to different concentrations of
Cd and As was assessed by growing them in liqguid MMN medium supplemented with various
concentrations of Cd and As. Liquid MMN medium with Heller’s micronutrients (Appendix I)
was prepared and dispensed 50 ml in each 250 ml Erlenmeyer flasks (pH 5.6). The flasks were
then autoclaved at 121°C, 15 psi for 15 minutes. Each flask was inoculated with four freshly
grown mycelial discs of 7 mm diameter each and incubated at 25°C in dark for 2 days. In order
to avoid immediate stress and to allow mycelium to initiate growth, the metals were
supplemented two days after fungal inoculation. After two days, different concentrations of Cd
(3CdS04.8H20: 0, 3, 6, 9, 12, 15 uM) and As (Na2HAsO4.7H.0: 0, 5, 10, 12, 15 mM) were
supplemented in different flasks. The flasks were again incubated at 25°C in dark for 14 days.

After 14 days, the mycelium was harvested and washed with 0.9% saline water and 0.1 M
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EDTA followed by three washings with distilled water. The harvested mycelium was then dried

at 60°C for 24 hours and the dry weight was recorded.
3.2.2 Metal(loid) accumulation by ECM fungi

The total content in ECM fungi, L. bicolor and H. cylindrosporum when exposed to different
concentrations of Cd and As was measured using atomic absorption spectroscopy. The
mycelium was stressed with different concentrations of Cd and As for 14 days (Section 3.2.1).
After 14 days, the mycelium was harvested and washed with 0.1 M EDTA water followed by
three washings with distilled water. The washed mycelium was then dried at 60°C for 24 hours.
The dried mycelium from each metal(loid) stress was digested with nitric acid/perchloric acid

(3:1) in a round bottom flask using the following protocol:

1. To 100 mg of dried mycelium, 20 ml of concentrated HNO3/NCIO4 mixture (3:1) was
added

2. The acidified samples were then incinerated on electric heater in an acid proof digestion
chamber having fume exhaust system, at 100°C for one hour.

3. The heating temperature was then raised gradually till 180°C and the samples were
digested until the sample turns colorless and fumes turn white.

4. The white residue after digestion was allowed to cool at room temperature and then
dissolved in HCI (50%).

5. The solution was then filtered through the Whatman filter paper no.1.

6. The volume was raised to 50 ml with HCI (50%).

7. The concentration of Cd and As in each sample was then measured using atomic
absorption spectroscopy (GBS 932AA, GBC Scientific Equipment Pvt. Ltd., USA).

3.2.3 Glutathione produced in response to metal(loid) stress

In order to check the total amount of glutathione produced by L. bicolor and H. cylindrosporum
in response to both Cd and As, both fungi were grown on MMN agar plates overlaid with
cellophane sheets for 14 days at 25°C. The cellophane sheets were then transferred on MMN
media supplemented with increasing concentrations of both Cd (CdSOQas: 0, 10, 20, 30, 40 uM)
and As (Na2HAsO4: 0, 3, 6, 9, 12, 15, 20 mM) for 48 hours. After 48 hours, the mycelium was
scrapped from the cellophane sheets and crushed with liquid nitrogen. Total glutathione was
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estimated from these crushed samples by enzymatic recycling in two steps: Cell extract

preparation and GSH detection, as per the method described in Rahman et al., (2006).

Cell extract preparation:

Cell extract was prepared by homogenizing liquid nitrogen crushed mycelium in
sulfosalicylic acid-Triton-X solution (0.6% sulfosalicylic acid and 0.1% Triton-X
solution in 0.1 M Potassium phosphate buffer with 5 mM EDTA disodium salt at pH
7.5 (KPE)).

The homogenized samples were then centrifuged at 8000 g for 10 min at 2-4°C.

The clear supernatant was collected and used for total glutathione estimation.

GSH detection:

The amount of glutathione produced by the mycelium under various stress conditions was

quantified spectrophotometrically by enzymatic recycling method, using the sulfhydryl reagent

5,5’-dithio-bis(2-nitrobenzoic acid) (DTNB) to form the yellow colored derivative 5’-thio-2-

nitrobenzoic acid (TNB) measurable at 412 nm.

1.

The cell extract (100 pl) was mixed with 700 pl of KPE buffer (0.1 M Potassium
phosphate buffer with 5 mM EDTA disodium salt at pH 7.5). (Blank was set as KPE
buffer without cell extract).

Added 120 pl of freshly prepared DTNB and GR (Glutathione reductase) mix
(Ratiol:1).

The mixture was kept at room temperature for 30 seconds.

Then, 60 pl of B-NADPH (2 mg B-NADPH in 3 ml KPE buffer) was added to the above
mix and the absorbance was measured at 412 nm.

The amount of glutathione produced was measured using the GSH (Sigma, cat. no. G-

4251) standard curve prepared using the same procedure.

3.2.4 Determination of y-GCS and GS activity

v-GCS
(2012).

and GS activity was /assayed according to Ruiz et al., (2003) and Sengupta et al.,
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1. The liquid nitrogen crushed samples of L. bicolor and H. cylindrosporum stressed with
different concentrations of Cd (0, 10, 20, 30, 40 uM) and As (0, 5, 10, 15, 20 mM) were
homogenized with lysis buffer consisting of 100 mM Tris-HCI (pH 8.0), 10 mM MgCl.
and 1 mM DTT.

2. The homogenate was then centrifuged at 8000 g for 10 min (2-4°C).

3. The supernatant collected after centrifugation was used for y-GCS and GS assay.

4. y-GCS activity was assayed by mixing 100 pl of supernatant with 500 pl of assay mix
consisting of 100 mM Hepes (pH 8.0), 50 mM MgCl;, 5 mM ATP, 5 mM
phosphoenolpyruvate, 5 mM DTT, 20 mM glutamate, 1 mM cysteine, and 10 U/ml
pyruvate Kinase.

5. The mixture was then incubated at 37°C for 60 minutes followed by addition of 100 pl
of 50% TCA to stop the reaction.

6. The mixture was again centrifuged, and the supernatant was used for phosphate
estimation by phosphomolybdate method.

7. The total phosphorus release by the enzyme was measured by phosphomolybdate
method using Hydrazine sulphate and ascorbic acid as the reducing agents (Katewa and
Katyare, 2003).

8. The amount of phosphate released is directly proportional to the enzyme activity of y-
GCS.

9. For GS activity the same assay was performed replacing glutamate and cysteine with 1

mM glycine and 0.5 mM y-glutamylcysteine in assay mix.
3.2.5 Isolation of total RNA from ECM fungi

The total RNA was isolated from both L. bicolor and H. cylindrosporum using the “QIlAzol
Lysis Reagent” (Qiagen, Hilden, Germany). Both cultures were grown on MMN-agar plates
overlaid with cellophane sheets for 21 days at 25°C in dark. The fully-grown mycelium was
then scrapped aseptically and crushed using liquid nitrogen. The powdered mycelium so

obtained was then used for isolation of total RNA using the following protocol:

1. To 100 mg of liquid crushed mycelium, 1 ml of QlAzol lysis reagent was added and
mixed thoroughly by vortexing.
2. The mixture was then incubated at room temperature for 5 minutes, to permit the

complete dissociation of nucleoprotein complexes.
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3. The mixture was then centrifuged at 12000 g for 10 minutes (4°C), to remove cell
debris.

4. The supernatant so obtained was collected in a new vial and mixed with 0.2 ml of ice-
cold chloroform.

5. Both supernatant and chloroform were mixed thoroughly and incubated at room
temperature for 2-3 minutes.

6. For phase separation, the tubes were centrifuged at 12000 g for 15 minutes (4°C). The
uppermost aqueous phase containing RNA was then carefully transferred to new tube.

7. For precipitating RNA, 0.5 ml of ice-cold isopropanol was added to the aqueous phase
and mixed thoroughly. The vials were incubated at -20°C for 30-60 minutes for
successful precipitation.

8. The tubes were then centrifuged at 12000 g for 10 minutes (4°C) and the supernatant
was carefully aspirated and discarded. RNA pellet was visible as gel-like white pellet
at bottom of the tube.

9. The RNA pellet was then washed with 1 ml of ice-cold 75% ethanol and centrifuged at
7500 g for 5 minutes (4°C). The supernatant was carefully removed, and RNA pellet
was air-dried.

10. The RNA pellet was dissolved in 30-50 pul of RNase-free water and stored at -80°C for

further use.
3.2.6 Qualitative and quantitative analysis of isolated RNA

The total RNA was then analyzed for its purity and quantity. The qualitative analysis of RNA
was achieved through “Electrophoresis” on non-degrading agarose-gel and the quantitative
analysis was achieved using nanodrop “NanoDrop™ 1000” (Thermo Fisher Scientific,
Massachusetts, USA).

Agarose gel electrophoresis: 0.8-1.0% agarose gel (w/v) was prepared in 0.5 X TBE buffer
pH 8.0 (Appendix I). Ethidium bromide (EtBr) was added to the gel, just prior to pouring, to
visualize the nucleic acids. Total RNA was loaded into the wells using 6 X loading buffer
(Appendix I) and run at 70 V for 45 minutes. DNA ladder was run along to determine the size.
The RNA migration was tracked using bromophenol blue in loading buffer. The migrated gel

was then visualized on a U.V transilluminator at 312 nm.
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Nanodrop Spectrophotometer: The total RNA was quantified by placing the sample drop on
Nanodrop 1000 spectrophotometer (Thermo Scientific, USA) and measured the absorbance of
the sample at 260 nm. The purity of the sample from contaminating proteins or polysaccharides
was evaluated by calculating the ratio between absorbance at 260/280 nm and absorbance at

260/230 nm, respectively. Pure RNA samples indicated value of O.D2s0/280nm close to 2.0.

3.2.7 Complementary DNA (cDNA) synthesis

Total RNA isolated from both L. bicolor and H. cylindrosporum was used for synthesizing
cDNA using “PrimeScript 1st strand cDNA Synthesis Kit, (Takara, CA, USA)” as per the

manufacturer’s instructions:

1. To 5 pug of total RNA added 1pul of oligo dT Primers (50 uM), 1 pl of dNTP mixture
(10 mM) and RNase-free water to raise the volume to 10 pl.

2. Incubated the mixture at 65°C for 5 minutes and then immediately cooled on ice.

3. To the above mixture added 4 pl PrimeScript Buffer (5x), 20 U of RNase inhibitor,
100-200 U of PrimeScript reverse transcriptase (RT) and RNase free water for volume
makeup upto 20 pl.

4. Mixed gently and the reaction was carried out at 42°C for 1 hour to robust extension
capability of template with complex secondary structure.

5. Heated the mixture at 70°C for another 10 minutes to stop the reaction and inactivate
enzymes followed by cooling the mixture. The cDNA was stored at -20° for further use.

6. cDNA was verified by amplifying the housekeeping genes such as a-actin and -

tubulin.

3.2.8 PCR amplification of »-GCS and GS

The two genes involved in glutathione biosynthesis - y-glutamylcysteine synthetase (y-GCS)
and glutathione synthetase (GS) were amplified from the cDNA of both L. bicolor and H.
cylindrosporum through polymerase chain reaction (PCR). Gene specific primers were
designed for both y-GCS and GS genes, using the sequences retrieved from JGI portal

(http://genome.jgi.doe.gov/) (Table 3.1). Specific restriction sites were added to the 5’ end of

each primer (underlined: Table 3.1). PCR amplification of y-GCS gene was carried out in a 25
Ml reaction consisting of 1 X reaction buffer, 2 ul (ANTPs, 2mM), 1 pl (forward primer, 10
M), 1 pl (reverse primer, 10 uM), template DNA (cDNA) (100 ng), 1.5 U Taq polymerase
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and nuclease free water to make 25 pl. The PCR program was set as: initial denaturation at
95°C for 5 min followed by 30 cycles of 1 min at 94°C, 1 min at 62°C, 1 min at 72°C and a
final extension at 72°C for 8 min. The amplified products were visualized on 1.0% agarose gel

using ethidium bromide staining.

Table 3.1: List of primers used for complete genes amplification and gPCR analysis. The

restriction sites added to the 5° end of primers are underlined.

Gene Primer  Sequence (5’-3°)

Primers for complete gene synthesis

Lby-GCS LbndelF GGAATTCCATATGGATGGGCCTCTTGTATCTCGGCA
LbxholR CCGCTCGAGCGGCATTTCATCTATGGCCAGCAATAG
LbGS Lbbam2F CGGGATCCCGATGACAATAGAGCCGTTTGACATCCC
Lbeco2R CGGAATTCCGATCCACCAACAGCAGCGAATCTAAC
Hcy-GCS HcndelF GGAATTCCATATGGATGGGTCTTCTTTATCTCGGAAC
HcnotlR  ATAAGAATGCGGCCGCCGGGAATTTGGGCATAAAG
HcGS Hcnde2F  GGAATTCCATATGATGGCATCGACTTTCGACTTTGCC

HcnotzZR  ATAAGAATGCGGCCGCCACCAAGAGCAATGAATCC
Primers for qPCR analysis
Lb a-actin LactF TGGAAGCGTAATGGGGAAGT
LactR CAGTGTTGGTGATGTGCGAA
Lb S-tubulin LtubF CCCACGTTGCCATTTTCTCA
LtubR CATGCGGTTCTTGGGTTGAA
Lbadenosin LakF TCATCACTGGCCATCATCGA

kinase LakR TAGTAGAACTTCGCGCCCTC
Lby-GCS LG1F GCATGCAATGTTTCTGACGC
LGIR CGACAATCCACATCAGCGAG
LbGS LG2F TTCAAGAGGTGCTAGCCCAA
LG2R TCTAAACCCCACATGGCCAT
Hc a-actin HactF GTACAAGCGCTCGTGAACAT

HactR GATACTCTCGTCCAGTGGCA
Hc p-tubulin HtubF CGCTACTAACCCTCAAACGC

HtubR CCATCACGGTGGACACTAGT

HakF CGGTGTTGAATCTGCTCTCG
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Hcadenosin HakR ATTTGTTGAAGTTGGGCGCT

kinase

Hcy-GCS HG1F ACATTCCAAGCTTGCAACGT
HG1R TCGACATCAGCGAGGTATCC

HcGS HG2F CGTGGACCAGCTCGAAAATT

KG2R AGGCGAAGGAAAGAGGGAAA

3.2.9 Gene purification, digestion and ligation

Purification: The amplified genes (Lby-GCS, LbGS, Hcy-GCS and HcGS) were then purified
using “GeneJET PCR Purification Kit (Thermo Fisher Scientific, Massachusetts, USA)” as per
the manufacturer’s instructions. The purified gene products were eluted in deionized water in
a clean vial.

Digestion: The purified genes (Lby-GCS, LbGS, Hcy-GCS and HcGS) along with pFL61
plasmid were subjected to double digestion at restriction sites added to their 5 end (Table 3.1)

using their respective restriction enzymes (Figure 3.2) in a 50 pl reaction (Table 3.2).

Table 3.2: Composition of restriction digestion reaction

Component Concentration
Gene/ Plasmid DNA 1ug
Restriction enzyme | 1l
Restriction enzyme Il 1pl
Digestion buffer (10X) S5ul
Deionized water To make 50 pl

The reaction mixture was mixed well and incubated at 37°C for 3-4 hours. The digested genes
and plasmids were loaded on 0.8% agarose gel and purified using “GeneJET Gel Extraction

Kit”. The purified digested genes and plasmid were eluted into deionized water.

Ligation: The genes (Lby-GCS, LbGS, Hcy-GCS and HcGS) were then ligated into their
respectively digested pFL61 plasmids in the ratio 3:1 (3-times insert in 1-time plasmid) using

the T4 DNA ligase (Figure 3.2) in the following reaction mixture (Table 3.3):
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Table 3.3: Composition of ligation reaction

Component

Concentration

Digested gene insert
Digested plasmid

T4 DNA ligase
Ligation buffer (10X)

Deionized water

75 ng

25 ng

1l

2 ul

To make 20 pl

The reaction mixture was properly mixed and incubated at 4°C overnight.

<97

Double dlgestlon

@

Ligation

T (=)

Transformation in E.coli DH10p cells

Figure 3.2 Schematic diagram highlighting the process of double digestion, ligation and

transformation.

3.2.10 Cloning of ligated glutathione genes in E. coli DH10p

The ligated genes (pFL61+Lby-GCS, pFL61+LbGS, pFL61+Hcy-GCS and pFL61+HcGS)
were then transformed into E. coli DH10p competent cells through heat shock method:

72



Competent cell preparation:

1. The E. coli DH10p cells were inoculated in 20 ml LB medium (Appendix I) and
incubated overnight at 37°C with vigorous shaking.

2. The overnight grown culture (100 ul) was then used to inoculate 50 ml LB, incubated
at 180 rpm for 3-4 hours (till the absorbance at 600nm reached 0.5).

3. Transferred the culture into 50 ml Oakridge tubes and incubated on ice for 20 minutes.

4. The cells were then centrifuged at 8000 g for 15 minutes (4°C) and the supernatant was
discarded.

5. The E. coli pellet was then suspended in 10 ml of ice cold 0.1M CaCl; and incubated
on ice for 15 minutes, followed by centrifugation at 8000 g for 15 minutes (4°C).

6. The supernatant was discarded, and pellet was again dissolved in 1 ml of ice cold 0.1

M CaCl,. The cells were then incubated overnight at 4°C.
Bacterial cell transformation

1. To 100 pl of freshly prepared competent cells, 5 pl of ligated product was added and
mixed gently. The mixture was then incubated on ice for 30 minutes to initiate plasmid
binding to cell.

2. The cells were then exposed to heat shock for exactly 2 minutes at 42°C in a still water
bath, followed by rapid transfer to ice for 2-3 minutes.

3. 1 ml of LB was then added to each tube and incubated at 37°C for 1 hour.

4. After 1 hour, the tubes were centrifuged and 900 ul of LB was discarded. The pellet
was then resuspended in remaining 100 pl LB and spread on LA + Amp or LA + Amp
+ X-Gal + IPTG plates.

5. The plates were then incubated at 37°C for 16 hours. After 16 hours, the positive clones
for each transformation (pFL61+Lby-GCS, pFL61+LbGS, pFL61+Hcy-GCS and
pFL61+HcGS) were screened using colony PCR.

Colony PCR for screening of positive clones

1. The pin tip colony from each transformant was dissolved in 10 pl H20 and lysed by

heating at 97°C for 5 minutes.
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2. 3 pl of lysed cells were used as template to run the PCR in a 25 ul reaction consisting
of 1X reaction buffer, 2 ul dNTPs (2 mM), 1 pl forward primer (10 uM), 1 ul reverse
primer (10 uM), 1.5 U Tag polymerase and nuclease free water to make 25 pl.

3. The PCR was run in a thermocycler with the following program: 95°C for 5 min
followed by 30 cycles of 30 sec at 94°C, 30 sec at 55°C, 30 sec at 72°C and final
extension at 72°C for 7 min.

4. The positive clone for each gene (pFL61+Lby-GCS, pFL61+LbGS, pFL61+Hcy-GCS
and pFL61+HcGS) was selected based on the amplified product visualized on 1.0%

agarose gel using ethidium bromide staining.

3.2.11 Isolation of Plasmid DNA

The plasmid DNA was isolated from the positive E. coli clone of each pFL61+Lby-GCS,
pFL61+LbGS, pFL61+Hcy-GCS and pFL61+HcGS obtained after transformation by alkaline
lysis method as given below:

1. The positive clones were inoculated in 20 ml LB broth and incubated overnight at 37°C
with constant shaking.

2. 2 ml of the freshly grown culture was centrifuged at 12000 g for 1 minute and the
supernatant was discarded.

3. To the pellet, 200 ul of ice-cold solution I (50 mM glucose, 10 MM EDTA in 25 mM
Tris-HCI (pH 8)) was added and mixed vigorously by vortexing till the pellet was
completely dispersed in the solution.

4. Added 200 pl of freshly prepared solution Il (0.2N NaOH with 1% SDS) and mixed
the content by gently inverting the tubes five to ten times. The tubes were then incubated
on ice for 2-3 minutes.

5. To the above mixture, 300 pl of ice-cold solution I11 (3M potassium acetate with 11.5
ml glacial acetic acid in deionized water) was added and mixed by inverting the tubes
5-10 times. The mixture was then incubated on ice for 5-10 minutes.

6. The mixture was then centrifuged at 12000 g for 10 minutes (4°C) and the supernatant
was carefully transferred to fresh tube.

7. The plasmid DNA was then precipitated from the supernatant by adding equal amount
of isopropanol and mixing well.

8. The tubes were then incubated at -20°C for 1 hour to facilitate precipitation, followed
by centrifugation at 12,000 g for 10 minutes (4°C).
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9. The supernatant was discarded, and the pellet was washed with 400 pl of 70% ethanol.
The tubes were then centrifuged at 8500 g for 5 minutes.

10. The pellet so obtained was air dried by inverting the tubes on paper towel and dissolved
in 30-50 pl of DNase free water.

11. The isolated plasmid was then visualized on 0.8% agarose gel using agarose gel

electrophoresis (Section 3.2.6) and quantified on nanodrop.
3.2.12 Yeast transformation

For the functional characterization of genes, the plasmid isolated from their respective E. coli
positive clones (pFL61+Lby-GCS, pFL61+LbGS, pFL61+Hcy-GCS and pFL61+HCGS) were
transformed into S. cerevisiae mutants. Two S. cerevisiae mutants gsh1? (BY4741; MATa;
ura3A0; leu2A0; his3A1; met1 SA0; YIL101c::kanMX4) and gsh24 (BY4741; MATa; ura3A0;
leu2A0; his3A1; metl5A0; YOLO049w::kanMX4) were transformed with pFL61+Lby-
GCS/pFL61+Hcy-GCS and pFL61+LbGS/pFL61+HCGS, respectively using the Lithium
acetate method (Gietz and Schiestl, 2007) as described below:

1. 20 ml of YPD medium (Appendix 1) was inoculated with S. cerevisiae mutants gsh14
and gsh24 and incubated overnight at 30°C with constant shaking at 200-250 rpm. The
absorbancesoonm Of the overnight grown culture was measured.

2. A new 40 ml YPD flask was inoculated with the overnight culture such that the
absorbancesoonm becomes 1.0 and the final volume becomes 50 ml.

3. The flask was then incubated at 30°C for 3-4 hours at 200 rpm such that the
absorbancesoonm reaches 2.0.

4. The culture with absorbancesoonm 2.0 was then transferred into 50 ml falcon tube and
centrifuged at 3000 g for 5 minutes. The supernatant was discarded, and the pellet was
washed with 20 ml of distilled water (autoclaved), followed by centrifugation at 3000
rpm for 5 minutes.

5. The pellet was again resuspended in 1 ml of distilled water and transferred to 1.5 ml
eppendorf tube.

6. The tubes were again centrifuged, and the supernatant was discarded. The pellet was
again dissolved in 1 ml of distilled water.

7. Make 100 pl aliquots from the above 1 ml solution to make competent cells. Centrifuge
the aliquots for 30 seconds and discard the supernatant.

8. To the pellet in each tube, add the following mixture:
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(*Before using, salmon sperm DNA was denatured by heating at 100°C for 5 minutes)

PEG 3500 (50% w/v) 240 pl

Lithium acetate (1M) 36 pl

Salmon sperm DNA (10 mg/ml) * 10 pl

Plasmid DNA 5ul

Distilled water To make 360 pl

9. An aliquot without plasmid DNA was kept as negative control and with only pFL61
was used as positive control.

10. For gsh14 cells, plasmid DNA used were pFL61+Lby-GCS and pFL61+Hcy-GCS,
whereas for gsh24, the plasmid used were pFL61+LbGS and pFL61+HcGS.

11. The pellet was dissolved properly, and the mixture was incubated at 42°C for 1 hour,
followed by centrifugation at 3000 g for 30 seconds.

12. The supernatant was discarded, and the pellet was resuspended in 1 ml of YPD media,
followed by incubation at 30°C for 1 hour. After 1 hour, the tubes were again
centrifuged at 3000 g for 30 seconds.

13. The pellet was washed with 1 ml distilled water (autoclaved) and centrifuged at 3000 g
for 30seconds.

14. The pellet was again suspended in 1 ml water, followed by spreading on SD-Ura plates
supplemented with and without metal(loid) (As: 100 uM and Cd: 40 uM). The plates
were then incubated at 30°C for 2 days.

15. After 2 days the positive clones were selected by colony PCR followed by plasmid

isolation.
3.2.13 Yeast Colony PCR

1. Pin heads of colonies were picked using sterile toothpicks and dissolved in 10 pl of
NaOH (20 mM).

2. The tubes were then heated at 98°C for 30 minutes and then immediately transferred on
to ice.

3. The tubes were then spinned on table top spinner for 30 seconds.

4. 3 pul of the supernatant obtained after spinning was used as a template to run PCR in a
25 pl reaction as described in section 3.2.10.

5. The PCR products were then visualized on 1% agarose gel under U.V light.
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3.2.14 Functional complementation assay

The function characterization of both y-GCS and GS genes isolated from L. bicolor and H.

cylindrosporum was achieved by expressing both genes in their respective yeast mutants gsh14
and gsh24. The positive clones of gsh1? carrying pFL61, pFL61+Lby-GCS, pFL61+Hcy-GCS
and gsh2“ carrying pFL61, pFL61+LbGS, pFL61+HcGS along with wild type BY4741 were

grown on SD-Ura medium at 30°C. The cultures were then characterized using two tests- drop

test and liquid medium test.

3.2.14.1 Drop test:

1.

All the transformants along with wild type BY4741 were inoculated in SD-Ura broth
and incubated at 30°C for 48 hours with constant shaking at 210 rpm.

After 48 hours, the absorbance of each culture was measured at 600 nm. The absorbance
of each culture was adjusted to 1.0.

Each culture with absorbance 1.0 was then serially diluted up to 10 (10°, 10?, 107,
1073, 10%).

5 ul of each serial dilution was then spotted as a drop on SD-Ura plates supplemented
with and without metal(loid) i.e., CdSO4: 40 uM and NazHAsO4: 100 pM.

The plates were then sealed and incubated at 30°C for 48 hours. After 48 hours, the

growth on each plate was monitored and photographed.

3.2.14.2 Liquid assay:

1.

All the transformants along with wild type BY4741 were inoculated in different flasks
containing 50 ml of SD-Ura medium and incubated at 30°C with constant shaking till
the absorbance at 600 nm reached 0.05.

The cultures were then supplemented with different concentrations of Cd (0, 20, 40, 60,
80 uM) and As (0, 50, 100, 150, 200 pM).

All the flasks were then incubated at 30°C with constant shaking at 210 rpm for 24
hours.

After 24 hours, the growth of each culture under different stresses was recorded as

absorbance at 600 nm.
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3.2.15 Expression of y-GCS and GS by real time PCR (RT-PCR) analysis

The effect of Cd and As on the expression of both genes y-GCS and GS in L. bicolor and H.

cylindrosporum was analyzed using real time PCR.

1. L.bicolor and H. cylindrosporum were grown on MMN plates overlaid with cellophane
sheets for 14 days. After 14 days, both cultures were stressed with different
concentrations of Cd (0, 10, 20, 30, 40 uM) and As (0, 5, 10, 15, 20 mM) and incubated
at 25°C for 48 hours.

2. After 48 days, the stressed mycelium was scrapped and crushed using liquid nitrogen.

3. The total RNA was isolated from the liquid nitrogen crushed samples of both L. bicolor
and H. cylindrosporum using the protocol described in section 3.2.5.

4. Complementary DNA (cDNA) was synthesized using 5 pg of each RNA sample as
described in section 3.2.7.

5. The gene expression analysis of both y-GCS and GS was performed using the SYBR
Green JumpStart Taq ReadyMix (Sigma-Aldrich) in a 25 pl reaction mixture (Table
3.4)

Table 3.4: Reaction composition for real time PCR analysis

Component Concentration
SYBR Green master mix 12.5 ul
Forward Primer (10 mM) 1.0 ul

Reverse Primer (10 mM) 1.0 pl

cDNA template (20 folds diluted) 1.0 pl

Water To make 25 pl

6. The gPCR reaction was performed in a mastercycler® ep realplex real-time PCR
system (Eppendorf, Germany) using the following PCR program- initial denaturation
at 95°C for 2 minutes, followed by 40 cycles of 95°C for 15 seconds, 55°C for 15
seconds and 68°C for 20 seconds.

7. To confirm that there were no traces of DNA present in RNA extracts, PCR was
performed with non-reverse-transcribed RNA samples as control

8. The relative expression of all four genes Lby-GCS, LbGS, Hcy-GCS and HcGS was
calculated by the comparative threshold (Ct) method using a-actin, B-tubulin and
adenosine kinase as housekeeping reference genes (Primers- Table: 3.1).
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10.

11.

12.

The Norm-Finder analysis of all three housekeeping genes was performed by method
described by Andersen et al., (2004) and it was observed that a-actin showed minimum
stability value. Therefore, a-actin was further used as the reference gene for
comparative analysis.

The amplification efficiency of genes was calculated by the equation E=[10¢Y/s1P®)]-1.
The E values so obtained were in a range from 1.25 to 1.75.

The values were further used to calculate Ctl value where Ct1=Cte X [log(1+E)/log2].
The Ctl value was calculated for each sample and then the comparative expression
level of the genes was given by the formula 224, where AACT was calculated by
subtracting the baseline’s ACT to the sample’s ACT and where the baseline represents
the expression level of the control (Livak and Schmittgen 2001).

All gRT-PCR measurements were performed on RNA extracted from three independent
biological samples (experimental replicates), and for each RNA extract three technical

replicates were performed.

3.2.16 Sequence analysis of y-GCS and GS genes

Both y-GCS and GS genes were amplified from the cDNA of L. bicolor and H. cylindrosporum

using the gene specific primers synthesized in table 3.1. The amplified genes Lby-GCS, LbGS,

Hcy-GCS and HcGS were then ligated into pMD20 vector using the “Mighty TA cloning kit
(Takara, CA, USA)”. The ligated products were then transformed into E. coli DH10 cells by

the heat shock method as described in section 3.2.10. The positive clones were then selected

by colony PCR followed by plasmid isolation. The genes were then sequenced using the M13

primers by chain termination method, using an Applied Biosystems automatic sequencer (DNA

sequencing facility, Department of biochemistry, South campus, Delhi university, New Delhi,
India). The sequences so obtained were then submitted to GenBank of NCBI (Table 3.5)

(Appendix-I1) and further analyzed using various bioinformatic tools.

Table 3.5: List of sequences submitted to NCBI with accession number.

S.No. Gene Name Accession No.
1 Lby-GCS MF766455
2 LbGS MF766456
3 Hcy-GCS MH892339
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4 HcGS MK617301

The open reading frame (ORF) of all the four sequences was identified using the ORF finder
(https://www.ncbi.nlm.nih.gov/orffinder/). The selected ORF was then subjected to BLASTX
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) for searching the homologous sequences. The
homologous sequences so obtained were then aligned using Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/). The evolutionary relationship of genes was

further studied by constructing their phylogenetic tree. Maximum parsimony phylogenetic tree
with 1000 bootstraps was constructed using MEGA 7.0 software. The molecular weight and pl
of the identified protein  sequences was  calculated using  ExPASy
(https://web.expasy.org/compute_pi/). The protein domains were identified using Interpro
(http://www.ebi.ac.uk/interpro/sequence-search). Various conserved domains like catalytic
domains, ATP binding domains, glycosylation sites, phosphorylation sites were identified
using Motif-Scan and ATPint (crdd.osdd.net/raghava/atpint/index.html). The secondary
structure of protein was predicted using PSSpred (http://zhanglab.ccmb.med. umich.edu/

PSSpred), where all the possible a-helix, b-sheets and coils were identified.

3.2.17 Comparative proteomic analysis of L. bicolor in response to Cd stress.

The response of ECM fungus Laccaria bicolor to Cd stress and the mechanisms involved in
Cd toxicity were studies using the comparative proteomic analysis. L. bicolor was grown on
MMN medium for 14 days at 25°C. After 14 days, half of the plates were supplemented with
40 uM of Cd and allowed to grow for another 48 hours. After 48 hours, the mycelium was
precured from both stressed (LbCd-40) and unstressed (LbCd-0) plates and crushed with liquid
nitrogen. The crushed samples were further used for proteomic analysis using the steps
mentioned below (Figure 3.3):

Isolation of total proteins from both Lbcd-0 and LbCd-40
Qualitative analysis of isolated proteins using SDS-PAGE
In-solution digestion of isolated proteins using Trypsin
Separation of digested peptides using liquid chromatography
Mass spectroscopic analysis using ECI-gTOF MS/MS system
Identification and quantification of peptides

Comparative analysis of data LbCd-40: LbCd-0

YV V. V V V V V
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Figure 3.3: Total proteome analysis of ECM fungus L. bicolor in response to Cd stress using
Liquid chromatography-ESI-gTOF-MS/MS analysis.

3.2.17.1 Isolation of total protein from L. bicolor

The proteomic response of ECM fungus L. bicolor to Cd stress was studied by isolating the
total proteins from the liquid nitrogen crushed samples of L. bicolor both with and without Cd
stress. The L. bicolor culture was grown on MMN plates overlaid with cellophane sheets at
25°C for 14 days. After 14 days, the cellophane sheets were transferred on to liquid MMN
medium supplemented with and without Cd (40 uM) for 48 hours. The mycelium from both
samples was then scrapped and crushed using liquid nitrogen. Total proteins were then isolated

from the liquid nitrogen crushed samples using the following protocol:

1. 1 ml of lysis buffer containing 50 mM ammonium bicarbonate pH8, 1% SDS and 5 pl
protease inhibitor cocktail was added to 500 mg of liquid nitrogen crushed mycelium,
and mixed by vigorous vortexing.

2. The mixture was then sonicated in Ultrasonic bath sonicator for 15 minutes at 4°C with
intermediate mixing.

3. The mixture was then centrifuged at 5000g for 5 minutes at 4°C, and the supernatant

containing proteins was precured in a separate tube.
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4. The isolated proteins were then purified using ReadyPrep™ 2-D Cleanup Kit (BioRad)
as per the manufacturer’s instructions.

5. The purified proteins were then dissolved in 50 mM ammonium bicarbonate+ 0.1%
SDS and quantified using Bradford assay (Section 3.2.17.2)

6. The protein integrity was checked by visualizing them through SDS-PAGE (3.2.17.3).

3.2.17.2 Protein quantification using Bradford assay

The total proteins isolated were then quantifies using the protocol described by Bradford
(1976).

1. Firstly, six dilutions of BSA (1 mg/ml) were serially dilutes to 1000, 500, 250, 125,
62.5, 31.25 pg/pl.

2. 100 pl of each dilution along with the unknown proteins (LbCd-0 and LbCd-40) were
distributed in separate test tubes. Two tubes were prepared with 100 ul water for setting
‘Blank’.

3. To each tube 3 ml of Bradford reagent (Appendix 1) was added and the tubes were
mixed by either inversion or vortexing.

4. The tubes were then incubated at room temperature for at least 5 minutes.

5. The absorbance of each sample was recorded at 595 nm.

6. The values for each protein standard were plotted on a graph (concentration vs
absorbance). The linear graph so obtained was used to measure the quantity of LbCd-0
and LbCd-40.

3.2.17.3 Quialitative analysis of proteins using SDS-PAGE

1. Gel casting:
» The glass plates were assembled with spacers placed in between the plates.
» The plates were then fixed on the gel casting assembly
> Firstly, the 12% separating gel (resolving gel) (Appendix 1) was prepared and
poured immediately into the glass plates till 3/4" of the space is filled.
» A layer of butanol was poured on the top of separating gel so as to kill bubbles
and avoid gel oxidation.

» The gel was allowed to solidify.
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>

>

>

Once the separating gel solidifies, layer of butanol is removed and comb is
inserted between the glass plates on top.

The remaining 1/4™ of the plates is then filled with 4% stacking gel (Appendix
I) and allowed to solidify.

Once the gel stacking gel solidifies, remove the comb and the gel is ready for
SDS-PAGE.

2. Poly acrylamide gel electrophoresis:

>

The casted gel is then placed into the electrophoresis tank filled with tank buffer
(Appendix I).

» The 20 ug of protein sample is then mixed with 5 ul of loading dye and loaded
into the wells.
» Suitable molecular weight marker was also loaded in a separate well.
» The plates were then connected to electrodes and the electrophoresis was run at
100V till the tracking dye reaches the other end.
3. Gel Staining:
» The acrylamide gel was then precured by removing the glass plates and placed

>

in a staining box.

Staining solution (Appendix I) was poured on top of the gel till the gel is
completely immersed.

The box was then placed on the gel rocker for 2-4 hours.

4. Destaining:

>
>

The stained gel is then washed with deionized water.

The stained gel was then immersed in destaining solution (Appendix I) for 8-10
hours.

The destaining solution was changed in between till the gel is completely

destained and the bands are clearly visible.

3.2.17.4 Label free LCMS Q-TOF analysis

The total protein isolated in section 3.2.17 was then subjected to in-solution digestion followed
by HPLC, label free quantitation, Q-TOF for mass spectroscopy analysis and protein
identification by Sandor Speciality Diagnostics Pvt Ltd, Hyderabad, Telangana using the

following protocol:
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For in-solution digestion, 100 ug of the isolated total protein was diluted with 50 mM
of NH4HCO3 and treated with 100 mM DTT at 95°C for 1 hour.

. After 1 hour the sample was cooled and 250 mM IDA was added and incubated at room
temperature in dark for 45 minutes.

. The sample was then digested with trypsin and incubated overnight at 37°C.

. The digested sample was then vacuum dried and dissolved in 50 ul of 0.1% formic acid
in water.

. The sample was then centrifuged at 10000 g for 10 minutes. The supernatant was
carefully collected in a separate tube.

.10 ul of the digested sample was then injected into the Liquid chromatography system
“ACQUITY UPLC system (Waters, UK) using the column UPLC BEH C18) (150 mm
X2.1mm X 1.7 um) (Waters, UK) in order to achieve the protein separation. A gradient
elution program was run for the chromatographic separation with mobile phase A (0.1%
formic Acid in water), and mobile phase B (0.1% formic acid in acetonitrile) using the
program mentioned in Table 3.6.

Table 3.6: Liquid chromatography- Gradient elution program

S. No Time Flow %A %8B Curve
1 Initial 0.300 98.0 2.0 Initial
2 1.00 0.300 98.0 2.0 6
3 30.00 0.300 50.0 50.0 6
4 32.00 0.300 50.0 50.0 6
5 40.00 0.300 20.0 80.0 6
6 45.00 0.300 20.0 80.0 6
7 50.00 0.300 98.0 2.0 6
8 55.00 0.300 98.0 2.0 6
9 60.00 0.300 98.0 2.0 6

. Three runs per sample were carried out for label free quantitation.

. The peptides separated by LC were then directed to Waters Synapt G2 Q-TOF (Waters,
UK) for MS and MSMS analysis. Samples were analyzed in positive mode using the
operation parameters mentioned in Table 3.7.
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Table 3.7: Operational parameters for Q-TOF MSMS analysis

Experimental Instrument Parameters

Polarity

Analyzer

Capillary (kV)

Source Temperature (°C)
Sampling Cone

Extraction Cone

Source Gas Flow (ml/min)
Desolvation Temperature (°C)
Cone Gas flow (I/hour)
Desolvation Gas flow (I/hour)
Acquisition

Acquisition time

Source

Acquisition polarity
Analyzer mode

TOF MS

Da Range

Scan Time

Data Format

Collision Energy (Low)
Collision Energy (Trap)
Collision Energy (Transfer)
Collision Energy (High)
Ramp Trap Collision Energy

Ramp Transfer Collision Energy

Cone voltage

Cone Voltage

ES+

Resolution mode
3.5000

150

45

4.5

30

350

30

800

60 minutes
ES
Positive

Resolution

50 Da to 1500 Da
0.5 seconds

Continuum

On-6 V
On-6 V

On-20Vto 45V
Off

40 V

9. The raw data precured was then processed by Mass Lynx 4.1 (Waters, UK).

10. The individual peptide’s MSMS spectra were then matched to the database sequence

for protein identification on PLGS software 3.0.2 (Waters, UK). The source of the
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sample being Basidiomycota Proteins for samples: LBCD_0 and LBCD_40 the protein
database was downloaded from UniProt database (Basidiomycota Proteins) and used
for searching the proteins present in the sample. 3 run of each sample was processed
using the search parameters in the software (Table 3.8).

Table 3.8: Search parameters for PLGS software

Search Parameters:

Peptide tolerance (ppm) 50
Fragment tolerance (ppm) 100
Min no. of fragment matches for peptides 2
Min no. of fragment matches for proteins 5
Min no. of peptide matches for proteins 2

Missed Cleavages 1

Modification Carbamidomethyl ¢, Oxidation m
Database UniProt: Basidiomycota

Search engine PLGS

3.3 Statistical analysis

All the experiments were performed in triplicates. The data were analyzed by analysis of
variance and the means were compared with Tukey's test at P < 0.05. All the analyses were

performed by using Graph Pad Prism 5.1 software.
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CHAPTER 4

RESULTS & DISCUSSION

4.1 Screening of ectomycorrhizal fungi for their tolerance to Cd and As

Studying the physiological response of ectomycorrhizal (ECM) fungi, Laccaria bicolor and
Hebeloma cylindrosporum to different concentrations of cadmium (Cd) and arsenic (As) is a
prerequisite for molecular and genetic analysis. It provides the information about the threshold
toxic concentration of each metal(loid) and its tolerance level in ECM fungi. The ECM fungi,
L. bicolor and H. cylindrosporum were subjected to different concentrations of Cd and As. The
tolerance of the fungi was recorded as the biomass recovered after stress. With the increase in
external metal(loid) concentration, the growth of both L. bicolor and H. cylindrosporum was
adversely affected.

In case of Cd, the increase in external metal concentration significantly decreased the mycelium
growth. For L. bicolor, the half minimum inhibitory concentration (ICso: concentration of Cd
at which the biomass is reduced to 50%) of Cd was recorded at ~8 pM. At 9 uM, the mycelium
growth was reduced to 45%, whereas at 12 UM, only 7% of the biomass was obtained, which
got reduced to 4.8% at 15 uM (Figure 4.1) (Table 4.1). Similarly, in case of H. cylindrosporum,
the half minimum inhibitory concentration of Cd was recorded at 8 pM. At 6 puM, the growth
was reduced to 70%, whereas at 9 puM, the growth was reduced to 46% and at 12 uM, only
5.4% biomass was recovered, which further got reduced to 4.4% at 15 uM (Figure 4.1) (Table
4.1).

Similar observations have been recorded in case of As, where with increase in external
concentrations, the fungal biomass was adversely affected (Figure 4.2). In case of L. bicolor,
at 3 mM of external As, the mycelium growth was reduced to 72.4%, at 6 mM it was reduced
to 58.9%. Half minimum inhibitory concentration (ICso) was recorded at ~7 mM, which was
further reduced to 34.4% at 9 mM, 27.1% at 12 mM and 21.6% at 15 mM. Similarly, in case
of H. cylindrosporum, when exposed to 3 mM of external As, the growth was reduced to 84.9%
and at 6 mM, it was reduced to 62.5%. The ICso for As was recorded at ~8 mM. Further,
increasing the As concentration to 9 mM resulted in biomass reduction to 44.4 %, followed by
31.7 % at 12 mM and 24.8 % at 15 mM (Table 4.2).
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Table 4.1: Tolerance of L. bicolor and H. cylindrosporum to Cd. Effect of external Cd
concentration was recorded as the dry weight (mg) precured after 48 hours of metal stress in a

50 ml MMN broth supplemented with different concentrations of Cd.

Cadmium Dry Weight (mg/50 ml culture)
concentration L. bicolor H. cylindrosporum
(LM)
0 72.00+£3.21a 42.5+0.940a
3 59.66+2.56b 32.8+£2.496b
6 50.68+1.89c 30.2+1.554c¢
9 32.33+2.15d 19.5+1.650d
12 5.33+0.245¢ 2.3+1.589%¢
15 3.50+0.11e 1.9+0.075e

Values (Mean+SD) sharing a common letter within the column are not significantly different
at P<0.05 (n=3).
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Figure 4.1: Effect of different concentrations of Cd on the growth of L. bicolor and H.
cylindrosporum recorded as dry weight of mycelium precure after 48 hours of metal stress.
Values sharing a common letter within the fungal strain are not significantly different at P<0.05

(n=3). Error bars are + SD.
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Table 4.2: Tolerance of L. bicolor and H. cylindrosporum to As. Effect of external As
concentration was recorded as the dry weight (mg) precured after 48 hours of metal(loid) stress

in a 50 ml MMN broth supplemented with different concentrations of As.

Arsenic Dry weight (mg/50 ml culture)
Concentration L. bicolor H. cylindrosporum
(mM)
0 68.5+2.56a 48.60+1.072a
3 49.6+2.41b 41.30+1.320b
6 40.4+1.99c 30.40+1.150c
9 23.6+1.58d 21.60+1.890d
12 18.6+0.95e 15.40+1.265e
15 14.8+0.88e 12.10+1.690e

Values (Mean+SD) sharing a common letter within the column are not significantly different
at P<0.05 (n=3)

80 _
-©- L. hicolor

- H. cylindrosporum

o

Dry weight (mg 50mit culture)
N
(@)

Arsenic concentration (mM)

Figure 4.2: Effect of different concentrations of As on the growth of L. bicolor and H.
cylindrosporum recorded as dry weight of mycelium precure after 48 hours of metals stress.
Values sharing a common letter within the fungal strains are not significantly different at
P<0.05 (n=3). Error bars are + SD.
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These results suggest that increasing the external metal(loid) concentration, the mycelium
growth was retarded. The ICso values of Cd recorded for L. bicolor and H. cylindrosporum are
quite comparable to that of other ECM fungi, Cenococcum geophilum, Paxillus involutus,
Suillus luteus and Suillus himalayensis. The ICso value for Cenococcum geophilum was
recorded at 9 uM, whereas that for Paxillus involutus and Suillus luteus it was recorded at 2.2
MM and 0.4 uM respectively (Hartley et al., 1997). The I1Csg value of S. himalayensis when
exposed to Cd was recorded at 10 uM (Kalsotra et al., 2018) and that of Pisolithus albus was
recorded at 25 uM of Cd (Reddy et al., 2016). Different ECM fungal strains showed different
levels of tolerance to different heavy metals. Krznaric et al., (2009) isolated different strains of
Suillus luteus form Pinus Sylvestris grown in Cd contaminated and non-contaminated areas.
The 1Csg value of these species varied from 19 uM to 154 uM Cd. This difference in tolerance
is due to the adaptation of fungal species isolated from metal(loid) contaminated areas
(Krznaric et al., 2009).

The response of both L. bicolor and H. cylindrosporum to As stress is also comparable to some
of the already studied metal(loid) tolerant fungal systems. The I1Cso value of As recorded for
Hymenoscyphus ericae isolated from uncontaminated soil was at 1.33 mM, whereas the same
fungus isolated from mine area showed ICso at 13.3 mM As (Sharples et al., 2001). However,
the growth of Suillus variegatus, Hebeloma crustuliniforme and Cenoccum geophilum was
completely inhibited at 8 mM of As stress (Chen and Tibbett, 2007). The growth of Aspergillus
oryzae isolated from As-contaminated soil showed 50% inhibition at 8 MM As and complete
inhibition at 13 mM of As (Liang et al., 2018). Since different fungi responds differently to
different heavy metals, therefore it is important to study the tolerance level of ECM fungi to
each metal(loid) before its application.

4.2 Metal(loid) accumulation in ECM fungi

ECM fungi have developed diverse mechanisms for heavy metal(loid) tolerance, which
includes cell wall binding, metal(loid) efflux or intracellular chelation through ligands.
Bioaccumulation and biomethylation have been suggested as the key detoxification
mechanisms in microbes existing in Cd and As polluted areas (Su et al., 2011; Singh et al.,
2015). Therefore, to study the molecular mechanism involved in metal(loid) detoxification, it
IS prerequisite to investigate the metal(loid) accumulation in L. bicolor and H. cylindrosporum,
when exposed to increasing concentrations of Cd and As. Both fungi were stressed with
different concentrations of Cd and As for 48 hours followed by their washing and digestion
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with nitric acid/perchloric acid. The metal(loid) content in the fungal biomass was measured

using the atomic absorption spectroscopy.

With increase in external metal(loid) concentration, the metal(loid) accumulation in both L.
bicolor and H. cylindrosporum increased (Figure 4.3). When exposed to Cd stress, the metal
uptake in L. bicolor increased up to 9 uM Cd stress and decreased thereafter. The metal
accumulation of 0.224 pg/mg dry mycelium was observed at 3 uM Cd stress followed by 0.784
pg/mg at 6 UM and 0.869 pg/mg at 9 uM. Further, increasing the metal concentration became
lethal causing the fungus to stop growing and thus reducing the metal uptake to 0.615 pg/mg
at 12 pM and 0.396 pg/mg at 15 pM. Similar observations were made in case of H.
cylindrosporum, where the metal uptake increased till 9 uM of Cd stress followed by its
decrease at 12 uM and 15 uM (Table 4.3).

Table 4.3: Metal accumulation in L. bicolor and H. cylindrosporum when exposed to different

concentrations of Cd for 48 hours.

Cadmium Cadmium uptake
concentration (ng/mg dry mycelium)
(LM) L. bicolor H. cylindrosporum
3 0.224+0.0245e 0.314+0.095e
6 0.784+0.0085b 0.649+0.025¢c
9 0.869+0.0156a 0.946+0.023a
12 0.615+0.0696¢ 0.745+0.055b
15 0.396+0.0420d 0.490+0.012d

Values (Mean+SD) sharing a common letter within the column are not significantly different
at P<0.05 (n=3)
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Figure 4.3: The metal accumulation in L. bicolor and H. cylindrosporum when exposed to
different concentrations of Cd. Values sharing a common letter within the fungal strain are not
significantly different at P<0.05 (n = 3).

In case of As, the metal accumulation in both fungi increased as a function of external As
concentration (Figure 4.4). In L. bicolor, the As content of 0.07 pg/mg was observed at 3 mM
stress, which further increased to 0.137 pg/mg at 6 mM, 0.46 pug/mg at 9 mM, 0.52 pg/mg at
12 mM and 0.667 pg/mg at 15 mM. Similar observations were made in case of H.
cylindrosporum, where 0.6 pg/mg of As was accumulated when fungus was exposed to 3 mM
of external As. The accumulation further increased to 0.21 pg/mg at 6 mM, 0.45 pg/mg at 9
mM, 0.52 pg/mg at 12 mM and 0.76 pg/mg at 15 mM of external As stress (Table 4.4).

Table 4.4: Metal(loid) accumulation in L. bicolor and H. cylindrosporum when exposed to

different concentrations of As for 48 hours.

Arsenic Arsenic uptake
concentration (ng/mg dry mycelium)
(mM) L. bicolor H. cylindrosporum
3 0.0710+0.0089¢ 0.06+0.012¢
6 0.1370+0.0394d 0.21+0.068d
9 0.4600+0.0520c 0.45+0.031c
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12 0.5200+0.0458b 0.52+0.096b
15 0.6670+0.0258a 0.76+0.021a

Values (Mean+SD) sharing a common letter within the column are not significantly different
at P<0.05 (n=3).
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Figure 4.4: Metal(loid) accumulation in L. bicolor and H. cylindrosporum when exposed to
different concentrations of As. Values sharing a common letter within the fungal strain are not
significantly different at P<0.05 (n = 3).

Previous studies reveal that different ECM fungi responds differently to various toxic metals.
In a study by Siri¢ et al., (2017), ten ECM fungi when exposed to Pb, Cd and Hg, showed
different metal accumulation patterns. Macrolepiota procera was more efficient in
accumulating Pb, whereas Agaricus campestris was efficient in accumulating Cd and Boletus
edulis was efficient in accumulating Hg (Siri¢ et al., 2017). Agaricus macrosporus accumulated
Cd (Melgar et al., 2016) and Pisolithus albus accumulated Cd and Cu (Reddy et al., 2016).
The increase in As accumulation has also been reported in Aspergillus niger (Mukherjee et al.,
2010), Serpula himantioides and Trametes versicolor (Adeyemi, 2009). Borovicka et al.,
(2019) also reported high accumulation of Cd in Cystoderma carcharias isolated from smelter-

polluted sites.
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Both L. bicolor and H. cylindrosporum substantially accumulated both Cd and As when
exposed to different concentrations. The observation throws light on the fact that both L.
bicolor and H. cylindrosporum accumulate Cd and As inside their cellular bodies and are
tolerant to them at a wide range. Therefore, there might be some internal mechanisms

contributing to their sequestration and detoxification.

4.3 Total GSH production in response to Cd and As

The role of glutathione in Cd and As tolerance has been reported in many plants, mammals,
yeast and fungi (llyas and Rehman, 2015; Bianucci et al., 2017). The comparative proteomic
analysis of As induced differentially expressed proteins in rice plant revealed that glutathione
played a central role under As stress (Ahsan et al., 2008). Therefore, for better understanding
the molecular response of L. bicolor and H. cylindrosporum to Cd and As, total glutathione

produced in response to each stress was recorded.

Total GSH produced by both L. bicolor and H. cylindrosporum when exposed to different
concentrations of Cd and As was measured using the enzymatic recycling method (Rahman et
al., 2006). The readings were recorded as mM of glutathione produced per 100 mg of
mycelium. The amount of glutathione produced by both fungi increased with increase in

external metal(loid) stress.

A linear increase in GSH production was recorded when both fungi were exposed to increasing
concentrations of Cd (Figure 4.5). L. bicolor when exposed to 10 uM Cd, produced 0.573 mM
of GSH i.e., almost 6.36 times more than the GSH produced by mycelium without stress. The
proportion increased as the external Cd concentration was increased. At 20 uM Cd, the GSH
production increased by 9.8 times which increased to 13.8 times at 30 uM and 15.9 times at 40
M. Similarly, in H. cylindrosporum, 10 pM Cd stress resulted in 3 times increase in GSH
production as compared to the control. When the stress increased to 20 pM, the GSH
production increased 6.55 times, which was further elevated to 7.23 times at 30 uM and 7.34
times at 40 uM of external Cd (Table 4.5).
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Table 4.5: Total GSH production in L. bicolor and H. cylindrosporum when exposed to

increasing concentrations of Cd for 48 hours. The amount of GSH produced is recorded as mM

of GSH per 100 mg of mycelium.

Cadmium Total GSH
Concentration (mM/100 mg mycelium)
(UM) L. bicolor H. cylindrosporum
0 0.090+0.011e 0.115+0.025c
10 0.573+0.089d 0.346+0.059b
20 0.882+0.065¢ 0.754+0.031a
30 1.244+0.148b 0.832+0.041a
40 1.436+0.126a 0.845+0.055a

Values (Mean+SD) sharing a common letter within the column are not significantly different

at P<0.05 (n=3).
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Figure 4.5: Total glutathione production in L. bicolor and H. cylindrosporum when exposed
to Cd stress for 48 hours. Values plotted are mM of GSH produced per 100 mg of liquid
nitrogen crushed stressed fungi. Values sharing a common letter within the fungal strain are

not significantly different at P<0.05 (n = 3).
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Similar observations were made when both fungi were exposed to increasing concentrations of
As (Figure 4.6). When L. bicolor was exposed to 3 mM of external As, the total GSH content
increased by 5.07 times. Further, increasing the As concentration to 6 mM, the GSH
concentration increased to 10.64 times followed by 12.27 times increase at 9 mM As.
Increasing the As stress to 12 mM and 15 mM, sparingly increased the GSH concentration in
L. bicolor. In H. cylindrosporum, at 3 mM As stress, the GSH production was increased by
5.23 times. At 6 mM As, the GSH production was 10.48 times more than the control which
was further increased to 11.30 and 12.19 times at 9 mM and 12 mM As respectively. Further,
increasing the As stress to 15 mM did not increased the GSH production in L. bicolor (Table
4.6).

Table 4.6: Total GSH production in L. bicolor and H. cylindrosporum when exposed to
increasing concentrations of As for 48 hours. The amount of GSH produced is recorded as mM

of GSH per 100 mg of liquid nitrogen crushed mycelium.

Arsenic Total GSH
Concentration (mM/100 mg mycelium)
(mM) L. bicolor H. cylindrosporum
0 0.122+0.056¢ 0.119+0.022c
3 0.619+0.047b 0.623+0.097b
6 1.299+0.082a 1.248+0.078a
9 1.498+0.041a 1.345+0.105a
12 1.518+0.091a 1.451+0.075a
15 1.583+0.054a 1.467+0.062a

Values (Mean+SD) sharing a common letter within the column are not significantly different
at P<0.05 (n=3).
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Figure 4.6: Total glutathione production in L. bicolor and H. cylindrosporum when exposed
to As stress for 48 hours. Values plotted are mM of GSH produced per 100 mg of liquid
nitrogen crushed stressed fungi. Values sharing a common letter within the fungal strain are
not significantly different at P<0.05 (n = 3).

The amount of GSH produced in ECM fungi is directly proportional to the external metal(loid)
stress. GSH production increases with increase in external metal(loid) stress. The amount of
glutathione produced by L. bicolor (1.44 nmol/mg; 1.58 nmol/mg) and H. cylindrosporum
(0.84 nmol/mg, 1.47 nmol/mg) in response to Cd and As, respectively are quite comparable to
that of Paxillus involutus where 1.2 nmol/mg GSH was produced when stressed with 64 uM
Cd (Courbot et al., 2004) and P. chrysosporium where 2.5 nmol/mg GSH was produced at 162
UM Cd (Xu et al., 2016).

When exposed to intracellular Cd and As, glutathione provides a dual protection mechanism.
It acts both as an antioxidant and as a metal(loid) scavenger. As an antioxidant, glutathione
reduces the free radicals generated by Cd and As stress, thus, neutralizing their harmful effects
and itself gets oxidized to GSSG (Davison et al., 2003). Glutathione also reduces pentavalent
As to trivalent As (Mufiiz Ortiz et al., 2009). Both trivalent As and Cd are sulfhydryl reactive
metals having high affinity for the (-SH) group of glutathione (Delalande et al., 2010). They
bind glutathione forming As-(GSH)s and Cd-(GSH). complex, which actively gets transported
to vacuoles through the ABC transporters (Klein et al., 2002; Adamis et al., 2007; Leslie, 2012;
Outten et al., 2017). The metal-GSH conjugate has been identified in various mammals, plants
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and fungi, when exposed to heavy metals (Pickering et al., 2000; Canovas et al., 2004; Thomas,
2009; Verbruggen et al., 2009). However, it is worth noting that the ABC proteins serve as
metal(loid) transporters only when metal(loid) is complexed with the thiol group (Zhao et al.,
2009). Therefore, when exposed to Cd and As, the active glutathione present inside the cell
gets immediately utilized, leading to the induction in glutathione biosynthesis pathway
(Davison et al., 2003; Xu et al., 2014).

The increase in glutathione production in response to Cd has been reported in plants (Semane
et al., 2007; Yadav, 2010; Garg and Aggarwal, 2011; Liang et al., 2016; Xu et al., 2020),
mammals (Zhou et al., 2019; Del Aguila-Vargas et al., 2020), yeast (Adamis et al., 2007;
Pluskal et al., 2016;) and few fungi, Paxillus involutus, Phanerochaete chrysosporium
(Courbot et al., 2004; Xu et al., 2016). However, in case of As, the studies are limited to few
plants like Arabidopsis thaliana, Nicotiana tabacum (Degola et al., 2015; Aborode et al.,
2016), mammals (Mufiiz Ortiz et al., 2009) and yeast, Candida tropicalis, Saccharomyces
cerevisiae (Thorsen et al., 2007; 2012; llyas and Rehman, 2016). A remarkable 2.7-fold
increase in intracellular GSH concentration was observed in Candida tropicalis when exposed
to As and 2-fold increase under Cd stress (llyas and Rehman, 2016). However, the study is still
fragmentary in ECM systems. To our knowledge till date no data is available on studying the
response of ECM fungi to As stress and to provide the molecular insight into the glutathione
biosynthesis pathway in response to As stress. The present study clearly indicates the prompt
increase in glutathione production in both L. bicolor and H. cylindrosporum when stressed with

external Cd and As.
4.4 Enzyme activity of y-GCS and GS in response to metal(loid) stress

Glutathione biosynthesis is a two steps reaction mediated by two ATP dependent enzymes, y-
glutamylcysteine synthetase (y-GCS) and glutathione synthetase (GS). The function of both
enzymes (y-GCS and GS) isolated from ECM fungi, L. bicolor (Lby-GCS and LbGS) and H.
cylindrosporum (Hey-GCS and HcGS) in Cd and As tolerance has been corroborated by
monitoring their enzyme activity in response to heavy metals stress. Since both y-GCS and GS
are ATP dependent enzymes, they liberate one molecule of inorganic phosphate by converting
ATP to ADP, every-time they catalyze the synthesis of y-glutamylcysteine and glutathione,
respectively. Therefore, the amount of inorganic phosphate released per minute per mg of

protein is directly proportional to the enzyme activity of y-GCS and GS.

98



When exposed to increasing concentrations of Cd, the activity of all the four enzymes Lby-
GCS, LbGS, Hcy-GCS and HcGS increased (Figure 4.7, Figure 4.8). At the initial Cd stress of
10 uM, the activity of both Lby-GCS and Hcy-GCS increased by 3 folds (0.768 umol and 0.745
pmol of Pi released per mg protein per min) as compared to the control (0.260 pmol and 0.246
pmol of Pi released per mg protein per min), whereas the activity of LbGS and HcGS increased
by 2.2 and 1.77 folds, respectively. Increasing the Cd concentration to 20 UM, increased the
enzyme activity of Lby-GCS by 3.13 folds and that of Hcy-GCS by 3.62 folds, whereas the
activity of LbGS and HcGS was increased by 2.7 folds as compared to control. Further,
increasing the Cd stress to 30 puM, escalated the enzyme activity of Lby-GCS by 3.3 folds and
that of Hcy-GCS by 3.9 folds, whereas the activity of LbGS and HcGS was increased by 2.9
and 3.5 folds respectively. At 40 UM Cd, the enzyme activity of Lby-GCS and Hcy-GCS was
increased by 3.8 and 4.3 folds respectively whereas that of LbGS and HcGS was increased by
3.1 and 3.58 folds respectively (Table 4.7, Table 4.8).

Table 4.7: Effect of different concentrations of Cd on the activity of Lby-GCS and LbGS in
ECM fungus L. bicolor. The activity was measured as the amount of inorganic phosphorous

released by the enzymes using ATP per mg of isolated protein per minute.

Cadmium Pi (umol/mg protein/min)
concentration
Lby-GCS LbGS
(LM)

0 0.260+0.023c 0.30+0.011d
10 0.768+0.8088b 0.68+0.045c
20 0.814+0.079b 0.82+0.034b
30 0.849+0.074b 0.86+0.053b
40 0.981+0.164a 0.94+0.195a

Values (MeanxSD) sharing a common letter within the column are not significantly different
at P<0.05 (n=3).
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Figure 4.7: Effect of different concentrations of Cd on the activity of Lby-GCS and LbGS in
ECM fungus L. bicolor. The activity was measured as the amount of inorganic phosphorous
released by the enzymes using ATP per mg of isolated protein per minute. Values sharing a

common letter within the enzyme are not significantly different at P<0.05. Error bars are + SD.

Table 4.8: Effect of different concentrations of Cd on the activity of Hcy-GCS and HcGS in
ECM fungus H. cylindrosporum. The activity was measured as the amount of inorganic

phosphorous released by the enzymes using ATP per mg of isolated protein per minute.

Cadmium Enzyme activity

concentration Pi (umol/mg protein/min)

(UM) Hey-GCS HcGS
0 0.246+0.031e 0.255+0.054d
10 0.745+0.088d 0.451+0.095¢
20 0.890+0.077¢ 0.687+0.078b
30 0.960+0.085b 0.893+0.051a
40 1.065+0.096a 0.915+0.036a

Values (Mean+SD) sharing a common letter within the column are not significantly different

at P<0.05.
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Figure 4.8: Effect of different concentrations of Cd on the activity of Hcy-GCS and HcGS in
ECM fungus H. cylindrosporum. The activity was measured as the amount of inorganic
phosphorous released by the enzymes using ATP per mg of isolated protein per minute. Values
sharing a common letter within the enzyme are not significantly different at P<0.05 (n = 3).

Error bars are = SD.

Similar observations were made when both L. bicolor and H. cylindrosporum were subjected
to As stress. The activity of both enzymes, Lby-GCS, Hey-GCS, LbGS and HcGS increased in
response to the external As stress (Figure 4.9, Figure 4.10). When the mycelium was stressed
with 5 mM of As, the activity of Lby-GCS was increased by 2 folds (0.34 to 0.68 umol of Pi
released per mg protein per min) and that of Hcy-GCS was increased by 3 folds (0.30 to 0.88
pmol of Pi released per mg protein per min). The enzyme activity of LbGS and HcGS was also
reported to be increased by 2.4 and 2.78 times respectively. Further, increasing the As stress to
10 mM, also increased the enzyme activity of Lby-GCS, Hcy-GCS, LbGS and HcGS by 2.3,
3, 2.8 and 3 folds respectively. The pattern continued even at 20 mM of As stress when the
activity of Lby-GCS, Hcy-GCS, LbGS and HcGS increased by 2.8 folds, 3.9 folds, 4.1 folds
and 4.2 folds respectively (Table 4.9, Table 4.10).
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Table 4.9: Effect of different concentrations of As on the activity of Lby-GCS and LbGS in
ECM fungus L. bicolor. The activity was measured as the amount of inorganic phosphorous

released by the enzymes using ATP per mg of isolated protein per minute.

Arsenic Pi (umol/mg protein/min)
Concentration
(M) Lby-GCS LbGS
0 0.34+0.011e 0.24+0.018e
5 0.68+0.056d 0.59+0.022d
10 0.79+0.060c 0.68+0.045c¢
15 0.85+0.057b 0.87+0.059b
20 0.97+0.089a 0.99+0.094a

Values (Mean+SD) sharing a common letter within the column are not significantly different
at P<0.05 (n=3).
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Figure 4.9: Effect of different concentrations of As on the activity of Lby-GCS and LbGS in
ECM fungus L. bicolor. The activity was measured as the amount of inorganic phosphorous
released by the enzymes using ATP per mg of isolated protein per minute. Values sharing a
common letter within the enzyme are not significantly different at P<0.05 (n = 3). Error bars

are = SD.
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Table 4.10: Effect of different concentrations of As on the activity of Hcy-GCS and HcGS in
ECM fungus H. cylindrosporum. The activity was measured as the amount of inorganic

phosphorous released by the enzymes using ATP per mg of isolated protein per minute.

Arsenic Enzyme activity
concentration Pi (umol/mg protein/min)
(mM) Hcy-GCS HcGS
0 0.30+0.035d 0.28+0.021d
5 0.88+0.052c 0.78+0.042c
10 0.92+0.022c 0.84+0.033c
15 1.01+0.041b 0.98+0.068b
20 1.18+0.095a 1.15+0.085a

Values (Mean+SD) sharing a common letter within the column are not significantly different
at P<0.05.
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Figure 4.10 Effect of different concentrations of As on the activity of Hcy-GCS and HcGS in
ECM fungus H. cylindrosporum. The activity was measured as the amount of inorganic
phosphorous released by the enzymes using ATP per mg of isolated protein per minute. Values
sharing a common letter within the enzyme are not significantly different at P<0.05(n = 3).
Error bars are = SD.
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The increase in enzyme activity of y-GCS and GS has also been reported in various mammals
(Shukla et al., 2000; Wang et al., 2008) and plants (Pickering et al., 2000; Dhankher et al.,
2002), S. agalactiae (Janowiak and Griffith, 2005). Brassica chinensis when exposed to 10 uM
Cd stress elevated the y-GCS activity from 0.7 pmol Pi/mg protein/min to 1.6 pmol Pi/mg
protein/min (Lou et al., 2017).

4.5 Total RNA isolation from ECM fungi

The total RNA was isolated L. bicolor and H. cylindrosporum using the QlAzol reagent. The
isolated RNA was then analyzed on 1% agarose gel electrophoresis at 70 V and then visualized
on U.V transilluminator (Figure 4.11). The isolated RNA was also quantified by using

nanodrop and the purity was checked by calculating its absorbance at 260/280 nm (Table 4.11).

Table 4.11: Concentration of total RNA isolated from L. bicolor and H. cylindrosporum.

Fungus Total RNA concentration (ng/ul) A260/280
L. bicolor 1586 2.05
H. cylindrosporum 1441 2.07

L. bicolor| H. cylindrosporum

J

28S rRNA

18S rRNA

Figure 4.11: Total RNA isolated form L. bicolor and H. cylindrosporum, highlighting 28S
rRNA and 18S rRNA.
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4.6 cDNA synthesis and amplification of y-GCS and GS genes

Five ug total RNA was used for cDNA synthesis. Both cDNAs were examined by amplifying
the housekeeping actin and tubulin genes for both L. bicolor and H. cylindrosporum using the
primers mentioned in Table 3.1 (Figure 4.12). The cDNA so obtained was used as template for
amplification of both y-GCS (Lby-GCS and Hcy-GCS) and GS (LbGS and HcGS) genes (Figure
4.13). The amplified genes visualized on 1.0% agarose gel were of approximate sizes: Lby-
GCS- 1.9 Kb; LbGS- 1.6 Kb, Hey-GCS: 2.0 Kb and HcGS-1.6 Kb (Figure 4.13).

500 bp

200 bp

100 bp

Figure 4.12: Amplification of a-actin and B-tubulin genes form the cDNA of L. bicolor (Lb-
actin (Lane 2) and Lb-tubulin (Lane 3)) and H. cylindrosporum (Hc-actin (Lane 4) and Hc-
tubulin (Lane 5)) using the gene specific primers. Lane 1: 100 bp ladder.
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2.0Kb
1.5Kb

1.0 Kb

Figure 4.13: Amplification of y-GCS and GS genes form L. bicolor (Lby-GCS (Lane 2) and
LbGS (Lane 3)) and H. cylindrosporum (Hcy-GCS (Lane 4) and HcGS (Lane 5)) using their

respective cDNAs and gene specific primers. Lane 1: 1Kb ladder.
4.7 Gene sequencing and sequence analysis

The amplified genes were ligated into pMD-20 vector using “The Mighty TA-cloning Kit”
(Takara, CA, USA) and sequenced. The inserts in the plasmids were sequenced by chain
termination method (Sanger etal., 1977) using Applied Biosystems automatic sequencer (DNA
sequencing facility, Department of Biochemistry, South campus, Delhi university, New Delhi,
India). The coding sequences so obtained were of length: Lby-GCS: 1854 bp, LbGS: 1593 bp,
Hcy-GCS: 2040 bp and HcGS: 1641 bp. All the four sequences were submitted to NCBI
database under the accession numbers: MF766455, MF766456, MH892339, MK617301 for
Lby-GCS, LbGS, Hcy-GCS and HcGS, respectively (Appendix-I1). The sequences so obtained

were further characterized using various bioinformatic tools.
4.7.1 Lby-GCS

The Lby-GCS cDNA contained 1854 bp ORF encoding 617 amino acids (Figure 4.14) with
predicted molecular mass of 70.56 kDa and pl 5.31.
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ttg gca aag gta ggg agt tat cta gat ctc att aga cgg cgg gcc aac gga tct ctc ata
L A K v G S Y L D L I R R R A N G S L I
act cct gca act tgg atc aga aat ttc gta cgg tcg cac ccg act tat aaa cac gac tcg
T P A T w I R N F v R S H P T Y K H D S
gtt gtt tca cag gaa att aat tac gat cta ttg ctg gcc ata gat gaa atg tga

v v S Q E I N Y D L L L A I D E M -

Figure 4.14: The nucleotide (lower case) and deduced amino acid (upper case) sequence of
Lby-GCS cDNA.

The protein was then identified by looking for its homologous sequences in NCBI database
using BLASTX tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The data revealed that Lby-GCS

showed homology with glutamate-cysteine ligase or y-glutamylcysteine synthetase proteins
isolated from various basidiomycetes as summarized in Table 4.12 and Figure 4.15. The
homologous sequences so obtained were then selected for multiple sequence analysis so as to

identify the conserved domains.

Description Max | Total | Query . Per. Accession
Score Score Cover value Ident

gamma glutamyleysteine synthetase [Laccaria bicolor S238N-H82 1196 1196 99% 0.0 100.00% XP 001877753.1
hypothetical protein K443DRAFT_127343 [Laccaria amethystina LaAM-08-1 972 1137 97% 0.0 95.38% KIK09975.1
glutamate-cysteine ligase catalytic subunit [Crucibulum laeve 960 960 99% 0.0 76.31% IFEK44334.1
glutamate-cysteine ligase catalytic subunit [Dendrothele bispora CBS 962.96 959 959 99% 00 76.70% THVO05006.1
Glutamate--cysteine ligase [Termitomyces sp. J132 956 956 99% 0.0 78.96% KNZ72047.1
hypothetical protein GALMADRAFT 268698 [Galerina marginata CBS 339.88] 953 953 99% 0.0 75.75% KDR75147.1
glutamate-cysteine ligase catalvtic subunit [Coprinopsis cinerea okavama7#130] 951 951 99% 0.0 73.16% XP_001830305.2
glutamate-cysteine ligase [Moniliophthora roreri MCA 2997] 949 949 99% 0.0 7554% ESK96650.1
Glutamate--cysteine ligase [Leucoagaricus sp. SymC.cos 946 946 99% 0.0 79.01% KXN90986.1
hypothetical protein M413DRAFT_441977 [Hebeloma cylindrosporum h7] 943 943  99% 0.0 74.55% KIM45296.1
hypothetical protein CVT24_003415 [Panaeolus cyanescens. 939 939 99% 0.0 74.62% PPQ98707.1
glutamate-cysteine ligase catalytic subunit [Coprinopsis marcescibilis] 939 939 9%% 0.0 73.53% TFK26502.1
hypothetical protein CVT25 014505 [Psilocybe cyanescens] 936 936 99% 00 74.28% PPQ68044.1
hypothetical protein EST38 g4569 [Psathyrella aberdarensis 935 935 99% 0.0 74.14% RXW21302.1
gamma glutamyleysteine synthetase [Agaricus bisporus var. bisporus H97. 930 930 99% 0.0 73.57% XP_006460756.1

hypothetical protein AGABI1DRAFT_71066 [Agaricus bisporus var. burnettii JB137-S8] 929 929 99% 0.0 73.57% XP_007328121.1
glutamate-cysteine ligase catalytic subunit [Cylindrobasidium torrendii FP15055 ss-10] 925 9256  99% 0.0  72.55% KIY74336.1

Figure 4.15: BLASTX analysis showing protein sequences homologous to Lby-GCS
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Table 4.12: Homologous sequences retrieved from BLAST X analysis of Lby-GCS for multiple

sequence analysis.

S.No Organism Accession no. Gene Percent
Identity
1 Laccaria amethystina ~ KIK09975 glutamate-cysteine ligase 95.38%
2 Crucibulum leave TFK44334 glutamate-cysteine ligase 76.31%
3 Dendrothele bispora  THV05006 glutamate-cysteine ligase 76.70%
4 Agaricus bisporus XP_006460756 glutamylcysteine synthetase 73.57%
5 Gymnopus luxurians  KIK67150 glutamate-cysteine ligase 71.67%
6 H. cylindrosporum MHB892339 glutamylcysteine synthetase 67.56%
7 Serendipita indica CCA66352 glutamate-cysteine ligase 62.04%
8 Fistulina hepatica K1Y44398 glutamate-cysteine ligase 67.21%
9 Rhodotorula sp. KWU43246 glutamate-cysteine ligase 59.58%
10 Paxillus rubicundulus  KI1K91183 glutamate-cysteine ligase 70.51%

The multiple sequence alignment of these sequences revealed many domains that were found
to be conserved in most of the basidiomycetes. The amino acid sequence from 261-617 have
been identified as the conserved catalytic unit of y-GCS family. The amino acids 22-71 have
been identified as the conserved S1 RNA binding site. Most of the predicted ATP binding sites
in Lby-GCS sequence were also found to be highly conserved (Table 4.13). The unique ATP
binding sites including amino acid sequence 110-124 “FHPEYGRYMLE”, 199-217
“HARFPTLTANIRSRRGSKV”, 261-276 “IYLDAMGFGMGCCCLQ” and 311-325
“WRGYLADVDCRWNVI” were found to be conserved throughout the nine selected
basidiomycetes (Table 4.13).

N-glycosylation motifs in Lby-GCS were also predicted at amino acid 283 (NVSD) and 576
(NGSL) along with cAMP phosphorylation site RRGS at amino acid 212. These sites were also

found to be highly conserved among basidiomycetes.
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Table 4.13: Multiple sequence alignment of Lby-GCS with other basidiomycetes indicating
conserved domains identified for their potential role in ATP binding. The L. bicolor y-GCS
gene MF766455 were aligned with different basidiomycetes, Rhodotorula KWU43246,
Serendipita indica CCA66352, Daedalea quercina EPTO04524, Paxillus rubicundulus
KIK91183, Pisolithus microcarpus KIK27695, Fistulina hepatica KIY44398, Gymnopus
luxurians KIK67150, Agaricus bisporus XP_006460756, Hebeloma cylindrosporum

KIM45296 and the conserved ATP domains were identified.

v-GCS Conserved ATP binding domains

Organism 110-124 199-217 261-276 311-325
Rhodotorula FHPEYGRYMLESTPG HVRFPTLTANIRRRRGSKV  IYMDAMGFGMGCCCLQ FRGWLSDVDCRWDVI
S. indica FHPEYGRFMLESTPG HARFPTLTANIRKRRGSKV  IYMDAMGEFGMGCCCLQ WRGYIADVDCRWNVI
D. quercina FHPEYGRFMLESTPG HARFPTLTANIRRRRGSKV  IYMDAMGFGMGCCCLQ WRGYIADVDCRWDVI
P. rubicundulus FHPEYGRYMLESTPG HARFPTLTANIRTRRRSKV  IYMDAMGFGMGCCCLQ WRGYLADVDCRWNVI
P. microcarpus FHPEYGRYMLESTPG HARFPTLTSNIRSRRESKV  IYMDAMGEFGMGCCCLQ WRGYLADVDCRWNVI
F. hepatica FHPEYGRYMLESTPG HIRFPTLTANIRRRRGSKV  IYMDAMGEFGMGCCCLQ WRGYISDVDCRWNVI
G. luxurians FHPEYGRYMLESTPG HARFPTLTANIRSRRGSKV  IYMDAMGFGMGCCCLQ WRGYLSDVDCRWNVV
A. bisporus FHPEYGRYMLESTPG HARFPTLTANIRTRRGSKV  VYMDAMGFGMGCCCLQ WRGYLADVDCRWNVV
L. bicolor FHPEYGRYMLESTPG HARFPTLTANIRSRRGSKV  IYLDAMGFGMGCCCLQ WRGYLADVDCRWNVI
H. FHPEYGRYMLESTPG HARFPTLTANIRRRRGSKV  IYLDAMGFGMGCCCLQ WRGYLADVDCRWNVI
cylindrosporum
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The evolutionary history of Lby-GCS was studied by comparing various y-GCS genes through
the maximum parsimony phylogenetic tree constructed using MEGA software. The tree formed
three different classes of y-GCS proteins clustered separately as basidiomycetes,

mucoromycetes and ascomycetes showing their common evolutionary history (Figure 4.16).
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Figure 4.16: The maximum parsimony tree for Lby-GCs and Hcy-GCS constructed using
MEGA 7. y-GCS enzymes from three different classes of fungi were clustered separately into
basidiomycetes, mucoromycetes and ascomycetes, showing their common evolutionary
history. The tree was constructed using 1000 bootstrap test. Accession number of each protein

has been mentioned in parenthesis.

Further, the Lby-GCS protein was predicted as a transmembrane protein with three domains:
amino acids 1 to 459 as non-cytoplasmic domain, 460 to 482 as transmembrane domain and
483 to 617 as cytoplasmic domain (Phobius prediction: http://phobius.sbc.su.se/cgi-
bin/predict.pl).The secondary structure prediction revealed that the protein Lby-GCS can be
classified as a mixed protein composed of 34.5% helix, 57.7% loops and 7.78% strands (Figure
4.17).
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Figure 4.17: Secondary structure composition of Lby-GCS indicating percentage proportion

of helix, loops and strands involved in protein confirmation.

4.7.2 LbGS

The sequence analysis of LbGS cDNA reveals that the gene ORF consists of 1593 base pairs

encoding 531 amino acids protein (Figure 4.18) with the predicted molecular weight of 58.9
kDa and pl 5.59.
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ctc aaa gct aga gat gac gca cat gcg tta gtg ctc aag ccg cag agg gaa ggt ggc ggc

aat aac gtc tat aaa gaa gca att cct gct ttc ctg gac agc cta ccg ccg caa gaa cgc

cag gct tgg att gcg atg gaa ttg att gtc cct cct gag ggc act gga aac tac ctc gtt

cgc gcc gga aca att cag gcg gag agt caa gca gcg gcg aag gct gat gtc gtc agc gag

ctt ggg atc ttt ggc tat gcg ctg ttt ggg ggc gag tct agg gaa atc aaa gaa aag gaa

gtc gga tgg tta gtc aga acc aag ggg aag gac agc gat gag ggt ggc gtt gca act gga

ttt tct gtg tta gat tcg ctg ctg ttg gtg gat

Figure 4.18: The nucleotide (lower case) and deduced amino acid (upper case) sequence of
LbGS cDNA.

The nucleotide sequence so obtained was analyzed by using BLASTX

(https://blast.ncbi.nim.nih.gov/Blast.cgi) program for homologous protein sequences. The data

revealed that LbGS showed homology with glutathione synthetase proteins isolated from
various basidiomycetes (Figure 4.19). LbGS showed 95.86% homology with the glutathione
synthetase gene isolate from Laccaria amethystine followed by 75.90% homology with

Crucibulum laeve and 74.62% with Hebeloma cylindrosporum (Table 4.14).
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https://blast.ncbi.nlm.nih.gov/Blast.cgi

Max = Total Query E Per.

Description Score Score Cover value Ident Accession
glutathione synthetase [Laccaria bicolor] 1066 1066 100% 0.0 100.00% AVX28162.1
hypothetical protein K443DRAFT_674506 [Laccaria amethystina LaAM-08-1 1031 1031 100% 0.0  95.86% KIK06216.1
glutathione synthase [Crucibulum laeve 815 815 99% 0.0 75.90% TEK40501.1
hypothetical protein GALMADRAFT_220520 [Galerina marginata CBS 339.88 799 799  99% 0.0 75.24% KDR82535.1
hypothetical protein M413DRAFT_69714 [Hebeloma cylindrosporum h7 786 786 98% 0.0 7462% KIM43057.1
hypothetical protein CVT26 000911 [Gymnopilus dilepis 781 781 99% 0.0 73.62% PPQ65891.1
glutathione synthetase [Hebeloma cylindrosporum 71 771 98% 0.0 72.01% QDD67718.1
hypothetical protein CVT25 010739 [Psilocybe cyanescens 769 769 96% 0.0 73.74% PPQ78736.1
hypothetical protein CVT24_004470 [Panaeolus cyanescens. 743 743 99% 0.0 70.24% PPQ63610.1
Glutathione synthetase [Termitomyces sp. J132, 736 736  98% 0.0 70.34% KNZ73319.1
Glutathione synthetase [Hypsizygus marmoreus 716 716 93% 0.0 70.36% RDB14681.1
hypothetical protein M378DRAFT 72735 [Amanita muscaria Koide BX008] 683 683 99% 0.0 64.90% KIL67776.1
hypothetical protein AGABI1DRAFT 59176 [Agaricus bisporus var. burnettii JB137-S8] 679 679 99% 0.0 64.73% XP_007329727.1
hypothetical protein AGABI2DRAFT 224431 [Agaricus bisporus var. bisporus H97 679 679 99% 0.0 64.92% XP_006462797.1
hypothetical protein AMATHDRAFT_78746 [Amanita thiersii Skay4041] 673 673 99% 0.0 63.19% PFH54004.1
glutathione synthase [Obba rivulosa 661 661 98% 0.0 64.46% OCHB89932.1
Glutathione synthetase large chain [Sparassis crispa 657 657 98% 0.0 64.14% XP_027616359.1

Figure 4.19: BLASTX analysis showing protein sequences homologous to LbGS

Table 4.14: Homologous sequences retrieved from BLASTX analysis of LbGS for multiple

sequence analysis.

S.No. Organism Accession No. Gene Percent

identity
1 Laccaria amethystina KIK06216 Glutathione synthetase 95.86%
2 Crucibulum leave TFK40501 Glutathione synthase  75.90%
3 Hebeloma cylindrosporum MK617301 Glutathione synthetase 74.62%
4 Hypsizygus marmoreus RDB14681 Glutathione synthetase 70.36%
5 Termitomyces sp KNZ73319 Glutathione synthetase 70.34%
6 Obba rivulosa OCHB89932 Glutathione synthetase 64.46%
7 Lentinula edodes GAWO08968 Glutathione synthase  62.74%
8 Armillaria gallica PBK99639 Glutathione synthase  61.33%
9 Coniophora puteana XP_ 007768870  Glutathione synthase  57.75%

The multiple sequence alignment of these homologous sequences revealed various conserved
domains. Amino acids 15-530 have been identified as the conserved eukaryotic glutathione
synthetase catalytic domain with ATP binding domain. A conserved glycine rich domain
‘LVLKPQREGGGNNVYK’ involved in ATP binding has been observed between 410 and
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425 amino acids along with “KQVEFNTISSSF”, “LQLAGGKKVQ” and
“DEGGVAAGFSVLDS” at amino acid 150-161, 325-334 and 513-526, respectively (Table
4.15). Other predicted ATP binding amino acids E153, K331, Y424, E480, K508, E514 were
also found to be conserved throughout 10 selected basidiomycetes. Two N-glycosylation sites
in LbGS protein was predicted at amino acid 183 (NCSA) and at 196 (NRTI). Both sites were
found to be conserved in GS proteins isolated from different basidiomycetes. Three putative
Protein Kinase C phosphorylation sites were also predicted at amino acid site 148 (SIK), 165
(SQK) and 393 (SGK).

Table 4.15: Multiple sequence alignment highlighting conserved domains in LbGS genes
identified for their potential role in ATP binding. The LbGS protein MF766456 was aligned
with Coniophora puteana XP_007768870, Lentinula edodes GAW08968, Obba rivulosa
OCHB89932, Armillaria gallica PBK99639, Laccaria amethystina KIK06216, Crucibulum
leave TFK40501, Hebeloma cylindrosporum MK617301, Hypsizygus marmoreus RDB14681,
Termitomyces KNZ73319 and the conserved ATP binding domains were identified.

Organism LbGS - ATP binding domains

Coniophora puteana KQVEEFNTISSSE  LQLAGGKKVQ LVLKPQREGGGNNVYK  DEGGVAAGFSVLDS

Lentinula edodes KQVEFNTISSSF LOLAGGKKVQ LVLKPQREGGGNNVYK  NEGGVATGFSVLDS

Obba rivulosa KQVEFNTISSSE  LQLAGGKKVQ LVLKPQREGGGNNIYK NEGGVAAGFSVLDS

Armillaria gallica KQVEFNTISSSF LOLAGGKKVQ LVLKPQREGGGNNVYK  NEGGIAAGFSVLDS

Laccaria bicolor KQVEFNTISVSE  LQLAGGKKVQ LVLKPQREGGGNNVYK  DEGGVATGFSVLDS
L. amethystina KQVEFNTISVSE  LQLAGGKKVQ LVLKPQREGGGNNVYK  DEGGVATGFSVLDS
C. laeve KQVEFNTISVSF  LQLAGGKKVQ LVLKPQREGGGNNVYK  NEGGVATGFSVLDS

H. cylindrosporum KQVEFNTISVSE  LQLAGGKKVQ LVLKPQREGGVNNVYK  NEGGVATGFSVLDS

H. marmoreus KQVEFNTISVSF  LQOLAGGKKIQ LVLKPQREGGGNNIYK DEGGVATGFSVLDS
Termitomyces KQVEFNTISVSE  LQLAGGKKIQ LVLKPQREGGGNNVYK  DEGGVATGFSVLDS

*hkxkkkkkk Kk *khkxkkkkhkk ok *hkhkkhkkkhAkhkhkkx kkoKko ekkk ok ok khkxkk
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The phylogenetic analysis was performed using maximum parsimony method on the basis of
genetic distance of 18 GS proteins from different fungal species using MEGA 7 software. The
GS proteins were clustered into three groups- basidiomycetes, mucoromycetes and
ascomycetes based upon their evolutionary relations (Figure 4.20). Seven GS proteins from
basidiomycetes clustered themselves using the same branch with LbGS being most related to

Laccaria amethystina GS protein.

Laccaria bicolor (MF766456)
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Figure 4.20: The maximum parsimony tree for LbGC and HcGS constructed using MEGA 7.
Glutathione synthetase enzymes from three different classes of fungi were clustered separately
into basidiomycetes, mucoromycetes and ascomycetes, showing their common evolutionary
history. The tree was constructed using 1000 bootstrap test. Accession number of each protein

has been mentioned in parenthesis.

The secondary structure prediction of the LbGS protein revealed that the protein is a non-

cytoplasmic protein with aminoacids 77-85 being transmembrane domain. The protein is
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predicted as a mixed composition with 38.04% helix, 14.88% strands and 47.08% loops (Figure

4.21).

b

= Helix
= Strand
= Loop

Figure 4.21: Secondary structure composition of LbGS indicating percentage proportion of

helix, loops and strands involved in protein confirmation.

4.7.3 Hey-GCS:

The full-length cDNA sequences of Hcy-GCS consists of 2040 bp long open reading frame

encoding 679 amino acids (Figure 4.22) with predicted molecular weight of 78.09 kDa and pl

of 6.6.
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Figure 4.22: The nucleotide (lower case) and deduced amino acid (upper case) sequence of
Hcy-GCS cDNA.

Hcy-GCS sequence obtained was then subjected to BLASTX analysis to identify the
homologous sequences (Figure 4.23). The putative Hcy-GCS protein showed maximum
homology with most of the basidiomycetes displaying 74%, 71%, 70%, 69% and 68%
sequence similarity with the y-GCS protein sequence form Crucibulum laeve (TFK44334)
Coprinopsis cinerea (XP001830305), Armillaria gallica (PBK91420), Agaricus bisporus
(XP006460756) and Laccaria bicolor (XP001877753), respectively (Table 4.16).

Description Max | Total | Query E Per. Accession
Score Score  Cover value Ident
gammaglutamyl cysteine synthetase 1 [Hebeloma cylindrosporum 1366 1366 99% 0.0 100.00% AZS52301.1
hypothetical protein M413DRAFT_441977 [Hebeloma cylindrosporum h7. 1083 1083 95% 00 86.49% KIM45296.1
hypothetical protein GALMADRAFT_ 268698 [Galerina marginata CBS 339.88 1005 1005 98% 0.0 76.83% KDR75147.1
hypothetical protein CVT24_003415 [Panaeolus cyanescens 969 969 98% 0.0 73.06% PPQ98707.1
glutamate-cysteine ligase catalytic subunit [Crucibulum laeve: 968 968 98% 0.0 74.16% TFK44334.1
hypothetical protein CYT25 014505 [Psilocybe cvanescens 953 953 95% 0.0 75.19% PPQ68044.1

hypothetical protein HYPSUDRAFT 83574 [Hypholoma sublateritium FD-334 $5-4] 945 945 98% 0.0 72.46% KJA27880.1

LOW QUALITY PROTEIN: hypothetical protein CVT26 003726 [Gymnopilus dilepis 942 942 98% 00 71.55% PPR07703.1

CE<E<H<E<E<B<N<N<N<N<N<N<N<N<M<N<]

dlutamate-cysteine ligase catalytic subunit [Coprinopsis cinerea okayama7#130 938 938 98% 0.0 71.01% XP_001830305.2
glutamate-cysteine ligase catalytic subunit [Dendrothele bispora CBS 962.96 932 932 98% 0.0 70.93% THV05006.1
dlutamate-cysteine ligase [Moniliophthora roreri MCA 2997 926 926 98% 0.0 70.40% ESK96650.1
dlutamate-cysteine ligase catalytic subunit [Armillaria gallica 911 911 98% 0.0 68.60% PBK91420.1
dlutamate-cysteine ligase catalytic subunit [Coprinopsis marcescibilis] 911 911 98% 00 6881% TFK26502.1
glutamate-cysteine ligase catalytic subunit [Armillaria solidipes] 907 907 98% 0.0 69.44% PBK73874.1
Glutamate--cysteine ligase [Hypsizygus marmoreus 905 905 98% 0.0 70.44% RDB24730.1
probable gamma-glutamylcysteine synthetase [Armillaria ostoyae! 905 905 98% 0.0 69.30% SJKI97449.1
dlutamate-cysteine ligase catalytic subunit [Gymnopus androsaceus JB14 904 904 98% 0.0 68.09% KAE9411198.1

Figure 4.23: BLASTX analysis showing protein sequences homologous to Hcy-GCS
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Table 4.16: Homologous sequences retrieved from BLAST X analysis of Hcy-GCS for multiple

sequence analysis.

S.No. Organism Accession No. Gene Percent

identity
1 Crucibulum leave TFK44334 glutamate-cysteine ligase 74.16%
2 Coprinopsis cinereal XP_001830305  glutamate-cysteine ligase 71.01%

3 Agaricus bisporus XP_006460756  gamma-glutamylcysteine 68.62%
synthetase
4 Laccaria bicolor XP_001877753  gamma-glutamylcysteine 67.56%

synthetase
5 Gymnopus luxurians  KIK67150 glutamate-cysteine ligase 66.52%
6 Daedalea quercina  KZT66382 glutamate-cysteine ligase 63.85%
7 Fistulina hepatica KIY44398 glutamate-cysteine ligase 62.95%
8 Serendipita indica CCA66352 gamma-glutamylcysteine 58.50%
synthetase

The multiple sequence alignment of different homologous sequences revealed many domains
that were found to be conserved in many fungi. Amino acids 249-649 were identified as a
conserved glutamylcysteine synthetase catalytic subunit and amino acids 26-84 were identified
as 30S ribosomal proteinS1 (Table 4.17). Both the sequences were found to be highly

conserved.

Most of the predicted ATP binding domains in the primary sequence of Hcy-GCS protein were
found to be conserved. This includes amino acids 188-204 ‘““HVSRPCTANIRRRRGSK”’,
amino acids 249-268 ‘‘IYLDAMGFGMGCCCLQLTFQ’’, amino acids 299-316
“WRGYLADVDCRWNVIAGS’’ (Table 4.18). N-glycosylation motifs were also predicted at
amino acid site 511 (NQSF) and 518 (NTSA) along with the various Protein kinase C (PKC)
phosphorylation sites at amino acid 68 (SLR), 217 (TPR), 340 (SLR), 364 (TLR), 416 (TLR),
486 (SKK), 501 (TGR) and 560 (TMK).
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Table 4.17: Multiple sequence alignment of various y-GCS protein sequences isolated from

different basidiomycetes indicating conserved 30S ribosomal protein S1 binding site.

30S ribosomal protein S1 Conserved domains

Organism

Conserved sequence

Serendipita indica

Daedalea quercina

Hebeloma cylindrosporum

Fistulina hepatica

Gymnopus luxurians

Laccaria bicolor

Agaricus bisporus

Crucibulum laeve

Coprinopsis cinereal

GITQLLNIWNRYKARSGDKLLWGDEIEYIVVAFDD

GITQFLNIWDRTKDRCGDELLWGDEIEYEFVVSEFDN

GITQFLHIWDRLKDRQGDELLWGDEIEYMVVSFDA

GITQFLHTWDRLKDRHGDVLLWGDEIEYMVVSFDK

GITQFLHTWDRLKDKNGDELLWGDEIEYMVVYLDD

GITQFLHIWDRLKDRTGDELLWGDEIEYMVVAFDE

GITQFLHIWDRLKDRTGDELLWGDEVEYLVISLDD

GITQFLHIWDRLKDRTGDELLWGDEIEYMVVSEFDN

GITQFLHIWDRLKDRSGDELLWGDEVEYMVVSEFDN

*kk ok ok kek ko kk kkAkkkKkekkoekoe %

Table 4.18: Multiple sequence alignment of Hcy-GCS protein with y-GCS proteins isolated

from different basidiomycetes highlighting the conserved ATP and substrate binding domains.

Organism

Conserved ATP and substrate binding domains

S. indica

D. quercina

n

.cylindrosporum

F. hepatica

G. luxurians

L. bicolor

HARFPTLTANIRKRRGSK

HARFPTLTANIRRRRGSK

THVSRPCTANIRRRRGSK

HIRFPTLTANIRRRRGSK

HARFPTLTANIRSRRGSK

HARFPTLTANIRSRRGSK

IYMDAMGFGMGCCCLQITFQ

IYLDAMGFGMGCCCLQLTFQ

IYMDAMGFGMGCCCLQVTFQ

IYMDAMGFGMGCCCLQLTFQ

IYMDAMGFGMGCCCLQLTYQ

IYLDAMGFGMGCCCLQLTFQ

WRGYIADVDCRWNVISGAVDDRT

WRGYIADVDCRWDVISGCVDDRT

WRGYLADVDCRWNVIAGSVDDRT

WRGYISDVDCRWNVIAGSVDDRT

WRGYLSDVDCRWNVVAGSVDDRT

WRGYLADVDCRWNVIAGSVDDRT
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A. bisporus HARFPTLTANIRTRRGSK

C. leave HARFPTLTANIRTRRRSK

C. cinerea HARFPTLTSNIRSRRESK

*:*:: ****:*******

VYMDAMGFGMGCCCLQLTFQ

IYMDAMGFGMGCCCLQLTFQ

IYMDAMGFGMGCCCLQLTFQ

*:*:*************:**

WRGYLADVDCRWNVVAGSVDDRT

WRGYLADVDCRWNVIAGSVDDRT

WRGYLADVDCRWNVIAGSVDDRT

****::******-*--* * Kk KKk

The evolutionary history of Hey-GCS was studied by maximum parsimony phylogenetic tree

constructed using MEGA software. The Phylogenetic tree forms three different clusters of

basidiomycetes, mucoromycetes and ascomycetes each sharing common evolutionary history

(Figure 4.16).

Further, the secondary structure prediction of the Hcy-GCS protein revealed that the protein is

a transmembrane protein with three membrane domains: N-terminal from amino acid 1 to 446

forms a non-cytoplasmic domain; amino acids from 447 to 469 are embedded in the membrane

forming a transmembrane domain and at the C-terminal from amino acid 470 to 679 forms a

cytoplasmic domain. The structural composition of the protein is mixed with 33.3% helix,
10.2% strands and 56.6% loops (Figure 4.24)

= Helix
= Strand
= Loop

Figure 4.24: Secondary structure composition of Hcy-GCS protein indicating percentage

proportion of helix, loops and strands involved in protein confirmation.
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4.7.4 HcGS

The full-length cDNA of HcGS gene consists of 1641 base pair long open reading frame

encoding 546 amino acids (Figure 4.25) with predicted molecular weight 60.46 kDa and pl of
5.39.
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gta cgg act aaa ggg aaa gac atc aat gaa ggt ggc gtc gca acc ggc ttc tcg gtc ttg
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Figure 4.25: The nucleotide (lower case) and deduced amino acid (upper case) sequence of
HcGS cDNA.

The cDNA sequence was further identified by looking for its homologous sequences in
BLASTX analysis (Figure 4.26). The HcGS protein showed homology with glutathione
synthetase protein sequences from different basidiomycetes displaying 72%, 71%, 67% and
65% sequence similarity with Laccaria bicolor, Crucibulum laeve, Termitomyces and

Hypsizygus marmoreus respectively (Table 4.19).

Max @ Total Query E Per.

Description Score Score Cover value Ident Accession
glutathione synthetase [Hebeloma cylindrosporum] 1122 1122 99% 0.0 100.00% QDD67718.1
hypothetical protein M413DRAFT_69714 [Hebeloma cylindrosporum h7 1054 1054 99% 00  9562% KIM43057.1
hypothetical protein GALMADRAFT_220520 [Galerina marginata CBS 339.88 861 861 99% 0.0 77.01% KDR82535.1
hypothetical protein CVT25_010739 [Psilocybe cyanescens] 811 811 96% 0.0 75.80% PPQ78736.1
hypothetical protein CVT24 004470 [Panaeolus cyanescens 805 805 99% 0.0 72.71% PPQ63610.1
hypothetical protein CVT26 000911 [Gymnopilus dilepis] 805 805 99% 0.0 72.53% PPQ65891.1
hypothetical protein K443DRAFT 674506 [Laccaria amethystina LaAM-08-1] 791 791 99% 0.0 72.01% KIK06216.1
glutathione synthase [Crucibulum laeve] 787 787  99% 0.0 71.43% TFK40501.1
glutathione synthetase [Laccaria bicolor 7771 99% 0.0 72.01% AVX28162.1
Glutathione synthetase [Termitomyces sp. J132 726 726  98% 0.0 66.79% KNZ73319.1

hypothetical protein AGABIMDRAFT 59176 [Agaricus bisporus var. burnettii JB137-S8 694 694 99% 0.0 64.05% XP_007329727 1
hypothetical protein AGABI2DRAFT 224431 [Agaricus bisporus var. bisporus H97] 691 691 99% 0.0 63.87% XP _006462797.1

hypothetical protein M378DRAFT 72735 [Amanita muscaria Koide BX008] 684 684 99% 0.0 61.90% KIL67776.1
hypothetical protein AMATHDRAFT 78746 [Amanita thiersii Skay4041] 678 678 99% 0.0 60.85% PFH54004.1
Glutathione synthetase [Hypsizygus marmoreus 677 677 93% 0.0 65.62% RDB14681.1
glutathione synthase [Obba rivulosa 672 672 98% 0.0 62.75% OCH89932.1
Glutathione synthetase large chain [Sparassis crispa 665 665 98% 0.0 62.04% XP_027616359.1

Figure 4.26: BLASTX analysis showing protein sequences homologous to LbGS
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Table 4.19: Homologous sequences retrieved from BLASTX analysis of HcGS for multiple

sequence alignment

S.No. Organism Accession No.  Gene Percent

identity
1 Crucibulum leave TFK40501.1 glutathione synthase 71.43%
2 Laccaria bicolor AVX28162.1 glutathione synthetase 72.01%
3 Termitomyces KNZ73319.1 glutathione synthetase 66.79%
4 Hypsizygus marmoreus RDB14681.1 glutathione synthetase 65.62%
5 Obba rivulosa OCHB89932.1 glutathione synthase 62.75%
6 Coprinopsis cinerea XP_001836000 glutathione synthase 59.64%
7 Lentinula edodes GAW08968.1 glutathione synthase 58.87%

The multiple sequence alignment of the above sequences revealed various conserved domains
including the ATP binding domain from amino acid 167-181 “KQVEFNTISVSFGGL”,
substrate binding domain from amino acid 237-345 and few mentioned in Table 4.20. Few N-
glycosylation sites in HcGS were predicted at amino acid 21 (NLTL), 200 (NSSS), 213 (NDSI)
and PKC phosphorylation sites were predicted at amino acid 165 (SI1K), 182 (SQK), 263 (SIR),
331 (SSK). All these sites were also found to be conserved amongst the six aligned sequences.

Table 4.20: Multiple sequence alignment of HcGS protein with GS protein sequences isolated

from different basidiomycetes highlighting the conserved ATP and substrate binding domains.

Organisms HcGS conserved domains

L. edodes IHAPISLFPTPFPR LHLGLFRSDYLLH KOQVEFNTISSSFGAL VLKPQREGGGNNVYK
C. cinerea IHAPLSLVPSPFPR LHLGLFRSDYLLH KOQVEFNTISISFGCL VLKPQREGGGNNVYK
0. rivulosa IHAPLALFPSPFPR LHLGLFRSDYLMH KOQVEFNTISSSEFGSL VLKPQREGGGNNIYK
H. marmoreus IHAPLSLEFPSPFPR LOLGLFRSDYLVH KOQVEFNTISVSFASL VLKPQREGGGNNIYK
Termitomyces IHAPLALFPSPLPR LHLGLFRSDYLIH KOQVEFNTISVSFEFGSL VLKPQREGGGNNVYK
H. cylindrosporum IHAPISLEFPSPFPR LHLGLFRSDYLLH KOQVEFNTISVSFGGL VLKPQREGGGNNVYK
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C. laeve IHAPLSLFPSPFPR LOLGLFRSDYLLH KQVEFNTISVSFGAL  VLKPQREGGGNNVYK

L. bicolor IHAPFSLFPSPFPR LHLGLFRSDYLLH KQVEFNTISVSFACL  VLKPQREGGGNNVYK

Khkkok e ok Kkokekk Kk khkkkkkhkx .k Khkhkhkxkkkk xx Kk Kk kkkxkkkhkxk okk

The Phylogenetic tree constructed for different glutathione synthetase genes forms three
different clusters of basidiomycetes, mucoromycetes and ascomycetes each sharing common

evolutionary history (Figure 4.20).

Further, the secondary structure analysis of the HcGS protein reveals that the protein is a non-
cytoplasmic protein with mixed composition of 37.18% Helix, 14.47% Strands and 48.35%
Loops (Figure 4.27).

= Helix
= Strand
= Loop

Figure 4.27: Secondary structure composition of HcGS protein indicating percentage

proportion of helix, loops and strands involved in protein confirmation.

Most of the conserved domains identified in these fungal y-GCS proteins were found to be
conserved even in plants, yeasts, parasites and invertebrates. The conserved glycine and
cysteine rich motif “TYLDAMGFGMGCCCLQ’’ 249-268 amino acid from both Lby-GCS
and Hcy-GCS has also been reported to be conserved in invertebrate Ciona intestinalis,
Chorispora bungeana, and S. cerevisiae (Ohtake and Yabuuchi 1991; Franchi et al., 2012; Nair
et al., 2013). The amino acid E52, E101, C260, Q264, R309, 1319, R435 involved in substrate
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(L-glutamate) binding site were found to be conserved not only in fungi but also in
invertebrates (Franchi et al., 2012). This shows that the catalytic unit of Lby-GCS and Hcy-
GCS is highly conserved. However, the cysteine binding moiety has not been identified in the
both Lby-GCS and Hcy-GCS tertiary structure. The same has also been reported in Leishmania
donovani y-GCS (Agnihotri et al., 2016).

4.8 Real time PCR analysis

The induction of glutathione biosynthesis in response to Cd and As was further validated by
studying the expression of y-GCS and GS genes under metal(loid) stress. The ECM fungi, L.
bicolor and H. cylindrosporum was stressed with different concentrations of As and Cd and
the expression of y-GCS and GS genes under each stress concentration was monitored using
quantitative real time PCR. Firstly, all three reference genes a-actin, B-tubulin and adenosine
kinase were amplified from the fungal cDNAs isolated at different stress treatments of Cd and
As using the reverse transcription PCR. The genes were then normalized using their respective
Ct values in the NormFinder software and the stability values were calculated for each

reference gene (Table 4.21).

Table 4.21 Stability values of different reference genes in L. bicolor and H. cylindrosporum

calculated by using NormFinder.

L. bicolor H. cylindrosporum
Reference Gene Stability Value Reference Gene Stability Value
Lb a-actin 0.050 Hc a-actin 0.058
Lb p-tubulin 0.143 Hc p-tubulin 0.122
Lb adenosine kinase 0.085 Hc adenosine kinase 0.092

Since the stability value of a-actin was minimum therefore it was selected as the most stable
gene for studying the relative expression of y-GCS and GS genes in both L. bicolor and H.
cylindrosporum (Table 4.21). The relative expression of both y-GCS and GS genes with respect
to a-actin in L. bicolor and H. cylindrosporum was calculated as the fold increase in expression

using the comparative threshold (Ct) method with following formula:
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Fold increase in expression — Z(ACt(target gene)—ACt (Reference gene))
Where, ACt = Ct (without treatment) - Ct (with treatment)

When exposed to Cd stress, the ECM fungus L. bicolor responded with immediate increase in
the fold expression of both Lby-GCS and LbGS genes (Figure 4.28). At 10 uM of Cd stress,
almost 10-fold increase in expression was observed for Lby-GCS and 3-fold increase was
observed for LbGS. Further, increasing the Cd stress to 30 UM, increased the expression of
Lby-GCS by 13.6-fold and that of LbGS by 12-fold. When the Cd stress was elevated 40 uM,
the expression of Lby-GCS increased by 18.9 folds, whereas that of LbGS increased only by
10.3 folds (Table 4.22).

Table 4.22: Fold increase in the relative expression of Lby-GCS and LbGS genes when stressed
with increasing concentrations of Cd (CdSOa: 10, 20, 30, 40 uM) for 48 h at 25 °C. Actin was
normalized as an internal reference gene. The experiment was performed in triplicates and the

readings indicated are mean * S.D under each stress condition.

Cadmium Fold increase in expression
concentrations Lby-GCS LbGS
(HM)
10 10.33+0.015c¢ 3.01+0.125d
20 9.53+0.869c 6.25+0.129¢
30 13.63+0.220b 12.11+0.352a
40 18.96+0.150a 10.38+0.956b

Values (Mean+SD) sharing a common letter within the column are not significantly different
at P<0.05(n=3)
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Figure 4.28: Fold increase in expression of Lby-GCS and LbGS in response to different
concentrations of Cd. Values plotted are referred to the control condition (expression level in
free living fungus without metal treatment) and represent an average of three biological
replicates. Values sharing a common letter within the gene are not significantly different at P
< 0.05. Error bars are £ SD.

The expression of both Lby-GCS and LbGS genes also increased when the fungus was subjected
to varying concentrations of As stress (Figure 4.29). When stressed with 5 mM of external As,
L. bicolor responded by increasing the expression of both Lby-GCS and LbGS by 3.8-fold and
2.15-fold respectively. Similarly, at 10 mM of external As the expression of both L&y-GCS and
LbGS increased by 4.8 and 3.4 fold respectively. Further, increasing the stress to 15 mM of As,
increased the expression of Lby-GCS by 8.3-fold and that of LbGS by 4.8-fold. At 20 mM As,
the expression further increased by 10.8-fold for Lby-GCS and 6.6-fold for LbGS (Table 4.23).
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Table 4.23: Fold increase in the relative expression of Lby-GCS and LbGS genes when stressed
with increasing concentrations of As (NazHAsOa: 5, 10, 15, 20 mM) for 48 h at 25°C. Actin

was normalized as an internal reference gene.

Arsenic Fold increase in expression
concentrations Lby-GCS LbGS
(mM)
5 3.86+0.147d 2.15+0.125d
10 4.79+0.158c 3.44+0.885c¢
15 8.331£0.214b 4.88+0.635b
20 10.85%0.658a 6.58+0.758a

Values (Mean+SD) sharing a common letter within the column are not significantly different
at P<0.05(n=3).
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Figure 4.29: Fold increase in expression of Lby-GCS and LbGS in response to different
concentrations of As. Values plotted are referred to the control condition (expression level in
free living fungus without metal(loid) treatment) and represent an average of three biological
replicates. Values sharing a common letter within the gene are not significantly different at P
< 0.05. Error bars are £ SD.

Similar observations were made in case of H. cylindrosporum, where the expression of both
Hcy-GCS and HcGS genes was induced with the increase in external metal(loid) stress (Figure

4.30). When stressed with 5 mM Cd, 6.2-fold increase was recorded in the expression of Hcy-
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GCS and 4.2 folds increase in expression of HcGS. Further, increasing the metal stress to 20
MM and 30 uM, increased the mRNA accumulation of Hcy-GCS by 8.9-fold and 9.7-fold,
respectively and that of HcGS by 6.5-fold and 8.9-fold respectively. When stressed with 40 uM
of Cd, 11.3-fold increase in expression was recorded for Hcy-GCS and 9.6-fold increase was
recorded for HcGS (Table 4.24).

Table 4.24: Fold increase in the relative expression of Hcy-GCS and HcGS genes when stressed
with increasing concentrations of Cd (CdSQOas: 10, 20, 30, 40 uM) for 48 h at 25 °C. Actin was

normalized as an internal reference gene.

Cadmium Fold increase in expression
concentrations (LM) Hcy-GCS HcGS
10 6.2+0.75d 4.2+0.41d
20 8.9+0.89c 6.5+0.48c
30 9.7+0.60b 8.9+0.33b
40 11.3+0.23a 9.6+0.81a

Values (Mean+SD) sharing a common letter within the column are not significantly different
at P<0.05
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Figure 4.30: Fold increase in expression of Hcy-GCS and HcGS in response to different
concentrations of Cd. Values plotted are referred to the control condition (expression level in
free living fungus without metal treatment) and represent an average of three biological
replicates. Values sharing a common letter within the gene are not significantly different at P

< 0.05. Error bars are + SD.
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The mRNA accumulation of both Hey-GCS and HcGS also increased in response to external
As stress (Figure 4.31). At 5 mM of As exposure, the expression of both Hcy-GCS and HcGS
increased by 6.5 and 4.21 fold respectively. Increasing the external As concentration to 10 mM,
increased the expression of both Hcy-GCS and HcGS by 8.12 and 7.16 fold respectively, which
was further increased to 9.18 and 8.54 fold, respectively at 15 mM. Further, increasing the As
concentration to 20 mM escalated the expression of both Hcy-GCS and HcGS genes by 12.8
and 11.25 fold respectively (Table 4.25).

Table 4.25: Fold increase in the relative expression of HCy-GCS and HcGS genes when
stressed with increasing concentrations of As (Na2HAsOa4: 5, 10, 15, 20 mM) for 48 h at 25°C.

Actin was normalized as an internal reference gene.

Arsenic Fold increase in expression
concentrations (mM) Hcy-GCS HcGS
5 6.54+0.12d 4.21+0.25d
10 8.12+0.15c¢ 7.16+0.12c
15 9.18+0.55b 8.54+0.63b
20 12.80+0.63a 11.25+0.85a

Values (Mean+SD) sharing a common letter within the column are not significantly different
at P<0.05(n=3)
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Figure 4.31: Fold increase in expression of Hcy-GCS and HcGS in response to different
concentrations of As. Values plotted are referred to the control condition (expression level in
free living fungus without metal(loid) treatment) and represent an average of three biological
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replicates. Values sharing a common letter within the gene are not significantly different at P

< 0.05. Error bars are + SD.

It was observed that the expression of glutathione biosynthesis genes (y-GCS and GS) increased
spontaneously in both ECM fungi, L. bicolor and H. cylindrosporum when exposed to As and
Cd. The fold increase in expression of y-GCS was more than that of GS gene. This might be
due to the fact that y-GCS is a rate limiting enzyme and is therefore more effected under stress
conditions. A 2.5 folds increase in the relative expression of y-GCS was recorded in Brassica
chinensis when exposed to 10 uM Cd (Lou et al., 2017). In Chironomus riparius exposure to
Cd resulted in 1.5-3.5 folds increase in expression of y-GCS and 1.3-2.3 folds increase in
expression of GS (Nair et al., 2013). The increase in expression of both glutathione biosynthesis
genes has also been reported in Laeonereis acuta (Sandrini et al., 2006), Triticum aestivum
(Sun et al., 2005) and Arabidopsis thaliana (Chen et al., 2016). Arabidopsis thaliana on
exposure to Cd, resulted in 2-3.5 folds increase in expression of y-GCS and 3-9 folds increase
in expression of GS (Chen et al., 2016). Similar observations were made by Jozefczak et al.,
(2014) in Arabidopsis thaliana, where the expression of both y-GCS and GS up-regulated under
Cd stress.

y-GCS has been well characterized in various plants and mammals for its active role in
mitigating the As toxicity (Schuliga et al., 2002; Liao and Yu, 2005; Guo et al., 2008), but very
meagre information is available for its activity in fungal systems under As stress. In plants like
Lens culinaris Medik, the expression of GSH biosynthesis genes was upregulated when
exposed to 25 mM and 40 mM of As (Talukdar and Talukdar, 2014). Similarly, in Arabidopsis
thaliana, 2-6 folds increase in the expression of y-GCS gene was reported when exposed to As
stress (Dhankher et al., 2002; Li et al., 2006). These observations clearly depict that glutathione
plays the central role in Cd and As detoxification and is actively induced under stress. The
overexpression of these genes (y-GCS and GS) results in more glutathione production, leading
to higher tolerance for heavy metals (He et al., 2015a; Martin et al., 2018). However, the
inhibition of these genes generates metal(loid) sensitive strains (Han et al., 2019).

The amplification of all reference genes (a-actin, B-tubulin and adenosine kinase) along with
the glutathione biosynthesis genes (y-GCS and GS) after gPCR analysis was further validated

by visualizing it through the agarose gel electrophoresis (Figure 4.32).

137



Figure 4.32: Validation of g°PCR amplified genes through agarose gel electrophoresis. Lane 1:
100 kb ladder, lane 2: Lb a-actin, lane 3: Lb B-tubulin, lane 4: Lb adenosine kinase, lane 5: Lb
y-GCS and lane 6: LbGS.

4.9 Plasmid isolation, digestion and ligation

The yeast shuttle vector - pFL61 was isolated using the Quiagen (Figure 4.33) having the
concentration of 1958 ng/pl with Azeor2go 0f 1.89 (measured by nanodrop). The isolated plasmid
along with the gene of interest (Lby-GCS, LbGS, Hey-GCS and HcGS) were subjected to double
digestion with their respective restriction enzymes and visualized on 0.8% agarose gel (Figure
4.34). The digested plasmid was excised from the agarose gel using the “GeneJET Gel
Extraction Kit - Thermo Fisher Scientific”. The digested plasmid and gene were then ligated
using the T4 ligase (Figure 4.25).
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pFL61 pFL61  pFL61

3000 bp

Figure 4.33: pFL61 plasmid isolated from the bacterial cell with approximate size 5 kb. Lane
1: ladder 1kb, Lane 2,3,4: plasmid pFL61.

Digested Control
pFL61 pFL61

1000 bp

Figure 4.34: pFL61 digested with restriction enzymes along with the undigested control.

Lanel: ladder, lane 2: digested pFL61, lane 3: undigested pFL61.
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Figure 4.35: Ligation of pFL61 with L. bicolor genes. lane 1: pFL61+ Lby-GCS, lane 2:
pFL61+LbGS, Lane 3,4: pFL61 control.

4.10 Bacterial transformation and colony PCR

The ligated plasmid+genes (pFL61+Lby-GCS, pFL61+LbGS, pFL61+Hcy-GCS and HcGS)

were then transformed into the E. coli DH10p cells and the positive clones were selected

through colony PCR (Figure 4.36).

X )Y
\)aéde (‘/0‘\“0 \)“\ \)“'L “c,\ “cl

Figure 4.36: Positive clones selected by colony PCR of E. coli DH10B cells. Lane 1: 1 kb
ladder, Lane 2: control, Lane 3: blank, Lane 4, 5, 6,7: positive clones of Lby-GCS, LbGS, Hcy-

GCS and HcGS, respectively.
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4.11 Yeast complementation assay

The function of both y-GCS and GS genes in mitigating Cd and As toxicity was studied using
the method proposed by Daghino et al., (2016). The functional complementation of Lby-
GCS/Hcy-GCS and LbGS/HcGS genes was carried out by expressing them in their respective
S. cerevisiae yeast mutants, gsh14 and gsh24 (sensitive to both Cd and As).

The plasmid isolation was carried out on the positive clones so obtained in section 4.10. The
isolated plasmids were then transformed into their respective yeast mutants gsh14 (pFL61+Lby-
GCS, pFL61+Hcy-GCS) and gsh24 (pFL61+Lb-GS, pFL61+HcGS). The positive yeast clones
so obtained were further used for the functional complementation studies using the drop test
analysis and the liquid growth assay.

4.11.1 Drop test analysis

In the drop test analysis, the growth of both mutants gsh14 and gsh2“ transformed with their
respective genes (pFL61+Lby-GCS/pFL61+Hcy-GCS and pFL61+LbGS/pFL61+HCGS) and
empty vector (EV) pFL61 along with the wild type BY4741 carrying pFL61, was monitored
on SD-Ura medium supplemented with and without Cd (40 uM) and As (100 uM).

The S. cerevisiae metal(loid) sensitive mutants, gsh14 and gsh24 when transformed with empty
vector (EV) pFL61 could grow on normal SD-Ura medium but not on SD-Ura medium
supplemented with Cd (40 uM) (Figure 4.37, 4.39) and As (100 uM) (Figure 4.38, 4.40).
However, the same mutant cells (gsh1/ and gsh24) when transformed with their respective
glutathione synthesis gene (Lby-GCS/Hcy-GCS and LbGS/HcGS) successfully restored their
metal(loid) tolerance tendencies analogous to their wild type BY4741 cells. The wild type
BY4741 could successfully grew on both SD-Ura medium supplemented with and without Cd
and As. The results are presented as 5 pl drops on SD-Ura plates supplemented with and
without Cd and As. Both gsh14 and gsh24 were highly sensitive to both Cd and As and could
not survive when grown on the metal(loid) supplemented SD mediums. However, when both
mutants were complemented with their respective mutant genes isolated from ECM fungi,
could successfully grow on the metal(loid) supplemented SD-Ura plates. This shows that the
GSH biosynthesis genes isolated form L. bicolor and H. cylindrosporum plays an important

role in generating Cd and As tolerance.
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Figure 4.37: Functional complementation of S. cerevisiae mutant gsh14 and gsh2 transformed
with empty vector pFL61 (EV) and their respective glutathione biosynthesis genes Lby-GCS
and LbGS in response to Cd. BY4741 cells transformed with EV were used as positive control.
The 5 pl drop of each culture diluted 10, 102, 10 times was spotted on SD- Ura plated
supplemented with and without Cd.
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Figure 4.38: Functional complementation of S. cerevisiae mutant gsh14 and gsh2/ transformed
with empty vector pFL61 (EV) and their respective glutathione biosynthesis genes Lby-GCS
and LbGS in response to As (100 puM). BY4741 cells transformed with EV were used as
positive control. The 5 pl drop of each culture diluted 10, 10”2, 103 times was spotted on SD-

Ura plated supplemented with and without As.
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Control CdSO,: 40 uM

100 101 102 1073

Figure 4.39: Functional complementation of S. cerevisiae mutant gsh14 and gsh2 transformed
with empty vector pFL61 (EV) and their respective glutathione biosynthesis genes Hcy-GCS
and HcGS in response to Cd. BY4741 cells transformed with EV were used as positive control.
The 5 pl drop of each culture diluted 10, 102, 10 times was spotted on SD-Ura plated

supplemented with and without Cd.
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Figure 4.40: Functional complementation of S. cerevisiae mutant gsh14 and gsh2/ transformed
with empty vector pFL61 (EV) and their respective glutathione biosynthesis genes Hcy-GCS
and HcGS in response to As. BY4741 cells transformed with EV were used as positive control.
The 5 pl drop of each culture diluted 102, 102, 10 times was spotted on SD-Ura plated

supplemented with and without As.
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4.11.2 Liquid Assay:

The function of glutathione biosynthesis genes (y-GCS and GS) in mitigating Cd and As
toxicity was further validated through liquid assay. The S. cerevisiae yeast mutants gsh14 and
gsh2” transformed with Lby-GCS/Hcy-GCS and LbGS/HcGS, respectively were allowed to
grow in SD-Ura broth supplemented with varying concentrations of As (0, 50, 100, 150, 200
p1M) and Cd (0, 20, 40, 60, 80 uM) for 24 hours. The response of each transformant along with
the wild type BY4741 was recorded as the absorbance of the culture at 600 nm.

The response of yeast mutants carrying GSH biosynthesis genes (Lby-GCS and LbGS) isolated
from L. bicolor to both Cd and As have been represented graphically in figure 4.41 and 4.42.
When exposed to 20 uM Cd, the growth of gsh14 carrying empty vector pFL61 declined
drastically whereas the mutants carrying Lby-GCS and LbGS could successfully grow

equivalent to their wild type BY4741 cells (Figure 4.41). Further, increasing the Cd stress to
40, 60 and 80 M, completely arrested the growth of gsh1(pFL61) and gsh2(pFL61), whereas

the same mutants carrying GSH genes gsh14(pFL61+Lby-GCS) and gsh24(pFL61+ LbGS)
tolerated the metal(loid) stress and showed growth similar to BY4741 cells (Table 4.26).

Similar observations were made when the mutants were exposed to As stress. The mutants

carrying EV pFL61 arrested their growth at 50 uM As, whereas the same mutants carrying
GSH genes gsh1/(pFL61+Lby-GCS) and gsh2”(pFL61+ LbGS) successfully followed the
growth pattern of their wild type BY4741 (Table 4.27) (Figure 4.42).
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Table 4.26: Growth assay of yeast mutants gsh14 and gsh24, transformed with Lby-GCS and
LbGS genes, respectively and empty vector pFL61 along with its wild type (BY4741) grown

in presence of various concentrations of Cd for 24 h at 30°C.

Cadmium Absorbance (600 nm)
concentration
(V) BY4741 pFL61 PFL61+Lby-GCS  pFL61+LbGS
0 1.542+0.010a 1.564+0.012a 1.560+0.018a 1.570+0.020a
20 0.885+0.095b  0.130+0.044b 0.698+0.052b 0.754+0.066b
40 0.654+0.087c  0.109+0.068h 0.347+0.088c 0.489+0.048¢
60 0.210£0.012d  0.104+0.099b 0.118+0.020d 0.208+0.015d
80 0.152+0.011d 0.100+0.010b 0.104+0.014d 0.110+0.002d

Values (Mean+SD) sharing a common letter within the column are not significantly different
at P<0.05(n=3)
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Figure 4.41: Growth assay of yeast mutants gsh1 and gsh2/, transformed with Lby-GCS and
LbGS genes, respectively and empty vector pFL61 along with its wild type (BY4741) grown
in presence of various concentrations of Cd for 24 h at 30°C. Values represent an average of

three biological replicates with +SD.
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Table 4.27: Growth assay of yeast mutants gsh14 and gsh24, transformed with Lby-GCS and
LbGS genes, respectively and empty vector pFL61 along with its wild type (BY4741) grown

in presence of various concentrations of As for 24 h at 30°C.

Arsenic Absorbance (600 nm)
concentration  BY4741 pFL61 PFL61+Lby-GCS  pFL61+LbGS
(mM)

0 1.685+0.016a 1.632+0.120a 1.612+0.019a 1.620+0.023a

50 0.985+0.086b 0.180+0.074b  0.795+0.094b 0.704+0.052b

100 0.662+0.045¢ 0.110+0.066c  0.658+0.055¢ 0.592+0.041c

150 0.287+£0.032d 0.104+0.025¢  0.150+0.042d 0.159+0.013d

200 0.156+0.011e 0.100+0.009c  0.104+0.015d 0.11040.007d

Values (Mean+SD) sharing a common letter within the column are not significantly different
at P<0.05(n=3)
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Figure 4.42: Growth assay of yeast mutants gsh1 and gsh2/, transformed with Lby-GCS and
LbGS genes, respectively and empty vector pFL61 along with its wild type (BY4741) grown
in presence of various concentrations of As for 24 h at 30°C. Values represent an average of

three biological replicates with +SD.
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Further, the function of Hcy-GCS and HcGS genes isolated from H. cylindrosporum was also
validated through the liquid assay. Similarly, the mutants carrying empty vector pFL61 ceased
its growth when exposed to 20 uM Cd (Table 4.28) and 50 uM As (Table 4.29), whereas the
same mutants when transformed with Hcy-GCS and HcGS successfully grew even at 40 uM
Cd and 100 uM As similar to their wild type BY4741 (Figure 4.43, 4.44). This shows that the
both y-GCS and GS genes plays a significant role in inducing heavy metal(loid) tolerance in
ECM fungi.

Table 4.28: Growth assay of yeast mutants gsh14 and gsh24, transformed with Hcy-GCS and
HcGS genes, respectively and empty vector pFL61 along with its wild type (BY4741) grown
in presence of various concentrations of Cd for 24 h at 30°C.

Cadmium Absorbance (600 nm)
concentration BY4741 pFL61 pFL61+Hcy-GCS  pFL61+HcGS
(LM)
0 1.956+0.010s 1.998+0.012a 1.985+0.018a 1.914+0.011a
20 1.065+0.089b 0.215+0.052b  0.965+0.055b 0.885+0.042b
40 0.779+0.052¢ 0.196+£0.015b  0.651+0.099c 0.569+0.054c
60 0.315+0.042d 0.142+0.033b  0.296+0.056d 0.198+0.067d
80 0.162+0.020e  0.100+£0.008b  0.154+0.026e 0.115+0.039d

Values (Mean+SD) sharing a common letter within the column are not significantly different

at P<0.05(n=3)

147



2.5 -©- BY4741
S -~ pFL61
c 20
§ 8 pFL61+Hc)-GCS
= - pFL61+HcGS
8
C
@
@]
L
3
!
<

0 20 40 60 80
Cadmium concentration (uUM)

Figure 4.43: Growth assay of yeast mutants gsh14 and gsh24, transformed with Hcy-GCS and
HcGS genes, respectively and empty vector pFL61 along with its wild type (BY4741) grown
in presence of various concentrations of Cd for 24 h at 30°C. Values represent an average of

three biological replicates with +SD.

Table 4.29: Growth assay of yeast mutants gsh14 and gsh24, transformed with Hcy-GCS and
HCGS genes, respectively and empty vector pFL61 along with its wild type (BY4741) grown

in presence of various concentrations of As for 24 h at 30°C.

Arsenic Absorbance (600 nm)
concentration BY4741 pFL61 PFL61+Hcy-GCS  pFL61+HCcGS
(mM)

0 1.880+0.018a 1.850+0.015a 1.890+0.014a 1.810+0.011a
50 1.105+0.095b 0.315+0.069b  0.956+0.054b 0.854+0.095b
100 0.743+0.080c 0.221+0.041c  0.621+0.052c 0.452+0.051c
150 0.448+0.041d 0.185+0.013c  0.335+0.022d 0.289+0.025d
200 0.164+0.016e 0.099+0.012c  0.087+0.014e 0.084+0.011e

Values (MeanxSD) sharing a common letter within the column are not significantly different

at P<0.05(n=3)
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Figure 4.44: Growth assay of yeast mutants gsh14 and gsh24, transformed with Hcy-GCS and
HcGS genes, respectively and empty vector pFL61 along with its wild type (BY4741) grown
in presence of various concentrations of As for 24 h at 30°C. Values represent an average of

three biological replicates with +SD.

The transformation of both genes Lby-GCS/Hcy-GCS and LbGS/HcGS in their respective yeast
mutants successfully restored their metal(loid) tolerance ability. Similar observations have
been reported by Saunders and McLellan, (2000), where the functional complementation of y-
GCS gene isolated from Drosophila melanogaster in S. cerevisiae y-GCS mutant partially
restored the glutathione levels and conferred resistance to Cd and methylglyoxal (Saunders and
McLellan, 2000). Similarly, Hansenula polymorpha mutant for GSH1 (y-GCS) was highly
sensitive to Cd, however the same mutant when transformed with GSH1 gene successfully
restored the Cd tolerance tendencies (Ubiyvovk et al., 2011). The transformation of GSH1 (y-
GCS) gene isolated from aresnite-resistant Leishmania tarentolae into the wild type increased
the glutathione production and conferred arsenite resistance (Grondin et al., 1997). These
observations clearly validate the active role of both y-GCS and GS in inducing Cd and As

tolerance in ECM fungi, L. bicolor and H. cylindrosporum.

In the light of these evidence, it can be clearly concluded that the ECM fungi, L. bicolor and
H. cylindrosporum can be a good metal(loid) accumulators and detoxifiers, highlighting the
role of GSH defense system in both Cd and As sequestration and thus preventing its transfer to

the host plant.
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4.12 Protein isolation

In order to study the total proteome of ECM fungus L. bicolor in response to Cd, the fungus
was stressed with 40 uM of Cd for 48 hours. After 48 hours, the mycelium was crushed with
liquid nitrogen and the total protein was isolated. The isolated proteins were visualized through
SDS-PAGE (Figure 4.46) and quantified through Bradford assay (Table 4.30). A standard plot
for protein estimation was prepared using the known concentrations of BSA (Figure 4.45). The

linear equation was calculated and used for estimation of LbCd-0 and LbCd-40.

Table 4.30: Protein estimation by Bradford method using BSA standard.

S. No. Concentration of BSA ug/100 pl Absorbance (595 nm)
1 0 0.000
2 1.56 0.001
3 3.12 0.020
4 6.25 0.036
5 12.5 0.072
6 25 0.159
7 50 0.293
8 100 0.493
9 LbCd-0 1.240
10 LbCd-40 1.259

BSA standard curve

o
o

y =0.005x + 0.0107
R2=0.99

Absorbance @ 595 nm
o o o o o
[ N w IS (8]

o

0 20 40 60 80 100 120
BSA concentration

Figure 4.45: Standard plot of BSA for protein estimation through Bradford method.
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The concentration of unknown protein samples was calculated using the equation derived from
standard curve, i.e., y=0.005x + 0.0107. The concentrations so obtained were 2.45 mg/ml for
LbCd-0 and 2.49 mg/ml for LbCd-40.

Ladder Control Cd: 40 pM

1 2 3
245 kDa —»
75kDa By n
25kDa —+
&
11 kDa —> ¢

Figure 4.46: Agarose gel electrophoresis of total protein samples isolated from L. bicolor with
and without Cd stress. Lane 1: ladder, lane 2: control (unstressed sample), lane 3: mycelium
stressed with 40 uM Cd.

4.13 RP-LC ESI Q-TOF MSMS

The liquid chromatography mass spectroscopy using Electron spray ionizer and Quadrupole
Time-of-flight analyzer was performed for both L. bicolor samples stressed with Cd 40 uM
(LbCd-40) and unstressed (LbCd-0). The analysis resulted in isolating and identifying 1048
proteins in LbCd-0 and 1050 proteins in LbCd-40. Amongst them, 997 protein samples
overlapped in both LbCd-0 and LbCd-40 and were used for comparative proteomic analysis.
The fold change in the expression of each protein was calculated as the ratio of its quantities
LbCd40:LbCd0. Amongst all the 997 proteins, the proteins with fold change more than 1.5
(upregulated) or less than -1.5 (down-regulated) were selected for proteomic analysis as

“differentially expressed proteins” in response to Cd stress.
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The differentially expressed proteins so obtained were then annotated through Gene Ontology
(GO) analysis and their related metabolic pathways were studied using the KEGG
classifications. The detected proteins were classified into various groups/categories based on

their relative metabolic pathways as shown in Figure 4.47.

KEGG
Classification
Genetic Environmental
Metabolism information information Cellular Process Enzymes
processing processing

Carbohydrate L. Transport and Peptidase and
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metabolism death

Energy metabolism TR L e e Transferases
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Nucleotide Ribosome
metabolism biogenesis

Folding, Sorting and
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Secondary Chromosomes and
metabolites associated proteins

Glycan biosynthesis

Xenobiotic
degradation and
aminobenzoate

degradation

Figure 4.47: Different categories of KEGG classification based on the molecular functions of

proteins.

The differentially expressed proteins were then classified into different categories based upon

their annotated function in UniProt database and KEGG metabolic pathway.
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4.13.1 Metabolism

a) Carbohydrate Metabolism

Carbohydrate metabolism is the fundamental process ensuring the constant supply of energy
in living beings. Cd stress imposed various deleterious effects on the carbohydrate metabolism
in ECM fungus L. bicolor. The expression of most of the enzymes involved in carbohydrate
metabolism was down-regulated under Cd stress (Table 4.31). Glycolysis/gluconeogenesis
pathway, pentose phosphate pathway, inositol phosphate metabolism, glyoxylate and
dicarboxylate metabolism and starch and sucrose metabolism, were severely impaired under
Cd stress. The down-regulation in these pathways indicate that the exposure to Cd induces
energy stress in the ECM fungi and most of the energetic reserves are depleted to counter this
stress. On the contrary, two enzymes involved in galactose pathway were up-regulated.
Galactose is an important part of complex glycoproteins and polysaccharides involved in cell
wall and cell membrane structures. The increase in galactose metabolism could be to support
the energy demand and may contribute in rigidification of cell wall (Le Gall et al., 2015). This
imbalance between the increasing energy demand and weakness of glycolysis/gluconeogenesis

pathway can be one of the major causes of Cd toxicity in ECM fungi.

Similar observations have been reported in Lactobacillus plantarum exposed to Cd (Zhai et al.,
2017). The comparative proteomic analysis of the bacteria in response to Cd, revealed a drastic
downregulation in 24 proteins involved in carbohydrate metabolism, and only 2 proteins were
found to be up-regulated (Zhai et al., 2017). The impaired carbohydrate metabolism under Cd
stress has also been reported in many fishes like Cyprinus carpio, Rhamdia quelen,
Sinopotamon yangtsekiense (CiCiK and ENGIN, 2005; Xuan et al., 2011; Pretto et al., 2014;
Yallapa and Nzhat, 2018) and plants like bean seeds, Beta vulgaris (Greger and Bertell, 1992;
Sfaxi-Bousbih et al., 2010). Apart from carbohydrate metabolism, the carbohydrate reserves
are also depleted under Cd stress leading to high metabolic imbalance and failure of metabolic
homeostasis (Zhai et al., 2017; Yallappa and Nzhat, 2018). Therefore, we can say that the
impairment in carbohydrate metabolism is one of the significant cause of Cd toxicity and
growth inhibition.
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Table 4.31: Differentially expressed proteins involved in carbohydrate metabolism

S.No. Protein Protein Name Function Fold
Id change
1 POCO034 Inositol-pentakis- Inositol phosphate metabolism -12.5
phosphate 2-kinase
2 Q711G1  Glucose-6-phosphate Glycolysis/Gluconeogenesis -2.04
isomerase Pentose  phosphate  pathway
Starch and Sucrose metabolism
3 Q96UV5  Glutamine synthetase Glyoxylate and dicarboxylate -1.82
metabolism
4 P32636 Glyceraldehyde-3- Glycolysis/Gluconeogenesis -1.73
phosphate dehydrogenase Pentose phosphate pathway
5 013439 Isocitrate lyase Glyoxylate and dicarboxylate -1.68
metabolism
6 094123 Phosphoglycerate kinase ~ Glycolysis/Gluconeogenesis -1.64
7 W8QRE4 Beta-xylosidase Amino sugar and nucleotide -1.63
sugar metabolism
8 P32861 UTP--glucose-1- Starch and sucrose metabolism -1.59
phosphate Galactose metabolism
uridylyltransferase Amino sugar and nucleotide
sugar metabolism
9 P54424 Endoglucanase Starch and sucrose metabolism -1.58
10 POCP76  Chitin deacetylase Amino sugar and nucleotide -1.54
sugar metabolism
11 POCL98  Probable actetate kinase ~ Pyruvate metabolism -1.52
12 013395 Chitin synthase Amino sugar and nucleotide -1.50
sugar metabolism
13 P32895 Ribose-phosphate Pentose phosphate pathway +1.51
pyrophosphokinase 1
14 Q870B9  Enolase Glycolysis/Gluconeogenesis +1.53
15 P29064 Alpha-glucosidase Galactose metabolism +1.55
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16 POCN77  Galactose-1-phosphate Galactose metabolism +1.61

uridylyltransferase

b) Amino acid metabolism

Most of the differentially expressed proteins involved in amino acid metabolism were up
regulated under Cd stress (Table 4.32). Cysteine, methionine, tyrosine, arginine, tryptophan,
glycine, valine, leucine, isoleucine, lysine, phenylalanine, aspartate and glutamate metabolisms
were actively induced in L. bicolor under Cd stress. Similar observations were made in a recent
study to monitor the effect of Cd on amino acid profile of maize grains. Most of the amino
acids like proline, valine, leucine, isoleucine, arginine, aspartate, tyrosine, threonine, glycine,

alanine and phenylalanine were actively induced under Cd stress (Kato et al., 2020).

Cysteine plays an important role in Cd tolerance. It is the precursor molecule in glutathione
biosynthesis. The induction in cysteine biosynthesis genes has also been reported in
Arabidopsis under Cd stress (Jia et al., 2016). Increase in cysteine availability is a prerequisite

for Cd tolerance and accumulation (Dominguez-Solis et al., 2004).

In compositae plants Ageratum conyzoides L. and Crassocephalum crepidioides, high
accumulation of free amino acids glutamine (Gln) and asparagine (Asn) have been associated
with higher Cd tolerance and accumulation (Zhu et al., 2018). Similar observations have also
been recorded in tomato roots, where asparagine, glutamine and branched chain amino acids
like valine, phenylalanine, isoleucine and tryptophan accumulated in response to Cd stress
(Zoghlami et al., 2011) and in Noccaea metallophytes, phenylalanine, tryptophan, threonine

and ornithine accumulated in response to Cd stress (Zemanova et al., 2017).

Amino acid metabolism has a significant role in providing heavy metal resistance (Zhu et al.,
2018). Cd toxicity perturbs the amino acid metabolism and the change in amino acid levels
further plays a significant role in mitigating Cd stress (Zhu et al., 2018). The possible reasons
for this include: in plants, amino acids under stress conditions, serves as signaling molecules
and plays other important roles like radical scavenger, osmolyte, ion transport regulators and
modulates the stomatal openings to detoxify heavy metals (Sharma and Dietz, 2006; Xu et al.,
2012; Pavlikové et al., 2014). In Solanum nigrum and Solanum torvum, high accumulation of
hydroxyproline prevented Cd translocation form roots to the aerial parts (Xu et al., 2012).

Amino acids are also involved in synthesis of important metal binding ligands like glutathione
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and phytochelatins involved in metal detoxification and homeostasis (Dave et al., 2013; Asgher

et al., 2017). Amino acids also regulate the activity of enzymes, gene expression and redox-
homeostasis (Chaffei-Haouari et al., 2009; Islam et al., 2009). According to Xuan et al., (2011),

during chronic period of stress, when there is limited amount of carbohydrates, proteins may

be utilized to meet the increasing energy demands. Amino acids can be used as precursors for

gluconeogenesis (Felig et al., 1970).

Table 4.32: Differentially expressed proteins involved in amino-acid metabolism

S.No. Protein  Protein Name Function Fold
Id change
1 Q01752  Aryl-alcohol Tyrosine metabolism 2.90
dehydrogenase Phenylalanine metabolism
2 P09575 Multifunctional tryptophan  Tryptophan, phenylalanine and 2.66
biosynthesis protein tyrosine metabolism
3 POCO52  Kynureninase Tryptophan metabolism 1.90
4 P78568 Delta-1-pyrroline-5- Alanine, aspartate and 1.84
carboxylate dehydrogenase glutamate metabolism
5 ABNEP3  Tryptophan synthase Glycine, serine, threonine and  1.83
tryptophan metabolism
6 BODOU4 Methylthioribose-1- Cysteine and methionine 1.81
phosphate isomerase metabolism
7 BOCR45 Amino-acid Arginine biosynthesis 1.68
acetyltransferase
8 POCS23  Urease Arginine biosynthesis 1.65
9 Q5KPJ5  Acetolactate synthase Valine, leucine and isoleucine  1.65
metabolism
10 P35669 Glutathione synthetase Cysteine and methionine 1.64
metabolism
11 Q5KD76 1,2-dihydroxy-3-keto-5- Cysteine and methionine 1.54
methylthiopentene metabolism
dioxygenase
12 Q4P521  Homoaconitase Lysine biosynthesis 1.52
13 A7TBHQ9 Tyrosinase Tyrosine metabolism 1.51
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14

15

ABNAN2 Arginine biosynthesis

Q01772

bifunctional protein ArgJ
Aldehyde oxidase

Arginine biosynthesis

Valine, leucine and isoleucine

metabolism

-1.53

-2.5

¢) Nucleotide metabolism

Cd stress also impaired the nucleotide metabolism in L. bicolor. Most of the proteins involved

in nucleotide biosynthesis were upregulated under Cd stress (Table 4.33). Out of the 9

differentially expressed proteins under Cd stress, 8 proteins were up-regulated whereas one

protein was downregulated. This upregulation may support more DNA and mRNA

biosynthesis in-order to cope up with Cd stress. The increased biosynthesis of nucleic acids

under Cd stress has also been reported in that Stigeocloni tenue, where the concentration of

nucleic acids increased under Cd stress (Vanaja et al., 2000). Cd impaired both purine and

pyrimidine metabolism in L. bicolor. The comparative proteomic analysis of Lactobacillus

plantarum under Cd stress also highlighted the impairment in nucleotide metabolism. Most of

the proteins involved in purine and pyrimidine metabolism were up-regulated under Cd stress.

However, there is insufficient data to explain it on molecular basis.

Table 4.33: Differentially expressed proteins involved in nucleotide metabolism

S.No Protein  Protein Name Function Fold
Id change

1 P31301 Dihydroorotase Pyrimidine metabolism 2.83

2 Q4P7R2  Adenylosuccinate Purine metabolism 2.41
synthetase

3 P15188  Orotidine 5’-phosphate Pyrimidine metabolism 2.16
decarboxylase

4 Q5KP44  Inosine 5’-monophosphate Purine metabolism 1.78
dehydrogenase

5 POCS23  Urease Purine metabolism 1.65

6 Q4P763  GMP synthase [Glutamine-  Purine metabolism 1.56
hydrolyzing]

7 ABPAALl Adenylate kinase Purine metabolism 1.54
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8 042644  CTP synthase Pyrimidine metabolism 1.50
9 059845 UMP-CMP Kinase Pyrimidine metabolism -1.53

d) Energy metabolism

The Cd exposure also affected the energy metabolism in L. bicolor. The up-regulation in
proteins from nitrogen metabolism and oxidative phosphorylation implicated their contribution
in Cd resistance of ECM fungi, whereas the ATP synthesis was down-regulated under Cd stress
(Table 4.34). Three proteins involved in oxidative phosphorylation- NADH-ubiquinone
oxidoreductase, Succinate dehydrogenase and V-type proton ATPase were upregulated under
Cd stress. The change in oxidative phosphorylation proteins, might be the molecular
mechanism for meeting the energy demand under Cd stress. The overexpression in energy
metabolism proteins like NADH-dehydrogenase, succinate reductase and cytochrome C
reductase under Cd stress has also been reported in Lactococcus lactis and Pardosa
pseudoannulata (Sheng et al., 2016; Yang et al., 2018). The metatranscriptomic analysis of
Pardosa pseudoannulata in response to Cd stress revealed 19 differentially expressed genes
involved in oxidative phosphorylation so as to meet the increasing energy consumption and
energy metabolism under Cd stress (Yang et al., 2018). However, the ATP synthetase was
highly down-regulated under Cd stress, thus limiting the ATP production. The decrease in ATP

content has been directly linked to Cd accumulation in Arabidopsis (He et al., 2019).

Table 4.34: Differentially expressed proteins involved in energy metabolism

S.No Protein  Protein Name Function Fold
Id change

1 Q96UJ9  NADP-specific glutamate ~ Nitrogen metabolism 2.86
dehydrogenase

2 Q70KF8  Succinate dehydrogenase Oxidative phosphorylation 1.68
[ubiquinone] iron-sulfur
subunit

3 QOHB8X6 NADH-ubiquinone Oxidative phosphorylation 1.65

oxidoreductase chain 4

4 P53615  Carbonic anhydrase Nitrogen metabolism 1.58
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5 Q59PTO  V-type proton ATPase Oxidative phosphorylation 1.52

subunit B

6 POCNO4 Sulfate adenylyl ATP synthesis and sulfur -1.62
transferase metabolism

7 Q92196  ATP synthase subunit delta ATP synthesis -6.25

e) Glutathione metabolism

Upregulation in all proteins involved in glutathione biosynthesis and metabolism was recorded
in L. bicolor under Cd stress (Table 4.35). Glutathione is the first line of defense against Cd
toxicity in plants, mammals, bacteria, yeast and fungi (Garg and Aggarwal, 2011; Tarhan and
Kavakcioglu, 2016; Ding et al., 2017; Lou et al., 2017; Nikoli¢ et al., 2019). Glutathione
biosynthesis is immediately induced when the cell is exposed to Cd stress (Zheng et al., 2018).
The expression of glutathione synthetase increased by 1.6 folds under Cd stress thus inducing
the glutathione synthesis and accumulation in L. bicolor so as to mitigate Cd toxicity.

Glutathione shows a dual protection mechanism under metal stress- it acts as a metal scavenger
during metal homeostasis and as an antioxidant during oxidative stress. As a metal scavenger,
GSH binds Cd forming a Cd(GSH). complex by the enzyme glutathione-S-transferase, which
is compartmentalized into the vacuoles (Adamis et al., 2007; Mendoza-Cozatl et al., 2011,
Oestreicher and Morgan, 2018). As an antioxidant, it eliminates ROS by reducing the harmful
free radicals and itself gets oxidized to GSSG. This reduction of free radicals and oxidation of
GSH to GSSG is mediated by glutathione peroxidase. The oxidized GSSG is then again
converted to GSH by glutathione reductase. Both glutathione-S-transferase and glutathione
reductase/glutathione peroxidase were up regulated in L. bicolor under Cd stress. Glutathione-
S-transferase significantly increased by 1.7 folds, glutathione reductase by 1.8 folds and
peroxidase by 1.7 folds under Cd stress. This shows that in L. bicolor, GSH mitigates Cd

toxicity by eliminating the ROS and sequestering the metal away into the vacuoles.
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Table 4.35: Differentially expressed proteins involved in glutathione metabolism

S.No Protein  Protein Name Function Fold
Id change
1 Q02784  Monothiol glutaredoxin-5  Glutathione metabolism 1.84
2 Q6BPI1  Glutathione reductase Glutathione metabolism 1.83
(NADPH)
3 C9SG98  L-ascorbate peroxidase Glutathione metabolism 1.75
4 P30102 Glutathione-S-transferase  Glutathione metabolism 1.71
5 P35669 Glutathione synthetase Glutathione metabolism 1.64

f) Metabolism of terpenoids and polyketides

Terpenoids and polyketides are the bioactive secondary metabolites with antitumor,

antibacterial, hypoglycemic, immunosuppressive and neuroprotective effects. The Cd toxicity

down regulated the metabolisms involved in terpenoid and polyketide biosynthesis in L. bicolor
under Cd stress (Table 4.36), thus, making the ECM fungi feeble.

Table 4.36: Differentially expressed proteins involved in metabolism of terpenoids and

polyketides
S.No Protein ID Protein Name Function Fold
change

1 AOA2LOVXR5 Geranylgeranyl Terpenoid backbone -1.50
pyrophosphate synthase biosynthesis

2 SODQN®6 FAD-dependent Polyketide biosynthesis -1.50
monooxygenase fsr3

3 AOAQU3C228 Flavin-dependent Biosynthesis of enediyne -1.52
halogenase armH5 antibiotics

4 AOA286LEZ6  4-hydroxytryptamine Indole alkaloid -1.63
Kinase biosynthesis

5 Q4WB01 Cytochrome P450 Diterpenoid biosynthesis  -1.64
monooxygenasepsoD

6 GoBIY1 Diphosphomevalonate Terpenoid backbone -2.03

decarboxylase

biosynthesis
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7 042641 Isopentenyl-diphosphate ~ Terpenoid backbone -2.78
Delta-isomerase biosynthesis

4.13.2 Genetic information processing

Genetic information processing includes transcription, translation, DNA replication, DNA
repair, protein folding and sorting and chromosome formation. Cd stress altered all the

mechanisms involved in genetic information processing in ECM fungus L. bicolor.

a) Trascription and translation

Cd toxicity uncouples the transcription and translation process in plant cell (Sormani et al.,
2011). This is one of the major causes of Cd induced carcinogenesis (Waisberg et al., 2003).
In L. bicolor, most of the proteins involved in transcription machinery were down-regulated
under Cd stress, whereas the proteins involved in translation machinery were up-regulated
(Table 4.37, Table 4.38). The imbalance so created can be a possible cause of Cd toxicity in L.
bicolor. Even in E. coli, the transcription machinery was highly disrupted under Cd stress
(Wang and Crowley, 2005). The higher expression of translation factors in mice has also been
associated with the Cd carcinogenesis (Joseph et al., 2009). However, the up-regulation in
translation machinery may also be related to more protein biosynthesis to mitigate the toxic
effects of Cd. The up-regulation in proteins involved in RNA biogenesis also supports the

induction of translation machinery.

Table 4.37: Differentially expressed proteins involved in translation process

S.No Protein ID Protein Name Function Fold
change

1 Q4P7G1 Eukaryotic  translation mRNA biogenesis 3.56
initiation factor 3

2 ABNBS3 Glutamyl-tRNA(GIn) Aminoacyl-tRNA 2.69
amidotransferase subunit biosynthesis
A

3 POCQ55 37S ribosomal protein Ribosome 2.36
S10

4 POCN33 Elongation factor Ts Translation factors 1.88
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5 POCN33 Elongation factor G Translation factors 1.73

6 POCQ45 RNA exonuclease 4 Ribosome biogenesis 1.59

7 Q4P8R9 Polyadenylate-binding RNA transport 1.55
protein

8 A8Q513 Exportin-T RNA transport -1.85

Table 4.38: Differentially expressed proteins involved in transcription process
S.No Protein ID Protein Name Function Fold
change

1 Q4P2Q5 U1 small nuclear Spliceosome 1.73
ribonucleoprotein C

2 Q01877 Heat shock protein HSS1  Spliceosome 1.68

3 POCO39 Transcription factor Transcription machinery ~ -1.58
IWS1

4 A8PT44 Ribosome biogenesis Ribosome biogenesis -1.67
protein YTM1

5 Q4P101 RNA polymerase Il Transcription machinery  -2.00
holoenzyme cyclin-like
subunit

6 Q12753 Transcriptional activator ~ Transcription machinery  -2.23
HAAL

7 P54785 Transcriptional Transcription machinery  -2.41
activator/repressor
MOT3

8 B5VGZ3 Transcription factor Transcription machinery ~ -2.50

STP1
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b) DNA replication and repair

Cd also impairs DNA replication and repair machinery, thus inducing genomic instability and
leading to carcinogenesis (Wang et al., 2016; Hartwig, 2018). Cd interfere with the DNA repair
system and also inactivates the tumor suppressor genes. Proteins with zinc-binding structures,
like transcription factors, tumor suppressor protein p53 and DNA repair proteins are primary
sensitive target under Cd stress (Hartwig, 2018). In L. bicolor most of the genes involved in
DNA replication and repair were impaired under Cd stress (Table 4.39). Cd inhibited
nucleotide excision repair mechanisms, base excision repair, gap filling pathways etc, thus
decreasing the DNA repair tendencies causing toxicity in the cells. DNA ligase plays an
important role in DNA replication and repair by forming phosphodiester bonds in DNA (Yang
et al., 1996) and DNA helicase unwinds double stranded DNA during replication. The

expression of both helicase and ligase were altered in L. bicolor under Cd stress.

The proteomic analysis of Crassostrea gigas in response to Cd also highlighted the inhibition
of DNA glycosylase, DNA ligation enzymes, gap-filling, base excision repair pathway thus
decreasing the DNA repair capacity (Meng et al., 2017). The effect of Cd toxicity on genetic
information processing has also been reported in Triticum urartu (Qiao et al., 2019). Most of
the differentially expressed proteins under Cd stress were related to ribosome biogenesis, DNA
replication, DNA repair, DNA binding, DNA conformation, chromatin assembly or
disassembly and DNA packaging (Qiao et al., 2019). The expression of genes coding helicase,
DNA polymerase, DNA ligase and mini chromosome maintaining protein (MCM) was down-
regulated under Cd stress. Cd can also cause single or double strand breakdown in DNA (Zhang
etal., 2019).

Table 4.39: Differentially expressed proteins involved in DNA replication and repair

S.No Protein ID Protein Name Function Fold
change
1 P14746 DNA repair exonuclease ~ DNA repair 2.67
REC1
2 POCQ32 DNA replication DNA replication 1.83
complex GINS protein
PSF3
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3 POCO50 ATP-dependent DNA DNA Replication and 1.61

helicase Il subunit 1 repair

4 A8N936 DNA ligase 4 DNA replication and 1.54

repair

5 P10862 Post replication repair E3 DNA repair -1.51
ubiquitin protein ligase
RAD18

6 POCR93 Topoisomerase 1- DNA repair -1.55
associated factor 1

7 P41511 DNA topoisomerase 1 DNA replication -1.55

8 P26659 General transcription and  DNA repair -1.55
DNA repair factor 11H
helicase

9 POCN25 DNA polymerase epsilon  DNA replication -1.68
subunit B Nucleotide excision repair

10 Q4P1V1 Flap endonuclease 1 DNA replication -2.54

Base excision repair

c) Chromosomal assemblies

Cd induces abnormalities in chromosomes have been reported in many studies (Wang et al.,
2017; Pizzaia et al., 2019). In L. bicolor, the proteins involved in chromosome assembly like
chromatin remodeling factors, histone modification proteins and nucleosome assembly factors
were impaired under Cd stress (Table 4.40). The proteins involved in centrosome formation,
centromeric chromatin formation and chromatin remodeling were up-regulated whereas the
proteins involved in Histone modification and nucleosome assembly were down-regulated
under Cd stress. Thus, disturbing the chromosomal formations, leading to genetic instability in
L. bicolor under Cd stress. In a recent study on tomato plant, Cd toxicity caused various
chromosomal abnormalities like chromosome lost, polyploidy, bridges and C-metaphase and
chromosomal stickiness and effects polarization of spindle fibres, non-uniform tubulin
deposition etc (Pizzaia et al., 2019). It also induces mitosis and micronuclei in Allium cepa
(Wang et al., 2017).
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Table 4.40: Differentially expressed proteins involved in Chromosome assemblies

S.No Protein ID Protein Name Function Fold
change
1 POCO96 SWR1-complex protein 4 Chromatin remodeling 2.18
factors
2 P38219 Obg like ATPase 1 Centrosome formation and 2.05
ciliogenesis proteins
3 POCP41 Kinetochore protein Centromeric ~ chromatin 1.58
NUF2 formation proteins
4 POCOL17 Chromatin-remodeling Chromatin remodeling 1.58
ATPase INO8O factors
5 POCP02 Histone acetyltransferase Histone modification -1.50
ESA1 proteins
6 POCO98 Chromatin  modification Histone modification -1.51
related protein EAF1 proteins
7 POCO05 Histone H3 Histone modification -1.52
proteins
8 Q4PBUS Histone chaperone ASF1  Nucleosome assembly -3.54
factors

d) Protein folding, sorting and degradation

Cd also impairs the expression of proteins involved in protein folding, sorting and degradation
(Tamaés et al., 2018). In most of the proteins, Cd induces toxicity by inducing misfolding and
aggregation of nascent proteins (Jacobson et al., 2017) by two ways: firstly, it has high affinity
for the thiol group of cysteine, therefore binds proteins at cysteine residue causing misfolding.
Secondly, it impairs the expression of proteins involved in protein folding, sorting and
degradation. Cd damages the endoplasmic reticulum, thus causing protein unfolding or
misfolding (Gardarin et al., 2010; Le et al., 2016). Even in L. bicolor, most of the proteins
involved in “protein processing in endoplasmic reticulum” were down-regulated under Cd
stress (Table 4.41), indicating that Cd was also a strong endoplasmic reticulum stress inducer
in L. bicolor. However, the expression of heat-shock proteins involved in protein folding was

up-regulated under Cd stress. Heat shock proteins (Hsp) are the important component of
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molecular chaperons and are actively involved in variety of protein folding processes.

Therefore, their up-regulation indicate that excess Cd induces protein folding in cytosol,

mitochondria and ER in L. bicolor. Hsp proteins are also involved in maintaining protein

homeostasis (Meng et al., 2017). Therefore, the up-regulation in Hsp70 proteins may also help

L. bicolor in maintaining cellular homeostasis under Cd stress. Similar observations have been

made by Lee et al., (2010) in rice plant exposed to Cd and in Crassostrea gigas (Meng et al.,

2017).

Table 4.41: Differentially expressed proteins involved in protein folding, sorting and

degradation

S.No Protein ID Protein Name Function Fold
change

1 Q4P7G1 Eukaryotic translation Protein  processing in 3.56
initiation factor 3 endoplasmic reticulum

2 Q4P0OV4 Peptidyl-prolyl cis-trans Protein folding catalysts 2.01
isomerase D

3 POCP92 Peptidyl-prolyl isomerase Protein folding catalysts 1.68
CWC27

4 Q01877 Heat shock protein HSS1 Protein  processing in 1.55

endoplasmic reticulum

5 Q4P7F2 Hsp70 nucleotide exchange Protein folding 1.51
factor FES1

6 POCS71 Cytoplasmic  tRNA  2- Sulfur relay system -1.56
thiolation protein 1

7 POCRA40 Protein  transport protein Protein  processing in -1.61
SEC24 endoplasmic reticulum

8 POCR30 Small COPIl coat GTPase Protein processing in -1.82

SAR1

endoplasmic reticulum
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4.13.3 Environmental information processing
a) Signal transduction

Cd induces reactive oxygen species (ROS) formation inside the cells (Heyno et al., 2008;
Cuypers et al., 2010). These ROS molecules have been implicated as the initial signal in Cd
signal transduction pathway (Rodriguez-Serrano et al., 2009). The ROS induces the redox
signaling pathway to transfer signal from different parts of cell to nuclei so as to regulate: Cell
growth, proliferation, differentiation and apoptosis (Nemmiche et al., 2016). The most actively
induced pathway under Cd stress was “Mitogen activated protein kinase (MAPK) signaling
pathway”. MAPK pathway also regulates the cell wall integrity and promotes homeostasis in
fungi (Esquivel-Naranjo et al., 2016). In L. bicolor, most of the proteins involved in MAPK
stress were actively induced (up-regulated) in response to Cd stress (Table 4.42). The induction
in MAPK pathway lead to higher Cd tolerance in Schizosaccharomyces pombe and
Trichoderma atroviride (Zhou et al., 2010; Guo et al., 2012; Esquivel-Naranjo et al., 2016).

The role of MAPK signaling pathway in generating Cd tolerance was studied in T. atroviride,
where the MAPK mutants could not grow at 250 mM Cd whereas the wild type grew well
(Esquivel-Naranjo et al., 2016). The triggered MAPK pathway under metal stress has also been
reported in many plants (Sytar et al., 2013). The up-regulation in MAPK and other signaling
pathways has also been related to induction of cellular defense system in response to Cd stress
(Bryan et al., 2013; Shinkai et al., 2016). The interaction of thiol molecules with Cd and the
build-up of ROS in response to Cd, triggers the activation of MPK3 (mitogen-activated protein
kinase 3) and MPK6 (mitogen-activated protein kinase 6) in Arabidopsis (Liu et al., 2010).
Thus, we can say that the upregulation in signaling pathways can be defense initiative in ECM

fungi to mitigate the Cd toxicity.
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Table 4.42: Differentially expressed proteins involved in Signal transduction

S.No Protein  Protein Name Function Fold
ID change
1 P87033  Guanine nucleotide- Rapl signaling pathway 6.36
binding protein  Apelin signaling pathway
alpha-2 Sphingolipid signaling pathway
CAMP signaling pathway
cGMP-PKG signaling pathway
2 M1T7M3 Mitogen-activated MAPK signaling pathway 3.15
protein kinase ErbB signaling pathway
MAPK signaling pathway - fly
Ras signaling pathway
Rapl signaling pathway
cGMP-PKG signaling pathway
CAMP signaling pathway
Chemokine signaling pathway
HIF-1 signaling pathway
FoxO signaling pathway
Sphingolipid signaling pathway
Phospholipase D signaling pathway
3 BOCRU6 Fe-S cluster Signaling proteins 2.09
assembly protein
DRE2
4 ATTM15 V-type proton mTOR signaling pathway 2.01
ATPase subunit F
5 Q4P9Q7 High osmolarity MAPK signaling pathway 1.72
signaling protein
SHO1
6 Q05659  Pheromone Balpha2 MAPK signaling pathway 1.64
receptor
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7 P33748  Zinc finger protein MAPK signaling pathway 1.58
MSN2
8 P84339  Calmodulin Ras signaling pathway 1.55
Rap1 signaling pathway
MAPK signaling pathway - plant
Calcium signaling pathway
cGMP-PKG signaling pathway
CAMP signaling pathway
Phosphatidylinositol signaling system
9 Q99078  Dual specificity MAPK signaling pathway 1.53
protein kinase FUZ7
10 POCM16 ADP-ribosylation Phospholipase D signaling pathway 1.51

factor

11 P18694  Heat shock 70kDa MAPK signaling pathway 1.50
protein

12 Q9UQX0 Superoxide FoxO signaling pathway -1.59

dismutase [Mn]

b) Membrane transport and trafficking, Cell growth and death

Cd toxicity disturb cell’s homeostasis and cellular functions by altering the intracellular
transport system, vesicular trafficking, cell growth and death (Wan and Zhang, 2012).
Intracellular transport and vesicular trafficking are critical for transport of membrane bound
vesicles to different parts of cell, endocytosis and exocytosis. In L. bicolor, most of the proteins
involved in membrane transport were upregulated under Cd stress. ABC transporters are
actively involved in compartmentalizing Cd-(GSH). molecules to vacuoles. Thus, up-
regulation of ABC transporters in L. bicolor helps in mitigating Cd toxicity by

compartmentalizing Cd molecules in vacuoles (Table 4.43).

Another most influenced area under Cd stress in L. bicolor is Golgi apparatus. The 12.18 folds
increase in the expression of Golgi apparatus membrane protein TVP38 along with the Golgi
apparatus transporters (GDP-mannose transporter, Protein SEY 1) was recorded under Cd stress
(Table 4.43). This observation throws light on the fact that apart from vacuoles, Golgi apparatus

might be another site for Cd sequestration in L. bicolor. There are few reports on localization
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of Ca?* and Mn?' into the Golgi apparatus through Ca/Mn-ATPase transporters. Golgi
apparatus sequester these metals (Ca/Mn) into secretory vesicles, which subsequently get
released (Van Baelen et al., 2004; Xiang et al., 2005). Even in yeast Saccharomyces cerevisiae,
Ca-ATPase, Pmrlp of Glogi apparatus played a central role in the secretion of Cd through the
vesicle secretion pathway (Lauer Janior et al., 2008). In a recent study on mycorrhizal plants,
HMs can be sequestered in cell wall, vacuoles and Golgi apparatus in plants. However, these
studies are limited to Mn?* accumulation in Golgi apparatus (Shi et al., 2019). More is to be
investigated for Cd sequestration in Golgi apparatus as it can be a powerful tool in mitigating
Cd toxicity in ECM fungi.

Cd induced toxicity in L. bicolor by upregulating the proteins involved in autophagy, apoptosis,
phagosome and peroxisome (Table 4.43). Cd induced autophagy and apoptosis has been well
reported in fungus, Oudemansiella radicata (Li et al., 2019), mammalin- Mesangial cells
(MES-13) (Wang et al., 2008), endothelial cells (Messner et al., 2016;), plants- Arabidopsis
(Calero-Munoz et al., 2019), wheat (Yue et al., 2018). Autophagy is the highly sophisticated
and well-regulated degradation pathway for degrading or recycling the cytosolic components
into the vacuoles. Under Cd stress, autophagy acts like a protective mechanism to help

organisms survive the adverse conditions.

Table 4.43: Differentially expressed proteins involved in membrane transport, trafficking, cell
growth and death.

S.No Protein ID Protein Name Function Fold
change

1 ABNX72 Golgi apparatus Vesicular trafficking and 12.18
membrane protein TVP38 spindle migration

2 BODOTS8 Transcription activator of Peroxisome 3.71
gluconeogenesis ERT1

3 BODI84 GDP-mannose Imports  GDP-mannose 3.15
transporter from the cytoplasm into

the Golgi lumen
4 Q6CPE2 Superoxide dismutase Peroxisome 2.02
[Cu-Zn] family
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10

11

12

13

14

15
16
17

Q4P4N1

Q4P4N1

Q8J112

BODON9

POCR44

Q10185

Q9HFQ3

POCO68

POCM35

Q4PA36

POCM60
POCM17
POCM32

Autophagy-related
protein 18
Autophagy-related
protein 18

Electron transfer
flavoprotein subunit
alpha

Protein SEY'1

Phosphatidylinositol
transfer protein SFH5
ATP-binding cassette
transporter abc2

Tubulin beta chain

Mitochondrial
distribution and

morphology protein 12

Autophagy-related

protein 3

Vacuolar fusion protein
MON1

Vacuolar protein 8
ADP-ribosylation factor
Autophagy-related
protein 22

Autophagy

cytoplasm to  vacuole
transport

vesicle formation
starvation-induced
autophagy

Exosomes

Endoplasmic  reticulum
(ER) - Golgi transport

Exocytosis

ABC transporter

Phagosome

Apoptosis

Mitochondrial protein
import machinery
ER-mitochondria
encounter structure
(ERMES) complex
Cytoplasm to vacuole
transport

Autophagy

Autophagy

Lysosome transport
Autophagy

Endocytosis

Autophagy

1.99

1.94

1.71

1.70

1.69

1.68

1.68

1.67

1.65

1.61

1.58
1.55
1.54
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18 POCM35 Autophagy-related Autophagy 1.52

protein 3
19 P41909 Peroxisomal long-chain ABC transporter 1.52
fatty acid import protein 2
20 P49742 Tubulin alpha-1B chain Phagosome 1.52
Apoptosis
21 Q99128 AP-1 complex subunit Endosome - Golgi 1.51
gamma-1 transport
22 POCR62 Sorting nexin 4 Endocytosis -1.51
23 ABNU18 24 kDaRas-like protein GTP-binding proteins -1.55
Endocytosis
24 Q4P7J4 Mitochondrial fission 1 Mitochondrial quality -1.74
protein control factors
25 A1A653 Fe-regulated protein 8 Transporter-siderophore -1.78
26 POCP32 UDP-galactose Nucleoside-sugar -1.96
transporter homolog transporter
27 A8Q0OM1 ATPase GET3 arsenite/tail-anchored -1.96
protein-transporting
ATPase
28 POCR78 Class E vacuolar protein- Sorting  receptor  for -3.84
sorting machinery protein ubiquitinated cargo
HSE1 proteins

4.13.4 Response to oxidative stress

Oxidative stress is one of the most important mechanism attributed to Cd toxicity. Cd stress
leads to accumulation of ROS like superoxide, hydroxyl radical and hydrogen peroxide in cells.
These free radicals cause drastic cellular damage. ECM fungi have developed mechanisms to
cope with these ROS, by synthesizing various metal scavengers and antioxidants. The
antioxidant defense system can be classified into two categories: enzymatic defense system
which includes catalases (CAT), peroxidases, superoxide dismutase (SOD), polyphenol
oxidase, ascorbate peroxidase (APX) etc., and the non-enzymatic defense system which

includes ascorbate, glutathione etc.
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The cellular redox homeostasis in cell is basically maintained by SOD by converting O2™ ions
into H20>. The H202 molecules so formed are subsequently reduced to H.O by CAT, GSH and
APX resulting in oxidation of ascorbate to ASA and GSH to GSSG. The GSH is again
regenerated from GSSG by glutathione reductase using NADPH as an electron donor. This
process is involved in maintaining the cellular redox equilibrium resulting in high GSH/GSSG
ratio (Gill et al., 2013; Hernandez et al., 2015). Under metal mediated oxidative stress, all these

enzymes involved in maintaining cellular redox are highly affected.

The expression of all the enzymes involved in mitigating oxidative response and maintaining
cellular redox homeostasis were found to be highly up-regulated in L. bicolor under Cd stress
(Table 4.44). Twelve molecules involved in mitigating oxidative stress, which include:
Superoxide dismutase [Mn], Polyphenol oxidase (PPO), Monothiol glutaredoxin, Cell surface
superoxide dismutase, Carbonic anhydrase, peroxisomal catalase, AP1-like transcription factor
YAP2 (cadl), Cytochrome c¢ peroxidase, NADH-ubiquinone oxidoreductase, O-
methyltransferase imqG, Glutathione reductase (NADPH) and L-ascorbate peroxidase were
up-regulated under Cd stress. Similar results have been reported in many plants like
Arabidopsis thaliana (Jozefczak et al., 2014), Lolium perenne (Luo et al 2011), Rice (Afzal et
al., 2019), Kandelia obovate (Pan et al., 2020) etc. The activity of glutathione reductase was
highly induced by Cd stress in alfalfa plant (Sobrino-Plata et al., 2009) and by As in Silene
vulgaris (Sobrino-Plata et al., 2013).

The 11.82 folds increase in expression of polyphenol oxidase was recorded in L. bicolor under
Cd stress (Table 4.44). PPO plays an important role in heavy metal detoxification. In plants,
they have been actively involved in metal accumulation (Lavid et al., 2001; Kundu et al., 2018).
In Nymphoides peltate and Nymphaeae, PPO stimulates the trapping of Cd molecules by
polymerized phenols thus leading to Cd accumulation in plants (Lavid et al., 2001). Apart from
metal accumulation, PPO also plays an important role in phenolic compound synthesis, which
are actively involve in heavy metal detoxification, neutralizing free radicals, quenching singlet
oxygen and decomposing peroxides (Michalack, 2006; Zheng et al., 2010). Polyphenol
accumulation in plants is the robust mechanism to fight and adapt against metal stress (Kovacik
and Backor, 2007). Under stress conditions, PPO is also involved in repairing damaged cells
(Mayer, 2006). The increase in activity of PPO under Cd stress has also been reported in many

plants like Arabidopsis thaliana (Saffar et al., 2009), Glycyrrhiza uralensis (Zheng et al.,
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2010), Chamomile (Kovacik and Backor, 2007), Hydrilla verticillata and Ceratophyllum
demersun L. (Li et al., 2018; Zhang et al., 2020).

Apart from these, few metal binding proteins like: Metal binding activator 1, Putative heme-
binding peroxidase, Heavy metal tolerance protein hmtl, Multicopper oxidase terE,
Cytochrome c peroxidase and Glutathione-S-transferase were also up-regulated under Cd stress
(Table 4.44). The ATP binding cassette (ABC) transporter abc2, V-type proton ATPase subunit
B, that facilitates the compartmentalization of Cd into the vacuoles were also up-regulated. The
ATP binding cassette mediates the transport of GSH sequestered metals into the vacuoles (Song
et al., 2014; Basu et al., 2019). The role of ABC transporters vacuolar sequestration of
glutathione-metal complex has been reported in Saccharomyces cerevisiae,

Schizosaccharomyces pombe and many plants (Song et al., 2014).

Apart from these various stress responsive proteins like heat shock proteins (70 Kda and
HSS1), zinc finger protein MSN2 were also up-regulated in ECM fungi as a response to Cd
stress (Table 4.44). Zinc finger proteins regulates the Cd tolerance by directly inducing the
glutathione pathway. In a recent study on Arabidopsis, zinc finger transcription factor (ZAT6)
was characterized for its role in providing Cd tolerance by positively regulating the
transcription of GSH1 and GSH2 genes. Plants overexpressing ZAT6 genes were accumulated

more Cd and were more tolerant to metal stress than the wildtype (Chen et al., 2016).

The up-regulation in all these proteins involved in eliminating the ROS, suppressing the
oxidative stress and chelating Cd molecules highlights response of ECM fungus L. bicolor in

mitigating Cd toxicity.

Table 4.44: Differentially expressed proteins expressed in response to oxidative stress

S.No  Protein ID Protein Name Function Fold
change
1 042713 Polyphenol oxidase Metal detoxification 11.82
2 Q6C7U1L Putative heme-binding Destroy radicals toxic to 2.29
peroxidase biological system
3 Q6CPE2 Superoxide dismutase [Mn]  Destroy superoxide anion 1.99
radicals
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10

11

12

13

14

Q02784

Q6BPI1

C95G98
P30102

Q10185

Q5ACV9

P35192

P53615

Q02592

QOD1P3

P07820

Monothiol glutaredoxin

Glutathione reductase
(NADPH)

L-ascorbate peroxidase

Glutathione-S-transferase

ATP  binding  cassette
transporter abc2

Cell surface superoxide
dismutase

Metal binding activator 1

Carbonic anhydrase

Heavy  metal

protein hmtl

Multicopper oxidase terE

Peroxisomal catalase

tolerance

Protect cells against
oxidative damage due to
ROS

Neutalize free radicals

Neutralize free radicals
Help forming GSH-metal
complex

Vacuolar sequestration of
Glutathione-S-conjugates
Converts superoxides to
less damaging peroxides

Regulatory protein
involved in Cu/Fe
utilization and  stress
resistance

Protection against
oxidative stress

Involved in metal
tolerance, transport of

metal-bound
phytochelatins/glutathione
and compartmentalizing
Cd in vacuoles

Mediate biosynthesis of
terrein (fungal metabolite
with ecological,
antimicrobial and

antioxidant activities)

Protect cells from toxic
effects of  hydrogen
peroxide

1.84

1.83

1.75
1.71

1.68

1.66

1.59

1.58

1.58

1.56

1.55
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15

16

17

18

19

20

P24813

B8NI24

Q08422

Q59PTO

P33748

QBCABS

AP1-like transcription factor

YAP2 (cadl)

O-methyltransferase imqG

AN1-type zinc  finger
protein TMC1

V-type proton ATPase
subunit B

Zinc finger protein MSN2

Cytochrome c peroxidase

Transcription activator

involved in  oxidative
stress response and Cd
resistance

Mediate biosynthesis of
imizoquins (alkaloids that

protect against oxidative

stress

Protect cells from
metalloid induced
proteotoxicity

Promotes intracellular

compartmentalization and
protect from various stress
Transcription factor for
stress responsive system,
recognize and bind stress
response elements

Destroy toxic radicals

1.54

1.53

1.52

1.52

1.51

1.50

4.14 Conclusion to proteomic analysis

Cadmium imposes high toxicity in ECM fungi by creating imbalance in carbohydrate

metabolism, amino acid metabolism, nucleotide metabolism, energy metabolism and lipid

metabolism. It impairs the genetic information processing in ECM fungi by uncoupling the

transcription and translation machineries, DNA replication and repair system, protein folding

and chromosome formation, thus causing high carcinogenicity. Cd also induces ROS formation

in ECM fungi leading to oxidative stress in ECM fungi. The ECM fungi confront this oxidative

challenge by up-regulating the expression of various enzymes, antioxidants and glutathione

metabolism and by instigating the signaling pathways.
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SUMMARY

Ectomycorrhizal (ECM) fungi are well known for protecting the host plant from various biotic
and abiotic stresses. They are highly tolerant to heavy metals. They accumulate heavy metals
and mitigate them, thus preventing their transfer to the host plant. However, the regulatory
mechanisms and the defense strategies involved in metal tolerance in ECM fungi are still
unknown. The present study aims at investigating the response to ECM fungi, L. bicolor and
H. cylindrosporum to heavy metals Cadmium (Cd) and Arsenic (As) at molecular level. When
exposed to Cd and As, both L. bicolor and H. cylindrosporum accumulated these metals into
the cytosol. The accumulated metals having high affinity for the thiol group of GSH, depletes
the active GSH, thus inducing the glutathione biosynthesis pathway. The two enzymes
involved in GSH biosynthesis- y-glutamylcysteine synthetase (y-GCS) and glutathione
synthetase (GS) were actively induced under both Cd and As stress, thus increasing the
intracellular GSH concentration. The effect of total GSH accumulation inside the cell increased
as the function of external metal stress. The effect of Cd and As on expression of both genes
involved in GSH biosynthesis- y-GCS and GS was studied gPCR. The expression of both genes
was actively induced as a function of external Cd and As concentration. The functional
complementation of GSH biosynthesis genes in their respective yeast mutants successfully
restored their metal tolerance tendencies, thus clearly depicting the central role of GSH

biosynthesis in mitigating Cd and As toxicity in both L. bicolor and H. cylindrosporum.

Further, the proteomic analysis of ECM fungi, L. bicolor in response to Cd, provided deep
insight into the mechanisms of Cd toxicity, regulatory mechanisms/metabolic pathways
associated with Cd stress and the response of ECM fungi in mitigating these toxic effects. The
comparative proteomic analysis of L. bicolor (LbCd-0 and LbCd-40) using LCMS-ESI-qTOF-
MS/MS analysis revealed 997 differentially expressed proteins under Cd stress. The
differentially expressed proteins were then subjected to Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis and annotated based on their gene ontology.

The KEGG analysis revealed various metabolisms and pathways influenced by Cd stress. Cd
induced toxicity in L. bicolor by impairing various metabolism like carbohydrate metabolism,
amino acid metabolism, nucleotide metabolism and energy metabolism. Cd down-regulated
the carbohydrate metabolism, inducing energy stress and depleting the energetic reserves,
leading to metabolic imbalance. It also perturbs the amino acid metabolism. Most of the

proteins involved in amino acid metabolism and biosynthesis were up-regulated under Cd
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stress. The changes in amino acid levels further plays a significant role in mitigating Cd stress.
Cd also up-regulates the nucleotide metabolism so as to support more DNA and RNA
biosynthesis under stress conditions. The increasing energy demands under Cd stress were
fulfilled by enhancing the proteins involved in energy metabolism. The proteins involved in
nitrogen metabolism and oxidative phosphorylation were up-regulated under Cd stress.

However, Cd toxicity down-regulated the proteins involved in ATP synthesis.

Cd also altered the genetic information processing in L. bicolor by uncoupling the transcription
and translation machineries, DNA replication and repair system, protein folding and
chromosome formation, thus inducing genetic instability leading to carcinogenesis. The signal
transduction pathways were also up-regulated under Cd stress. The up-regulation in signaling

pathways can be the defense initiative in ECM fungi to mitigate Cd toxicity.

Cd toxicity also disturb the cell’s homeostasis and cellular functions by altering the intracellular
transport system, vesicular trafficking, cell growth and death. The up-regulation of ABC
transporter mediates vacuolar compartmentalization of Cd molecules so as to detoxify them.
The up-regulation in Golgi apparatus transport proteins and membrane proteins throws light on
the fact, that apart from vacuoles, Golgi apparatus might be another site for Cd sequestration
in L. bicolor. Cd also up-regulates the proteins involved in autophagy, apoptosis, phagosomes

and peroxisomes so as to protect the fungus under Cd stress.

Cd induces oxidative stress and reactive oxygen species is one of the most important
mechanism attributing to Cd toxicity. Most of the enzymes and antioxidants involved in
eliminating ROS and metal ions were up-regulated in L. bicolor, so as to alleviate Cd toxicity.
Both the enzymatic as well as non-enzymatic antioxidants were induced in defense to Cd stress.
Glutathione mechanism is the key process involved in Cd detoxification. Glutathione not only
chelate the Cd ions into the vacuoles but also alleviate the metal induced oxidative stress by

neutralizing the free radicals.

Hence, we can say that Cd induced toxicity in L. bicolor by generating oxidative stress and
altering various metabolisms like carbohydrate metabolism, energy metabolism, DNA
replication process, DNA repair mechanisms and uncoupling transcription/translation
machinery. L. bicolor confront these oxidative and metabolic challenges by up-regulating the
expression of various enzymes and antioxidants involved in mitigating Cd stress, inducing the
glutathione metabolism and other metal binding proteins, escalating signal transduction

pathways and amino acid/ protein biosynthesis. Therefore, the present study provides deep
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insight into the mechanisms of Cd toxicity and its mitigation by L. bicolor. The study provides
detailed information about various molecular biomarkers for Cd toxicity and target genes
involved in Cd uptake and accumulation. The information can be further used in optimizing

application of ECM fungi in bioremediation of various metal polluted areas.
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APPENDIX I

Modified Melin-Norkan’s Medium (Gay, 1990)

Media Component

Concentration

(NH4)HPO, 250 mg/L
KH2PO4 500 mg/L
MgS04.7H20 150 mg/L
CaCl2.H20 50 mg/L
NaCl 25 mg/L
FeClz 1 % (w\v) 1.2 ml/L
Thiamine HCI 40 mg/L
Biotine 0.4 mg/L
Glucose 2500 mg/L
Heller’s micronutrient (100x) 10 ml/L
Agar 8 g/L

Heller’s micronutrients (Heller, 1953)

Component Concentration
FeCls.6H20 100 mg/L
ZnS04.7H20 100 mg/L
H3:BO3 100 mg/L
MgSO4.7H20 10 mgL

AICl3 3 mg/L

Kl 1 mg/L
NiClz.6H20 3 mg/L
CuS04.5H20 3 mg/L
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Luria Broth

Component Concentration
Tryptone 10 g/L

Yeast extract 5¢g/L

NaCl 5¢g/L

Adjust pH to 7.0 and autoclave at 121°C

YPD medium
Component Concentration
Peptone 20 g/L
Yeast extract 10 g/L
Dextrose 20 g/L

Adjust pH to 6.5 and autoclave at 121°C

SD medium
Component Concentration
Yeast nitrogen base 6.7 g/L
1% Adenine stock 1 ml/L
1% Tyrosine stock 5ml/L
DO supplement - ura (Clontech) 0.77 g/L
Glucose 20 ¢
Adjust pH to 5.6 and autoclave at 121°C
Plasmid isolation Solutions
Solution | Solution 11 Solution 111
Glucose 50 mM NaoH 0.2N 5M Potassium acetate | 60 ml
EDTA 10 mM SDS 1% Glacial acetic acid 11.5ml
Tris-HCl | 25 mM Water To make 100
(pH 8) ml
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Bradford Reagent

Component Concentration
Coomassie Brilliant Blue G-250 100 mg
Ethanol (95%) 50 mi
Phosphoric acid (85%) 100 mi

Deionized water

To make 1 litre

TBE Buffer (5X)

Component Concentration
Tris-HCI 54 g (pH 8)
Boric acid 2759

EDTA (0.5 M) 20 ml

Deionized water

To make 1 litre

DNA loading dye (6X)

Component

Concentration

Bromophenol blue

0.25%

Xylene cyanol FF 0.25%

Glycerol in water 30.0%
SDS-PAGE

Resolving Gel (12%)

1.5 M Tris (pH 8.0) 2.0ml

Acrylamide solution (30%) 3.2mil

(29 g acrylamide + 1 g bis-acrylamide in 100

ml H20)

SDS (10%) 80 ul

Distilled H.0O 2.6 ml

TEMED 8 ul

APS (10%) freshly prepared 80 pul
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Stacking Gel (4%0)

0.5 M Tris (pH 6.8) 1.25 mi
Acrylamide solution (30%) 1.0ml
(29 g acrylamide + 1 g bis-acrylamide in 100

ml H20)

SDS (10%) 50
Distilled H.O 2.6 mi
TEMED 5l
APS (10%) freshly prepared 50 pl
SDS Tank Buffer (pH8.3)

Tris Base 6.05¢g
Glycine 28.8¢
SDS (10%) 10 ml
Distilled water To make 2 |
Staining solution

Coomassie Blue (R-250) 03¢
Methanol 80 ml
Glacial acetic acid 20 ml

Distilled water

To make 100 ml

Destaining Solution

Acetic acid 100 ml
Methanol 300 ml
Distilled water 600 ml
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APPENDIX 11

Laccaria bicolor strain S238N gamma glutamylcysteine synthetase (GSH1)

MRNA, complete cds

GenBank: MF766455.1

FASTA Graphics

Go to:

LOCUS MF766455 1854 bp mRNA linear PLN 15-APR-2018
DEFINITION Laccaria bicolor strain S238N gamma glutamylcysteine synthetase

ACCESSION
VERSION
KEYWORDS
SOURCE
ORGANISM

REFERENCE
AUTHORS
TITLE

JOURNAL
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AUTHORS
TITLE
JOURNAL

COMMENT

FEATURES

source

gene

CDS

(GSH1) mRNA, complete cds.
MF766455
MF766455.1

Laccaria bicolor

Laccaria bicolor

Eukaryota; Fungi; Dikarya; Basidiomycota; Agaricomycotina;
Agaricomycetes; Agaricomycetidae; Agaricales; Tricholomataceae;
Laccaria.
1 (bases 1 to 1854)
Khullar,S. and Reddy,S.M.
Cloning and characterization of glutathione biosynthesis genes from
ectomycorrhizal fungus Laccaria bicolor in response to cadmium and
arsenic stress
Unpublished
2 (bases 1 to 1854)
Khullar,S. and Reddy,S.M.
Direct Submission
Submitted (24-AUG-2017) Department of Biotechnology, Thapar
University, Bhadson Road, Patiala, Punjab 147004, India
##Assembly-Data-START##
Sequencing Technology :: Sanger dideoxy sequencing
##Assembly-Data-END##

Location/Qualifiers
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/mol type="mRNA"
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tcgtagcatg
gctgctttca
cgacgagaat
tagaaaagac
gagcatggac
ttatgcctat

ccttgggatg
cttcatattt
atcgaatata
caaacggaaa
tacgaggtcg
cacccagagt
attcaagatc
catctcaagc
ggtcacttta
ttacccgaag
agtcgaagag
cgtccatttg
gcgaagaatg
ggatgttgct
tatgatggtt
tggcgtgggt
gatcgcacgg
gatctgtaca
tacgacgaat
cacatgtcgce
gatgacacgt
cgattcaaac
gaggttcaaa
cgcgctatcc
atggccacgg
gtatacccac
gaaatcatca

attgacacgt

aagctaaaaa
gggatcgatt
tggtggtagce
ttctcgcaaa
acacattgat
atggacgata
tcttgtcggt
cgaatgaaat
cggaaccata
aaatcacgaa
gttccaaggt
tcgacccaac
gtgcagccct
gccttcaact
tgattcctat
acctcgctga
aggaagagcg
tctcaaacga
ctatttacga
acctcttcat
ccagcagtga
cccctececgec
taacggattt
ttagtttcaa
ctcagcgtag
ccggccgaag
atggcaaggg
tagatatcga

atatgctgac
gaaggacaga
cttcgatgaa
actcagtgat
gttattaaca
catgcttgag
tgagtgcaat
acctttgacc
tttcaatcca
tccgcatgceca
tgcaatcaat
gattccctgg
ccccgatcac
cactttccag
tggccctatc
tgtggattgt
tggcttgaag
tggattcaac
ccgcctgege
acgcgaccct
tcattttgag
caactcaccg
cgagaatgcc
tcttaatctc
ggacgccgct
tggagcgtca
ggacaatttc
gcegegagag
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https://www.ncbi.nlm.nih.gov/protein/1376021732

!/

1681 ttggcaaagg tagggagtta tctagatctc attagacggc gggccaacgg atctctcata
1741 actcctgcaa cttggatcag aaatttcgta cggtcgcacc cgacttataa acacgactcg
1801 gttgtttcac aggaaattaa ttacgatcta ttgctggcca tagatgaaat gtga
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Laccaria bicolor strain S238N glutathione synthetase (GSH2) mRNA, partial

cds

GenBank: MF766456.1

FASTA Graphics

Go to:
LOCUS
DEFINITION

ACCESSION
VERSION
KEYWORDS
SOURCE
ORGANISM

REFERENCE
AUTHORS
TITLE

JOURNAL
REFERENCE
AUTHORS
TITLE
JOURNAL

COMMENT

FEATURES

source

gene

CDs

MF766456 1593 bp mRNA linear PLN 15-APR-2018
Laccaria bicolor strain S238N glutathione synthetase (GSH2) mRNA,
partial cds.

MF766456

MF766456.1

Laccaria bicolor

Laccaria bicolor

Eukaryota; Fungi; Dikarya; Basidiomycota; Agaricomycotina;
Agaricomycetes; Agaricomycetidae; Agaricales; Tricholomataceae;
Laccaria.
1 (bases 1 to 1593)
Khullar,S. and Reddy,S.M.
Cloning and characterization of glutathione biosynthesis genes from
ectomycorrhizal fungus Laccaria bicolor in response to cadmium and
arsenic stress
Unpublished
2 (bases 1 to 1593)
Khullar,S. and Reddy,S.M.
Direct Submission
Submitted (24-AUG-2017) Department of Biotechnology, Thapar
University, Bhadson Road, Patiala, Punjab 147004, India
##Assembly-Data-START##
Sequencing Technology :: Sanger dideoxy sequencing
##Assembly-Data-END##

Location/Qualifiers

1..1593

/organism="Laccaria bicolor"

/mol type="mRNA"

/strain="S238N"

/db_xref="taxon:29883"

1..>1593
/gene="GSH2"
1..>1593

/gene="GSH2"

/EC_number="6.3.2.3"

/note="GSH2; second enzyme involved in ATP-dependent
glutathione biosynthesis"

/codon_start=1
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https://www.ncbi.nlm.nih.gov/nuccore/MF766456.1?report=graph
https://www.ncbi.nlm.nih.gov/nuccore/1376021928#goto1376021928_0
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=29883
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=29883
https://www.ncbi.nlm.nih.gov/nuccore/MF766456.1?from=1&to=1593
https://www.ncbi.nlm.nih.gov/nuccore/MF766456.1?from=1&to=1593
https://enzyme.expasy.org/EC/6.3.2.3
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//

61
121
181
241
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901
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atgacaacag
gaggcgttga
ccaggcccac
tcacctttte
ctttacgcga
ggtgtgggca
gatgaggggc
accctaccga
ttcgcatgtc
tattacaact
ggcctagcag
ctatttgtcg
ctgctggaac
gccatcgtag
tcaggttcca
ccaacccctg
cctactatcg
ggtgttcttg
gaacacgaag
gaaaatctcc
ctcaaagcta
aataacgtct
caggcttgga
cgcgccggaa
cttgggatct
gtcggatggt
ttttctgtgt

/product="glutathione synthetase"

/protein id="AVX28162.1"
/translation="MTTEPFDIPSWPPSLTPIQLEALTLYATTYALSHGLLYLLPGPL
PAISSAATHAPFSLFPSPFPRKLFEAGORIQRTYNVLYARIAMDEEFLDRVMGTETGV
GKVDDFIGQLWTGWKQLRDEGLAQHLHLGLFRSDYLLHTLPNQPLSTIKQVEFNTISVS
FACLSQKISELHRYLLSSTQYYNCSAQLKPENLPPNRTISGLAEGLAVGHKAYNVQGS
RILFVVQPGERNVFDOQRWLEYELLEQHSTIHIVRQTFEELAHSAIVDPHTSILRVSCST
DIHPSGSIEISTVYYRAGYMPNEYPTPAHYATRFLLERSKAIKCPTIALQLAGGKKVQ
EVLAQPGVLERFLRDEKRYGKDGIFSEHEVNELRSTFMAMWGLDVGENLLTADYDSIA
SGKEGFGVLKARDDAHALVLKPQREGGGNNVYKEAIPAFLDSLPPQERQAWIAMELIV
PPEGTGNYLVRAGTIQAESQAAAKADVVSELGIFGYALFGGESREIKEKEVGWLVRTK

GKDSDEGGVATGFSVLDSLLLVD"

aaccgtttga
cactatatgc
taccagcaat
ctcgaaagct
gaatcgcgat
aggtcgatga
ttgctcagca
accagccact
tatcccaaaa
gctctgcaca
aagggcttgc
ttcaacccgg
agcattccat
acccgcacac
ttgagatatc
cgcactacgc
ccctccaget
agcgcttcectt
tcaacgagct
taacggccga
gagatgacgc
ataaagaagc
ttgcgatgga
caattcaggc
ttggctatgc
tagtcagaac

tagattcgct

catccctagce
cactacatat
atcaagcgcg
ttttgaagct
ggatgaagag
ctttattggg
cctgcatctt
ttctatcaag
gatatctgag
actcaaaccc
agtagggcat
agaacgcaat
ccacattgtc
atccatcctc
cacagtatat
cactcgtttc
agctggtggg
acgcgacgag
acggtccacc
ttatgactcc
acatgcgtta
aattcctgct
attgattgtc
ggagagtcaa
gctgtttggg
caaggggaag
gctgttggtg

tggcccccat
gcactatccc
gccatccacg
ggacagagaa
tttttggata
caattgtgga
ggcctatttc
caggtcgagt
cttcataggt
gagaacttgc
aaagcctata
gtttttgacc
cgccaaactt
cgcgtttcct
tatcgcgcgg
cttctcgaac
aaaaaagttc
aaaaggtatg
ttcatggcca
atcgcatctg
gtgctcaagc
ttcctggaca
cctcctgagg
gcagcggcga
ggcgagtcta
gacagcgatg
gat

cactcacacc
acgggctact
ctcctttcte
tccagaggac
gggtcatggg
ctgggtggaa
gttccgacta
tcaataccat
acctcttatc
cgccaaaccyg
acgttcaagg
aacgatggct
ttgaagaact
gctctacgga
ggtatatgcc
gatccaaagc
aagaggtgct
gcaaagacgg
tgtggggttt
gaaaagaggg
cgcagaggga
gcctaccgcece
gcactggaaa
aggctgatgt
gggaaatcaa

agggtggcgt

cattcaattg
ttatcttctg
tcttttccca
ttacaatgtc
aacagagacg
gcagttgagg
ccttctccac
ctccgtgtcg
gtcaacgcaa
gaccatctct
gtctcgaata
cgagtacgag
cgctcattcg
cattcaccca
caatgaatac
aatcaaatgt
agcccaacct
catattctcc
agacgtgggg
attcggagtc
aggtggcggce
gcaagaacgc
ctacctcgtt
cgtcagcgag
agaaaaggaa

tgcaactgga
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https://www.ncbi.nlm.nih.gov/protein/1376021929

Hebeloma cylindrosporum strain h7 gammaglutamyl cysteine synthetase 1
(GCS) mRNA, complete cds

GenBank: MH892339.1

FASTA Graphics
Go to:
LOCUS MH892339 2040 bp mRNA linear  PLN 09-JAN-2019

DEFINITION Hebeloma cylindrosporum strain h7 gammaglutamyl cysteine synthetase
1 (GCS) mRNA, complete cds.
ACCESSION MH892339

VERSION MH892339.1
KEYWORDS
SOURCE Hebeloma cylindrosporum

ORGANISM Hebeloma cylindrosporum

Eukaryota; Fungi; Dikarya; Basidiomycota; Agaricomycotina;
Agaricomycetes; Agaricomycetidae; Agaricales; Cortinariaceae;
Hebeloma.
REFERENCE 1 (bases 1 to 2040)
AUTHORS Khullar,S. and Reddy,M.S.
TITLE Cadmium induced glutathione biocaccumulation mediated by
gamma-glutamylcysteine synthetase in ectomycorrhizal fungus
Hebeloma cylindrosporum
JOURNAL Biometals (2018) In press
PUBMED 30560539
REMARK Publication Status: Available-Online prior to print
REFERENCE 2 (bases 1 to 2040)
AUTHORS Reddy,S.M. and Khullar,S.
TITLE Direct Submission
JOURNAL Submitted (11-SEP-2018) Department of Biotechnology, Thapar
Institute of Engineering & Technology, Bhadson Road, Patiala,
Punjab 147004, India
COMMENT ##Assembly-Data-START##
Sequencing Technology :: Sanger dideoxy sequencing
##Assembly-Data-END##
FEATURES Location/Qualifiers
source 1..2040
/organism="Hebeloma cylindrosporum"
/mol type="mRNA"
/strain="h7"
/db_xref="taxon:76867"
gene 1..2040
/gene="GCS"
/note="Hcg-GCS"
CDS 1..2040
/gene="GCS"
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https://www.ncbi.nlm.nih.gov/nuccore/MH892339.1?report=fasta
https://www.ncbi.nlm.nih.gov/nuccore/MH892339.1?report=graph
https://www.ncbi.nlm.nih.gov/nuccore/MH892339.1?report=genbank&log$=seqview#goto1547130524_0
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=76867
https://www.ncbi.nlm.nih.gov/pubmed/30560539
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=76867
https://www.ncbi.nlm.nih.gov/nuccore/MH892339.1?from=1&to=2040
https://www.ncbi.nlm.nih.gov/nuccore/MH892339.1?from=1&to=2040

ORIGIN

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

1021
1081
1141
1201
1261
1321
1381
1441
1501
1561

atgggtcttc
catgtacgaa
caaggtgatg
aaggaaaaaa
gccgtcgacg
gagtatggcc
gatctgttgt
aatcctaacg
ttacggaacc
aagaaatcac
agggggtcaa
ttcattgacc
cgtggggcag
tgctgtcttc
gggttgatcc
ggatacctcg
accgaggaag
ttacgacagc
aaccccatta
caccttttca
tccagcagcg
ccgccaccac
atgacggact
tttgccttca
gcacagcaaa

acgggccgaa
gccatgaagt

/EC_number="6.3.2.2"

/note="GSH1"

/codon_start=1

/product="gammaglutamyl cysteine synthetase 1"

/protein id="AZzS52301.1"
/translation="MGLLYLGTPLVWDEAKKYADHVRSHGITQFLHIWDRLKDRQGDE
LLWGDEIEYMVVSEFDAKEKNAKLSLROQEILEKINSAVDDISAGAPNNVCVPKFHPEY
GRYMLESTPGAPYTGSIPDLLSVENNMRYRRNLARKHLNPNEIPITITSEFPRLGVPGN
LRNPSMIHATPSPATVYFYQKKSQTRTHVSRPCTANIRRRRGSKVAINLPIYEFDEKTP
RPFIDPTIPWDRAIYPEDSEAKRGAALPDHIYLDAMGFGMGCCCLQLTFQACNVADAR
RMYDGLIPIGPLLLALTAASPIWRGYLADVDCRWNVIAGSVDDRTEEERGLKPIERKQ
FRTEVSLRQRHLYISDDWVNRPEYNDNPITLRREHLOQPFAHTRHISHLFIRDPLVVES
ETIDODDTSSSDHFENIQSTNWQTLRFKPPPPNSPIGWRVEFRSMEVOMTDEFENAAFA
VEVVLLSRAIFAFNLNFYIPISKVDENMARAQQRDASASKKFFFKKDVYATGRSATIE
RCNQSFGRONTSAMKCTAEERQKMKNCFPPPPLPENGFAYRGPVEDEYEEMTMKE IMN
GKGDNFPGLLALVDAYLETLEIELRDMEKIQQYLDFVRRRSDGRLLTPATWIRNEVTS
HPDYRKDSVVSQTINYDLLVAVDEIERGVRRAPDLLPADYRGGDKDTRDPLIFIFE"

tctatctcgg
gtcatgggat
aactgctctg
atgcaaagtt
acatctccgce
gctacatgct
cggttgaaaa
aaatacccat
cttctatgat
aaacccgcac
aggttgcgat
ccactatacc
ctttgcctga
aattaacatt
caatcggacc
ctgatgtcga
aacgtggctt
gtcatctcta
ccttacgacg
ttcgtgaccc
atcacttcga
caaattcacc
ttgagaatgc
acctcaattt
gggatgcttc
gtgcgaccat
gtaccgcgga

aactccgttg
cacccaattt
gggtgacgag
atccttgcga
tggggctcca
cgaatctacc
taacatgcga
tacaatcact
ccatgcgacg
gcacgtttcc
caatctcccg
atgggatcgt
tcatatatac
ccaagcttgc
tcttcttttg
ctgtcgttgg
gaaacccatt
catttcggac
agaacattta
tcttgtagtc
gaatatccaa
gatcggatgg
cgcatttgcg
ttatatcccg
ggcttcaaag
cgagcgctgce

agaaagacaa

gtctgggacg
cttcatatat

attgaatata
cagcaagaga
aacaacgttt
cccggcgecce
tacaggcgaa
tccttecececge
ccgtctccag
cgaccctgta
atttactttg
gcgatatacc
ctggacgcta
aacgttgccg
gcattgacag
aacgttatcg
gaaagaaagc
gattgggtta
caaccgtttg
ttctccgaga
tcgacaaact
agggttgaat
gtctttgtcg
atatccaaag
aagtttttct
aatcaatcct

aaaatgaaga

aggctaaaaa
gggaccgcct
tggtggtctc
ttttggaaaa
gtgtacccaa
cgtataccgg
acctcgcccg
gactgggcgt
ccacagtcta
ctgctaatat
acgaaaaaac
cagaagattc
tgggtttcgg
atgctcggag
ctgcgagccc
caggaagcgt
aattccggac
atcgtccaga
cgcacacacg
cgatagatca
ggcaaactct
tccgatccat
tgctcctcte
tcgacgaaaa
ttaagaagga
tcgggcgcca
attgttttcc

gtacgccgat
aaaggacagg
cttcgatgct
aattaactct
gttccaccca
ttctattcct
caagcatctc
tccgggcaat
tttctatcag
tagacggcga
gcctcgacct
agaggcaaag
catgggttgt
aatgtatgat
tatctggagg
tgacgaccga
cgaagtctcg
atataacgac
gcacatctct
agacgacact
ccgctttaaa
ggaggttcaa
tcgagccatc
tatggctagg
cgtatatgca
gaacacctcc

tcctccacct
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!/

1621
1681
1741
1801
1861
1921
1981

cttcccgaga
atgaaagaaa
gcctatctag
gactttgtcc
tttgtcacgt
gatctattag
ccggctgatt

atggtttcgce
ttatgaacgg
agacgctgga
gacgtcgttc
ctcatcctga
tagctgtgga
acaggggtgg

atatcgcggt
aaagggcgat
aattgagctc
tgacggaaga
ctacagaaag
tgaaatcgaa

agacaaggat

ccagtagaag
aatttccctg
cgggatatgg
ctcctgaccc
gattcggttg
cgaggggttc

acaagggacc

atgaatacga
gtttgcttgce
agaagataca
cagcgacgtg
tttctcaaac
gtcgggcgcece
ctttgatatt

agaaatgact
acttgtggat
gcaatatcta
gatccggaat
catcaactac
tgatcttctt
tattttttaa
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Hebeloma cylindrosporum strain h7 glutathione synthetase (GSH2) mRNA,

complete cds

GenBank: MK617301.1

FASTA Graphics

Go to:

LOCUS MK617301 1641 bp mRNA linear PLN 24-JUN-
2019

DEFINITION Hebeloma cylindrosporum strain h7 glutathione synthetase (GSH2)

ACCESSION
VERSION
KEYWORDS
SOURCE
ORGANISM

REFERENCE
AUTHORS
TITLE

JOURNAL
REFERENCE
AUTHORS

TITLE
JOURNAL

COMMENT

FEATURES

source

gene

CDS

mRNA, complete cds.
MK617301
MK617301.1

Hebeloma cylindrosporum

Hebeloma cylindrosporum

Eukaryota; Fungi; Dikarya; Basidiomycota; Agaricomycotina;
Agaricomycetes; Agaricomycetidae; Agaricales; Cortinariaceae;
Hebeloma.
1 (bases 1 to 1641)
Khullar,S. and Reddy,S.M.
Arsenic toxicity and its mitigation in ectomycorrhizal fungus
Hebeloma cylindrosporum through glutathione biosynthesis
Unpublished
2 (bases 1 to 1641)
Khullar,S. and Reddy,S.M.
Direct Submission
Submitted (08-MAR-2019) Department of Biotechnology, Thapar
Institute of Engineering & Technology, Bhadson Road, Patiala,
Punjab 147004, India
##Assembly-Data-START##
Sequencing Technology :: Sanger dideoxy sequencing
##Assembly-Data-END##

Location/Qualifiers

1..1641

/organism="Hebeloma cylindrosporum"

/mol type="mRNA"

/strain="h7"

/db xref="taxon:76867"

1..1641

/gene="GSH2"

1..1641
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https://www.ncbi.nlm.nih.gov/nuccore/MK617301.1?report=fasta
https://www.ncbi.nlm.nih.gov/nuccore/MK617301.1?report=graph
https://www.ncbi.nlm.nih.gov/nuccore/1689866863#goto1689866863_0
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=76867
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=76867
https://www.ncbi.nlm.nih.gov/nuccore/MK617301.1?from=1&to=1641
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/gene="GSH2"

/EC_number="6.3.2.3"

/codon_start=1

/product="glutathione synthetase"

/protein id="QDD67718.1"

/translation="MASTFDFASWPPSLTVDQLENLTLYATSYALSHGALYLPPAEPQ

PTVPSAATIHAPISLFPSPFPROLYEQGRRIQRTYNVLYSRIAMDTEFLDKIMGAEEGV

GKVDDFIGQLWRGWKKLRDAGLAQVRPFSREGTVMRLISGQPLHLGLFRSDYLLHAPR

NEPLSIKQVEENTISVSEGGLSQKTSELHRYLLAATDYYNSSSYLKPDNFPSNDSIAG

LAQGLAEAHKAYDVEGSRILFVVQSGERNVEFDOQRLLEYELLEKHSIRITIRQTFSELAL

SASVDPSTCVLRIARSPDLOPSGSIEISTVYFRAGYMPHDYHTPAHYDTRFLLESSKA

IKCPTIALQLAGGKKVQEVLTQAGMLERFLSDEKKYGKNIASMQDIDELRASEFMGMWV

LDVSEDLLTPDYAAQAAGSEEFGVRKARDLAQSPVLKPOQREGGGNNVYKESIPGEFLDA

LAPQERQAWIAMELIDAPENAGNYLVRAGSTDSQSQTPVKTDVVSELGIFGWALFGGP

ORIGIN
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atggcatcga
aatttgacgt
gctgaaccac
tcgcectttece
ttgtattctc
ggagttggca
gatgctgggce
tcagggcaac
aatgagccgt
ctatctcaaa
agttcatcct
cagggtttgg
gtccaatcag
aagcattcca
gatccatcaa

atcgaaattt

DKSIDEREVGWLVRTKGKDINEGGVATGFSVLDSLLLV"

ctttcgactt
tatacgcaac
aaccgactgt
ctcgtcagcet
ggatcgcgat
aggtcgacga
ttgcccaagt
ccctccatct
tatccatcaa
aaacgtcgga
acttaaagcc
cggaggccca
gcgagcggaa
ttcggattat
catgtgttct

cgacggtgta

tgccagttgg
gtcatacgcc
ccccagcegcet
ctatgaacaa
ggataccgaa
ttttatcggc
acgccccttt
tggtcttttt
gcaagtggaa
gctgcatcga
ggacaacttt
taaggcttac
tgttttcgac
acggcaaacc
acgaatagca

tttccgtgcece

ccgccatctt
ctatcgcacg
gctatccatg
ggccgcecegga
tttctggaca
cagctttgga
tctcgagagg
cgctcagatt
tttaacacca
tacttgctag
ccatcgaatg
gatgtcgaag
caaaggcttt
ttcagcgaat
cggtccccag

ggatatatgc

tgaccgtgga
gtgctttgta
caccgatttc
tacaacgcac
agataatggg
gaggttggaa
ggaccgtaat
accttcttca
tctctgtgtce
ccgcgacaga
attcaatcgc
gctcgcggat
tggaatacga
tggccctctce
atctccaacc

cgcatgatta

ccagctcgaa
tctaccacca
cctctttecct
atacaacgtc
ggcggaagaa
aaagctaaga
gcgtctgatc
tgcaccacgc
ttttgggggt
ttactacaat
agggctggca
cctcttegtce
attgctcgaa
tgcctctgtg
ttcgggttca

ccacactccg
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https://enzyme.expasy.org/EC/6.3.2.3
https://www.ncbi.nlm.nih.gov/protein/1689866864
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gcgcattatg
gccctccagce
gagcgctttt
gatgagctga
acgccagatt
gatcttgcac
aaggagtcaa
gccatggaat
acggattctc
gggtgggcac
gtacggacta
gattcattgc

acactcgttt
tggccggtgg
tatctgacga
gggcaagctt
acgcagctca
aatcgccggt
tacctggctt
tgatcgacgc
aaagccaaac
tgtttggtgg
aagggaaaga

tcttggtgta

tcttctcgag
aaagaaagtc
gaaaaagtac
tatgggaatg
ggcagctggt
cctcaaacca
ccttgatgcecc
accggaaaat
cccagttaaa
accagacaaa

catcaatgaa

g

agttcaaagg
caggaagtgt
gggaagaata
tgggttctgg
tctgaggaat
cagcgcgaag
ctggcgcccce
gcaggaaact
accgacgttg
agcattgatg
ggtggcgtcg

cgatcaaatg
tgacgcaagc
ttgctagtat
acgtcagtga
tcggggtteg
gaggtggtaa
aagaacggca
atcttgtccg
tgagcgagtt
agcgtgaggt

caaccggctt

cccaacaatt
aggcatgctc
gcaggacatt
agatttgtta
aaaagccaga
caatgtttac
ggcttggatt
agccggctca
gggtattttt

gggatggttyg
ctcggtcttg
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GRAPHICAL ABSTRACT

e Glutathione biosynthesizing genes,
Hcy-GCS and HcGS were character-
ized in H. cylindrosporum.

e Enhanced accumulation and gluta-
thione content were observed due to
As exposure.

e Yeast mutants rescued the As sensi-
tivity due to cloning of Hcy-GCS and
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e mMRNA accumulation of Hcy-GCS and
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Arsenic (As) contamination is one of the most daunting environmental problem bothering the whole
world. Exploring a suitable bioremediation technique is an urgent need of the hour. The present study
focusses on scrutinizing the ectomycorrhizal (ECM) fungus for its potential role in As detoxification and
understanding the molecular mechanisms responsible for its tolerance. When exposed to increasing
concentrations of external As, the ECM fungus H. cylindrosporum accumulated the metalloid intracellu-
larly, inducing the glutathione biosynthesis pathway. The genes coding for GSH biosynthesis enzymes, y-
glutamylcysteine synthetase (Hcy-GCS) and glutathione synthetase (HcGS) were highly regulated by As
stress. Arsenic coordinately upregulated the expression of both Hcy-GCS and HcGS genes, thus resulting
in increased Hcy-GCS and HcGS protein expressions and enzyme activities, with substantial increase in
intracellular GSH. Functional complementation of the two genes (Hcy-GCS and HcGS) in their respective
yeast mutants (gsh14 and gsh24) further validated the role of both enzymes in mitigating As toxicity.
These findings clearly highlight the potential importance of GSH antioxidant defense system in regu-
lating the As induced responses and its detoxification in ECM fungus H. cylindrosporum.

© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction

Arsenic (As) has been ranked first in the toxicity and as the most
hazardous metalloid in the environment by the Agency for Toxic
Substances and Disease Registry (ATSDR-Agency for toxic
substances and Disease Registry, 2017). The International Agency
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for Research on Cancer (IARC) has classified arsenic and its com-
pounds as “Carcinogenic to humans”, mostly responsible for lung,
bladder, liver, kidney and skin cancer (IARC, 2018). World Health
organization (WHO, 2011), United States Environmental Protection
Agency (USEPA, 2006), Health Canada and European Union (EU) has
restricted the amount of arsenic in drinking water to 10 pg/l. Still
there are millions of people across the world especially in India,
Bangladesh, Thailand, Argentina, Nepal, Poland, China, Mexico and
USA who are in exposure to the concentrations of As much higher
than the prescribed value (greater than 100 pg/1) (Argos et al., 2010;
Bhowmick et al., 2018; Bundschuh et al., 2012; Cho et al., 2011;
Diwakar et al., 2015; Komorowicz and Baratkiewicz, 2016; Pinter
et al, 2018; Rodriguez-Lado et al., 2013). Geogenic activities
occurring inside the aquifers are the major cause of arsenic mobility
into the environment. The use of these As polluted tube-wells for
irrigation further pollutes the agricultural topsoil (Casentini et al.,
2011). Arsenate (As(V)) is the main As species present in the oxic
conditions of aerobic soil. Since As and P belong to same chemical
group (Group 15 (Va) of periodic table), both exhibit similar
chemical and geochemical properties. As(V) being analogous to Pi,
enters the plants through the phosphorous transporters and
thereby pose high threat to the plant establishment (Wu et al.,
2011).

Not only cancer, the As exposure also leads to many other
notorious diseases like Skin lesions, cardiovascular disease, pul-
monary disease, neurological disorders, diabetes, gastrointestinal
disturbances, renal disease, liver disease and various reproductive
problems (Jomova et al., 2011). Therefore, remediation of soil and
drinking water from As contamination is the urgent need of an
hour. Although there are many physico-chemical methods for
sequestering As such as coagulation-flocculation, adsorption, ion-
exchange, membrane filtration etc., but they are very expensive
and low in efficiency, as they only mobilize contaminants from one
site to the other. Bioremediation using plants and microorganisms
on the other hand has proven to (Fazi et al., 2016; Khullar and
Reddy, 2019a).

Microorganisms like bacteria, fungi, yeast and algae have proven
to be low cost adsorbents for sequestration of As (Dey et al., 2016;
Khullar and Reddy, 2019a; Mitra et al., 2017; Singh et al., 2015).
Although many studies have documented the response of these
microorganisms to As, not much have been explored in ectomy-
corrhizal fungi (ECM). These fungi thrive inside the soil forming a
symbiotic association with the plant roots, thus protecting them
from various biotic and abiotic stresses and helping them in
nutrient uptake from the deeper soil (Khullar and Reddy, 2019a).

In the previous studies, it has been well established that my-
corrhizas being the nutrient absorbing organs for most of the plant,
enhances the phosphorus uptake by plant as compared to the non-
mycorrhizal plants (Smith et al., 2011; Treseder, 2013). Since As(V)
is an analog to Pi and uses the same phosphorus transporters to
enter into the cell, it might be expected that mycorrhization may
also increase the As(V) uptake by the host plant (DiTusa et al., 2016;
Smith et al., 2010). However, a contrast observation has been re-
ported in some studies where it has been reported that mycorrhizal
plants showed higher P/As ratio than non-mycorrhizal plants (Chan
et al,, 2013; Liu et al., 2005; Zhang et al., 2015). This indicates that
although ECM fungi accumulate more As but prevent its transfer to
the host plant. The underlying mechanism that detoxifies As in ECM
fungi and inhibits its transfer to plant is still not clear.

ECM fungi have evolved multifarious mechanisms to survive
heavy metals which includes, cell wall binding, cellular efflux,
extracellular chelation by extruded ligands, intracellular conjuga-
tion with thiols like glutathione (GSH) and metallothioneins (MTs)
and vacuolar compartmentalization (Bellion et al., 2006; Khullar
and Reddy, 2018). It has been reported that ECM fungi respond

differentially to different heavy metals (IKhullar and Reddy, 2018).
The response of ECM fungi to cadmium, copper, zinc, silver has
already been documented many a times (Hlozkova et al., 2016;
Kalsotra et al., 2018; Khullar and Reddy, 2019c, 2019b; Nguyen et al.,
2017; Ramesh et al., 2009; Reddy et al., 2014, 2016; Sacky et al.,
2019), but there is very meager information on the response of
ECM fungi to arsenic. The most credible mechanism known to be
responsible for As tolerance or detoxification in plants and other
fungi is through its conjugation with GSH (Ahsan et al., 2008;
Mukherjee et al., 2010). GSH chelates As through thiolate bonds
forming As(GSH)s complex, which further gets compartmentalized
into the vacuoles through the ABC transporters (Verbruggen et al.,
2009). The role of arbuscular mycorrhizas in modulating thiols
under As stress has been realized but to our knowledge no report is
available to study the thiol mechanism in ECM systems (Garg et al.,
2015; He and Lilleskov, 2014; Sharma et al., 2017).

Glutathione (L-gamma-glutamyl-L-cysteinyl-glycine) is the
multifaceted essential bio-thiol tripeptide synthesized in two ATP
dependent steps catalyzed by two enzymes y-glutamylcysteine
synthetase (y-GCS; E.C.6.3.2.2) and glutathione synthetase (GS;
E.C.6.3.2.3). In the first step y-GCS catalyzes the binding of L-
glutamate and L-cysteine resulting in the formation of y-gluta-
mylcysteine (y-GC), followed by the addition of L-glycine to the C-
terminal of y-GC by GS resulting in glutathione (Anderson, 1998;
Khullar and Reddy, 2018). There are few reports on plants and yeast
where the expression of these GSH biosynthesis genes has been
found to increase in response to As stress but there is very meager
information for its response in ECM fungi (Guo et al., 2012). Since,
the ECM fungi provide a cost efficient and environment friendly
mitigation to diminish As exposure in plants, it becomes imperative
to understand the actual mechanisms involved in extenuation of As
toxicity. The current study is based on the hypothesis that amongst
different metal detoxification mechanisms of ECM fungi, gluta-
thione biosynthesis is the key mechanism that gets induced under
As stress. The intracellular accumulation of As activates the gluta-
thione biosynthesis in ECM fungi thus protecting it from As toxicity.

The present study focuses on studying the effect of As on ECM
fungus Hebeloma cylindrosporum and provides molecular insight
into the mechanisms involved in mitigating the toxic effect of As
with special emphasis on GSH biosynthesis. The present study
provides information about the effect of As on growth of ECM fungi
and studied its response to As like, metalloid accumulation, GSH
production and investigate the enzymes involved in GSH biosyn-
thesis (Hcy-GCS and HcGS). The effect of As on the expression of
both Hcy-GCS and HcGS genes was studied by qPCR. Further, the
role of both genes in mitigating As stress was studied by functional
complementation in yeast using mutants lacking y-GCS (gsh14) and
GS (gsh24).

2. Materials and methods
2.1. Biological materials and growth parameters

The ECM fungus Hebeloma cylindrosporum (strain h7) isolated
from the basidiomata associated with Pinus pinaster was used in
this study. The culture was maintained on Modified Melin-Norkan's
medium (MMN) (Melin, 1953) supplemented with Heller's micro-
nutrients (Gay, 1990) at 25 °C in dark. For the functional comple-
mentation studies, two Saccharomyces cerevisiae (Wild type:
BY4741) mutants lacking gsh]“ (Accession no: YO7097- BY4741;
MATa; ura340; leu240; his341; met1540; YJL101c::kanMX4) and
gshZA (Accession no: Y01740- BY4741; MATa; ura340; leu240;
his341; met1540; YOL049w::kanMX4) for the GSH biosynthesis
genes y-GCS and GS, respectively were procured from the Indian
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Institute of Science Education and Research (IISER), Mohali, Punjab,
India.

2.2. Stress treatment and metalloid accumulation

The ECM fungus H. cylindrosporum was allowed to grow in 50 ml
MMN broth for 48 h at 25°C. After 48 h, each flask was stressed
with increasing concentrations of As (Na;HAsO4-7H,0: 0, 3,6, 9, 12,
15mM) and incubated at 25°C for 21 days. The mycelium was
harvested after 21 days, washed with 0.9% saline water and then
with 0.1 M EDTA water, followed by three washings with distilled
water. The mycelium was then dried at 50 °C for 24 h and the dry
biomass was recorded as the effect of As on the growth of
H. cylindrosporum. Further, to measure the As accumulation in
H. cylindrosporum under different stress concentrations, the dried
mycelium was digested with nitric acid and perchloric acid (HNO3/
HClOy4) in the ratio of 3:1 (v/v) and the metalloid concentrations
were determined using Atomic absorption spectroscopy.

2.3. Total GSH production in response to As stress

The total GSH produced by As stressed cultures of
H. cylindrosporum was estimated spectrophotometrically using the
enzymatic recycling method as described by Rahman et al. (2006).
The fungus was grown on MMN agar plates overlaid with cello-
phane sheets for 14 days at 25 °C in dark. After 14 days, the cello-
phane sheets with mycelium were transferred on to MMN medium
supplemented with increasing concentrations of As (NapHA-
sO4-7H,0: 0, 3, 6, 9, 12, 15 mM) for 48 h at 25 °C. The mycelium so
obtained was scrapped from the cellophane sheets and crushed
using liquid nitrogen. 100 mg of liquid nitrogen crushed mycelium
under each stress concentration was further used for GSH estima-
tion. Firstly, the cell extract was prepared by homogenizing the
crushed mycelium in sulfosalicylic-TritonX mixture (0.6% sulfosa-
licylic acid + 0.1% TritonX) in KPE buffer (0.1 M Potassium phos-
phate buffer with 5 mM EDTA at pH 7.5) followed by centrifugation
at 8000g for 10 min at 4 °C. The cell extract obtained was further
used for estimating the total GSH concentration using sulfhydryl
reagent DTNB (5,5’-dithio-bis(2-nitrobenzoic acid). Then, 100 pl of
cell extract was mixed with 700 ul of KPE buffer and 120 ul of
DTNB-Glutathione reductase mix (freshly prepared) and incubated
at room temperature for 30 s. Sixty microliters of freshly prepared
B-NADPH solution (1 mg -NADPH in 1.5 ml KPE buffer) was added
to the above mixture and the absorbance was recorded at 412 nm.
The absorbance so obtained is directly proportional to the amount
of GSH present in the solution. The amount of GSH produced was
further quantified by comparing with the standard curve of GSH
(Sigma-Aldrich; St. Louis, USA) prepared using the same protocol.

2.4. Hcy-GCS and HcGS enzyme activity in response to As stress

The activity of both the GSH biosynthesizing enzymes Hcy-GCS
and HcGS was assayed according to the method described by Ruiz
et al. (2003). The 14-day old culture of H. cylindrosporum was
stressed with different concentrations of As for 48 h and crushed
with liquid nitrogen. The crushed samples (100 mg) from each
concentration was homogenized with lysis buffer (100 mM Tris-
HCl, pH 8.0, 10mM MgCl, and 1 mM DTT) and centrifuged at
1000 g for 10 min at 4 °C. The clear supernatant obtained was used
for determining the Hcy-GCS and HcGS enzyme activity in response
to As. For measuring the Hcy-GCS enzyme activity, 100 pl of su-
pernatant was mixed with 500 pl of assay mix (100 mM Hepes (pH
8.0), 5mM ATP, 50 mM MgCl,, 5 mM DTT, 5mM phosphoenolpyr-
uvate, 20 mM glutamate, 1 mM cysteine and 10 U ml~! of pyruvate

kinase) and incubated at 37°C for 1h. The reaction was then
stopped by adding 100 pl of 50% TCA. The mixture was centrifuged,
and the supernatant collected was further used for phosphate
estimation by phosphomolybdate method. Since both Hcy-GCS and
HcGS are ATP dependent, the amount of phosphate released in the
reaction is directly proportional to the enzyme activity. For
measuring the HcGS activity the same protocol was used replacing
20mM glutamate and 1mM cysteine with 0.5mM y-gluta-
mylcysteine and 1 mM glycine.

2.5. RNA isolation, cDNA synthesis and gene amplification

Total RNA was isolated using the QiAzol lysis reagent (Qiagen,
Valencia, CA) from the liquid nitrogen crushed two weeks culture of
H. cylindrosporum stressed with As. cDNA was synthesized using
5 ug of total RNA by ‘The PrimeScript first strand cDNA Synthesis
Kit' (Takara, Japan) as per the manufacturer's instructions. The
single stranded cDNA so obtained was used to amplify genes coding
for both Hcy-GCS and HcGS using the primers designed by
retrieving their specific sequences from JGI portal htt5p://
genome.jgi.doe.gov/(Supplementary Table 1). Specific restriction
sites were added to the 5 end of each primer for its effective
ligation into the plasmid (Supplementary Table 1 underlined). Both
the genes were amplified in a 25 pl PCR reaction constituting 1x
reaction buffer, 2 pl dNTPs (2 mM), 1 ul forward primer (10 pM), 1 pl
reverse primer (10 M), 100 ng template DNA, 1.5 U Taq polymerase
and nuclease free water to make 25 pl. Amplification was per-
formed in Thermo cycler (Veriti Thermal Cycler, Thermo Fisher
Scientific, U.S) with the following program: initial denaturation at
95 °C (3 min) followed by 30 cycles at 94 °C (1 min), 62 °C (1 min),
72°C (1 min) and final extension at 72 °C (8 min). The amplified
genes were purified using the PCR purification kit (Thermo Fisher,
U.S) and ligated into pMD20 vector under M13 promoter (TA
cloning Kit, Takara, Japan) and sequenced. Analysis of Hcy-GCS and
HcGS sequences were performed by using BLAST analysis (http://
www.ncbi.nlm.nih.gov/Blast.cgi) and were submitted to GenBank
of NCBI under the accession numbers, MH892339 and MK617301,
respectively.

2.6. Relative expression of Hcy-GCS and HcGS in response to As by
qPCR analysis

The expression or mRNA accumulation of both Hcy-GCS and
HcGS genes in response to As was measured using the Real time PCR
analysis. The two weeks old culture of H. cylindrosporum grown on
MMN plates overlaid with cellophane sheets was stressed with
different concentrations of As (NapHAsO4-7H,0: O, 3, 6, 9, 12,
15 mM) for 48 h and crushed with liquid nitrogen. Total RNA was
isolated, and cDNAs were synthesized from each stressed sample as
described above. The relative expression of each gene under As
stress was determined using SYBR® Green JumpStart™ Taq
ReadyMIX™ (Sigma-Aldrich; St. Louis, USA) in a 25 pl reaction with
12.5pul SYBR mix, 0.2 uM of each forward and reverse primer
(Supplementary Table 1), 0.75 ul template cDNA (20 fold diluted)
and nuclease free water. The amplification was carried out in the
Mastercycler eprealplex system (Eppendorf, Hamburg, Germany)
using the following program: initial denaturation 95 °C (20 ) fol-
lowed by 35 cycles of 95°C (15 s), 55 °C (15s) and 72 °C (20 s). Non-
reverse transcribed RNA sample was also run as a negative control,
to verify the absence of DNA traces. a-Actin (HcAct) (JGI Protein Id:
444180), y-tubulin (HcTub) (JGI Protein Id: 15217) and adenosine
kinase (HcAK) were used as positive controls. All the three genes
were subjected to qPCR analysis using their respective primers
(Supplementary Table 1) and normalized using Norm-Finder
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(Andersen et al., 2004). Since a-actin showed minimum stability
value, it was used further for the comparative analysis of both Hcy-
GCS and HcGS. Further the qPCR efficiency (E-value) for both genes
was calculated by the equation E = [10(~1/5P¢)] _1, The E values so
obtained were in range from 1.35 to 1.52. The E values was further
used to calculate the C¢; value for each sample using the formula
‘Ct1 = Cre X [log(1 + E)/log2]’. The C¢; values so obtained were used
to calculate the relative expression of both Hcy-GCS and HcGS by
comparative Ct method (*ACt method) (Livak and Schmittgen,
2001). All gPCR measurements were performed on total RNA iso-
lated independently from three biological samples and for each
RNA sample, three technical replicates were performed.

2.7. Functional complementation of Hcy-GCS and HcGS in yeast
mutants

The role of both Hcy-GCS and HcGS in mitigating the toxic effects
of As was validated by transforming them in their respective yeast
mutants gshl“ and gshZA. respectively. The full length Hcy-GCS and
HcGS genes were amplified from the H. cylindrosporum cDNA using
the gene specific primers with restriction sites on their 5 end
(Supplementary Table 1). Both the genes were digested with their
respective restriction enzymes and ligated into the yeast expression
vector pFL61 under the PGK promoter from yeast phosphoglycer-
okinase encoding gene (Minet et al., 1992). The ligated constructs
pFL61-Hcy-GCS and pFL61-HcGS along with the empty vector pFL61
were then transformed into their respective yeast mutants gsh]"
and gsh24 using the lithium acetate method (Stearns et al., 1990).
The positive transformants were then selected by spreading the
cells on a synthetic defined medium without uracil (SD-Ura), which
is a minimal medium supplemented with 2% glucose (Hi-media
laboratories, India) and drop out supplement without uracil
(Takara-Clontech, Japan). The positive clones were then subjected
to increasing concentrations of As and their response was recorded
in both liquid medium and drop test. For the drop test, both gsh14
and gshZA transformed with empty vector pFL61 and the respective
genes (pFL61-Hcy-GCS and pFL61-HcGS) along with wild type
BY4741 were pre-grown in SD-Ura medium for 24 h at 30°C. The
intensity of all the five cultures was set at ODggo = 1.0. All the cul-
tures were serially diluted (10°, 107, 1072, 10~3) and 5 pl of each
dilution was spotted on SD-Ura with and without As (100 uM). The
spotted plates were then incubated at 30 °C for 3 days and photo-
graphed. Further, the tolerance of both transformants to As was also
measured in a liquid SD broth. The transformants gsh]“ (pFL61),
gsh14 (pFL61- Hcy-GCS), gsh24 (pFL61) and gsh24 (pFL61-HcGS)
along with wild type BY4741 were inoculated separately in 50 ml
SD-Ura medium with the starting ODggg of 0.05 and allowed to
grow at 30 °C for 5 h at 220 rpm. After 5 h, the cultures were sub-
jected to different concentrations of As (0, 50,100, 150, 200 uM) and
incubated at 30°C for 24 h. The effect of As on each culture was
recorded as their optical density at 600 nm after 24 h.

2.8. Statistical analyses

All the experiments were performed in triplicates. The data
were analyzed by analysis of variance and the means were
compared with Tukey's test at P < 0.05. All the analyses were per-
formed by using Graph Pad Prism 5.1 software.
3. Results

3.1. Mycelium growth and metalloid uptake

The mycelial growth was significantly affected under As stress.
With increase in external concentrations of As, the growth of

H. cylindrosporum decreased. The half minimum inhibitory con-
centration (ICsg) of As was recorded at approximately 7 mM, where
the dry weight of mycelium was reduced to 50% (Fig. 1a). However,
the metalloid uptake by the mycelium (per mg of dry weight),
increased with increase in external As concentration. The
maximum uptake of 0.76 ug As per mg of dry mycelium was
observed at 15 mM of external As stress (Fig. 1b).

3.2. GSH production and enzyme activity of Hcy-GCS and HcGS

The total GSH produced by H. cylindrosporum in response to As
stress was measured by the DTNB assay. The GSH production
increased with increase in external As concentration. When
stressed with 3 mM As, the fungus responded by increasing the
GSH level from 0.15 to 0.75 nmol mg~! mycelium i.e., almost 5 folds
increase in GSH production. However, further increasing the
external metalloid stress to 15 mM As, resulted in increasing the
GSH production to 1.6 nmol mg~! mycelium i.e. almost 10.7 folds
higher than the unstressed culture (Fig. 2a). The increase in GSH
production in response to As stress was also justified by measuring
the activity of both enzymes (Hcy-GCS and HcGS) involved in GSH
biosynthesis. Since both Hcy-GCS and HcGS are ATP dependent,
they use one ATP molecule each time for catalyzing the synthesis of
v-glutamylcysteine or glutathione, respectively. The ATP so used
get converted to ADP, thus liberating one molecule of inorganic
phosphorous during each reaction. Thus, the amount of inorganic
phosphorus liberated per minute by one mg of protein gives direct
evidence of the activity of each enzyme under metalloid stress. In
the present study, the total inorganic phosphorous liberated by
both enzymes when exposed to increasing concentrations of As
was measured using the phosphomolybdate method. When
stressed with only 3 mM of As, the amount of phosphorous liber-
ated by Hcy-GCS increased from 0.30 to 0.88 pmolmg~! protein
min~! (almost 3 folds increase in activity) and that of HcGS
increased from 0.28 to 0.78 pmol mg™~! protein min~! (almost 2.8
folds increase in activity). Further, the activity of both enzymes was
found to increase as a function of external As stress. Activity of both
Hcy-GCS and HcGS increased up to 4 folds when the As stress was
increased up to 15mM (Fig. 2b). These results indicate that the
activity of both the enzymes was induced by external As stress, thus
inducing the GSH biosynthesis.

3.3. Relative expression of Hcy-GCS and HcGS in response to As
stress

When exposed to increasing concentrations of As, induction of
both GSH biosynthetic genes, Hcy-GCS and HcGS were significantly
increased in H. cylindrosporum. With increase in external arsenic
stress to 3 mM, the relative expression of Hcy-GCS increased by 6
folds and that of HcGS by 4 folds. Further, Hcy-GCS and HcGS
expression levels increased to 12.8 and 11-fold, respectively at
15 mM of As concentration (Fig. 3).

3.4. Functional complementation of Hcy-GCS and HcGS in yeast
mutants

The function of both Hcy-GCS and HcGS genes in mitigating As
toxicity was validated by expressing both genes in their respective
S. cerevisiae mutants, gshl“ and gsh2“ and subjecting them to
increasing As concentrations. Both mutants, gsh14 and gsh2“
transformed with empty vector (EV) pFL61 and their respective
gene pFL61+ Hcy-GCS and pFL61 + HcGS, along with wild type
BY4741 were allowed to grow on SD-Ura medium with and without
As and their growth was monitored by drop test on agar plates and
in liquid medium. The drop test on SD-Ura plates with and without
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As (100 uM), clearly affirms that the transformation of yeast mu-
tants gsh14 and gsh24 with their respective genes from
H. cylindrosporum, Hcy-GCS and HcGS, successfully restored their As
tolerance capacity, near to that of their wild-type BY4741 cells.
Whereas the yeast mutants transformed with empty vector (pFL61)
could not survive the stress (Fig. 4a). Similar observations were

made in case of liquid assay, where the yeast mutants gsh]“ and
gshZ“ transformed with Hcy-GCS and HcGS, showed higher toler-
ance to different concentrations of As, that the mutants trans-
formed with empty vector, thus restoring the wild-type phenotype
for metalloid tolerance (Fig. 4b).

4. Discussion

Arsenic toxicity is one of the most daunting issue concerning the
world today. Since As has been identified as the most carcinogenic
metalloids, it becomes imperative to find a suitable detoxification
mechanism. ECM fungi have been well known to protect the host
plant from various biotic as well as abiotic stresses (Khullar and
Reddy, 2019a). They have proven to be good metal accumulators
and detoxifiers, therefore holds a potential application in biore-
mediation of heavy metals. However, till date not many reports are
available on the response of ECM fungi to As toxicity. Mechanistic
understanding of the molecular processes involved in As detoxifi-
cation in ECM fungi can provide new tools for bioremediation of As.
In the present study, we explored the response of ECM fungus
H. cylindrosporum to As and the molecular mechanisms involved in
its detoxification. When subjected to increasing concentrations of
As, the fungal biomass decreased. At 7 mM As, the fungal biomass
was reduced to almost half of the unstressed culture. Similar ob-
servations were reported in Hebeloma crustuliniforme, Suillus vari-
egatus and Cenococcum geophilum where the growth was
completely inhibited at 8 mM As (Chen and Tibbett, 2007). Ericoid
mycorrhizal fungus Hymenoscyphus ericae also showed curtailed
growth in response to increasing As concentrations (Sharples et al.,
2001). Aspergillus oryzae isolated from the As contaminated soil
showed half minimum inhibition of its growth at 8 mM As and the
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Fig. 4. Functional complementation of Saccharomyces cerevisiae mutants gsh14 and gsh2? transformed with empty vector (EV) pFL61 and their respective genes pFL61+Hcy-GCS
and pFL61 + HcGS along with their wild type BY4741. The tolerance of all the transformants and wild type BY4741 to different concentrations of As measured by (a) drop test on
selective media SD-ura plates supplemented with and without As and (b) liquid broth test on SD-ura broth where the growth was recorded as 0.D at 600 nm. The values rep-

resented are an average of three biological replicated with +SD.

growth almost ceased at 13 mM As (Liang et al., 2018). Although the
fungal biomass was found to decrease with increase in As con-
centration, the As accumulation increased in H. cylindrosporum.
Binding of As to fungal cell wall and intracellular transport are the
main responses of fungi to As stress (Singh et al., 2015). Bio-
accumulation and biomethylation have been suggested as the key
detoxification mechanisms in microbes existing in As polluted
areas (Su et al, 2011; Singh et al, 2015). In ECM fungus,
H. cylindrosporum, the metalloid accumulation increased with in-
crease in As stress, whereas in case of Aspergillus niger, the As
accumulation increased up to 0.5 mM (75 mg/l) As followed by its
decrease (Mukherjee et al., 2010). Similar observations were re-
ported in Serpula himantioides and Trametes versicolor, where the
increase in As accumulation has been reported as a function of
external As stress (Adeyemi, 2009). This observation throws light
on the fact that not only extracellular but intracellular mechanisms
are responsible for generating As tolerance in ECM fungi.

The role of glutathione in As tolerance has been reported on
some plants, fungi and yeast. The comparative proteomics of As-
induced differentially expressed proteins in rice plant revealed
that glutathione played a central role during As stress (Ahsan et al.,
2008). Therefore, the response of glutathione to different concen-
trations of As was analyzed in ECM fungus H. cylindrosporum. It was
observed that with increase in As accumulation, the GSH concen-
trations increased in H. cylindrosporum. The GSH concentration
increased as a function of external As stress. This indicates that the

GSH defense system gets promptly induced in ECM fungus when
subjected to external As stress. This observation has been sup-
ported by various researches on plants (Arabidopsis thaliana, Nico-
tiana tabacum), fungi (Laccaria bicolor, Aspergillus niger), yeast
(Candida tropicalis, Saccharomyces cerevisiae) etc. (Aborode et al.,
2016; Degola et al., 2015; Ilyas and Rehman, 2015; Khullar and
Reddy, 2019¢, 2019b; Mukherjee et al., 2010; Thorsen et al., 2007;
Yadav, 2010). When exposed to intracellular As, glutathione pro-
vides a dual protection mechanism. It acts both as an antioxidant
and as a metal scavenger. As an antioxidant, glutathione reduces
the free radicals generated by As stress thus neutralizing their
harmful effects and itself gets oxidized to GSSG (Davison et al.,
2003). Glutathione also reduces pentavalent As to trivalent As
(Muniz Ortiz et al., 2008). This trivalent As further binds gluta-
thione forming As-(GSH)3; complex which actively gets transported
to vacuoles through the ABC transporters (Klein et al., 2002; Leslie,
2012). The As-GSH conjugate has been identified in various mam-
mals, plants and fungi when exposed to heavy metals (Canovas
et al., 2004; Pickering et al., 2000; Thomas, 2008; Verbruggen
et al., 2009). However, it is worth noting that the ABC proteins
serve as As(Ill) transporters only when As is complexed with the
thiol group (Zhao et al., 2009). Therefore, when exposed to As, the
active glutathione present inside the cell gets immediately utilized,
leading to the induction in glutathione biosynthesis pathway
(Davison et al., 2003). However, the study is still fragmentary in
ECM systems. To justify the induction of GSH biosynthesis pathway
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in ECM fungus H. cylindrosporum, qPCR analysis was performed,
which revealed that the expression of both genes was highly
induced under As stress. y-GCS has been well characterized in
various plants and mammals for its active role in mitigating the As
toxicity (Guo et al., 2008; Liao and Yu, 2005; Schuliga et al., 2002),
but very meager information is available for its activity in fungal
systems under As stress. In plants like Lens culinaris Medik, the
expression of GSH biosynthesis genes was upregulated when
exposed to 25 uM and 40 puM of As (Talukdar and Talukdar, 2014).
Similarly, in Arabidopsis thaliana, 2—6 folds increase in the
expression of y-GCS gene was reported when exposed to As stress
(Li et al,, 2006; Dhankher et al., 2002).

Further, the activity of both enzymes (Hcy-GCS and HcGS) also
increased in response to external As stress. This clearly throws light
on the fact that GSH biosynthesis is the first line of defense in ECM
fungus H. cylindrosporum, when exposed to As stress. As proposed
by Daghino et al. (2016), the functional characterization of both
Hcy-GCS and HcGS genes was attained by expressing them their
respective S. cerevisiae yeast mutants gshl“ and gsh2" (sensitive to
As). The transformation of both genes in their respective yeast
mutants successfully restored their metal tolerance ability. This
observation clearly validates the active role of both Hcy-GCS and
HcGS in inducing As tolerance in ECM fungus H. cylindrosporum. In
the light of these evidence, it can be clearly concluded that the ECM
fungus H. cylindrosporum can be a good metalloid accumulator and
detoxifier, highlighting the role of GSH defense system in As
sequestration and thus preventing its transfer to the host plant.

5. Conclusion

The present study unequivocally justifies the central role of GSH
in protecting the ECM fungus H. cylindrosporum from As stress. The
GSH biosynthesis genes were actively induced when the mycelium
was exposed to As stress, thus providing a pivotal contribution to As
tolerance in ECM fungi. The above findings clearly demonstrate that
the enhanced GSH biosynthetic tendency promotes the tolerance to
As toxicity in ECM fungi. Therefore, we can say that when in an As
contaminated soil, these ECM fungi forms a symbiotic association
with the plant roots, protecting the host plant from As stress. They
filter the transfer of soil As to plant roots by conjugating it with
glutathione and accumulating inside the vacuoles. We may also
conclude that H. cylindrosporum is efficient in dealing with As stress
and may offer global potential in its bioremediation.
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Summary

Ectomycorrhizal fungi play an important role in pro-
tecting their host plant from metal(loid) stresses by
synthesizing various thiol rich compounds like
metallothioneins and glutathione. We investigated
the effect of cadmium (Cd) and arsenic (As) stress
with a specific interest on glutathione (GSH) in the
ectomycorrhizal fungus Laccaria bicolor. The total
GSH levels inside the cell were significantly increased
with increase in external metal(loid) stress. An analysis
of the transcript levels of genes responsible for GSH
synthesis, y-glutamylcysteine synthetase (Lby-GCS)
and glutathione synthetase (LbGS), using ¢PCR
revealed that expression of both genes increased as a
function of external metal(loid) concentration. The
enzyme activity of both Lby-GCS and LbGS were
increased with increase in external Cd and As concen-
tration. Further, the functional role of Lby-GCS and
LbGS genes in response to Cd and As stress was stud-
ied using their respective yeast mutant strains gsh7*
and gsh2*. The mutant strains successfully expressed
the two genes resulting in wild-type phenotype restora-
tion of Cd and As tolerance. From these results, it was
concluded that GSH act as a core component in the
mycorrhizal defence system under Cd and As stress
for metal(loid) homeostasis and detoxification.

Introduction

Heavy metals constitute a major environmental hazard to
human health. Metal(loid)s like cadmium (Cd), arsenic
(As), lead (Pb), mercury (Hg), zinc (Zn) and so forth, are
continuously being mobilized into the atmosphere through
natural processes like weathering of metalliferous rocks
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and anthropogenic activities like combustion of fossil fuels,
mining and industry, use of phosphate fertilizers and so
forth. These metal(loid)s are highly toxic to living organ-
isms affecting various physiological processes (John
et al., 2012). In order to cope with this toxic effect caused
by metal(loid)s, organisms possess different defence
mechanisms like: reduced uptake of metals by extracellu-
lar chelators, binding to the cell wall or increased efflux,
intracellular chelation of metals in the cytosol by ligands
like glutathione, metallothioneins and compartmentaliza-
tion into the vacuoles (Bellion et al., 2006). Synthesis of
specific chelators and subsequent sequestration of metal
complexes are of major importance to limit free metal con-
centrations. The main molecules responsible for the
sequestration of metal(loid)s include glutathione (y-Glu-Cys-
Gly, GSH), small metal-binding peptides known as phyto-
chelatins (y-Glu-Cys),Gly, PCs), and metallothioneins (small
cysteine-rich proteins, MTs) (Cobbett and Goldsbrough,
2002). Glutathione (GSH) plays an important role in
metal(loid) scavenging due to the high affinity of metal(loid)s
to its thiol (-SH) group and as a precursor of phytochelatins
(PCs). Besides metal homeostasis, organisms possess anti-
oxidative defence systems to manage the metal-imposed
oxidative challenge (Smeets et al,, 2009). In addition to its
primary antioxidant capacities, GSH also acts as a substrate
for the regeneration of other essential antioxidants (Foyer
and Noctor 2005).

Glutathione, a tripeptide (y-glutamyl-cysteinyl-glycine)
is the most abundant non-protein thiol present in the
living system (Pdcsi et al., 2004). GSH sequesters the
toxic metal(loid)s (X) by forming non-toxic (GSH),X
conjugates, which are further compartmentalized into
the vacuoles through ABC (ATP-binding cassette)
transporters (Schlunk et al., 2015). In plants, both Cd
and As show high affinity for the thiol (—SH) group of
glutathione, thus, forming a metal(loid)-(GSH), com-
plex, which gets subsequently sequestered into the
vacuoles (Verbruggen et al., 2009). GSH is biosynthe-
sized in two sequential ATP dependent reactions,
mediated by two enzymes, y-glutamylcysteine synthe-
tase (y-GCS; E.C.6.3.2.2) and glutathione synthetase
(GS; E.C.6.3.2.3). In the first step, y-glutamylcysteine
synthetase catalyses the formation of y-glutamylcysteine
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using -glutamate and | -cysteine, followed by the second
step catalysed by glutathione synthetase, where -glycine
is added to the C-terminal of y-glutamylcysteine, forming
glutathione. Studies have reported the induction of GSH
biosynthesis pathway by different metal(loid)s like As,
Cd, Hg and Cr (Thorsen et al., 2007; Jozefczak et al.,
2012). GSH biosynthesis is the primary rapidly respon-
sive line of defence against Cd exposure (Clemens and
Simm, 2003). Studies on Paxillus involutus, Phanero-
chaete chrysosporium and Penicillium chrysogenum
also demonstrated the significant upregulation in GSH
biosynthesis in response to Cd stress (Xu et al., 2015;
Xu et al., 2016).

Ectomycorrhizal fungi (ECM) are the rhizospheric
fungi that form a symbiotic association with the plant
roots (woody plants like birch, dipterocarp, myrtle,
beech, willow, pine and rose families), protecting them
from various biotic and abiotic stresses. The ECM fungi
benefit the host plant by improving nutrient and water
uptake and protecting against various stresses like
drought, salinity, pests and toxic metal(loid)s (Leung
et al., 2013). The ECM fungi have developed an exten-
sive defence mechanism against metal(loid)s toxicity
(Bellion et al., 2006). They prevent the uptake of
metal(loid)s into the cytosol by extracellular chelation
through extruded ligands like tricarboxylic acid, oxalic
acid (Xu et al., 2015) or by biosorption of these
metal(loid)s to the fungal cell wall through chitin and glu-
cosamine (Bellion et al., 2006). Further, the metal(loid)
accumulated in the cytosol is detoxified by synthesizing
thiol rich ligands like GSH and MTs (Khullar and Reddy,
2018). In many ECM fungi such as L. bicolor, Hebeloma
cylindrosporum, Pisolithus albus, P. involutus, Suillus
luteus, S. himalayensis and so forth, MTs have been
found highly expressive under copper stress (Bellion
et al., 2007; Ramesh et al., 2009; Reddy et al., 2014;
2016; Nguyen et al., 2017; Kalsotra et al., 2018). How-
ever, very little induction of MTs have been reported in
response to Cd stress. It has been hypothesized that Cd
detoxification in ECM fungi might be operated through
GSH chelation because, the concentrations of GSH in
ECM fungi are reported in millimolar range in response
to Cd stress (Courbot et al., 2004). These observations
show that different mechanisms are induced by different
metal(loid)s in ECM fungi.

The aim of the present work was therefore to gain
insight into the molecular basis of Cd and As tolerance
in L. bicolor by investigating enzymes of GSH metabo-
lism. The relative expression of both Lby-GCS and
LbGS genes was studied by gPCR under different Cd
and As stress conditions. Further, the functional charac-
terization of both genes in response to Cd and As stress
was carried out using their respective yeast mutants,
gsh1* and gsh2*.

Results
Growth and metal(loid) uptake

The growth of L. bicolor decreased with increase in exter-
nal concentration of Cd and As in the media. The half
minimum inhibitory concentration (ICsp) of Cd and As
was found to be 8 M and 7 mM respectively (Fig. 1A
and B). The metal(loid) uptake by L. bicolor increased as
a function of external metal(loid) stress. In case of Cd,
maximum uptake of 0.869 ug mg~" mycelium was observed
at 9 pM Cd concentration and decreased at higher concen-
trations. In case of As, maximum uptake of 0.667 pg As
mg~' mycelium was recorded at 15 mM of As concentration
(Fig. 1C and D).

Glutathione production and Lby-GCS and LbGS enzyme
activities

Total GSH production increased as a function of external
metal(loid) stress. When exposed to Cd and As, a rapid
increase in GSH content was observed. Even at the
lower concentrations used (10 um Cd and 3 mM As), the
GSH concentration increased by fivefold and sixfold
respectively. Maximum GSH production of 1.4 nmol mg™"
mycelium (about 13 folds higher than the control) was
observed at 40 pM Cd and 1.6 nmol mg~" (about 15 folds
higher than the control) at 15 mM As (Fig. 2A and B).
Since both Lby-GCS and LbGS are ATP dependent
enzymes, they liberate one molecule of inorganic phos-
phorous every time they catalyse the synthesis of
y-glutamylcysteine and glutathione, respectively, convert-
ing ATP to ADP. The total inorganic phosphorous liber-
ated by both enzymes per minute per mg of protein
increased with increase in external Cd and As concentra-
tions, resulting in the increased activity of both enzymes.
The total phosphate liberated increased from 0.2 to
1 pmol mg™" min~' when the Cd concentration was
increased 0 to 40 uM and As concentration from 0 to
30 mM (Fig. 2C and D). These results indicated that both
enzymes involved in GSH synthesis were induced in
response to external Cd and As concentrations.

Relative expression of Lby-GCS and LbGS genes
by gPCR

The mRNA accumulation of both Lby-GCS and LbGS
increased with increase in metal(loid) stress. In case of
Cd, maximum expression of Lby-GCS was observed at
40 pM (18 fold increase) while LbGS at 30 pM Cd (12 fold
increase) compared to control (Fig. 3A). Similarly, at
20 mM of As, the expression of Lby-GCS and LbGS
increased by 10 fold and sixfold respectively (Fig. 3B).

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology Reports
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Fig. 1. Effect of different concentrations of Cd and As on the mycelial growth (A, B) and metal uptake (C, D) by L. bicolor. Values sharing a com-
mon letter among treatments are not significantly different at P < 0.05 (n = 3). Error bars are +£SD.

Functional complementation of Lby-GCS and LbGS
genes in S. cerevisiae

The growth of both yeast mutants carrying pFL61 or
pFL61-Lby-GCS/pFL61-LbGS along with the wild type
strain was monitored on SD-Ura medium with and without
Cd and As. Drop test analysis revealed that, the growth
of both mutants, gsh1* and gsh2* carrying pFL61 was
inhibited at 40 pM Cd and 100 pM As. However, the
mutants transformed with Lby-GCS and LbGS genes
were able to grow on metal(loid) supplemented medium
similar to the wild type strain BY4741 (Fig. 4). Further,
the restoration of metal(loid) tolerance by yeast mutants
was verified by growing these Lby-GCS and LbGS trans-
formed mutants in liquid SD-Ura medium with various
concentrations of Cd and As. The transformation of yeast
mutants with Lby-GCS and LbGS successfully restored
the wild-type phenotype for metal(loid) tolerance (Fig. 5).

Sequence analysis of Lby-GCS and LbGS genes

The Lby-GCS cDNA contains an 1854 bp ORF encoding
617 amino acids with predicted molecular mass of
70.5 kDa and pl 5.3. The ATP binding sites in the primary
sequence were identified using the ATP interacting site

prediction server ‘ATPint: Prediction of ATP interacting
protein residues’ (http://www.imtech.res.in/raghava/atpint/)
(Chauhan et al., 2009). A unique ATP binding domain
‘MGFGMGCCCLQLT rich in glycine and cysteine was
found to be conserved throughout the nine selected
basidiomycetes (Supporting Information Table 2). The
protein was predicted to be a membrane protein with
amino acids 1 to 459 as non-cytoplasmic domain,
460 to 482 as transmembrane domain and 483 to
617 as cytoplasmic domain. The LbGS cDNA consists
of 1596 bp ORF encoding 531 amino acids with molecu-
lar mass 58.9 kDa and pl 5.59. A conserved glycine rich
domain ‘KPQREGGGNN’ involved in ATP binding has
been observed between 413 and 422 amino acids.
Other predicted ATP binding amino acids Eqs3, Ksay,
Y424, Esg0, Ksos, Es14 Were also found to be conserved
throughout 11 selected basidiomycetes (Supporting
Information Table 2).

Discussion

The present study was aimed at characterizing the GSH
biosynthesis genes in response to Cd and As stress in
the ectomycorrhizal fungus L. bicolor and its possible

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology Reports
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functional role in detoxification of metal(loid)s such as Cd
and As. In the present study, with increase in concentra-
tion of metal(loid)s, a decrease in the growth of L. bicolor
was observed. In case of Cd, the half minimum inhibitory
concentration (ICso) was recorded at 8.0 pM whereas the
ICso of Cd reported for other ectomycorrhizal fungi,
P. tinctorius, Cenococcum geophilum, P. involutus, and
S. luteus were 89.0, 9.0, 2.2 and 0.4 uM respectively
(Hartley et al., 1997). In case of As, L. bicolor showed
ICso value of 7.0 mM. Sharples and colleagues (2000)
reported a higher resistance to As compounds for an eri-
coid mycorrhizal strain belonging to the Hymenoscyphus
ericae (now Rhizoscyphus ericae) species isolated from
an As/Cu mine site when compared to a H. ericae strain
coming from an uncontaminated heathland site. The
growth of the heathland isolate was completely inhibited
at 1.33 mM H,AsO,, whereas the mine isolate was able
to grow up to 13.3 mM HpAsO,, with its growth being
inhibited by only 40% at this concentration. Considering
literature data, our results do not place L. bicolor among
Cd and As resistant fungi.

The GSH content increased with increase in concen-
tration of Cd and As in this study. About 1.5 nmol mg~"
of total GSH was produced per mg of mycelium in
response to Cd and As stress, indicating that GSH bio-
synthesis is highly inducible by external metal(loid)

stress. Similar GSH levels have also been reported in
P. involutus where approximately 1.2 nmol mg-1 GSH
was produced in response to 64 pM Cd stress (Courbot
et al., 2004). However, P. chrysosporium produced about
2.5 nmol mg-1 GSH at Cd stress of 162 pM (Xu et al.,
2016). Similar observations have also been reported in
various plants, fungi and other living systems (Sun et al.,
2007; Thorsen et al., 2007; Eroglu et al., 2015). GSH also
protects potentially susceptible cysteine-rich proteins
from binding free metal(loid) ions and consecutively
affecting their function. After forming nontoxic complexes
with metal(loid)s, GSH facilitates their sequestration away
from sensitive sites in cells (Verbruggen et al., 2009).
GSH biosynthesis involves two sequential ATP
dependent reactions, mediated by two enzymes y-glu-
tamylcysteine synthetase (y-GCS) and glutathione
synthetase (GS). Analysis of the transcript levels of
genes responsible for GSH synthesis (Lby-GCS and
LbGS genes), using real-time PCR revealed that expres-
sion of both genes increased as a function of external
metal(loid) concentration (Fig. 3). Expression level of Lby-
GCS was significantly higher than LbGS gene in both Cd
and As treated mycelium. The involvement of both
enzymes (Lby-GCS and LbGS) in Cd and As tolerance
mechanisms has been corroborated by quantifying the
activity of each enzyme in response to metal(loid)

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology Reports
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exposure (Fig. 2C and D). Similar response has also
been reported in various hyper accumulating plants
(Pickering et al., 2000; Dhankher et al., 2002).

The functional characterization of two genes in their
respective yeast mutants gsh7* and gsh2*, revelled the
actual function of these genes in metal(loid) homeostasis.
The yeast mutants gsh7* and gsh2* when transformed with
their respective Lby-GCS and LbGS genes successfully
restored their metal(loid) tolerance tendencies (Figs 4 and
5). This observation clearly demonstrates that GSH biosyn-
thesis is one of the key mechanisms involved in Cd and As
tolerance in the ectomycorrhizal fungus L. bicolor. Both the
genes were also characterized using various bioinformatics
tools and various ATP and substrate binding domains were
identified (Chauhan et al., 2009). The conserved glycine
and cysteine rich motif ‘lYLDAMGFGMGCCCLQLTFQ’
249-268 amino acid from Lb-yGCS has also been reported
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to be conserved in invertebrate (Ciona intestinalis), plant
(Chorispora bungeana) and yeast (S. cerevisiae) (Ohtake
and Yabuuchi, 1991; Franchi et al., 2012; Nair et al., 2013).

Conclusions

In the present study, the ECM fungus L. bicolor showed
sensitivity to both Cd and As. The GSH concentration
increased in the mycelium in response to Cd and As
stress. The two genes involved in GSH biosynthesis (Lby-
GCS and LbGS) were actively induced in response to
metal(loid) stress. The enzyme activity of both Lby-GCS
and LbGS also increased with increase in external Cd and
As concentration. The yeast mutants gsh7* and gsh2*
transformed with Lby-GCS and LbGS genes respectively,
rescued their metal(loid) sensitivity. According to our
results, it can be concluded that GSH biosynthesis is one
of the key mechanisms responsible for Cd and As detoxifi-
cation in the ECM fungus L. bicolor.

Experimental procedure
Biological material and stress treatment

The ectomycorrhizal fungus L. bicolor S238 N was main-
tained on Modified Melin-Norkrans medium (MMN)
(Melin, 1953) supplemented with Heller's micronutrients
(Gay, 1990), at 25 °C in dark. The tolerance of L. bicolor
to different metal(loid)s was tested by growing the fungus
on liquid MMN medium supplemented with different con-
centrations of Cd (3CdS0,4.8H,0: 0, 3, 6, 9, 12 and
15 uM) and As (NayHAsO,.7H,0: 0, 5, 10, 12, 15 mM)
for 21 days at 25 °C in dark. After 21 days, the mycelium
was harvested and washed with saline water (0.9% NaCl)
and 0.1 M EDTA water followed by three washings with
distilled water and dried at 60 °C for 24 h. The dried myce-
lium was further digested with nitric acid and perchloric
acid (HNO3/HCLO,) and the total metal(loid) uptake by
mycelium at different metal(loid) concentrations was deter-
mined using atomic absorption spectroscopy.

For the functional complementation, two S. cerevisiae
mutants gsh74-Y07097 (BY4741; MATa; ura3A0; leu2A0;
his3A1; met15A0; YJL101c::kanMX4) and gsh2*-Y01740
(BY4741; MATa; ura3A0; leu2A0; his3A1; met15A0;
YOL049w::kanMX4) for y-GCS and GS genes, respec-
tively, were procured from Indian Institute of Science
Education and Research, Mohali, Punjab, India.

Glutathione production and Lby-GCS and LbGS enzyme
activities

In order to measure the total amount of glutathione pro-
duced by L. bicolor in response to Cd and As, the mycelium
was grown on MMN agar plates overlaid with cellophane

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology Reports
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Fig. 4. Functional complementation of gsh74 and gsh2* yeast mutants transformed with empty vector pFL61 (EV) and with their respective genes
Lby-GCS and LbGS on selective media SD-Ura. BY4741 wild type strain was used as a positive control.

sheets for 14 days at 25 °C. These were then transferred
on MMN medium supplemented with increasing concentra-
tions of Cd (3CdS0O,.8H.0: 0, 10, 20, 30, 40 pM) and As
(NaHAsO,.7H,0: 0, 3, 6, 9, 12, 15, 20 mM) for 48 h. After
48 h, the mycelium was scrapped from the cellophane
sheets and crushed with liquid nitrogen. Total glutathione
was estimated from these crushed samples by enzymatic
recycling in two steps: Cell extract preparation and GSH
detection. Cell extract was prepared by homogenizing the
mycelium in sulfosalicylic acid-TritonX solution (0.6% sulfo-
salicylic acid and 0.1% TritonX solution in 0.1 M Potassium
phosphate buffer with 5 mM EDTA disodium salt at pH 7.5
(KPE)) (Rahman et al., 2006), followed by the centrifugation
of homogenized sample at 8000g for 10 min at 2—4 °C.
Clear supematant was collected and used for glutathione
estimation. The amount of glutathione produced by the
mycelium under various stress conditions was quantified
spectrophotometrically by enzymatic recycling method,
using the sulfydryl reagent 5,5'-dithio-bis(2-nitrobenzoic
acid) (DTNB) to form the yellow coloured derivative 5'-thio-
2-nitrobenzoic acid (TNB) measurable at 412 nm (Rahman
et al., 2006).

Lby-GCS and LbGS activities were assayed according
to Ruiz and colleagues (2003) and Sengupta and col-
leagues (2012). The liquid nitrogen crushed samples of
L. bicolor stressed with different concentrations of Cd
and As were homogenized with lysis buffer consisting of

100 mM Tris—HCI (pH 8.0), 10 mM MgCl, and 1 mM
DTT. The supernatant collected after centrifugation was
used for Lby-GCS and LbGS assay. Lby-GCS activity
was assayed by mixing 100 pl of supernatant with 500 pl
of assay mix consisting of 100 mM Hepes (pH 8.0),
50 mM MgCl,, 5 mM ATP, 5 mM phosphoenolpyruvate,
5 mM DTT, 20 mM gluatamate, 1 mM cysteine, and
10 U mI~" pyruvate kinase. The mixture was incubated at
37 °C for 60 min followed by addition of 100 pul of 50%
TCA to stop the reaction. The mixture was centrifuged,
and the supernatant was used for phosphate estimation
by phosphomolybdate method. The amount of phosphate
released is directly proportional to the enzyme activity.
For LbGS activity the same assay was performed repla-
cing glutamate and cysteine with 1 mM glycine and
0.5 mM y-glutamylcysteine.

RNA isolation, cDNA synthesis and gPCR analysis

Total RNA was isolated from the liquid nitrogen crushed
samples treated with Cd and As using the QiAzol lysis
reagent (Qiagen; Valencia, CA) and cDNAs were synthe-
sized using ‘The RevertAID™ First Strand cDNA synthe-
sis Kit, (Thermo Fisher Scientific, Waltham, USA)’ as per
the manufacturer’s instructions. The relative expression
of both Lby-GCS and LbGS was studied by qPCR analy-
sis using SYBR® Green JumpStart™TagReadyMix™

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology Reports
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Fig. 5. Growth curve of yeast mutants gsh71® and gsh2“, trans-
formed with their respective genes Lby-GCS and LbGS, and
empty vector pFL61 along with its wild type (BY4741) grown in
presence of various concentrations of Cd and As for 24 h at
30 °C. The values represent an average of three biological repli-
cates with +SD.

(Sigma-Aldrich; St. Louis, USA) in Mastercycler®eprealplex
system (Eppendorf; Hamburg, Germany) using the following
program: initial denaturation at 95 °C for 20 s followed by
40 cycles of 95 °C for 15 s, 55 °C for 15 s and 72 °C for
20 s. The E value was obtained in the range of 1.08 to 1.28
using the equation E [10_1/si0pe)] — 1. The E value was used
to calculate C;; value using the equation Cy; = Cie X [log
(1 + E)log2]. The reference gene was selected using Norm-
Finder algorithm (Andersen et al., 2004). Since the stability
value of a-actin was minimum, it was used as the refer-
ence gene for further calculating the relative gene
expression of Lby-GCS and LbGS genes using ‘the
comparative Cr Method (AACT Method) - 2-44Ct"
(Livak and Schmittgen, 2001).

The full length sequence of Lby-GCS and LbGS genes
was obtained using gene specific primers designed from
the sequences retrieved from JGI portal http://genome.
jgi.doe.gov/ (Supporting Information Table 1). PCR ampli-
fication of Lby-GCS and LbGS genes were carried out in

Glutathione metabolism in response to metal(loid)s 7

a 25 pl reaction consisting of 1 X reaction buffer, 2 mM
dNTPs, 1 pl (forward primer, 10 uM), 1 pl (reverse primer,
10 pM), template DNA (100 ng), 1.5 U Advantage 2 poly-
merase (Takara, CA, USA) and nuclease free water to
make 25 pul. The PCR program was set as: initial denatur-
ation at 95 °C for 3 min followed by 30 cycles of 1 min at
94 °C, 1 min at 62 °C, 1 min at 72 °C and final extension
at 72 °C for 8 min. The amplified PCR products were
sequenced. The sequences were analysed by using vari-
ous bioinformatics tools. The sequences obtained were
submitted to GenBank of NCBI as GSH7 and GSH2 for
Lby-GCS and LbGS, respectively, under the accession
number MF766455 and MF766456.

Expression of Lby-GCS and LbGS genes in
S. cerevisiae

The two genes Lby-GCS and LbGS were amplified from
L. bicolor cDNA using the primers Lbam1F/Leco1R and
Lbam2F/Leco2R respectively (Supporting Information
Table 1). Restriction sites BamH1 and EcoR71 were
added to the 5 end of forward and reverse primer
respectively. The amplified PCR products were ligated
into the yeast expression vector pFL61 under the control
of the PGK promoter from the yeast phosphoglyceroki-
nase encoding gene (Minet et al., 1992). For the func-
tional complementation, two S. cerevisiae mutants gsh14
(y-GCS mutant) and gsh2* (GS mutant) were trans-
formed with empty vector pFL61, and pFL61-Lby-GCS/
pFL61-LbGS, respectively by lithium acetate method
(Stearns et al., 1990). All the four transformants along
with wild type BY4741 were then pre-grown on SD-ura
medium for 24 h. The function of each gene in metal(loid)
tolerance was studied by analysing their growth on both
liquid and solidified SD-Ura supplemented with CdSO,
(8CdS0Q,4.8H.0: 40 pM) and As (NaoHAsO,.7H,0: 100 pM)
as described in Kalsotra et al, 2018. In liquid SD-Ura
medium (with and without Cd and As), the growth of
each transformant was recorded as their optical density
at 600 nm.

The data collected from this study followed homosce-
dasticity. Analysis of variance (ANOVA) was performed
to test the significant differences among the treatments
and the means were compared with Tukey’s test at
P < 0.05. All the analysis was performed by using Graph
Pad Prism 5.1 software.
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Additional Supporting Information may be found in the online
version of this article at the publisher's web-site:

Table S1. Different primers used for gene amplification from
L. bicolor cDNA. Lby-GCS and LbGS primers were used for
amplification of y-glutamylcysteine synthetase and glutathi-
one synthetase genes respectively. Actin, tubuline, adeno-
sine kinase, Lby-GCS -RT and LbGS-RT primers were used
to amplify the genes for RT-PCR analysis. Lbam1F, Leco1R,
Lbam2F and Leco2R primers were used for yeast comple-
mentation studies. The restriction sites were added to the &'
end of primers (underlined) ®Ndel, °Xhol, °BamHI, “EcoRl.
Table S2. Conserved domains in Lby-GCS and LbGS
genes identified for their potential role in ATP binding. The
L. bicolor y-GCS gene MF766455 were aligned with different
basidiomycetes Rhodotorula KWU43246, Serendipita indica
CCA66352, Daedalea quercina EPT04524, Paxillus rubi-
cundulus KIK91183, Pisolithus microcarpus KIK27695, Fis-
tulina hepatica KIY44398, Gymnopus luxurians KIK67150,
Agaricus bisporus XP_006460756, Hebeloma cylindros-
porum KIM45296 and LbGS gene MF766456 was aligned
with Coniophora puteana XP_007768870, Stereum hirsutum
XP_007305063, Lentinula edodes GAW08968, Obba rivu-
losa OCH89932, Pycnoporus coccineus OSC99094, Tra-
metes versicolor XP_008045264, Laccaria amethystina
KIK06216, Galerina marginata KDR82535, Hebeloma cylin-
drosporum KIM43057, Hypsizygus marmoreus KYQ41889,
Termitomyces KNZ73319 and the conserved ATP binding
domains were identified.
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Abstract Ectomycorrhizal fungi hold a potential
role in bioremediation of heavy metal polluted areas
because of its metal accumulation and detoxification
property. We investigated the cadmium (Cd) induced
bioaccumulation of glutathione (GSH) mediated by -
glutamylcysteine synthetase (y-GCS) in the ectomy-
corrhizal fungus Hebeloma cylindrosporum. In H.
cylindrosporum, a demand driven synthesis of GSH
has been observed in response to Cd. The expression
and enzyme activity of H. cylindrosporum y-GCS
(Hcy-GCS) increased as a function of external Cd
stress resulting in increased GSH production. The
function of Hcy-GCS in providing heavy metal
tolerance to H. cylindrosporum was justified by
complementing the gene in gshI® mutant of Saccha-
romyces cerevisiae. The metal sensitive mutant gsh/ A
successfully restored its metal tolerance ability when
transformed with Hcy-GCS gene. Sequence analysis of
Hcy-GCS showed homology with most of the reported
v-GCS proteins from basidiomycetes family. The
active site of the Hcy-GCS protein is composed of
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amino acids that were found to be conserved not only
in fungi, but also in plants and mammals. From these
results, it was concluded that Hcy-GCS plays an
important role in bioaccumulation of GSH, which is a
core component in the mycorrhizal defense system
under Cd stress for Cd homeostasis and detoxification.

Keywords Ectomycorrhizal fungi - Metal
homeostasis - y-Glutamylcysteine synthetase -
Hebeloma cylindrosporum - Glutathione - Cadmium

Introduction

Cadmium (Cd) is considered as the global environ-
mental threats due to its high bioaccumulation and
biomagnifications into the diverse ecosystems (Dietz
et al. 2000). It is toxic to living systems even at low
concentrations and interferes with many metabolic
pathways resulting in cellular damage because of its
strong affinity for the sulphydryl residues (Gallego
et al. 2012). Cd is the potent inducers of oxidative
stress inside the cells and these oxidative damages in
cell are usually caused by the imbalance between
accumulation of reactive oxygen species (ROS) and
the protective cellular antioxidant system (Foyer and
Noctor 2011). Therefore it is crucial to maintain
adequate level of ROS in the cell. This is attained by
the complex antioxidant homeostatic system
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composed of metabolites like glutathione (GSH) and
ascorbate (ASC) (Foyer and Noctor 2011).

Glutathione is a ubiquitous intracellular peptide
with multifarious functions like detoxification of
various heavy metals and xenobiotics, antioxidant
defense, sulfur assimilation; cell signaling and regu-
late cell growth and death (Lu 2009; Khullar and
Reddy 2016). GSH is a key component in metal
scavenging, due to the high affinity of metals for its
thiol (-SH) group and also as a precursor of phy-
tochelatins (PCs). GSH is reported as the most
abundant thiol present in the living system, with the
average concentration in millimoles (Pdcsi et al.
2004). It is a tripeptide (L-y-glutamyl-L-cysteinyl-
glycine) (~ 307 Da) composed of three amino acids,
glutamate, cysteine and glycine. GSH is synthesized in
two sequential ATP dependant reactions mediated by
two enzymes, y-glutamylcysteine synthetase (YGCS;
E.C.6.3.2.2) and glutathione synthetase (GS;
E.C.6.3.2.3). In the first reaction, YGCS catalyzes the
formation of y-glutamylcysteine by combining L-
glutamate and L-cycteine, followed by the condensa-
tion of glycine to the C-terminal of y-glutamylcysteine
by GS, resulting in the formation of glutathione. Both
reactions are ATP dependant. The two major deter-
minants of GSH biosynthesis in the cell are: avail-
ability of cysteine (the sulfur amino acid precursor),
and the activity of y-glutamylcysteine synthetase (the
rate limiting enzyme) (Lu 2009). During the metal
stress, both factors increase in order to cope with the
desired GSH demand for the detoxification and
survival (Jozefczak et al. 2012). yGCS is a rate
limiting enzyme in GSH synthesis and its activity is
enhanced by Cd, As, Hg, Cr ions (Vido et al. 2001;
Thorsen et al. 2007; Galant et al. 2011; Sobrino-Plata
et al. 2014). It has also been reported that the mutation
in the YGCS gene resulted in increasing metal
sensitivity in Arabidopsis thaliana and Candida
glabrata (Sobrino-Plata et al. 2014; Gutiérrez-Es-
cobedo et al. 2013). Many studies have reported the
GSH-mediated induction of the transcription of genes
involved in Cd transport and detoxification (Sengupta
et al. 2012; He et al. 2015).

The response of ectomycorrhizal (ECM) fungi to
toxic metals is important, since these organisms are
present at contaminated sites, participate in crucial
symbiotic relationships with plants that grow at these
sites, and alleviate metal toxicity for their host plants
(Jentschke and Goldbold 2000). The mechanisms that

@ Springer

are involved in metal homeostasis and detoxification
of heavy metals in ECM fungi includes extracellular
mechanisms such as precipitation, chelation and cell-
wall binding and intracellular mechanisms such as
binding to organic acids, sulfur compounds, polyphos-
phates, peptides and transport into intracellular com-
partments (Bellion et al. 2006). The main molecules
responsible for the sequestration of metals include
glutathione, phytochelatins and metallothioneins
(Cobbett and Goldsbrough 2002). It has been reported
that in ECM fungi, metallothioneins have been
induced in response to copper stress than Cd (Reddy
etal. 2014, 2016; Khullar and Reddy 2016). However,
accumulation of GSH in ECM fungi was reported
when exposed to Cd suggesting the role of GSH in Cd
detoxification (Courbot et al. 2004).

The aim of the present study was therefore to gain
insight into the molecular basis of Cd detoxification in
the ectomycorrhizal fungus Hebeloma cylindrospo-
rum by investigating enzyme Hcy-GCS of GSH
metabolism. The relative expression of Hcy-GCS gene
was studied by qPCR under different Cd stress
conditions. Further, the functional characterization
of Hcy-GCS gene in response to Cd stress was carried
out using yeast mutant gshl®.

Materials and methods

Biological material, stress treatment and metal
accumulation

The ectomycorrhizal fungus Hebeloma cylindrospo-
rum was maintained on modified Melin-Norkrans
medium (MMN) (Melin 1953) supplemented with
Heller’s micronutrients (Gay 1990) at 25 °C. The
tolerance of H. cylindrosporum to cadmium was
monitored by growing the fungus in MMN broth
supplemented with different concentrations of cad-
mium (0, 3, 6,9, 12 and 15 uM) for 21 days at 25 °C.
After 21 days, the mycelium was harvested and
washed with saline water (0.9% NaCl) and 0.1 M
EDTA water followed by three washings with distilled
water and dried at 60 °C for 24 h. The dry weight of
each sample was recorded and the dried mycelium was
further digested with nitric acid and perchloric acid
(HNO3/HCLOQ,) in the ratio 3:1 (Kalsotra et al. 2018)
and the total metal uptake by mycelium at different Cd
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concentrations was determined using atomic absorp-
tion spectroscopy.

For the functional complementation, S. cerevisiae
mutant gshl A.Y07097 (BY4741; MATa; ura3A40;
leu2A0; his3A1; metl5A0; YJLIOIc::kanMX4) vy-
GCS was procured from Indian Institute of Science
Education and Research (IISER, Mohali, Punjab,
India).

Total glutathione production and Hcy-GCS
activity

Total glutathione produced by H. cylindrosporum in
response to the elevated levels of Cd was determined
by the method described in Rahman et al. (2006). The
fungus was grown on MMN agar plates overlaid with
cellophane sheets for 14 days at 25 °C. The cello-
phane sheets were then transferred on MMN medium
supplemented with increasing concentrations of cad-
mium (CdSOy: 0, 10, 20, 30, 40 uM) for 48 h. After
48 h, the mycelium was scrapped from the cellophane
sheets and crushed with liquid nitrogen. Total glu-
tathione was estimated from these crushed samples by
enzymatic recycling. Firstly, the cell extract was
prepared by homogenizing the mycelium in sulfosal-
icylic acid-TritonX solution (0.6% sulfosalicylic acid
and 0.1% Triton-X solution in 0.1 M Potassium
phosphate buffer) with 5 mM EDTA disodium salt
at pH 7.5 (KPE) followed by the centrifugation of
homogenized sample at 8000x g for 10 min at 4 °C.
Clear supernatant obtained was used for GSH estima-
tion. The amount of GSH produced by the mycelium
under various stress conditions was quantified spec-
trophotometrically by enzymatic recycling method,
using the sulfydryl reagent 5,5'-dithio-bis(2-nitroben-
zoic acid) (DTNB) to form the yellow colored
derivative 5’-thio-2-nitrobenzoic acid (TNB) measur-
able at 412 nm (Rahman et al. 2006). Cell extract
(100 pl) was mixed with 700 pl of KPE buffer
followed by addition of 120 pl of freshly prepared
DTNB and glutathione reductase (GR) mix. The
mixture was kept at room temperature for 30 s. 60 pl
of B-NADPH (2 mg B-NADPH in 3 ml KPE buffer)
was added to the above mix and absorbance was
measured at 412 nm. The amount of GSH produced
was measured using the GSH (Sigma-Aldrich; St.
Louis, USA) standard curve prepared by the same
procedure.

Hcy-GCS activity was determined according to the
method described in Ruiz et al. (2003) and Sengupta
et al. (2012). The liquid nitrogen crushed samples of
H. cylindrosporum stressed with different concentra-
tions of Cd (0, 10, 20, 30, 40 uM) were homogenized
with lysis buffer (100 mM Tris—HCI (pH 8.0), 1 mM
DTT and 10 mM MgCl,). Hcy-GCS activity was
assayed by mixing 100 pl of supernatant with 500 pl
of assay mix consisting of 100 mM Hepes (pH 8.0),
50 mM MgCl,, 5 mM ATP, 5 mM phosphoenolpyru-
vate, S mM DTT, 20 mM glutamate, 1 mM cysteine,
and 10 U ml™" pyruvate kinase. The mixture was
incubated at 37 °C for 60 min followed by addition of
100 pl of 50% TCA to stop the reaction. The mixture
was centrifuged and the supernatant was used for
phosphate estimation by phosphomolybdate method.
The amount of phosphate released is directly propor-
tional to the enzyme activity.

RNA isolation, cDNA synthesis and gene
amplification

Total RNA was isolated from the liquid nitrogen
crushed samples of H. cylindrosporum using the
QiAzol lysis reagent (Qiagen; Valencia, CA), fol-
lowed by the RNase free DNase I treatment. cDNA
was synthesized from approximately 5 pg of total
RNA using “The RevertAID™ First Strand cDNA
synthesis Kit, (Thermo Fisher Scientific, Waltham,
USA)” as per the manufacturer’s instructions. The
cDNA so obtained was used to amplify the Hcy-GCS
gene using the gene specific primers. The gene specific
primers were designed using the sequence retrieved
from JGI portal http://genome.jgi.doe.gov/ (Supple-
mentary Table 1). Restriction sites Ndel (CATATG)
and Notl (GCGGCCGC) were added to the 5’ end of
the forward and reverse primer respectively. PCR
amplification of Hcy-GCS gene was carried out in a
25 pl reaction consisting of 1 X reaction buffer, 2 pl
(dNTPs, 2 mM), 1 pl (forward primer, 10 pM), 1 pl
(reverse primer, 10 pM), template DNA (100 ng), 1.5
U Taq polymerase and nuclease free water to make
25 pl. The PCR program was set as: initial denatura-
tion at 95 °C for 3 min followed by 30 cycles of 1 min
at 94 °C, 1 min at 62 °C, 1 min at 72 °C and final
extension at 72 °C for 8 min. The amplified product so
obtained was purified and sequenced. The sequence
was submitted to GenBank of NCBI under the
Accession Number MH892339.
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Expression of y-GCS by real time PCR (RT-PCR)
analysis

Total RNA was isolated from the liquid nitrogen
crushed samples treated with Cd using the QiAzol
lysis reagent (Qiagen; Valencia, CA) and cDNAs were
synthesized using “The RevertAID™ First Strand
cDNA synthesis Kit, (Thermo Fisher Scientific,
Waltham, USA)” as per the manufacturer’s instruc-
tions. The relative expression of Hcy-GCS was
determined by Real time PCR analysis using SYBR®
Green JumpStart™TagReadyMix ™ (Sigma-Aldrich;
St. Louis, USA) in Mastercycler®eprealplex system
(Eppendorf; Hamburg, Germany) using the following
program: initial denaturation at 95 °C for 20 s
followed by 40 cycles of 95 °C for 15 s, 55 °C for
15 s and 72 °C for 20 s. The E value was obtained in
the range of 0.97 to 1.08 using the equation E [10_,,
slopey] — 1. The E value was used to calculate Cy; value
using the equation C; = C, x [log (1 + E)/log2].
Among the three reference genes a-actin, B-tubulin
and adenosine kinase, o-actin showed minimum
stability value with NormFinder algorithm (Andersen
et al. 2004). Hence a-actin was used as a reference
gene for studying the relative gene expression of Hcy-
GCS using the comparative Cr Method (AACT
Method) — 224" (Livak and Schmittgen 2001).

Functional complementation of Hcy-GCS in S.
cerevisiae

The Hcy-GCS gene was amplified from cDNA using
primers Hcbam1F and HcecolR. BamH1 and EcoR1
restriction sites were added to the 5’ end of both
forward and reverse primer respectively (Supplemen-
tary Table 1). The amplified PCR product was ligated
into the yeast expression vector pFL61 under the
control of the PGK promoter from the yeast phospho-
glycerokinase encoding gene (Minet et al. 1992). For
the functional complementation, S. cerevisiae mutant
gsh1® (7-GCS mutant) was transformed with empty
vector pFL61 and pFL61-Hcy-GCS by lithium acetate
method (Stearns et al. 1990). The transformants along
with wild type BY4741 were then pre-grown on SD-
ura medium for 24 h at 30 °C with constant shaking at
220 rpm. The ODgqq of each culture was adjusted to
1.0. For each culture 4 serial dilutions were made 100,
107", 1072 and 107>, 5 pl serial dilutions of each
culture was spotted on SD-Ura plates with and without
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Cd (CdSOy4: 40 uM). The plates were incubated at
30 °C for 3 days and photographed. In a consecutive
experiment, all the three cultures, gshl A (pFL61 +
Hcy-GCS), gsh]A (pFL61) and wild type BY4741
were inoculated in 50 ml SD-ura broth and allowed to
grow at 30 °C till the ODggonm reached 0.05. The
cultures were then subjected to different concentra-
tions of Cd and allowed to grow for next 24 h and the
OD at 600 nm was recorded.

Sequence analysis and structure prediction of Hcy-
GCS

The ORF of the sequence was identified using ORF
finder and subjected to BLAST (http://www.ncbi.nlm.
nih.gov/BLAST) for homology search. The homolo-
gous sequence so obtained were aligned by ClustalW.
Phylogenetic tree was reconstructed by using MEGA
software. Further, Expasy tool was used to calculate
the molecular weight and pl of Hcy-GCS protein. The
protein domains were identified using Interpro (http://
www.ebi.ac.uk/interpro/sequence-search).  Various
conserved domains like catalytic domain, ATP bind-
ing domains, glycosylation sites, phosphorylation sites
were identified by Motif-Scan and ATPint (crdd.osdd.
net/raghava/atpint/index.html). The secondary struc-
ture of Hcy-GCS protein was predicted using PSSpred
(http://zhanglab.ccmb.med.umich.edu/PSSpred), where
all the possible o-helix, B-sheets and coils were identi-
fied. The tertiary structure of Hcy-GCS protein was
constructed by I-TASSER. The structure template was
identified using threading program LOMETS from PDB
library with Normalized Z-score greater than 1.
I-TASSER generated 5 predicted models and the model
with highest confidence value (C value) was selected.
The structure so obtained was verified by aligning it with
all structures in PDB library using TM-align. Various
ligand binding sites in the predicted structure were
identified using COFACTOR and COACH programs.

The data were analyzed by One way analysis of
variance the significant differences among the means
were compared with Tukey’s test at P < 0.05. All the
analysis was performed by using Graph Pad Prism 5.1
software.
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Results
Metal tolerance and accumulation

The growth of H. cylindrosporum decreased signifi-
cantly with increasing concentrations of Cd. The half
minimum inhibitory (ICsy) of Cd was recorded at
8 uM (Fig. 1a). However, the Cd accumulated inside
the fungus was found to increase with increase in
external metal concentrations. Maximum Cd accumu-
lation of 0.9 ug mg~' dry mycelium was recorded at
9 puM and decreased hereafter (Fig. 1b).

Glutathione production and Hcy-GCS activity

The total GSH production increased as a function of
external Cd stress. Total GSH production increased
significantly from 0.118 to 0.85 nmol mg™~' mycelium
when the stress was increased from 0 to 40 pM
(Fig. 2a). Approx. 8.4 folds increase in glutathione
concentration was observed, when the Cd stress was
increased from O to 40 uM. Since Hcy-GCS is an ATP
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Fig. 1 Effect of increasing concentrations of Cd on the growth
(a) and total metal uptake (b) by H. cylindrosporum. Values
sharing a common letter among treatments are not significantly
different at P < 0.05 (n = 3). Error bars are &= SD
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Fig. 2 Effect of increasing concentrations of Cd on a total
glutathione (GSH) production and b the enzyme activity of Hcy-
GCS. The activity was measured as the amount of inorganic
phosphorous released by the enzymes using ATP per mg of
isolated protein per minute. Values sharing a common letter
among same metals are not significantly different at P < 0.05
(n = 3). Error bars are + SD

dependant enzyme, it liberated one molecule of
inorganic phosphorus every time it catalyze the
synthesis of y-glutamylcysteine, converting ATP to
ADP. Therefore the amount of inorganic phosphorus
liberated per minute per mg of protein gives direct
evidence of the enzyme activity of Hcy-GCS. The
10uM  Cd  stressed  mycelium  liberated
0.75 pmol mg~' min~' of inorganic phosphorus,
which is three times the phosphorus liberated by
control mycelium (0.25 pmol mg™' min~"). At
40 pM Cd stress, the concentration of inorganic
phosphorous increased to 1.06 pmol mg™' min~",
which is 5 times that of control mycelium (Fig. 2b).

1

Real time PCR analysis

The mRNA accumulation of Hcy-GCS gene in H.
cylindrosporum increased when exposed to increasing
concentrations of Cd. The 10 folds increase in mRNA
accumulation of Hcy-GCS gene was observed at
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10 uM Cd stress, whereas it increased to 22 folds at
40 uM Cd (Fig. 3). This clearly depicts that Hcy-GCS
gene is highly inducible by Cd stress, resulting in more
glutathione biosynthesis.

Functional complementation of Hcy-GCS gene
in yeast mutant

The role of Hcy-GCS in inducing heavy metal
tolerance in ectomycorrhizal fungus H. cylindrospo-
rum was validated by expressing the gene in S.
cerevisiae mutant for yGCS (gsh]A). The growth of
gsh]A yeast mutant cells transformed with empty
vector pFL61 (EV) and pFL61 + Hcy-GCS was
monitored on SD-Ura medium supplemented with
and without Cd. The Drop test analysis of all the three
cultures BY4741, gshI®/EV and gshi®/Hcy-GCS,
clearly revealed that the growth of gshl/ A/EV inhibited
at Cd 40 pM, whereas the same mutant when trans-
formed with Hey-GCS gene successfully grew under
Cd stress like their wild type BY4741 cells (Fig. 4a).
Further, the restoration of metal tolerance ability by
yeast mutant gshl® was validated by growing all the
three cultures BY4741, gshl®/EV and gshl®/Hcy-
GCS in SD-Ura liquid medium supplemented with
increasing concentrations of Cd. When subjected
under metal stress, gshl?/EV did not show any
tolerance to Cd. However gsh]A/Hcy—GCS success-
fully grew under Cd stress like their parent BY4741
cells (Fig. 4b). This clearly shows that the metal
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Fig. 3 Fold increase in the relative expression of Hcy-GCS
gene when stressed with increasing concentrations of Cd
(CdSOy: 0, 10, 20, 30, 40 uM) for 48 h at 25 °C. Actin was
normalized as an internal reference gene. Values sharing a
common letter within the gene are not significantly different at
P < 0.05 (n = 3). Error bars are &= SD
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tolerance ability was successfully restored in gshl/ A
when transformed with Hcy-GCS gene.

Sequence analysis of Hcy-GCS gene

The full length cDNA sequences of Hcy-GCS consists
of 2040 bp long open reading frame encoding 679
amino acids with predicted molecular weight of
78.09 kDa and pl of 6.6. The protein is a transmem-
brane protein with three membrane domains: N-ter-
minal from amino acid 1 to 446 forms a non-
cytoplasmic domain; amino acids from 447 to 469
are embedded in the membrane forming a transmem-
brane domain and at the C-terminal from amino acid
470 to 679 forms a cytoplasmic domain. The putative
Hcy-GCS protein showed maximum homology with
most of the basidiomycetes displaying 71%, 70%,
69% and 68% sequence similarity with the yGCS
protein sequence form  Coprinopsis cinerea
(XP001830305), Armillaria gallica (PBK91420),
Agaricus bisporus (XP006460756) and Laccaria
bicolor (XP001877753), respectively. The Phyloge-
netic tree forms three different clusters of basid-
iomycetes, mucoromycetes and ascomycetes each
sharing common evolutionary history (Fig. 5).

The multiple sequence alignment of different
homologous sequences revealed many domains that
were found to be conserved in many fungi. Amino
acids 249-649 were identified as a conserved glu-
tamylcysteine synthetase catalytic subunit and amino
acids 26—84 were identified as 30S ribosomal protein
S1. Both the sequences were found to be highly
conserved. Most of the predicted ATP binding
domains in the primary sequence of Hcy-GCS protein
were found to be conserved. This includes amino acids
188204 “HVSRPCTANIRRRRGSK?”, amino acids
249-268 “I'YLDAMGFGMGCCCLQLTFQ”, amino
acids 299-316 “WRGYLADVDCRWNVIAGS”
(Supplementary Fig. 1). N-glycosylation motifs were
also predicted at site N'®, N°'' and N°'®. The
secondary structure of the predicted Hcy-GCS protein
consists of about 37% a-helices, 15% [-strands and
49% coils.

For generating the tertiary structure, the structures
homologous to Hcy-GCS protein sequence were
identified in PDB library. Four PBD hits were
observed 3ig5, 3ig8, 3ivv and 3ivw. Since 3ig5
(Saccharomyces cerevisiae glutamate cysteine ligase)
showed maximum identity of 42%, it was selected as a
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Fig. 4 Drop test analysis
(a) and liquid broth test
(b) of the metal sensitive
Saccharomyces cerevisiae
mutant gshl® (Accession
Number: Y07097),
transformed with empty
vector pFL61 (EV) and
pFL61 + Hcy-GCS gene on
selective media SD-Ura
supplemented with and
without Cd. BY4741 wild
type strain was used as a
positive control. For liquid
broth test, growth was
recorded as optical density
at 600 nm after 24 h of
incubation at 30 °C and
200 rpm. The values
represent an average of three
biological replicated

with + SD

(@)
BY4741/EV ‘ r

gshl4/EV ‘1

gsh14/Hcy-GCS

template for homology modeling (Fig. 6). Various
ligand binding sites were identified on the generated
3D model by COACH. Most of the substrate binding
sites like B2, B101, 260, 261 (262 (264 R309 [313
R** and ADP binding sites L*°, W*/, G**, D*, E*°,
HO, E108 pl14 266 267 268 R431 433 were found

conserved throughout the selected basidiomycetes.

Discussion

Ectomycorrhizas have been exploited for their poten-
tial role in alleviating the metal stress in their host
plants but the molecular and cellular mechanisms
underlying this substantial metal tolerance are largely
unknown. The potential application of ectomycor-
rhizal fungi in bioremediation of metal polluted areas
makes it necessary to have deep insight into their
metal binding properties. The present study reports
bioaccumulation of heavy metal Cd by ectomycor-
rhizal fungus H. cylindrosporum when exposed to its
external stress. The concentration of accumulated Cd
is directly proportional to the dose of external metal.
However, the dry weight plummeted in response to the
increasing concentrations of external Cd. The ICs
value observed in this study was at 8.0 M of Cd. The

Control
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IC5( for Cd reported for other ectomycorrhizal fungi,
Pisolithus tinctorius, Cenococcum geophilum, Paxil-
lus involutus, and Suillus luteus were 89.0, 9.0, 2.2 and
0.4 uM, respectively (Hartley et al. 1997). These
results suggested that the ectomycorrhizal fungus H.
cylindrosporum is sensitive to Cd.

Since Cd is a sulthydryl reactive metal with high
affinity for the thiols, its bioaccumulation inside the
cell results in high demand for the thiol rich
compounds. In H. cylindrosporum, the amount of
glutathione produced was found to be directly depen-
dent upon the external Cd stress. The amount of total
GSH produced increased with increase in metals
stress. About 0.85 nmol mg~' of total GSH was
produced per mg of mycelium in response to Cd
stress, indicating that GSH biosynthesis is highly
inducible by external Cd stress. Increase in GSH levels
have also been reported in ectomycorrhizal fungus
Paxillus involutus where approximately
1.2 nmol mg~" GSH was produced in response to
50 ppm Cd stress (Courbot et al. 2004). Further, the
burgeoning response of glutathione to heavy metal
stress in H. cylindrosporum was justified by studying
the expression level of rate limiting Hcy-GCS gene
when exposed to increasing metal concentrations. A
significant increase in the expression of Hcy-GCS gene
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Fig. 5 The maximum parsimony tree constructed using MEGA
7. yGCS enzymes from three different classes of fungi were
clustered separately into basidiomycetes, mucoromycetes and

Fig. 6 Tertiary structure of
Hcy-GCS enzyme generated
by I-TASSER a constructed
by homology modeling
using PBD structure 3ig5 as
template. b The putative
substrate and ADP binding
site in the active site have
been highlighted in green
and blue color respectively.
The active site amino acids
were highlighted in pink

was observed in response to Cd stress. Similar
response has also been reported in various hyper
accumulating plants (Pickering et al. 2000; Dhankher
et al. 2002). These observations throw light on the fact
that the process of GSH biosynthesis triggers
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Zymoseptoria brevis (KIX96948)
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_/

ascomycetes, showing their common evolutionary history. The
tree was constructed using 1000 bootstrap test. Accession
number of each protein has been mentioned in parenthesis

immediately on exposure to Cd stress. The functional
characterization of Hcy-GCS gene in Cd hypersensi-
tive S. cerevisiae mutant for vy-glutamylcysteine
synthetase (gsh]A) further validates the role of this
gene in protecting the organism under metal stress.
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The sequence analysis of Hcy-GCS protein showed
homology with many reported YGCS proteins from
different fungal species. Hcy-GCS protein showed
close relationship with yGCS protein from various
basidiomycetes Laccaria bicolor, Agaricus bisporus
and Gymnopus luxurians. Most of the conserved
domains identified in these fungal YGCS proteins were
found to be conserved even in plants, yeasts, parasites
and invertebrates. The conserved glycine and cysteine
rich  motif “IYLDAMGFGMGCCCLQLTFQ”
249-268 amino acid from Lb-yGCS has also been
reported to be conserved in invertebrate Ciona
intestinalis, Chorispora bungeana, and S. cerevisiae
(Ohtake and Yabuuchi 1991; Franchi et al. 2012; Nair
et al. 2013). The aminoacid E52, E101, C260, Q264,
R309, 1319, R435 involved in substrate (L-glutamate)
binding site were found to be conserved not only in
fungi but also in invertebrates (Franchi et al. 2012).
This shows that the catalytic unit of Hcy-GCS is
highly conserved. However the cysteine binding
moiety has not been identified in the Hcy-GCS tertiary
structure. The same has also been reported in Leish-
mania donovani yGCS (Agnihotri et al. 2016).

Conclusion

This is the first report on cloning and characterization
of y-glutamylcysteine synthetase gene isolated from
ectomycorrhizal fungus H. cylindrosporum. The gene
has been successfully characterized using various
molecular and bioinformatic approaches. It was
observed that the exposure to Cd causes up-regulation
of Hcy-GCS gene resulting in increased glutathione
production. The functional complementation of the
Hcy-GCS in S. cerevisiae mutant further justifies its
role in heavy metal tolerance. This study provides a
deep insight into the role of GSH biosynthesis in
ameliorating heavy metal accumulation and detoxifi-
cation in ectomycorrhizal fungus H. cylindrosporum,
which may hold a potential application in bioremedi-
ation of contaminated sites.
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Abstract

Ectomycorrhizal (ECM) association of fungi with plants involves diverse cate-
gory of fungi. They form a mutualistic association with the host plant, nourishing
them with minerals and protecting them from various biotic and abiotic stresses.
Their long thin hyphae fetch water and minerals from the deepest core of soil and
transport them to the plants. In exchange, ECM fungi are rewarded with photo-
synthates and carbohydrates. They also protect the host plant from drought,
salinity, heavy metals, pests and pathogens and extreme environments, thus
enhancing their growth and development and helping them to sustain under
diverse conditions. Colonization with ECM fungi modulates various cellular,
physiological and molecular processes in host plant, thus protecting them under
extreme environments. ECM fungi play a significant role in protecting the forest
ecology by connecting different trees through a dense network of hyphae form-
ing a wood-wide web of common mycorrhizal networks. However, each mycor-
rhizal fungus responds differently under different stress conditions through
diverse mechanisms. The current study provides deep insight into different
mechanisms used by different ECM fungi for facilitating host tree
sustainability.
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6.1 Introduction

Mycorrhizal fungi are mutualistic root symbionts with heterogeneous fungal taxa
that thrive in the rhizospheric soil. In this association, both plant and fungi assist
each other with various nutritional and non-nutritional benefits. Mycorrhizas form
a dense filamentous network that draws water and nutrients from the deeper soil
and delivers to the plant roots, thus accelerating plant growth and root develop-
ment. It is estimated that every kilometre of soil contains at least 200 km of fungal
strands, accessing the smallest pore of the soil (Bonneville et al. 2009). Apart from
providing nutrition, mycorrhizal fungi also protect the plant from drought and
salinity, pests and pathogens, heavy metal toxicity and extreme environments
(Smith and Smith 2015). In exchange to all these benefits, the mycorrhizas are
awarded with photosynthates or carbohydrates like glucose by the plants. The
fungi utilize these carbohydrates for their growth and synthesis of glycoprotein
glomalin which is released into the soil that improves the soil structure and organic
content (Wu et al. 2014). In the soil, the mycorrhizal hyphae form an extensive
network of wood-wide web, which connect all surrounding plant communities pro-
moting horizontal nutrition transfer (Harrison 2005). They are the source of carbon
to many achlorophyllous heterotrophic plants. Alpines and boreal zones, tropical
forests, grasslands and croplands are the most commonly mycorrhizal colonized
areas (Selosse and Roy 2009).

These mycorrhizal fungi are more than 450 million years old. About 80% of all
land plants with more than 92% plant families are mycorrhizal (Wang and Qiu
2006). They are most prevalent symbionts involving about 6000 fungal species in
the Glomeromycotina, Ascomycotina and Basidiomycotina and 240,000 plant spe-
cies (Bonfante 2003). Mycorrhizas are cosmopolitan and abundant even in the
highly degraded areas. They are classified into five groups based on their character-
istic interaction with the host cells. Among the five associations, arbuscular mycor-
rhizas (AM) and ectomycorrhizas (ECMs) are the two most abundant associations.
Orchid, ericoid and arbutoid mycorrhizas are confined to the genera within the
Orchidaceae, Ericaceae and Arbutoideae families, respectively (Brundrett 2017).
Arbuscular, orchid, ericoid and arbutoid mycorrhizas establish an intracellular sym-
biosis by penetrating their hyphae into the root cells, whereas the ectomycorrhizal
hyphae remain extracellular (Bonfante and Genre 2010). Till date, mycorrhizas
have garnered vast attention owing to the new genetic, cellular and molecular tech-
niques along with the genome sequencing of various mycorrhizal plants and fungi
(Martin et al. 2008).

6.2  Ectomycorrhizas

Ectomycorrhizal fungi is a symbiotic association of fungi to the plant roots, where
the fungi ensheath its hyphae around the root tip forming the thick hyphal mantle of
nearly 40 pm. Inside the mantle, the hyphae penetrate into the cell wall and grow in
between epidermal cells and cortical cells. They never penetrate inside the cell
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Fig. 6.1 The hyphae of ECM fungi colonizing epidermal and cortical cell layer. (a) The confocal
micrograph of ECM Tuber melanosporum colonizing hazelnut, indicating the mantle (m) formed
by the dense hyphae and Hartig net (arrows) surrounding epidermal and cortical cells. (b) Hartig
net (Hn) developed in a fully truffle developed mycorrhiza. (¢) Magnification of the contact zone
between plant () and fungal cell wall (arrows). F' fungus, H host cell (Balestrini and Bonfante
2014)

lumen of roots, hence forming a Hartig net (Fig. 6.1). This Hartig net is the region
of juxtaposition where exchange of water, nutrients and other components between
both fungi and the plant roots takes place (Bonfante and Genre 2010; Balestrini and
Bonfante 2014; Henke et al. 2015).

On the other end outside the fungal mantle, hyphae extend into the soil called
extraradical mycelium and act like an extension to the plant roots so as to have
access to the nutrients from deeper parts in soil. In pine seedlings, extraradical
mycelium of Pisolithus tinctorius contributes 99% of the nutrient-absorbing surface
of roots (Rousseau et al. 1992). Thus, ectomycorrhizal fungi provide water, mineral
and nutrients to the plant and are rewarded with the photosynthates or stored carbo-
hydrates by the host plant (Fig. 6.2) [Martin and Nehls 2009; Bonfante and Genre
2010]. These fungi have a dual lifestyle, form symbiosis with the plant roots and act
as facultative saprotrophs in soil (Martin and Nehls 2009). At laboratory conditions
they can be cultured without host (unlike AMF), but under field conditions they
depend on their host for carbohydrates (Van Der Heijden et al. 2015).

Ectomycorrhizal fungi belong to the family of Basidiomycota (252 genera),
Ascomycota (84 genera) and Mucoromycota-Endogonales (Van Der Heijden et al.
2015). More than 10,000 fungal species have been estimated to form ectomycor-
rhiza with the host plants (Finlay 2008). They can form a visible reproductive struc-
ture of epigeous mushroom and hypogeous truffles at the feet of trees they colonize.
The most popular edible mushrooms ‘Tuber’ fungus, deadly caps destroying angels
Amanita, also belong to ectomycorrhizas. Trees hosts for ectomycorrhizal fungi
include families like Pinaceae, Fagaceae, Betulaceae, Dipterocarpaceae and
Caesalpiniaceae, distributed in the sub-tropic, temperate and boreal forests (Smith
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Fig. 6.2 Nutrient exchange mechanism between ECM fungi and their host plant (Bonfante and
Genre 2010)

and Read 2010). Birch (Betula), dipterocarp (Pakaraimaea), beech (Fagus), wil-
lows (Salix), pine (Pinus), oaks (Quercus) and eucalypts (Eucalyptus) are the com-
mon host species for ectomycorrhizal symbiosis (Chen et al. 2015; Hrynkiewicz
et al. 2015; Murata et al. 2015; Brearley et al. 2016; Garcia-Guzman et al. 2017,
Horton et al. 2017; Kaiser et al. 2017).

It has been estimated that more than 50,000 plant species are involved in ectomy-
corrhizal association. Most of the ectomycorrhizas have colonized northern temper-
ate forest soils, whereas arbuscular mycorrhizas are commonly found in tropical
forests. Agaricomycetes were found to be the most dominant class of ectomycor-
rhizal fungi in the soil (Buée et al. 2009). Ascomycetes have been reported showing
higher stress tolerance as compared to basidiomycetes. Many authors have observed
the dominance of ascomycetes in heavily polluted areas, whereas basidiomycetes
were observed in less polluted and control plots. The genera Phialophora,
Phialocephala and Leptodontidium and many other ascomycetes have been reported
to have adaptive metal tolerance (Colpaert et al. 2011). Similarly many basidiomy-
cetes have also been reported to have complete defence mechanisms against heavy
metals like Laccaria bicolor (Reddy et al. 2014), Hebeloma cylindrosporum
(Ramesh et al. 2009), Pisolithus albus (Reddy et al. 2016), Suillus bovinus (Ruytinx
et al. 2013), Suillus luteus (Nguyen et al. 2017), Paxillus involutus (Bellion et al.
2007), Amanita strobiliformis (Osobova et al. 2011), etc.

There has been a tremendous advancement in research concerning identification
of ectomycorrhizal fungi and studying their ecological importance. Such studies
have provided a deep insight into ectomycorrhizal diversity and their role in tree
sustainability.
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6.3  Ectomycorrhiza and Tree Sustainability
6.3.1 ECM and Tree Sustainability Under Drought

Drought is one of the most daunting factors limiting the plant growth in both dry
and irrigated agriculture. The change in climatic conditions and increasing demand
of water by municipal and residential consumption have worsened the soil water
levels. This water deficiency affects various morphological and biochemical pro-
cesses in plants. However, ECM fungi improve the water and nutrient uptake during
drought conditions (Lehto and Zwiazek 2011). The colonization of drought-affected
plants with ectomycorrhizal fungus can profoundly modulate the plant’s response in
improving its water availability and growth by increasing stomatal conductance and
shoot water potential, enhancing photosynthesis, increasing hydraulic conductance
and increasing aquaporin function (Lehto and Zwiazek 2011). When subjected to
drought conditions, Populus canescens inoculated with Paxillus involutus showed
higher predawn water potential and maintained almost full photosynthetic activities,
whereas the non-mycorrhizal plants were severely affected by drought in hydrogel-
amended soil (Beniwal et al. 2010). The Populus canescens plants showed higher
stomatal conductance and nitrogen uptake when colonized with Paxillus involutus
(Danielsen and Polle 2014). Switchgrass (Panicum virgatum L.) when inoculated
with ectomycorrhizal fungus Sebacina vermifera showed enhancement in biomass
and macronutrient content under drought conditions (Ghimire and Craven 2011).
Even in Pinus muricata seedlings inoculated with Rhizopogon spp., the plant
showed improved shoot biomass, photosynthesis and total leaf nitrogen at low
moisture (13%). However both plant and ECM were severely affected when the
moisture was reduced to 7% (Kennedy and Peay 2007).

There are several mechanisms by which the ECM fungi can promote drought
tolerance. Different studies have reported different mechanisms. Firstly, the ECM
fungi increase the surface area of root for absorption of water. Its extensive extrara-
dical hyphae absorb water from the deeper soil and transport it to the host plant
roots, resulting in higher root conductance and increased carbon assimilation under
drought stress (Plamboeck et al. 2007; Sebastiana et al. 2018). Up-regulation in
aquaporin (transporter facilitating water uptake) expression under drought condi-
tions has been observed in many cases (Marjanovi¢ et al. 2005). Cork oak when
inoculated with Pisolithus tinctorius resulted in improved plant height, shoot bio-
mass, shoot basal diameter and root growth than their non-mycorrhizal plants under
drought conditions (Sebastiana et al. 2018). Another indirect mechanism would be
by facilitating the nutrient acquisition. The mineral nutrients improve the plants
photosynthetic machinery facilitating quick recovery after stress. This has been
reported in case of Pinus tabulaeformis seedlings and Nothofagus dombeyi, where
the ECM fungal hyphae promoted the plants resistance to drought by facilitating N
and P uptake (Wu et al. 1999; Alvarez et al. 2009). Another indirect mechanism
involved is by suppressing the reactive oxygen species (ROS) generated during
drought conditions by activating the plants antioxidant system (Porcel and Ruiz-
Lozano 2004; Alvarez et al. 2009). Many other indirect mechanisms have also been
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reported including altered carbohydrate assimilation by stomatal function mediated
by change in growth regulators, increased sink strength and change in osmotic
adjustments in ectomycorrhizal roots (Lehto and Zwiazek 2011). However a detailed
mechanism on how ECM protects the host plant from drought stress is still
unexplored.

6.3.2 ECM and Tree Sustainability in Saline Soils

Salt salinity is one of the major constraints limiting plant growth and ecosystem
productivity. It is a major issue for both agriculture and forestry in nearly all cli-
matic regions and on all populated continents. More than 6% of the world’s total
land area is affected by salinity, and the figures are increasing rapidly due to the
intensive use of land, irrigation and clearing. Saline salt can be defined as the salt
with electrolyte concentration more than 4 dS m~!' which is equivalent to 40 mM or
higher concentration of sodium chloride (Munns and Tester 2008). High salt con-
centrations can alter the basic texture of soil, resulting in decreased soil porosity
leading to reduced soil aeration and water conductance (Porcel et al. 2012). This
creates a low water potential zone, making it difficult for plants to acquire water as
well as nutrients. Thus, salinity stress usually overlaps drought and nutritional defi-
ciencies. The higher salt concentrations in soil affect the plant growth, photosynthe-
sis, protein synthesis and energy and lipid metabolism (Chen and Polle 2010).
Symbiotic association of the plants with mycorrhiza has proven to be the most
effective remedy to salt stress. The mycorrhizas are well known to protect the host
plant from various biotic and abiotic stresses. However, the role of ectomycorrhizal
fungi has not yet been explored adequately.

Mycorrhizal plants exposed to osmotic constraints have been reported to perform
better than the non-mycorrhizal plants (Langenfeld-Heyser et al. 2007). The ecto-
mycorrhizal symbiosis has been demonstrated to increase resistance to saline condi-
tions in many plants including Populus canescens, Populus tremuloides, Populus
euphratica, Pinus tabulaeformis, Betula papyrifera, Coccoloba uvifera, etc.
(Bandou et al. 2006; Yi et al. 2008; Luo et al. 2011; Jie et al. 2011; Chen et al. 2014).
The reduced Na* accumulation in ectomycorrhizal roots under salt stress has also
been reported in Picea mariana, Pinus banksiana and Picea glauca when colonized
with Hebeloma crustuliniforme (Muhsin and Zwiazek 2002; Nguyen et al. 2006)
and in Populus canescens colonized with P. involutus. This is due to the fact that the
mycelial hyphae exhibit steady Na* efflux under salt stress (Li et al. 2012). Although
ECM colonization has been reported to reduce with increase in salt concentrations,
the ECM dependency of the plant increased under saline conditions (Bandou et al.
2006). Sea grapes (Coccoloba uvifera) when colonized with Scleroderma ber-
mudense under salt stress led to reduced Na and Cl uptake along with a concomitant
increase in P, K and water absorption than the non-mycorrhizal plants (Bandou et al.
2006). Similarly, in case of Populus canescens, the colonization with Paxillus invo-
lutus increased root cell volume and nutrition uptake reducing the Na accumulation.
The ECM roots showed higher accumulation of myoinositol, abscisic acid and
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salicylic acid and decreased concentrations of jasmonic acid and auxin than the non-
mycorrhizal roots. These observations are in contrast to that of arbuscular mycor-
rhiza, suggesting that ectomycorrhizal and arbuscular mycorrhizas follow different
signaling pathways to influence the salt stress response to plants (Luo et al. 2009).
Not only roots, the colonization of Populus canescens with Paxillus involutus also
modulates the leaf physiology towards improving salt tolerance (Luo et al. 2011).
The leaves of ECM plant displayed increased concentrations of phosphorus and
potassium, stress metabolite y-amino butyric acid, abscisic acid, glucose and fruc-
tose and decreased concentrations of galactose and unsaturated to saturated fatty
acids than the non-mycorrhizal plants. The ECM-plant leaves under salinity showed
alleviation in leaf chlorosis, improved water status and K* to Na* ratio (Langenfeld-
Heyser et al. 2007; Luo et al. 2011).

It has been found that the K*/Na* homeostasis in plants under salt stress has been
influenced by the calcium (Ca®) enrichment in the fungal hyphae (Li et al.
2012;Chen et al. 2014). Under salt stress, Ca** is replaced by Na*, and the released
Ca* contributes to the amelioration of K*/Na* ratio. The Ca*" ions also inhibit
KORCs and NSCCs (depolarization-activated) to reduce K* efflux in Populus (Sun
et al. 2009; Li et al. 2012) and Arabidopsis (Shabala et al. 2005). Thus, we can say
that salt stress induces Ca*”Na* exchange, resulting in availability of free Ca** from
ectomycorrhizal roots, which favours the establishment of K*/Na* homeostasis in
plants (Li et al. 2012). This indicates that ectomycorrhizal symbiosis plays a signifi-
cant role in tree sustainability under osmotic stress conditions.

6.3.3 ECM-Mediated Tree Sustainability Against Pests
and Pathogens

Plant diseases are a serious risk to the global food security costing 10-16% loss of
total crop harvest annually to pests and pathogens (Strange and Scott 2005; Oerke
2006). Fungi, oomycetes, bacteria, viruses, viroids, phytoplasmas, protozoa, insects,
mites, weeds, nematodes and parasitic plants are among the most common plant
pathogens. Although there are many methods to control plant diseases like using
fungicides, bactericide, chemical pesticides, different irrigation practices, etc., they
all cause notorious environmental and health consequences (Tilman et al. 2002).
However, ‘biocontrol’ using mycorrhizal fungi has proven to be the most effective
and efficient method of protecting the plant from pests and pathogens. Both ECM
and AM have proven to protect the plant from various pests and pathogens. These
fungi not only protect the plant from pathogens but also improve the plant health,
growth and nutrition availability. Studies have reported numerous mechanisms by
which the ectomycorrhizal fungi protect the host plant from different pests and
pathogens (Ghorbanpour et al. 2018). The first mechanism that is widely reported is
the barrier action of ECM fungi. ECM fungi penetrate into the root forming a thick
mantle, which acts like a mechanical barrier against the penetration of various
pathogens. Castanea sativa colonized with four different ECM fungi — Laccaria
laccata, Hebeloma sinapizans, H. crustuliniforme and Paxillus involutus — showed
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no sign of infection when inoculated with ink disease factors Phytophthora cam-
bivora and P. cinnamomi, whereas the same seedlings without mycorrhization
showed significant effect on leaf area, root and shoot weight (Branzanti et al. 1999;
Blom et al. 2009). Apart from physical barrier, the ECM fungi also have an antago-
nistic property, where they chemically inhibit the pathogens. The ECM fungi Suillus
laricinus, Suillus tomentosus and Amanita vaginata inhibited the growth of
Rhizoctonia solani by synthesizing a hydrolytic enzyme chitinase (Tang et al. 2008).
In a recent study, the antagonistic potential of eight ECM fungi including Alnicola
Sp., Russula parazurea, Lycoperdon perlatum, Laccaria fraterna, Pisolithus albus,
Suillus subluteus, Scleroderma citrinum and Suillus brevipes was studied against
various plant pathogenic fungi like Alternaria solani, Lasiodiplodia theobromae,
Botrytis sp., Fusarium oxysporum, Pythium sp., Rhizoctonia solani, Phytophthora
sp., Sclerotium rolfsii and Subramaniospora vesiculosa. All the eight ECM fungal
isolates showed inhibitory effect to the selected plant pathogens. Suillus brevipes
showed maximum inhibition of 60.31% producing maximum chitinase (111.6 pg/
ml) followed by S. subluteus exhibiting 49.46% inhibition producing 101.7 pg/ml
chitinase (Mohan et al. 2015). Similar observations have been made by Vaidya et al.
(2005), where the ECM fungi Pisolithus and Scleroderma showed antifungal and
antibacterial activity against plant pathogens Pythium sp., Rhizoctonia solani,
Fusarium sp., Agrobacterium tumefaciens, Pseudomonas solanacearum, Klebsiella
sp., Staphylococcus aureus, Shigella dysenteriae and E. coli (Vaidya et al. 2005).
The ECM fungi Pisolithus tinctorius and Pisolithus arhizus have been reported to
synthesize two antibiotic compounds p-hydroxybenzoylformic acid and (R)-(—)-p-
hydroxymandelic acid which inhibited spore germination and caused hyphal lysis in
significant number of phytopathogenic and dermatogenic fungi. Both the com-
pounds were effective in inhibiting germination of conidia of Truncatella hartigii
(Kope et al. 1991; Tsantrizos et al. 1991). Paxillus involutus also produced a fungi-
toxic compound while growing on Pinus resinosa roots, which inhibited 80% spor-
ulation of Fusarium oxysporum (Duchesne et al. 1988).

Apart from the antagonistic properties, the ECM fungi alter the soil chemical
properties in their close vicinity by lowering the soil pH and acidification, thus
repressing the growth of pathogen such as Cylindrocarpon sp. and protecting the
plant from various pathogens (Schelkle and Peterson 1997). Another indirect mech-
anism of protecting the host plant from pathogens includes competing with patho-
gens for niche and nutrition. The ECM fungi create a specific niche by colonizing
the rhizosphere, thus depriving pathogens of space and nutrients. The ECM fungi
create niche either by remaining in high population density or by forming symbiosis
with different bacterial communities having antibiosis effect on plant pathogens
(Frey-Klett et al. 2005). Schelkle and Peterson (1997) reported the presence of
Bacillus subtilis in ECM rhizosphere as a biocontrol against Fusarium oxysporum
and Cylindrocarpon sp.

The ECM fungi also protect the host plant from various insects and nematode
herbivores. Betula pubescens seedlings colonized with ECM fungi Paxillus involu-
tus, Phialophora finlandia, Cenococcum geophilum and Thelephora terrestris
reduced the Otiorhynchus spp. larval root herbivory in birch forest and eroded sites
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(Oddsdottir et al. 2010a, b). The effect of ECM fungi on herbivores may be due to
the secretion of terpenes or polyphenolic compounds (Fitter and Garbaye 1994).

6.3.4 ECM and Tree Sustainability Under Heavy Metal Stress

Heavy metals contamination is one of the most daunting factors concerning the
world today. Most of the agricultural soil is slightly to moderately contaminated
with heavy metals like Cd, Cu, Cr, Zn, Ni, Co, As and Pb. Both natural and anthro-
pogenic activities like weathering of metalliferous rocks, volcanoes, erosion, com-
bustion of fossil fuels, mining and industrial activities, use of phosphate fertilizers,
sewage sludge, dust from smelters and bad watering practices in agricultural lands
contribute to the heavy metal accumulation in the ecosystem (Yadav 2010; Su et al.
2014). The excess of heavy metals in soil affects the plant growth and root develop-
ment. Roots significantly absorb higher amounts of heavy metals than the above-
ground biomass and are thus more affected by heavy metals. There are mainly four
mechanisms by which heavy metals exert toxicity in plants: (i) generating reactive
oxygen species (ROS) in the plant cells which can damage various macromolecules
(Mgller et al. 2007; Pena et al. 2012); (ii) heavy metals having similarity with the
nutrient cations compete with the nutrient molecules for absorption at root surface
and interfere with cellular mechanisms, e.g. As and Cd show similarity with P and
Zn, respectively, for absorption at the root surface (Monnet et al. 2001); (iii) heavy
metals show high affinity for the sulthydryl (-SH) group of various functional pro-
teins, thus disrupting the structure and function and rendering them inactive; and
(iv) heavy metals displace essential cations from their specific binding sites leading
to cellular malfunctioning (Sharma and Dietz 2009; DalCorso et al. 2013; Singh
et al. 2016). Inside the plant, these heavy metals interfere with various biological
processes like reducing the photosynthesis, water and nutrient uptake and plant
chlorosis growth inhibition, disturbing the metabolism of essential elements, dis-
rupting the electron transport chain, disorder in cell membrane functions, suppress-
ing root growth by decreasing the mitotic activities, etc. (Qadir et al. 2004; Yadav
2010). The level of toxicity depends upon various factors like concentration of
heavy metals, duration of metal exposure and genotype of associated mycorrhiza
and plant (Rajkumar et al. 2012).

Ectomycorrhizal fungi have been proven to protect the plants against the heavy
metal stresses. The presence of ECM symbionts on plant roots significantly reduces
the heavy metal uptake (Degola et al. 2015; Reddy et al. 2016). ECMs are not only
capable of surviving under metalliferous soil but also promote the growth of host
plant under metal stress. These fungi have developed specialized mechanisms to
cope with heavy metals in the soil, thus protecting their host plant (Fig. 6.3).
Primarily, ECM fungi restrict the entry of heavy metals through extracellular pre-
cipitation by excreting di-/tricarboxylic acids and oxalic acids, by biosorption of
metal ions to the cell wall through chitin and glucosamine or by increasing the cel-
lular efflux (Fig. 6.3). In spite of the restricted entry of these heavy metals, 20-30%
of heavy metals could still be found in the cytosol and vacuoles (Blaudez et al.
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Fig. 6.3 Mechanisms of heavy metal tolerance in ectomycorrhizal fungi. (/) Extracellular chela-
tion by secreted ligands, (2) cell wall binding, (3) enhanced efflux, (4) intracellular chelation by
metallothioneins (MTs), (5) intracellular chelation by glutathione (GSH), (6) subcellular compart-
mentation, (7) compartmentation of GSH-M in vacuoles (Bellion et al. 2006)

2000). The heavy metals that enter inside the cell are chelated intracellularly through
various thiol-rich compounds like metallothioneins (MTs), glutathione (GSH) and
phytochelatins (PCs) (Fig. 6.3). Heavy metals have high affinity for the thiol group
(-SH) of these chelators and form metal-MT, metal-(GSH) complex, which actively
gets transported into the vacuoles (Sharma et al. 2016; Khullar and Reddy 2018).
The role of ectomycorrhizal fungi in metal homeostasis has been clearly reviewed
by Bellion et al. (2006), Luo et al. (2014) and Khullar and Reddy (2018).

ECM fungi modulate the heavy metal transfer into the host plants. The fungal
mantle acts as an effective barrier or filter for the heavy metals to enter into the plant
cells. The heavy metal concentration decreases from the rhizomorphs-hyphal
mantle-cortical cells to vascular tissues. This has been clearly demonstrated in case
of Pinus sylvestris colonized with Suillus luteus under zinc stress, where the con-
centration of zinc declined from 12,830 pg/g in rhizomorph to 2040-3820 pg/g in
hyphal mantle, to 280-675 pg/g in cortical cells and to 430 pg/g in the vascular
tissues (Turnau et al. 2001). Similar results were reported in case of Cu and Mn by
Turnau et al. (2001), where the Cu concentration decreases from 420 pg/g in rhizo-
morphs to 17 pg/g in hyphal mantle and 6 pg/g in vascular tissues and Mn concen-
trations decreased from 490 pg/g in rhizomorphs to 88 pg/g in hyphal mantle and to
13-26 pg/g in cortical cells and 14 pg/g in vascular tissues (Turnau et al. 2001).
Betula pendula seedlings inoculated with ECM fungi reduced the concentration of
Cu and Pb in the above-ground parts of plant, thus protecting the plant from ele-
vated metal stress (Bojarczuk and Kieliszewska-Rokicka 2010). Similar results
have been reported in Pinus sylvestris, where the plants inoculated with Suillus
luteus, Suillus bovinus, Scleroderma citrinum, Amanita muscaria and Lactarius
rufus showed better plant protection and nutrient uptake, transferring less Cd, Cu,
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Pb and Zn to the above-ground plants than non-mycorrhizal plants (Adriaensen
et al. 2005, 2006; Krupa and Kozdréj 2007; Krznaric et al. 2009).

The reduced uptake of heavy metals by ECM fungi is due to the induction of
efflux mechanism under heavy metal stress. Majorel et al. (2014) reported low accu-
mulation of Ni in P. albus tissues, when exposed to high Ni concentrations, due to
the metal efflux mechanisms. Similar observations were made in S. bovinus, P. invo-
lutus and H. cylindrosporum, where the increase in metal efflux resulted in low
metal accumulation in the fungal tissue. This metal exclusion in fungal symbionts
results in lower metal influx by the host plant, thus protecting from metal stress
(Blaudez et al. 2000; Blaudez and Chalot 2011; Ruytinx et al. 2013). In contrast to
the above observations, few studies have reported increase in metal bioaccumula-
tion in both ECM and its associated host when exposed to high metal stress (Ma
et al. 2014; Siri¢ et al. 2016). ECM fungi Paxillus involutus significantly increased
the net Cd** influx in the root apical region of Populus canescens when exposed to
high cadmium stress (Ma et al. 2014).

ECM fungi have been reported to secrete various exudates in the rhizosphere in
response to metal stress. These exudates like oxalic acid, formic acid, malic acid
and succinic acid can alter the bioavailability of toxic metals in the rhizosphere, thus
protecting the host plant from metal toxicity (Meharg 2003; Bellion et al. 2006; Ray
and Adholeya 2009; Colpaert et al. 2011; Targhetta et al. 2013). Johansson et al.
(2008) reported oxalate exudation in six ectomycorrhizal fungi Hebeloma velutipes,
Piloderma byssinum, Paxillus involutus, Rhizopogon roseolus, Suillus bovinus and
Suillus variegatus, when exposed to Pb, Cd and As stress (Johansson et al. 2008). In
addition to fungal exudates, ECMs also induce plant exudates in the rhizosphere. P.
tabulaeformis when colonized with ectomycorrhizal fungus Xerocomus chrysen-
teron showed enhanced activity of soluble proteins and acid phosphatases in root
exudates than their non-mycorrhizal roots under Cu and Cd stress (Zheng et al.
2009). Bellion et al. (2006) reported up to 85% reduction in Cd uptake by oxalic
acid exudation in cadmium-stressed Paxillus involutus. In a similar study, Shi et al.
(2018) reported 99% removal of chromium Cr(VI) by Pisolithus spl by secreting
H* ions and organic acids. The H* ions secreted by Pisolithus reduced the pH of
medium, thus reducing Cr(VI). After 12 days of treatment with Pisolithus, it was
observed that 75% Cr was removed due to extracellular reduction and 24% was
removed by adsorption on cell wall (Shi et al. 2018).

Colpaert et al. (2011) reported development of adaptive heavy metal tolerance
in different ECM fungi isolated from metal-polluted areas. Suillus luteus and
Suillus bovinus isolated from metal-polluted areas showed better tolerance to
heavy metals like Zn, Cu and Cd when colonized with Pinus sylvestris than the
same fungus isolated from non-polluted areas (Adriaensen et al. 2005, 2006;
Krznaric et al. 2009; Colpaert et al. 2011). Similar observations have also been
made with Pisolithus tinctorius, Pisolithus albus and Cenococcum geophilum
where the isolates from metal-polluted areas showed higher metal tolerance than
the isolated from non-polluted areas (Egerton-Warburton and Griffin 1995;
Gongalves et al. 2009; Jourand et al. 2010).
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ECM fungi have developed an intense intracellular mechanism to cope with the
heavy metals accumulated inside the cell, so as to prevent their transfer to host
plant. ECM fungi synthesize various thiol-rich ligands like metallothioneins and
glutathione in response to metal stress (Khullar and Reddy 2018). Heavy metals
having high affinity for the thiol group of these ligands bind them forming a strong
metal-MT or metal-(GSH), complex, rendering them nontoxic and subsequently
sequestering into the vacuoles, thus protecting the host plant from metal stress.
Differential expression of different metallothioneins and glutathione has been
reported in response to different heavy metals. Reddy et al. (2014) characterized
two MTs (LbMTI1 and LbMT2) out of six putative metallothionein genes from the
genome of Laccaria bicolor and observed differential expression in response to
copper, cadmium and zinc. Both metallothionein genes were induced under Cu
stress, whereas only LbMT1 was induced under Cd stress, and none of them was
expressive under Zn stress (Reddy et al. 2014). Similarly in Suillus himalayensis,
characterization of two metallothionein genes (SAMT1 and ShMT?2) revealed their
potential role in Cu homeostasis, whereas no response was observed under cad-
mium stress (Kalsotra et al. 2018). This differential response of different metallo-
thionein isoforms to different metals has also been reported in Hebeloma
cylindrosporum, Hebeloma mesophaeum, Amanita strobiliformis, Suillus luteus,
Pisolithus albus, Russula atropurpurea and Paxillus involutus (Bellion et al.
2007;Ramesh et al. 2009; Leonhardt et al. 2014; Sacky et al. 2014; HloZkova et al.
2016; Reddy et al. 2016; Nguyen et al. 2017). However it was observed that most of
the metallothioneins are responsive for Cu and Zn tolerance, showing very little
response to Cd. However glutathione biosynthesis has been actively reported in
response to Cd and As. Ilyas and Rehman (2015) reported that glutathione biosyn-
thesis in ECM is mainly triggered by Cd and As followed by Cr, Pb and Cu. Courbot
et al. (2004) reported increased production of glutathione in ECM Paxillus involu-
tus, when exposed to cadmium stress. Similar observations were also made in
Laccaria laccata, Glomus mosseae, Funneliformis mosseae, Phanerochaete chrys-
osporium and Penicillium chrysosporium (Gallie et al. 1993; Garg and Aggarwal
2011; Degola et al. 2015; Xu et al. 2015, 2016). Hence we can say that both metal
chelators — metallothioneins and glutathione — play a key role in metal homeostasis
in ECM fungi, thus protecting the host plant. However, a detailed study on what
effect these chelators have on the metal toxicity in their host plant is still unex-
plored. These observations clearly demonstrate that the mechanisms involved in
ECM protection of host plants are diverse. The heavy metal tolerance mechanism in
ectomycorrhizal plants depends on various factors like type of plant, ectomycor-
rhizal strain and the type of heavy metal.

6.3.5 ECM in Nutrient Cycling in Host Tree

In the current scenario, bioavailability of inorganic nutrients like nitrogen, phospho-
rus and water in the forest soil is rapidly diminishing, resulting in retarded plant
growth, poor photosynthesis and the loss of plant vitality. Most of the forest trees
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rely on mycorrhizal symbiosis for fulfilling their nutritional requirements. The
ECM fungi colonize the host plant, helping them to fetch nutrients from the deeper
parts of the soil, which are otherwise inaccessible. There are mainly two pathways
by which the mycorrhizal plants can uptake nutrients from the soil. First is ‘the plant
pathway’ where the plant roots directly uptake nutrients from the soil through root
epidermis and root hairs. This pathway is often limited by low mobility of nutrients
in soils. The second pathway is ‘the mycorrhizal pathway’ where the nutrient uptake
is mediated by the extraradical mycelium of fungus and transported to host plant
through Hartig net (Biicking et al. 2012). However in ectomycorrhizal tree species,
majority of the plant root is covered with thick mantle; therefore, the major nutrient
uptake by plant is indirectly through the ECM. As reported in case of Pinus, 99% of
the nutrition-absorbing root surface is covered with thick fungal mantle of ECM
fungi (Taylor and Peterson 2000). However, the nutrient uptake mechanism in
mycorrhizal plants depends upon the permeability of fungal mantle, its structure
and other properties. If the fungal mantle is permeable, the roots can directly absorb
the nutrients from soil, whereas if the fungal mantle is impermeable to nutrient ions,
the underlying plant roots get completely isolated from the soil, extensively relying
on the mycorrhizal pathway for nutrient uptake (Coelho et al. 2010).

During symbiosis, some ECM fungi secrete hydrophobins, which are small
cysteine-rich amphiphilic proteins that foster the adhesion of hyphae to the surface
and formation of aerial hyphae (Raudaskoski and Kothe 2015). ECM fungi
Pisolithus tinctorius, Laccaria bicolor, Tricholoma terreum, Tricholoma vaccinum
and Paxillus involutus have been reported synthesizing hydrophobins during ecto-
mycorrhization (Tagu et al. 2001; Rajashekar et al. 2007; Plett et al. 2012; Sammer
et al. 2016). Being hydrophobic, these protein molecules increase the water repel-
lency of fungal mantle, thereby making it impermeable to both water and nutrients.
The fungal mantle of Hebeloma cylindrosporum colonizing Pinus banksiana was
found impermeable to sulphates, whereas that of Pisolithus tinctorius and Suillus
bovinus colonizing Pinus sylvestris was poorly permeable showing retarded move-
ment of nutrients across the membrane. However, the nutritional uptake by the host
plants of all the three ECMs is completely under fungal control (Biicking et al.
2002; Taylor and Peterson 2005). The ECM pines are highly dependent on their
fungal symbiont for both nutrition and water uptake (Ouahmane et al. 2009).

Phosphorus is the most important macronutrient required by plants for various
cellular and metabolic activities; the availability of P in plants is highly dependent
on the soil. ECM fungi facilitate the P uptake from the soil and transport it to the
host plant. Due to the smaller hyphal diameter, ECM can scavenge orthophosphates
(Pi) from the smallest core of soil and transport them to plant cortical cells. They
also secrete various organic acids, phosphatases and phytases into the soil so as to
facilitate P release from organic complexes (Alvarez et al. 2011; Plassard et al.
2011). The uptake of P from soil is facilitated by various phosphorus transporters.
The expression of P transporters in ECM cell is regulated by various factors like
availability of external P and demand in fungal cells (Bucher 2007; Plassard et al.
2011). Various phosphorus transporters have been identified in ectomycorrhizal
fungi, which include five Pi transporters in L. bicolor (LbPhtl;1 to LbPht1;5), two
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in H. cylindrosporum (HcPT1 and HcPT2) and seven in Tuber melanosporum (Tatry
et al. 2009). ECM fungi have the tendency to store excessive P in the form of poly-
phosphates with average size from 10 to 20 Pi molecules, which allows the fungus
to keep internal P concentration low, allowing efficient transfer from extraradical
mycelium to the Hartig net (Viereck et al. 2004). Thus, the ECM fungi protect the
host plant from P deficiencies.

The nitrogen transfer in mycorrhizal plants is also facilitated by their symbiotic
fungi. ECM fungi can efficiently take organic and inorganic N from the soil and
transfer it to the host plant. Many ECM fungi can mobilize and utilize amino acids
and amides like glutamine, glutamate and alanine as N source for various metabolic
pathways (Chalot et al. 1994). However, the inorganic nitrogen in soil is present in
the form nitrate (NO*") and ammonium (NH*") ions. Among the two, ammonium
ions are more efficiently taken up by the ECM than nitrate ions (Gachomo et al.
2009). It has been reported in ECM fungus Hebeloma cylindrosporum that the pres-
ence of NH* downregulates the expression of NO*~ transporters and nitrate reduc-
tase and up-regulates NH** transporters (AMTI1 and AMT2) (Javelle et al. 2003).
This shows that uptake of NH* is preferred over NO*~. Inside the fungal system,
NO?*- is converted into NH* by nitrite reductase, which is further assimilated into
amino acids by GS/GOGAT pathway (Tian et al. 2010). Earlier it was believed that
the N can be transferred across the mycorrhizal interface in the form of amino acids
or organic N. However Selle et al. (2005) identified high-affinity ammonium
importer from Populus trichocarpa (PttSMTI.2), whose expression increased sig-
nificantly when colonized with Amanita muscaria. This observation throws light on
the fact that ammonium could be a major N source to be transported to plant by
ectomycorrhizal fungi (Selle et al. 2005). The N transport mechanism from ECM
fungi to the host plant was further explained in Amanita muscaria, where the expo-
sure of NH* up-regulated the expression of high-affinity NH* importer (AmAMT?2)
in the extraradical hyphae but downregulated in Hartig net and fungal mantle
(Willmann et al. 2007). The high expression of AmAMT?2 importer in extraradical
hyphae indicates high NH* intake by the extraradical hyphae, whereas the lower
expression at Hartig net would prevent the reabsorption of NH* by fungal hyphae
from the root cells, thus increasing the net transport of NH* to the host (Willmann
et al. 2007).

In exchange to all the nutrients, host plant rewards ECM fungi with its photosyn-
thates. The ECM fungi form a strong carbon sink during the early symbiosis, thus
receiving 20-30% of the total plant carbohydrate (Hobbie et al. 2008; Menkis et al.
2011). However the ECM fungi are not able to utilize the sucrose synthesized by the
host plant due to lack of invertase gene which hydrolyses sucrose to glucose and
fructose. In the L. bicolor genome, 15 genes encoding putative hexose transporters
have been annotated; however, the genome lacks gene coding for invertase (Martin
et al. 2008; Bonfante and Genre 2010). This clearly demonstrates that ECM fungi
could not hydrolyse sucrose; therefore it depends upon the host plant to release
glucose and fructose. It has been reported that L. bicolor could uptake only glucose
from the host plant, whereas Amanita muscaria and Hebeloma cylindrosporum
could even metabolize fructose (Bonfante and Genre 2010). Nehls et al. (2001)
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reported that glucose is mainly taken up at the Hartig net, whereas fructose is taken
up by hyphae of inner mantle layer. During symbiosis, the expression of hexose
transporters increases immediately, indicating that the fungus is highly dependent
on glucose from mycorrhizal interface (Lopez et al. 2008; Bonfante and Genre
2010). It has been observed that the P and N uptake in ECM fungi is stimulated by
the supply of carbon from plant host. The Pi and N efflux from the fungus could
directly be linked with the glucose uptake by the mycorrhizal fungi (Biicking and
Heyser 2003; Biicking 2004; Kytoviita 2005).

6.4 Conclusions

Ectomycorrhizal fungi are a heterogeneous group of diverse fungal taxa, associated
with more than 50,000 plant species. These symbiotic fungi play an important role
in tree sustainability and ecosystem development. They protect the host trees from
various biotic and abiotic stresses like heavy metals, salinity, drought, nutritional
imbalance, pathogens and pests. Different ectomycorrhizal fungi respond differ-
ently to different stresses, thus balancing the whole ecosystem. The high taxonomic
and functional diversity of these ECM fungi delivers a reliable support to trees in
tolerating large spectrum of ecological niches.
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Abstract:

Background: Heavy metals are continuously being mobilized into the biosphere
or through anthropogenic activities.
Ectomycorrhizal fungi forms a symbiotic association with the plant roots and helps
them in enhancing growth and protects the plant from various biotic as well as

either through natural mechanisms

abiotic stresses.
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Objective: The focus of this review is to comprehend the role of metallothioneins
and glutathione metabolism in heavy metal detoxification in ectomycorrhizal fungi. a a
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Method: Numerous research papers, articles and chapters have been reviewed to
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study the mechanisms involved in heavy metal chelation in different organisms. Ectomycorrhizal fungi

44 chelate the metals intracellularly by producing metallothioneins and glutathione. The chelation

mechanism has been broadly studied.

Results: Ectomycorrhizal fungi play an important role in metal homeostasis by producing intracellular
chelators like metallothioneins and glutathione. These chelators are rich in cysteine, having high affinity
for binding heavy metals and detoxify them.

Conclusion: Since ectomycorrhizal fungi thrive on the metal polluted soil, they become the most potent
candidates for bioremediation of the metal polluted soil. Therefore it is necessary to understand the key
mechanisms involved in this detoxification process.

Keywords: Heavy metals, Metal homeostasis, Ectomycorrhizal fungi, Intracellular chelation, Metallothioneins, Glutathione.

1. INTRODUCTION

Heavy metal contamination is the pre-dominant
environmental hazard concerning the world today. Heavy
metals are continuously being mobilized and dispersed into
the biosphere either through natural mechanisms like
weathering of metalliferous rocks, volcanos or through the
anthropogenic activities like agriculture, mining and
industry, combustion of fossil fuels, phosphate fertilizers
etc.[1]. For some cellular mechanisms, heavy metals like
copper (Cu?"), cobalt (Co?*), iron (Fe®*), manganese (Mn?*),
zinc (Zn?*) etc., are essential in trace amount, whereas other
heavy metals like cadmium (Cd?*), lead (Pb), mercury (Hg),
arsenic (As), are highly toxic and hazardous to both
environment and health. But above a certain threshold
concentration, all heavy metals are toxic. They enter inside
the cell through same transport system as for essential ions
and alter the cellular functions [2]. Excess heavy metals in
the soil hinder the vegetation by interfering with the

*Address correspondenc to this author at the Department of Biotechnology,
Thapar  University, Patiala-147004, Punjab, India; E-mail:
msreddy@thapar.edu

2211-5501/16 $58.00+.00

functioning of the plants and the soil biota. The toxicity of a
heavy metal depends upon certain factors like concentration
of the heavy metal, time for which the organism is exposed
to heavy metal, the physiochemical properties of metal and
the environmental factors [3]. Heavy metals enter inside the
cell and interact with the carboxyl and thiol groups of the
proteins through their ionophoretic properties and generate
free radicals, which induces oxidative stress inside the cell
[4]. Many studies have reported the generation of oxidative
stress and inducing antioxidant defense mechanisms in
plants [5,6], algae and white-rot fungi [7] in response to
heavy metal stress.

Metal polluted soil is the major source of heavy metals in
the environment. There are many techniques for removal of
heavy metals from soil which includes conventional methods
like thermal processes, physical separation, electrochemical
methods, excavation, extraction, washing, solidification and
vitrification and biological methods like
bioremediation/phytoremediation in which plants and their
microbial rhizosphere organisms sequester or immobilize
pollutants for cleaning not only soils but also water
contaminated with heavy metals or organic pollutants [8].

© 2016 Bentham Science Publishers
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Phytoremediation involves five processes (i) phytoextraction
(absorption of heavy metals) (ii) phytodegradation
(decomposition by plants and microorganism)  (iii)
rhizofilteration (absorption of metals from water) (iv)
phytostabilization (immobilization of metals in soil by plants
and  microorganisms) and (v)  phytovolatilization
(volatilization into the atmosphere) [9,10].

The conventional methods for removing heavy metals are
very expensive and applicable only on small area. They also
damage the soil microflora. On the other hand
bioremediation is a simple, inexpensive and more reliable
method for large areas. Plants that actively remove heavy
metals from soil are called hyperaccumulators.
Phytoremediation has recently been reviewed in detail by
Rahman et al. (2016) [11].

Although many plants are proven to have great potential
for phytoextraction, most metalophytes have small size and
slow growth, long reproductive cycle, which limits their
usability in the large-scale operations [12]. They may take
decades to remove significant amount of heavy metals from
the polluted soil. An alternate to this problem is the use of
specific microorganisms like bacteria, fungi, yeast etc.,
isolated from heavy metal contaminated sites, known to
sequester and detoxify the heavy metals.

Many microorganisms have been reported to have
specialized mechanisms for not only tolerating the heavy
metal stress but also detoxifying them. Plant associated
microbes play a very significant role in heavy metal
detoxification [13]. Many rhizosphere bacteria have been
reported for playing an important role in improving the
phytoremediation process by affecting the soil bioavailability
through different mechanisms like altering the soil pH,
release of various chelators like organic acids and
siderophores or by the oxidation/reduction reactions
[14,15,16,17]. Pseudomonas aeruginosa, Pseudomonas
fluorescens and Ralstonia metallidurans enhances the
chromium and lead uptake by plants by producing
siderophores like pyroverdine, pyrochelin and alcaligin E
[18], Pseudomonas putida reduces the cadmium and lead
accumulation in  Phaseolus vulgaris by producing
pyroverdine [19], Burkholderia cepacia, Pseudomonas
fluorescens mobilize metals like zinc, lead by producing
organic acids like oxalic acid, tartaric acid, citric acid, formic
acid etc. so as to enhance phytoextraction [20,21]. Other
important metal tolerant microorganisms found in the
rhizosphere are the mycorrhizal fungi. The mycorrhizal fungi
form a symbiotic association with the plant roots and protect
the plant from various biotic as well as abiotic stresses. They
are cosmopolitan and abundant, even in the highly degraded
areas. There are mainly two types of mycorrhizal fungi
depending on whether the fungus colonize the intercellular
spaces of roots or develop inside the cell: endomycorrhizal
(arbuscular mycorrhizal fungi) and ectomycorrhizal fungi
(ECM) (Fig.1). Endomycorrhizal fungi are those mycorrhizal
fungi which penetrate the cortical cells of the roots of a
vascular plant forming highly branched shrubby structure
called arbuscules. They belong to the phylum
Glomeromycota, whereas ectomycorrhizal fungi do not
penetrate inside the host cell wall instead forms intracellular
hyphae known as Hartig’s net. Many studies have
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demonstrated the role of mycorrhizal fungi in protecting the
plants from heavy metal polluted soil and also in extracting
the metal contaminants from soil [22,23]. There are many
mechanisms through which these ectomycorrhizal fungi
protect the plant from heavy metals including extracellular
chelation, cell wall binding, increase efflux and production
of thiol rich chelators like metallothioneins (MT) and
glutathione (GSH). Among  these mechanisms
metallothioneins and glutathione are the key components
involved in heavy metal homeostasis. Although both MT and
GSH contain cysteine and play similar role in metal
detoxification, they are chemically very different.
Metallothioneins are low molecular weight proteins coded
by specific genes, whereas glutathione is a non-protein thiol,
produced by two step enzymatic reaction using ATP
molecules. The focus of this review is to provide an insight
into these two mechanisms through which ectomycorrhizal
fungi detoxify heavy metals and protect the host plants.

Ectomycorrhiza

L

—)
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y
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Fig. (1). Schematic view of ectomycorrhizal and endomycorrhizal
fungi indicating the formation of Hartig net and arbuscules
respectively [24].

2. ECTOMYCORRHIZAL FUNGI

Ectomycorrhizal fungi mainly belong to Ascomycetes or
Basidiomycetes. It has been estimated that more than 10,000
fungal species can form ectomycorrhiza with the host plants
[25]. Trees families like Pinaceae, Fagaceae,
Dipterocarpaceae and Caesalpinoidaceae, distributed in the
tropic, sub-tropic, temperate and boreal forests are mainly
the hosts for ectomycorrhizal fungi [26]. Agaricomycetes
were found to be the most dominant class of ectomycorrhizal
fungi in the soil [27]. These fungi have a dual lifestyle, form
symbiosis with the plant roots and as facultative
saprotrophes in soil [28].

The ectomycorrhizal fungi ensheath its hyphae around
the root tip forming the hyphae mantle. Inside the mantle the
hyphae penetrate into the cell wall and grow in between
epidermal cells and cortical cells. They never penetrate
inside the cell lumen of roots, hence forming a Hartig net
(Fig. 2). This Hartig net is an interface for exchange of
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water, nutrients and other components between both fungi
and the plant roots [24]. On the other end outside the fungal
mantle, hyphae extend into the soil so as to have access to
the nutrients unavailable to the plant roots. Thus
ectomycorrhizal fungi provide water, mineral and nutrients
to the plant and are rewarded with the photosynthates or
stored carbohydrates by the host plant [28]. They also
develop an extensive network by spreading their hyphae in
the soil forming a wood-wide web which can connect all
surrounding plant communities and promote horizontal
nutrition transfer [29].

Fig. (2). Formation of Hartig net by the ectomycorrhizal fungi.
Mycelium spreads its hyphae in the intercellular space without
penetrating the cell lumen [24].

In the symbiosis, host plants provide carbon for
mycorrhizal fungi in return for several benefits like,
promoting nutrient uptake, tolerating drought and salt stress,
resisting pathogens and herbivores, etc. (Fig. 3) [26]. Fifteen
putative genes have been annotated in the Laccaria bicolor
genome that encodes for hexose transporters. These genes
were found to be up-regulated during the symbiosis. This
clearly depicts that L.bicolor feed on the glucose provided by
the host plant [30]. Other ectomycorrhizal fungi like
Amanita muscaria and Hebeloma cylindrosporum also
metabolize on glucose and fructose.

a

Fig. (3). Nutrient exchange process in soil, mycorrhizal fungi and
host plant, P-phosphorous and N-nitrogen being transported by
ECM from soil to host plant in exchange of C-carbon [24].

Ectomycorrhizal fungi protect the host plant from various
abiotic and biotic stresses like nutrient deficiency, drought,
salinity, heavy metals and pests. Paxillus involutus enhances
cadmium and salt tolerance in Populus canescens [31,32],
Pisolithus albus exhibits enhanced growth of Eucalyptus
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tereticornis under copper and cadmium stress [22], Suillus
bovines and Rhizopogon roseolus showed cadmium
tolerance in Pinus pinaster seedlings [33], Rhizopogon
buenoi, Tomentella ellisii, Inocybe curvipes, and Suillus
granulatus protects Masson pine from lead and zinc [34],
Suillus luteus provides metal tolerance to pines [35] and
many more.

Ascomycetes shows higher stress tolerance as compared
to basidomycetes. Many authors have observed the
dominance of ascomycetes in heavily polluted areas whereas
basidomycetes were observed in less polluted and control
plots. The genera Phialophora, Phialocephala and
Leptodontidium and many other ascomycetes have been
reported to have adaptive metal tolerance [36]. Similarly
many basidomycetes have also been reported to have
complete defense mechanisms against heavy metals like
Laccaria bicolor [37], Hebeloma cylindrosporum [48],
Pisolithus albus [22], Suillus bovinus [38], Suillus luteus
[35], Paxillus involutus [39], Amanita strobiliformis [40] etc.

Ectomycorrhizal fungi are highly tolerant to heavy metal
stress. They have developed full mechanism to interact with
heavy metals either by “Avoidance” when the organism is
able to restrict the metal uptake or by developing
“Tolerance” when the fungi survive in the presence of high
internal metal concentration. In avoidance mechanism the
organism inhibit the metal entry by: extracellular
precipitation by excreting di- and tricarboxylic acids, oxalic
acids, biosorption to cell wall through chitin and
glucosamine, reduced uptake, or increase efflux (Fig.4).
Inspite of these avoidance mechanisms 20-30% of metal
could be found in the cytosol and vacuoles [41], which
clearly depicts the presence of intracellular tolerance
mechanisms. In case of tolerance, metals entered inside cell
are chelated intracellularly through the synthesis of thiol rich
chelators such as  metallothioneins,  glutathione,
phytochelatins and compartmentation within vacuoles. These
peptides bind the heavy metals present in the cytosol and
form metal-peptide complexes (metal-MT, metal-(GSH).),
which actively get transported to the vacuoles (Fig.4) [42].

M M +L

GSH-M
Vacuole

Fig. (4). Mechanisms of heavy metal tolerance in ectomycorrhizal
fungi. 1) extracellular chelation by secreted ligands 2) cell wall
binding 3) enhanced efflux 4) intracellular chelation by
metallothioneins (MT) 5) intracellular chelation by glutathione
(GSH) 6) subcellular compartmentation 7) compartmentation of
GSH-M in vacuoles [46].
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Many studies have reported the absence of phytochelatins
in ectomycorrhizal fungi like Paxillus involutus [39], Suillus
bovines [43] and genome of Laccaria bicolor [30]. This gives
a clear idea about the lack of phytochelatins in
ectomycorrhizal fungi. On the contrary many yeasts like
Saccharomyces  cerevisiae [44], Candida globrata,
Schizosaccharomyyces pombe [45], have been reported of
synthesizing phytochelatins in response to cadmium and
arsenic.

3. METALLOTHIONEINS

Metallothioneins are intracellular, low molecular weight
(usually below 7 kDa), cysteine rich (up to 33%) proteins
having high affinity for binding metals and xenobiotics.
They lack aromatic amino acids. They also protect cells by
trapping reactive oxygen species (ROS). MTs are
heterogeneous proteins with diverse amino acid and
nucleotide sequences. They are named metallothionein for
the ability of their thiol group to bind metal, resulting in a
metalloprotein complex which is accumulated into vacuole
and later released as metallic complex [47]. Metallothioneins
are characterized with recurring C-X-C, C-X-X-C or C-X-Y-
C motifs in their primary structure (Fig. 5) [37].

Metallothioneins bind both essential as well as non-
essential heavy metals like copper, cadmium, zinc, arsenic,
lead, mercury, silver and forming metal-thiolate complex
resulting in metal homeostasis and metal detoxification
[48,37]. They form y-mercaptide bonds with the metal. MT
genes are induced by the same metal ions that bind to the
MT protein, thus providing a direct activation of the defense
mechanism [49]. The most common inducers of
metallothioneins are Zn, Cu, Cd and Hg. Among these
copper and zinc are the primary inducers of metallothioneins.

3.1. Classification of Metallothioneins

Numerous studies have reported the presence of
metallothioneins in almost all organisms including
prokaryotes, fungi, sea urchins, mammals to plants. UniProt
data till date records 15 metallothionein families and 38
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HcMT1 1:
HmMT11

HcMT2 1

HmMT2 1

LOMT2 1

AbMT11
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subfamilies including vertebrates (12), mollusc (4),
crustacean (3), echinodermata (2), diptera (2), nematoda (2),
ciliate (1), fungi (6), prokaryota (1) and plant (5) (Released:
20" January, 2016) [50].

Metallothioneins are classified into 3 classes based on
their heterogeneous amino acid sequence. Class |
metallothioneins comprises of all metallothioneins having
sequence similarity with horse kidney MTs. MTs from
various vertebrates and mammals fall in this class. Class Il
metallothioneins consists of all MTs with sequence different
from that of Class | metallothioneins. They mainly include
metallothioneins from plant, fungi, yeast and nonvertebrate
animals. Class Il metallothioneins are basically
phytochelatins, which is an entirely different class now [51].
So broadly we can say that metallothioneins can be classified
into two classes Class | and Class Il. In case of plants, Class
Il is further classified into four types based on the
distribution of cysteine motifs on both N-terminal and C-
terminal domain [52].

A new functional classification system has been proposed
by Palacios et al. (2011), in which metallothioneins are
classified into two groups Cu-thioneins and Zn-thioneins based
on their metal binding ability [53]. Zn-thioneins (also Cd-
thioneins) are those which form a homometallic Zn-MT or Cd-
MT complexes when exposed to zinc or cadmium-enriched
media. They exhibit high degree of folding with expected
stoichiometry. But when exposed to copper-supplemented
media, they form various heteronuclear complexes like Zn-
MT/Cu-MT with a lower degree of folding and high thiol
group oxidation resulting in disulfide formation. Similarly Cu-
thioneins forms homometallic Cu-MT complexes when
exposed to copper-enriched media and shows heteronuclear
complexes of Cu/Zn-MT when exposed to zinc supplemented
media. Cu-thioneins when exposed to cadmium-supplemented
media, forms heterometallic complex of Cd-MT containing
sulfide ligands (S?) [53]. Two MTs in Saccharomyces
cerevisae Cupl and Crs5 are identified as Cu-thioneins and Zn-
thioneins respectively, where Cupl isoform has been classified
as the strict Cu-thionein and Crs5 can be defined as a dual
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Fig. (5). Multiple sequence alignment of different MT genes from different fungal sources showing C-X-C motifs. Amanita strobiliformis
(AsMT), Paxillus involutus (PiMT), Lentinula edodes (LeMT), Piriformospora indica (PsSMT), Pisolithus tinctorius (PtMT), Ganoderma
lucidum (GIMT), Laccaria bicolor (LbMT1 & 2), Hebeloma cylindrosporum (HcMT1 & 2), Hebeloma mesophaeum (HMMT1 & 2);

Agaricus bisporus (AbMT1) [37].
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metal binding MT more expressive for zinc than copper. Most
of the Zn-thioneins exhibit dual behavior [54]. In different
organisms MTs occur in different isoforms, depending on their
different metal binding tendencies. One organism can code for
many MTs having differential expression for different metals
as explained in para 3.4.

3.2. Structure of Metallothioneins

MTs in its apoform (native form without metal ions) are
devoid of any tertiary structures. When exposed to metal
ions, MTs bind the metal coordinates and form metal-
thiolate clusters. Hence we can say that metallothioneins
undergo metal-induced protein folding [55]. Since different
metal ions require different coordinate geometry, depending
on whether they are monovalent or divalent, a single MT
protein can be folded into different three dimensional
conformations. Hence the three dimentional structure of the
metallothionein depends upon the metal ion bound to it. In
case of plants, mammals and other higher organisms, metal-
MT complexes are reported of having two-domain structure
(C-terminal a-domain and N-terminal B-domain). The a-
domain consists of 11 cysteine molecules and can bind 4
divalent metal ions (M(Cys)11), whereas B-domain consists
of 9 cysteine molecules which can bind 3 divalent metal ions
(M3(Cys)e) (Fig. 6 A,B)[56]. Whereas in case of lower
organisms like bacteria, yeast, fungi single domain MTs
have been reported. Neurospora crassa, Agaricus bisporus,
Saccharomyces cerevisae, Cynobacterium Synechococcus
are reported of having a single domain metallothioneins (Fig.
6 C,D) [57,58,59]. Metallothionein from Neurospora crassa
has 25 amino acid residues containing seven cysteines.
These seven cysteines can coordinate six Cu* atoms forming
Cug(Cys)7 complex [57]. Cupl of Saccharomyces cerevisae
consists of ten cysteine residues which can coordinate 8 Cu*
ions forming Cus(Cys)io complex. Bacterial zinc
metallothionein SmtA has also been reported in cynobacteria
Synechococcus forming Zn(Cys)e(His). complex. This is for
the first time that metallothioneins have been reported of
having Histidine molecules. Inspite of diversities, a
conserved sequence segment has been reported in mammals,
sea-urchins and many single domain MTs, which clearly
signals for the common ancestory.

3.3 Metalation by Metallothioneins

Inspite of devoting more than three decades on the study
of metallothioneins the information on true mechanisms
involved in the metalation process are still incomplete.
Metallation can be achieved either by binding of metals to
the apo-MT or by the substitution of metalated-MT with the
metal with higher binding constant [61]. There are three
reasons behind this paucity, firstly the metallation reactions
are generally fast to be completed in milliseconds, secondly
metallothioneins are very sensitive to oxidation and thirdly
lack of proper chromophores [55]. Earlier studies on Co?*
metalation with metallothioneins concluded that the initial
binding of the cobalt ions to metallothioneins occur
randomly followed by rearrangement to form unique metal-
thiolate clusters [62] but recently Ngu and Stillman (2009)
reported the metalation process using arsenic instead of
copper and zinc by electrospray ionization mass
spectrometry (ESI-MS) [55]. As®* metalation process is slow
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and takes minutes to process, whereas copper and zinc
metalation occur in milliseconds. The process explains that
metals are bound in a non-cooperative manner to the MT
peptide. As the first As® ion binds to the MT, the rate
constant value for the second As® ion decreases and the
process becomes slow. Similarly the rate constant keep on
decreasing as the metal ions keep on binding and the process
becomes slow. The rate constant for binding first As®* is 6.8
times greater than that for the last As®*. So it can be observed
that the rate binding values depend upon the number of
binding sites in the MT peptide. Since single domain MTs
have lesser metal binding sites than double-domain MTs, the
metalation process in single domains is slower than in
double domains [55].

Fig. (6). Structure of metal-MT complexe in different
organisms. Mammalian MTs have two domains a and B-
domain A) p-domain in mammalian MTs showing
Cd3(Cys)9 complex B) a-domain in mammalian MTs
showing Cd4(Cys)11 complex C) S. cerevisiae Cu8-Cupl,
showing the Cu8(Cys)10 complex D) S. elongatus Zn4—
SmtA, showing the Zn4(Cys)9(His)2 complex [60].

3.4 Regulation of Metallothionein Genes

MT genes are mostly induced under stress conditions like
heavy metal stress, oxidative stress, heat shock, etc. Copper,
zinc and cadmium are the most active inducers of
metallothioneins. Many studies have reported high
expression of MT genes under copper and zinc stress [37].
This upregulation is controlled by the various cis-acting
elements like metal response elements (MREs), antioxidant
response elements (AREs), glucocorticoid responsive
elements (GRES), heat shock elements (HSESs), etc located in
the promoter region [63]. When exposed to metal stress,
metal transcription factor-1(MTF-1) binds MREs and
induces the metallothionein expression. Hence we can say
that MT genes are regulated at transcriptional level [64].

3.5 Metallothioneins and Ectomycorrhizal Fungi

It is very essential to study the role of metallothioneins in
ectomycorrhizal fungi, since they thrive on the metal
polluted soil and posses a significant role in bioremediation.
Although many reports are available till date on
metallothionein genes isolated from prokaryotic bacteria
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[65], plants [66], animals [67] and fungal species [22] etc.,
but not much have been reported in ectomycorrhizal fungi.

The metal binding tendency of metallothioneins varies
for different metals and host species. Different
metallothionein isoforms express differentially in different
ectomycorrhizal fungi in response to different metals. In case
of Amanita strobiliformis, three isoforms of metallothionein
genes (AsMT1, AsMT2, AsMT3) have been characterized.
Among these AsMT1is up-regulated in the presence of
copper and silver, ASMT2 is up-regulated in the presence of
cadmium and ASMT3 is up-regulated by zinc [68]. Reddy et
al. (2014) characterized two (LbMT1 and LbMT2) out of six
putative metallothionein genes in Laccaria bicolor genome
and reported their differential expression to copper, cadmium
and zinc stress. The expression of both LoMT1 and LbMT2
were found to increase as a function of increasing external
copper concentration, whereas only LbMT1 responded to
cadmium. The expression of both the genes was unaffected
by zinc [37]. Reddy et al. (2014) also studied the functional
complementation of both LbMT1 and LbMT2 genes in yeast
mutants cupl (S.cerevisae mutant for copper) and yapl (S.
cerevisae mutant for cadmium) through drop assay on SD
media supplemented with heavy metal (Fig. 7). The results
clearly demonstrated the role of LoMT1 and LbMT2 genes in
providing copper and cadmium tolerance. LbMT1 was
expressive in both cadmium and copper stress whereas
LbMT2 was mainly expressive in copper stress [37]. Also in
case of Hebeloma mesophaeum, three MT isoforms
(HmMT1, HmMT2, HmMT3) have been identified and
characterized, among which HmMT1 is induced by zinc and
cadmium whereas HMMT2 is induced by silver [69].
Similarly in case of Hebeloma cylindrosporum two
metallothionein genes (HcMT1 and HcMT2) have been
characterized. Where HcMT1 was expressive only in
response to copper and HCMT2 was expressive in response
to both cadmium and copper [48]. The expression level of
both HCMT1 and HcMT2 genes in response to different
concentrations of cadmium and copper also also analyzed by
RT-PCR analysis.The HCMT1 transcription was induced by
copper and HCcMT2 transcription was induced by cadmium
[48]. This clearly shows that different isoforms of MT genes
express differentially to different metals in different ECMs.
In other studies on Pisolithus albus [22] and Paxillus
involutus [71], only one metallothionein coding gene has
been identified which is induced by both cadmium and
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copper stress.Many other metallothionein isoforms were also
identified in other ectomycorrhizal fungi as listed in Table 1.

4. GLUTATHIONE

Glutathione is a tripeptide (L-y-glutamyl-L-cysteinyl-
glycine) (307 Da) composed of 3 amino-acids, glutamate,
cysteine and glycine. It is synthesized endogeneously and
plays an important part in various cellular processes [72].

Glutathione is the most abundant non-protein thiol
present in living systems. The normal glutathione
concentration in yeast and fungi is approximately 10 mM
[73]. Gluathione production has been reported in both
prokaryotes and eukaryotes. Bacteria [74], algae [75], yeast
[76], fungi [73], plants [77], mammals [78] all produce
glutathione. Glutathione plays multiple roles in the cell; it is
an efficient redox buffer [79], xenobiotic detoxifier [80],
sulphur assimilator [81], heavy metal detoxifier [82], cell
signaling component [79], and antioxidant [83]. Glutathione
functions as an antioxidant in two ways: firstly, it oxidizes
its thiol group in the presence of reactive oxygen species
leading to the formation of oxidized glutathione (GSSG);
secondly, it acts as an substrate for the enzymes like
glutathione peroxidase which scavenges peroxides using
glutathione as the reducing factor. Glutathione is a key
component in metal scavenging, due to the high affinity of
metals for its thiol (-SH) group and also as a precursor of
phytochelatins (PCs).

4.1. Biosynthesis of Glutathione

The biosynthesis of GSH consists of 2 sequential ATP
dependent reactions mediated by two enzymes y-
glutamylcysteinesynthetase ~ (YECS; E.C.6.3.2.2) and
glutathionesynthetase (GS; E.C.6.3.2.3).

Firstly, y-glutamylcysteine (y-EC) is formed from -
glutamate and -cycteine by y-glutamylcysteinesynthetase
and then glycine is added to the C-terminal of y-EC by
glutathione synthetase (GS) forming Glutathione. Both the
reactions require ATP as substrate (Fig.8). The y-ECS is a
rate limiting enzyme for GSH synthesis. In cell the y-ECS
activity is enhanced by Cd?* ions and the expression of genes
in GSH biosynthesis pathways is stimulated by As, Cd, Hg,
Cr [84,85]. In plants y-EC is restricted to plastids, whereas
GS is localized in cytosol [86]. Two important factors
affecting GSH synthesis are sulfur availability and y-ECS

Control Cd4opm
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Fig. (7). Functional complementation of LbMT1 and LbMT?2 in yeast Cu and Cd mutants, cupl A and yap1A respectively [37].
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Table 1.  Differential expression of different metallothionein isoforms in ectomycorrhizal fungi in response to different metal stress.
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S.No Ectomycorrhizal fungi Metallothionein genes Inducing metal References
1. Pisolithus albus PamMT1 Copper, Cadmium [22]
2. Laccaria bicolor LbMT1 Copper, Cadmium

[37]
LbMT2 Copper
3. Amanita strobiliformis AsMT1a Silver [40]
AsMT1b Silver,
Cadmium
AsMT1c Silver,
Copper
4. Amanita strobiliformis AsMT1 Silver,
[68]
Copper
AsMT2 Cadmium
AsMT3 Zinc
5. Hebeloma cylindrosporum HeMT1 Copper [48]
HcMT2 Cadmium
Copper
6. Hebeloma mesophaeum HmMMT1 Zinc
. [69]
Cadmium
HmMMT2 Silver
HmMMT3 Silver
7. Russula atropurpurea RazBP1 Zinc [70]
RazBP2 Zinc
8. Paxillus involutus PiMT Cadmium,
[71]
Copper

activity (rate limiting). During metal toxicity both factors
increase in order to meet the desired GSH demand for
detoxification and survival [87]. The GSH synthesis in cell is
controlled by the feedback inhibition, where GSH itself act
as an inhibitor to y-ECS activity. During metal stress, GSH
inside the cell is oxidized and consumed in phytochelatin
synthesis, resulting in depleting cellular GSH level which
results in releasing the feedback inhibition and increasing

GSH synthesis [88].
@
N

Glutathione

(—\ ATP ADP
ATP ADP
T-GlutamateCysteine Glutathione
Synthetase synthetase

Fig. (8). Biosynthesis of glutathione - a two step reaction catalyzed
by two ATP dependent enzymes y-Glutamatecysteine synthetase
and Glutathione synthetase.

Recently, studies have reported two more pathways
named F-pathway and P-pathway for glutathione production
in different organisms (Fig. 9) [89]. Few organisms lacking
genes for y-ECS and GS were reported of producing
glutathione. This observation threw light on the new
pathway known as F-pathway for the synthesis of
glutathione. In few strains of Gram-positive bacteria Listeria
monocytogenes, Streptococcus agalactiae, Streptococcus
thermophilus and Pasteurella multocida a novel bifunctional
enzyme GshF was identified [90, 91, 92]. GshF functions
both as y-ECS and GS and performs complete synthesis of
glutathione.

The third pathway identified is P-pathway. Bioinformatic
analysis of some glutathione producing strains of yeast and
E.coli revealed the absence of gene coding for y-ECS but
presence of GS in their genome. This observation gave rise
to a new compensatory pathway for glutathione production.
The gene Prol in proline biosynthesis pathway encodes -
Glutamyl kinase (GK) which catalyzes the formation of y-
glutamylphosphate which reacts with cysteine to form y-
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glutamylcysteine. Glutathione synthetase catalyzes the
addition of glycine to produce glutathione.

4.2. Glutathione and Heavy Metal Detoxification

Glutathione has a dual protection mechanism. It acts as a
metal scavenger during metal homeostasis and as an
antioxidant during oxidative stress. As an antioxidant, it
reacts non-enzymatically with different ROS. Cells under
heavy metal stress generated ROS such as hydrogen
peroxide (H.0.), superoxides (O2" ~) and hydroxyl radicals
(*OH) which are the major contributors of oxidative damage.
Glutathione in cell is present in both reduced-GSH and
oxidized-GSSG. In reduced state, the thiol group of cysteine
has the tendency to donate an electron to the unstable ROS
like H,O, and free radicals and neutralize them, but GSH
itself becomes reactive and reacts with another reactive GSH
to form oxidized GSSG [73]. This electron transfer is
mediated by an enzyme glutathione peroxidase [93].
Glutathione reductase (a FAD-containing protein) further
converts this GSSG to GSH using NADPH as an electron
donator [94], thus maintaining the redox balance (Fig. 10).
The ratio of reduced to oxidized glutathione in a cell is used
as a measure of cellular toxicity or oxidative stress.

The GSH/GSSG plays an important role in maintaining
cell homeostasis. Qualitative and quantitative alterations in
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this ratio are considered as the indices of oxidative damage.
If the ratio favors GSSG production, it signifies that the
apoptosis may have triggered [95].

Glutathione act as sequester for various heavy metals and
xenobiotics like fungicides, insecticides etc. (X). The GSH
bind these toxic metal/xenobiotics forming a non-toxic GSH-
X complex. This conjugation is catalyzed by the enzyme
Glutathione-S-transferase. These GSH-X conjugates are then
transported to vacuoles through the ABC (ATP-binding
cassette) transporters [96]. The MRP (multidrug resistance
related protein) transporters of ABC type undergo ATP
hydrolysis to transport these conjugates across the vacuolar
membrane [97]. The two ABC transporters, ABCC1 and
ABCC2 have been identified as the major GSH-X complex
transporters [98].

4.3. Regulation of Glutathione Synthesis

As explained earlier, glutathione is synthesized in a two
step process, where synthesis of gamma glutamylcysteine is
the rate limiting step. Hence the key regulator of glutathione
synthesis is the gene coding for yECS. Like
metallothioneins, YECS gene expression is also regulated on
the transcriptional level. YECS in its promoter region carries
AREs like sequences that match 11 out of 12 positions [99].
Two transcription factors, yAP-1 and Met-4, controls the
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__..GH -glutapylphosphate Pro2
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Fig. (9). Different pathways of glutathione production. G-pathway involves two enzymes y-ECS and GS, F-pathway involves

only one enzyme GshF and P-pathway involves GK and GS.
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Fig. (10). Glutathione in alleviating oxidative stress by hydrogen peroxide. Role of glutathione peroxide and glutathione reducatse in

maintaining cellular redox homeostasis.
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expression of YECS gene. Under stress conditions, cellular
glutathione gets depleted, which further activate yAP-1 and
Met-4 target gene through oxidation of thioredoxin (which
otherwise downregulate the yAP-1 mediated response [100].
In case of yeast, yAP-1 response elements (YRES) were
recognized by yAP-1 protein [99]. Hence we can say that
when an organism is exposed to stress, glutathione is
depleted and oxidized thioredoxin is accumulated, which
leads to the activation of yAP-1/Met-4 dependent
transcriptional response of yECS [100].

4.4 Glutathione in Ectomycorrhizal Fungi

Many ectomycorrhizal fungi have been reported of
producing glutathione in response to heavy metal stress.
Courbot et al. (2004) reported no metallothionein but the
increase in glutathione concentration in Paxillus involutus in
response to cadmium stress [39]. Similar results were
observed in case of Laccaria laccata [101]. Glutathione
production in mycorrhizal fungi is mainly triggered by
cadmium and arsenic stress followed by chromium, lead and
copper [76]. Numerous studies have now confirmed the
dominant role of glutathione as a cadmium chelator. Glomus
mosseae also produced glutathione in response to cadmium
whereas no glutathione was reported under lead stress [102].
Funneliformis mosseae was also reported to have increased
glutathione levels in response to cadmium and arsenic [23].
Phanerochaete chrysosporium and Penicillium chrysogenum
also clearly demonstrated the role of glutathione as an
intracellular cadmium chelator [7, 103]. Putative genes
encoding for the vy-Glutamylcysteine synthetase and
glutathione synthetase have been reported in the genome of
Laccaria bicolor, Hebeloma cylindrosporum, Paxillus
involutus [46]. Detailed studies on glutathione metabolism in
these fungi are still coming.

5. CONCLUSION

Since ectomycorrhizal fungi sustain in the heavy metal
polluted soil, they have developed a full mechanism for
tolerating and avoiding the heavy metals. They produce
intracellular metal chelators ‘glutathione and
metallothioneins” which bind these heavy metals, rendering
them detoxic and compartmentalize them into the cell
vacuoles. Unlike other yeast and fungi, ectomycorrhizal
fungi lacks phytochelatins. Metallothioneins are primarily
induced by copper and zinc whereas glutathione responds
actively to cadmium and arsenic. Since these
ectomycorrhizal fungi thrive in a highly polluted soil it
becomes inevitable to study the tolerance mechanisms in
detail. They are the most potential candidates to be used in
bioremediation of heavy metal contaminated soil.

GLOSSARY

Term Definition

Bioremediation Use of biological organisms to
remove or detoxify  the

contaminants

Biosorption Property of biomass to bind
contaminants (heavy metals) on

their cellular surface
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Excavation Physically removing the heavy

metals by digging

Phytoremediation Using plants for removing

pollutants from contaminated soil

Vitrification Melting soil at extremely high

temperatures (1600-2000°C) and
crystallizing the impurities

Phytoextraction Use of hyperaccumulator plants

that take up heavy metals from
soil and store in a harvestable
form.

Rhizofilteration Plants absorb heavy metals from

contaminated water and
concentrate in roots

Phytostabilization Plants stabilize the heavy metals

in soil and prevention them from
erosion

Phytovolatilization Plants take up conatminants from

the soil and volatize them in
gaseous form
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