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INTRODUCTION

INTRODUCTION

Methylglyoxal (MG). also known as pyruvaldehvde or 2-oxopropanal, 1s an organic compound
with two carbonyl groups. a ketone and an aldehyde, having the formula CH3aC(O)CHO (Darkin

Q and Dudley. 1913). It was first discovered in 1913 when it was found that it 1s

HaC

H enzymatically converted to lactic acid. However, its presence in the plant

0O kingdom was reported in the late 20th century.

MG is a common by-product of cellular metabolism. However, its production rate may vary
depending on various factors, like physiological conditions (normal or stressed). Major source of
its production is the enzymatic conversion (in prokaryotes) (Cooper and Anderson, 1970) as well
as neon-enzymatic (in eukaryotes) conversion of triose phosphate. dihydroxyacetone phosphate
(DHAP) (Philips and Thornalley. 1993). Some amount of MG is also contributed by protein
(Degenhardt et al., 1998) and lipid metabolism (Esterbauer et al., 1982). The complete pathway is

shown in fig. 1.

glucose lipids prutllzins
mﬂq sorhitol glycero- fatty acids Mﬂ“iﬂﬂ«- Il'jl"dﬂﬂ
glycolysis pathway phosphaie
etoacetale suc:iwl ammnau:lnnc

acelone
tringe- phnapnm: wmnn /
glyﬂﬂun ,__‘____‘

::c- co-cHp methylghyoxal

H'
enrwmrlll:ldegnllﬂim non-enzymatic degradation
glyoxalases  aldose other interaction melal ions

reductase  enzymes  with proleins

Fig. 1: The pathways of methylglyoxal formation and degradation. Bold lines indicate
enzyme-catalyzed pathways (Kalapos, 2008).



INTRODUCTION

MG has been shown to activate the HOG-MAP kinase pathway in yeast cells under osmotic stress
(Maeta et al.. 2005). It was identitied that MG acts as the initiator of signal transduction pathway,
and activates Msn2 transcription factor (Maeta et al., 2005). A possible role of MG in signal
transduction pathway has been suggested by Kaur et al. (2015), probably by acting as a stress
signal molecule (Kaur et al.. 2015).

MG is highly reactive in nature due to its two carbonyl groups, keto and aldehyde. It is a potent
and highly reactive glycation agent. It induces oxidative stress in cells either directly through
increased generation of ROS (reactive oxygen species) or indirectly by modifying amino groups
of proteins or DNA molecules forming protein and nucleotide AGEs (Advanced Glycation End
Products) (Thornalley et al., 1999). Fig. 2 shows the various ways in which MG is toxic in the

biological system.

/\
Interaction with protein
residues [aminca, thiols] —]
interaction
with DINA
inhibition of
enzymalic glyeation of profeins GSH depletion
activifics [promddant role)
strand breaks
modification af
guanines
erosslinked protein and
cellular methylglyoxal free radi-
malfunction cals
crosslinked proteins ROS generation ——

[AGE. lusrescence]

genotoxicity

Fig. 2: Mechanism of methylglyoxal-mediated toxicity (Kalapos. 2008).
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Several reports have indicated that levels of MG increase under stress conditions, and therefore it
is impertant to understand it at the physiological level to devise strategies to mitigate the adverse
effects of MG, All living systems. including both plants and animals, have evolved several
detoxification mechanisms to combat the so-called *MG stress’ developed under such conditions.
The major pathway for detoxification of MG is through a two-step enzyme catalvzed glyoxalase
system, comprising Glyl (glyoxalase I, also abbreviated Glol) and Glyll (glyoxalase Il also
abbreviated Glo2) enzymes that uses hemi-thioacetal formed from the spontaneous combination
of MG and glutathione (GSH) as a substrate to yield D-lactate, thereby regenerating GSH in the
process (Kaur et al., 2014). Other enzymes for MG detoxification include aldo—keto/aldehyde

reductases and dehydrogenases.

The glyoxalase pathway in plants operates in both cytosol and mitochondria, with Glyl enzymes
being cytosolic since their substrate MG is produced mostly as a by-product of the cytosol-based
glycolytic pathway. However, peroxisomal localization of Glyl has also been reported in
Arabidopsis. On the other hand, Gly!l proteins are present in both cytosol and mitochondria. These
enzymes are believed to be key players in the plant stress response. and their overexpression
confers significant tolerance to multiple stresses such as salinity (Singla-Pareek et al., 2004} and
heavy metal stress (Singla-Pareek et al., 2006). In animal systems, MG has been reported to induce
apoptosis in sarcoma cells (Ghosh et al., 2011). It kills most of the cell types when accumulated to

high levels.

5 D-lactoyl glutathione

—_

D- lactate

Fig. 3: Methylglvoxal detoxification systems in living organisms (Kaur et al., 2015).
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Though MG was discovered almost a century ago, a lot still remains to be discovered regarding its
function. It is known that MG affect cell functions and leads to the formation of AGEs, which in
turn causes cell death. Howewver, it 1s still not clear whether the cell death 1s either due to necrosis
or programmed cell death, and what’s the exact mechanism of cell death. Reports suggest that MG
leads to cell death through ROS-mediated mitochoendrial dysfunction and oxidative stress.
However, since MG reacts with DNA as well, there is a possibility of cell death due to DNA

damage.

MG has been shown to affect cell organelles such as mitochondria. It has been found that MG
leads to increased ROS and lactate production, along with decrease in mitochondrial membrane
potential (MMP) and intracellular ATP levels (Arriba et al., 2007). Ghosh et al. (2011} have shown
MG-induced alteration in the structure of mitochondria and mhibition of mitochondrial complex |
(Ghosh e al., 2011). MG has even been reported to induce stress in endoplasmic reticulum, leading
to activation of unfolded protein response, which in turn leads to excessive ROS production (Palsy

et al., 2014).

A lot of questions still remains unanswered. MG has always been seen as a toxin having a negative
role. Is it possible, that MG also has a good side and is beneficial to the plants? My quest during
this PhD will be to investigate various aspects of MG, and get a holistic view of etfects of MG in
the cell, as well as in the whole plant system. For this study, the following objectives are being

proposed.

OBJECTIVES

I. Studying variations in MG and glyoxalase levels at different developmental stages in a

tissue-specific manner in rice

2. Investigating systemic perturbations in rice caused by exogenous MG treatment
3. Assessing MG-mediated damage on cellular structure and functioning in rice
4. Exploring the role of MG in signaling
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WORK PLAN

1. MG and glyoxalase profiling in a tissue-specific manner at different developmental
stages: Endogenous MG levels will be measured in rice in different plant tissues at various
stages of development through MG derivatization-based assay. Next, transcript levels will
be measured to identify specific glvoxalase genes induced at each developmental stage in
different tissues through gRT-PCR. Total glyoxalase activity will also be measured,
through spectrophotometry-based assays, at each stage in order to investigate the link
between MG levels and glvoxalase activity.,

2. Studying systemic variations in rice due to MG using omics approach: Changes in
metabolite profile of rice will be analyzed at different concentrations of MG. Global
changes will be monitored at low MG concentrations (nearing its physiological
concentration) in order to investigate changes related to its possible role as a signaling
molecule. At higher doses, perturbations related to MG-mediated toxicity will be studied.

3. Studying the effect of MG at cellular and molecular level: Using microscopic
techniques, various cell organelles will be observed for any changes in morphology or other
characteristics upon exogenous MG treatment. Further. MG-mediated DNA damage will
be studied in rice roots using various techniques, such as TUNEL assay.

4. Studying the role of MG as a signal molecule: Upstream sequences of MG-responsive
genes, identified through analysis of MG-treated rice transcriptome, will be screened for
conserved motifs that can act as possible MG-response elements. Further, the specific
signaling pathway through which the MG signal may be transduced will also be
mvestigated. For this, the effect of MG on expression of various signaling pathway genes

will be studied using inhibitors of specific signaling pathways.
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REVIEW OF LITERATURE
Introduction

Agriculture in the 21% century has become challenging due to many factors, major of which is
chimate change. Rising global temperatures, coupled with erratic precipitation, has drastically
affected the productivity of crop plants. By the end of the 21* century, global temperatures are
predicted to increase by 1.5°C, and extreme scenarios may lead to greater than 2°C increase if
significant actions are not taken (Intergovernmental Panel on Climate Change. 2013). The
situation has been aggravated by increasing population, decreasing agricultural land due to
urbanization and scarcity of water. Immediate steps are required to improve the productivity of
important crop species such as rice, corn, and wheat. to meet the increasing demands of the

world population.

The first green revolution was the combined result of plant breeding techniques and nitrogen
fertilizers. However, these technigues have their limitations. Breeding takes a lot of time,
whereas fertilizers are costly as well as pose a significant threat to the environment (Kant et
al., 2011). Hence, there 1s a need for biotechnological interventions to fast track the process of
making stress-tolerant and high yielding crops. However. to achieve this objective. we must
first understand the innate plant mechanisms which have enabled them to survive through the
course of evolution. Thereafter, we can tweak the various mechanisms using biotechnological

tools to boost crop productivity as well as stress tolerance.

2.1 Stress in plants

Plants are exposed to climatic fluctuations which vary with time and geographical location.
Plant growth and productivity are negatively affected if the environmental conditions are
beyond the physiologically favourable range. Plant stress can be defined as a state where the
plant is growing in non-ideal growth conditions that increase the demands made upon it (Mosa
et al., 2017). As aresult, there are deficiencies in growth and crop yields, or even permanent
damage or death if the stress is beyond the tolerance limit of the plant. Plant stresses are

classified into two broad categories, biotic and abiotic.

Biotic stress is caused by living organisms that share their environment with plants, such as
pathogens and pests, interacting with them in various ways, including herbivory. Abiotic stress
1s usually caused by different environmental factors (such as drought, salinity, extremes of

temperature and irradiance), pollutants (heavy metals and xenobiotic compounds) and soil
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characteristics (extremes of pH) (Rout and Das, 2013). Plants have evolved over the years and
have acchimatised to different environmental conditions throughout the world. As a result,
different plants have different optimum conditions for growth. Hence, stress is a relative

concept. Conditions which may be unfavourable for one may be normal for another.

When faced with a shorter duration of moderate stress, plants usually recover upon restoration
of optimum conditions. However., when faced with severe stress, plants suffer from reduced
flowering and heavy yield losses, coupled with induction of senescence leading to plant death.
Based on tolerance limits, plants are classified either as susceptible or tolerant. Stress-tolerant
plants adopt two different strategies for survival under stress conditions, 1.e., stress avoidance
and stress-acclimation. Under stress-avoidance strategy, plants use novel strategies they have
acquired over time to survive under stress conditions. For instance, plants restrict water loss
through decreased stomatal conductance and changes in leaf morphology and/or orientation.
Further, they also undergo osmotic adjustments or changes in tissue elasticity (Touchette et al..

2009).

The current climatic conditions are such that they favour pathogens which negatively affect
plant growth and productivity. The physiological cost of adapting to these changing
environmental conditions is huge, and often cuts down the resources available for the
production of biomass and seeds, which in turn affects the yield. Further, the combinatorial
effect of various stress factors often leads to a trade-off, causing an appropriate response against
one stress while enhancing susceptibility to the other (Zhang ef al, 2020). The local crop
varieties are faced with new climate-driven migration of pests and pathogens. As a
consequence, there is a clash between attempts to boost yields and yield-threatening
environmental challenges. Hence, to sustain and improve crop yields, it is imperative to
decipher the stress response mechanism of plants. Most of the stress tolerance mechanisms
have been studied i model crops and there is no clarity regarding their operation in other crop
plants. Hence, there is a need for translation of research from model plants to crops, or from

one crop to another.

2.2 Methylglyoxal (MG) in plants

Several reactive metabolites are formed m the cellular environment as a result of various
metabolic processes. Some are extremely toxic at higher than threshold levels. Stress is known
to increase the levels of these reactive metabolites which imposes toxicity in the cellular milieu.

Based on the main element in the metabolite, these reactive metabolites are known by different

7
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names, such as reactive oxygen species (ROS), reactive carbonyl species (RCS), reactive
nitrogen species (RNS) and reactive sulphur species (RSS). Among RCS. more than twenty
have been 1dentified tll date n living organisms (Kosmachevskaya et al., 2015) including
methylglyoxal (MG). glyoxal (GO), 3- deoxyglucosone (3-DG), phenylglyoxal (PG) and
hydroxyl-pyruvaldehyde, which are the major ones (Racker, 1951).

MG has two carbonyl groups, i.e., aketone and an aldehyde (P J Thornalley, 1996). Also known
as pyruvaldehyde or 2-oxopropanal, it was first discovered in 1913, but was reported in plants
in the late 20" century. It is a common by-product of cellular metabolism and is ubiquitous
throughout the tree of life, from the prinutive archaea to the complex plants and animals. It is
constantly present under all physiological conditions, normal as well as stressed. Under normal
conditions, cells have a basal level of MG, whereas, under stressed conditions, the level of MG
15 highly elevated. MG production occurs mainly through the glycolytic pathway where
enzymatic (only prokaryotes). as well as non-enzymatic reactions. lead to the conversion of
triose phosphates to MG (Cooper and Anderson, 1970; Philips and Thornalley, 1993). Protein
and lipid metabolism also contribute to MG production to some extent (Degenhardt et al., 1998:

Esterbauer et al., 1982).

O
H;C

O
C3Ha02

Figure 2.1: Chemical structure of methylglyoxal.

2.3 Methylglyoxal formation
2.3.1 MG production from carbohydrates

The glycolytic pathway 1s a major source of MG production from carbohydrates, both
enzymatically as well non-enzymatically. The non-enzymatic breakdown of triose phosphates
of the glycolytic pathway, such as dihydroxyacetone phosphate (DHAP) and glyceraldehyde-
3-phosphate (GAP). leads to the formation of MG. Triosephosphate isomerase (TP EC
5.3.1.1) which catalyses the mterconversion of DHAP and GAP, is known to play an important

8
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role m MG formation. At physiological pH, these triose phosphates have a high tendency to
form enediolate phosphate by the loss of a-carbonyl protons (Richard. 1984). This is followed
by the non-enzymatic f-elimination of the phosphate group from enediolate phosphate to form
MG. Methylglyoxal synthase, present in prokaryotes also catalyses the formation of MG, from
DHAP by eliminating an inorganic phosphate in the glycolytic pathway. This glycolytic bypass
accounts for 40% of the total glycolytic flux in Desulfovibrio gigas (Fareleira et al., 1997).
After initial isolation from E. coli (Hopper and Cooper, 1972), MG synthase was later 1solated
from other organisms as well, such as Saccharomyces cerevisiae, Pseudomonas saccharophila,
goat liver and Clostridium acetobutvlicum (Cooper, 1974: Ray and Ray, 1981: Murata, Fukuda.
Watanabe, ef al., 1985; Huang ef al., 1999). However, MG synthase is yet to be reported from
plants. Metabolites, such as 3-phosphoglycerate, phosphoenolpyruvate, inorganic phosphate

and pyrophosphate, are known to negatively regulate MG synthase.

2.3.2 MG production from proteins

MG is also formed from protein during its metabolism. Glycine and threonine catabolism yield
amino-acetone (Kalapos, 1999) which is then converted by the enzyme semicarbazide-
sensitive amine oxidase (SS5A0; EC 1.43.6) to MG (Lyles and Chalmers, 1992). Further
investigations revealed monoamine oxidase (MAO) as the enzyme responsible for MG
formation from amino acetone (Urata and Granick. 1963). Studies in 8§ cerevisiae and
Staphylococcus aureus have confirmed the presence of the MAO enzyme (Murata ef al., 1986).
MG accumulation was also observed in 5. cerevisige when fed with L-threonine as a nitrogen

source (Murata et al., 1986). However, this enzyme hasn’t been reported in plants yet.

2.3.3 MG production from lipids

Under pathological conditions, ketosis and diabetic ketoacidosis also lead to the generation of
MG. In diabetic patients, MG is mainly formed from ketone bodies (Nemet et al.. 2006). MG
15 also formed via lipo-peroxidation (Esterbauer ef al., 1982). In the gluconeogenic pathway,
the conversion of acetone to MG is catalysed by cytochrome P450 using NADPH (Casazza et
al., 1984; Koop and Casazza, 1985). The cytochrome P450 has been identified as both acetone
and acetol monooxygenases in liver microsomes (Koop and Casazza, 1985). Acetone is
converted by acetone mono-oxygenase to acetol which is subsequently converted to MG by
acetol mono-oxygenase (Casazza et al, 1984), MG 1s also formed through the Maillard

reaction where reducing sugars react with amines (Thornalley er al., 1999).
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Giycolysia/Calvin cycle Proteins  Fatty acid

ALDH | IGH

GLYin

Figure 2.2: Various pathways for MG metabolism in living systems. The major route of
MG breakdown in plants is the glyoxalase pathway comprising the enzymes glyoxalase |
(GLY1; lactoylglutathione lyase, EC 44.15) and glyoxalase 11 (GLYIL
hydroxyacylglutathione hydrolase. EC 3.1.2.6). MG spontaneously reacts with glutathione
(GSH) to form a hemithioacetal adduct which i1s metabolized by GLYI to form 5-
lactoylglutathione (SLG). GLYI is a metalloenzyme requiring divalent metal ions, either Ni**
or Zn>", for activation. Subsequently, GLYII converts SLG to D-lactate, recycling GSH in the
process. The D-lactate so formed is finally converted to pyruvate through D-lactate
dehydrogenase (D-LDH), which then enters the Krebs cycle. GLYIII enzymes (EC 4.2.1.130)
can directly convert MG to D-lactate in one step without requiring GSH and divalent metal
ions and no SLG is formed in the process. Besides GLYII activity, these enzymes also possess
other catalytic functions such as chaperone and protease activities. Aldoketo reductases
(AKRs), aldehyde dehydrogenases (ALDHs) and methylglyoxal reductases (MGRs) can also
metabolize MG. While AKRs form acetol from MG, ALDHs form pyruvate and MGRs convert
MG to lactaldehyde which is subsequently converted to L-lactate wvia lactaldehyde
dehydrogenases (LADH). L-Lactate is finally converted to pyruvate through the enzyme L-
lactate dehydrogenase (L-LDH). The pyruvate thus formed can enter the Krebs cycle. Unlike
the glyoxalase pathway, these enzymes have broad substrate specificity and can catalyse
reduction of various ketones and aldehydes. The pathways shown by dotted lines have not yet
been established in plant systems.
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2.4 MG toxicity

Glyeation 1s the non-enzymatic post-translational modification of proteins. Dicarbonyls, such
as MG, with a free keto and aldehyde group, are potent glycation agents. It is a strong
electrophile and tends to form covalent adducts with proteins and nucleic acids (Speer et al.,
2003: Li er al., 2008). It rapidly reacts with proteins and sugars to form unstable Schiff base
compounds. These convert to more stable Amadori products, which further undergo a series of
complex and irreversible reactions to form advanced glycation end products (AGEs)
{Thornalley, 1996). MG 1is responsible for the formation of the major guantitative AGE,
hydroimidazolone MG-H 1.

2.5 Glyoxalase pathway in plants

The cytotoxic nature of MG necessitates its detoxification to prevent cellular damage. There
are many detoxification pathways active within the cell for the efficient removal of MG (Figure
2.2). However, the glyoxalase pathway, comprising of glyoxalase [ (GLY) and glyoxalase 11
(GLYIl) enzymes, 15 considered to be the major route of MG detoxification in plants.
Additionally, glyoxalase I11 (GLYIII) enzymes also exist in living systems which catalyses the
one-step conversion of MG. MG formed enzymatically as well non-enzymatically during the
glycolytic pathway 1s converted by GLYI-I1 or GLYIII to D-lactate. This D-lactate 1s further
converted to pyruvate by D-lactate dehydrogenase, and thus, acts as a shortcut for pyruvate
formation from DHAP, especially during phosphate starvation conditions (Cooper and

Anderson, 1970),

2.5.1 Glyoxalase 1

The GLY! (Lactoylglutathione lyase, EC 4.4.1.5) enzyme has been extensively characterized
in different organisms (Kaur ef al. 2017). Hemithioacetal formed from the spontaneous or
enzymatic reaction between GSH and MG, 1s converted to S-lactoylglutathione (SLG) by
GLY! (Thomalley, 1990; Kammerscheit et al.. 2020). It 1s the rate-limiting enzyme in the
slyoxalase pathway (Ferguson et al., 1998).

GLYI enzymes are metallozyme, requiring divalent ions for optimum activity (Kaur er al.,
2017). Generally, GLYI enzymes are homodimers containing a metal-binding centre (Sousa
Silva et al.. 2013; Cameron ef al., 1997) but lately monomeric forms have also been reported.
mainly in plants (Deponte et al., 2007: Frickel ef al., 2001; Kaur ef al.. 2017). The metal ion

selectivity of GLY1 depends on the active site geometry and is usually of two types depending
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on the GLYI enzyme size (Himo and Siegbahn, 2001). The shorter GLY 1 proteins (~150 aa)
require Ni*"/Co™", whereas the longer GLY1 proteins (~180 aa) require Zn”" ions (Sukdeo and
Honek, 2007). Despite the difference in size, all GLY1 proteins share the conserved Poppp
structural motif (Kaur et al., 2017). The metal protein complex forms an octahedral geometry
with the help of four amino acids and two water molecules, which 1s necessary for GLYI

enzyme activity (He er al.. 2000).

2.5.2 Glyoxalase 11

The GLY (Hydroxyacylglutathione hydrolase. EC 3.1.2.6) enzyme catalyses the conversion
of SLG to D-lactate while regenerating GSH. This enzyme of the metallo-f-lactamase
superfamily has been well characterized in many organisms, ncluding prokaryotes as well as
eukaryotes (Sousa Silva ef al.. 2013; Kaur ef al., 2017). It has a highly conserved THxHxDH
motif which forms the binuclear metal centre (Cameron erf al., 1997; Silva et al., 2008). Besides
being highly specific for the glutathione group of the substrate, GLYII also metabolizes other
thioesters (Vander Jagt, 1993). Like GLYL metal ions are essential for the enzyme activity of

GLY 1 and facilitate substrate binding (Zang et al.. 2001; Campos-Bermudez et al., 2010).

2.5.3 Glyoxalase 111

The GLYII (EC 4.2.1.130) enzyme 1s a novel glyoxalase enzyme that catalyzes the
detoxification of MG directly to D-lactate, without requiring GSH (Misra et al., 1995; Lee et
al.. 2012). 1t 15 ubiquitous across all organisms and belongs to the DJ-1/Pfpl/Thil superfamily
(Ghosh et al, 2016). These enzymes are catalytically less efficient compared to the
conventional GLY1 & 11 enzymes (Silva, er al., 2013; Ghosh et al., 2016). The enzymatic
reaction 1s irreversible and the process has been described based on the structure of AtDJ-1D
(Kwon er al., 2013). Briefly, the thiol group of a cysteine residue, similar to glutathione in the
GLYVGLYIl system, reacts with the aldehyde group of MG to form hemithioacetal
intermediate (Enzyme-Cys-MG). Subsequently, glutamic acid near the cysteine residue
abstracts a proton from hemithioacetal to form an enediol intermediate, followed by the
formation of S-lactoylcysteine due to proton transfer by the glutamic acid residue. This
intermediate is hydrolysed to finally release D-lactate. The whole process 1s a single-step
irreversible reaction. The importance of the sulthydryl group for GLYII enzymatic activity
has been well established. Oxidizing agents, such as superoxide and hydrogen peroxide. can

decrease the GLYIIL activity (Okado-Matsumoto and Fridovich, 2000). Similarly, mutation
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studies in different organisms have also established the importance of the sulfyhydryl group
(Subedi et al., 2011; Lee et al., 2012; Hasim ef af.. 2014).

2.6 Other detoxification enzymes

The enzyme MG reductase (MGR) catalyses the conversion of MG to L-lactaldehyde in the
presence of NADPH (Murata, Fukuda, SIMOSAKA, ef af.. 1985; Aguilera and Prieto, 2001).
It has been isolated from wvarious organisms, such as goat liver (Ray and Ray, 1984) and

Saccharomyees cerevisiae (Murata, Fukuda, Watanabe, ef al., 1985),

Aldehyde dehydrogenases (ALDHs) are a big superfamily of different types of enzymes that
are involved in the detoxification of endogenous as well as exogenous aldehvydes. They catalyse
the oxidation of aldehydes to carboxylic acids using either NAD+ or NADP+ as a cofactor.
The NADH or NADPH is regenerated during this process and thus act as a major source of
reducing equivalents necessary for maintaining cellular homeostasis (Brocker et al., 2012).
Under stress conditions, ALDHs act as “aldehyde scavengers™ and protect the cell from damage

(Bartels and Sunkar, 2005).

Aldo-keto reductases (AKRs) are a family of NADPH-dependent monomeric enzymes, which
are oxidoreductases having similar physico-chemical properties. They catalyze the reduction
of aldehydes and ketones to their corresponding alcohols. These enzymes have a broad range
of substrate specificity, but have preferential substrate specificity. There are three distinct types
of enzymes, which fall in the family of AKRs: (a). aldehyde reductases (EC 1.1.1.2), (b). aldose
reductases (1.1.1.21), and (¢). carbonyl reductase (EC 1.1.1.184). (Wermuth, 1985). In plants,
they are involved in diverse metabolic reactions, like detoxification of reactive aldehydes,

osmolyte biosynthesis, membrane transport and secondary metabolism (Sengupta er al., 2015).

2.7 Physiological significance of methylglyoxal

The physiological effect of MG is mostly studied at higher levels when it becomes cytotoxic
and starts to affect the growth and development of the organism. However, it is now known
that MG 1s maimntamed at a threshold level even under normal conditions, MG synthase enzyme
18 known to catalyse MG formation from DHAP in prokaryotes (Ferguson er al., 1998). This
indicates that MG may have beneficial roles as well. Hence. the physiological role of MG can

be broadly classified under two categories: positive (Figure 2.3) and negative role (Figure 2.4).
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2.7.1 Positive role: Role in stress signalling

Plants are sessile in nature and hence, have no option to escape from environmental
fluctuations. Hence, plants have evolved various mechanisms to overcome these unfavourable
situations. The foremost requirement to mount an appropriate response is the perception of
stress. Plants have evolved different sensory mechanisms to perceive stress stimuli and mount
an appropriate cellular response. Various sensors located on the cell surface or cytoplasm
perceives the stress stimuli and passes them to the nucleus through various signal transduction
pathways. Hence, the signalling pathways act as a connecting link between stress perception

and downstream cellular response.

The generation of MG via the ubiquitous energy-generating pathway raises the question
regarding its role in the cellular system. MG levels in different plants vary from 30 to 75 pM
and are known to increase up to six times under different stress conditions (Y adav ef al., 2005).
However, these are overestimated most probably due to triosephosphate degradation to MG
during sample processing (McLellan er al., 1992) or interference of peroxidases (Thomalley
and Rabbani, 2014). The actual level of MG in plants has been estimated to be around 1-4 uM
(Rabbani and Thomalley, 2014). Importantly, MG levels never fall below a threshold level
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Figure 2.3: Physiological roles of methylglyoxal.
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despite the presence of several detoxification mechanisms. These basal MG levels are
maintained even in transgenic plants overexpressing glyoxalase genes. This indicates some
important role of MG in the physiology of plants. It's quite possible that MG acts as a stress

signal and regulates the expression of stress-responsive genes.

The presence of MG synthase enzyme indicates that MG 1s required in the system and hence,
must have a beneficial role (Ferguson et al., 1998). In bacteria, MG production has been
proposed as a mechanism to regulate metabolic imbalance by controlling the influx of carbon
(Booth et al.. 2003). In E. coli, MG controls signalling through Ca™" ions. It induces Ca™
transients by opening up Ca*" channels in a dose-dependent manner (Campbell et al, 2007).
Similarly, in yeast, MG activates Ca®" uptake and stimulates the calcineurin/Crz1-mediated
Ca™"-signalling pathway (Maeta er al, 2005). A possible signalling pathway for the induction
of the Gyl gene by MG under high osmotic stress has been suggested in Saccharomyces
cerevisiae (Maeta ef al., 2005; Inoue er al., 1998). Osmotic stress induces an increase in MG
levels which is scavenged by Glvl gene expression via the HOG-MAPK pathway (Inoue et al.,
1998). Further, MG acts as a signal initiator and initiates signal transduction during oxidative
stress via activation of the high-osmolarity glycerol (HOG)- mitogen-activated protein kinase
(MAPK) cascade (Maeta et al., 2005). Among the two osmosensors, Slnl and Shol, which are
known to function upstream of the HOG-MAPK cascade, the SInl branch is responsible for
the activation of the MG-induced HOG-MAPK pathway. Further, MG also activates the Msn2
transcription factor. Similarly, in Saccharomyees pombe, MG initiates the activation of stress-
induced protein kinase. However, the MG signal 1s directed to the SAPK pathway via Mcs4 by

an alternate module (Klahre er al.. 1998).

In plants, the exogenous application of MG regulates the expression of many stress-induced
genes, including Ghyf and Glvlf genes (Majlith er al.. 2020). However, the mechanism behind
MG-induced gene expression is yet to be understood. Nevertheless, NAC-overexpression has
been shown to induce the expression of many genes, including the Gl gene (Fujita er al.,
2004). Similarly, exogenous application of MG was also found to increase the expression of
NAC transcription factors in rice (Kaur et al., 2015). Hence, the relationship between NAC
transcription factors and Gly genes needs to be explored further, Similarly, overexpression of
many stress-responsive genes also resulted in the expression of the Gy gene (Yadav et al |
2008).
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In plants, MG levels are regulated by various detoxification mechanisms, and this helps to
regulate various physiological processes. For instance, in BSrassica napus, the energy
requirement of the growing pollen tube 1s met through increased glycolysis which leads to a
surge in MG levels in stigma (Sankaranarayanan ef al , 2015). This increased MG 1s regulated
via enhanced GLYI activity, which makes it necessary for pollen germination on stigma.
Hence, MG indirectly controls pollen germination. Similarly, in rice, GLYI is involved in

compound starch granule formation and starch synthesis in the endosperm (You et al., 2019).
2.7.2 Negative role: Formation of AGEs, inhibition of cellular proliferation and cell death

The high reactivity of MG allows modification of macromolecules such as DNA, RNA and
proteins to form AGEs (Thornalley, 2008). In animal systems, many diseases, such as diabetes
and cancer, has been attributed to post-translational protein modifications caused by high levels
of MG (Ramasamy ef al., 2006). During protein glycation, usually during “early glycation™,
the reversible interaction of reducing sugars (aldoses and ketoses) with amino groups, lead to
the formation of aldoamines and ketoamines, respectively. These further form aldimines and
ketoimines (Schiff bases), which undergo Amadori and Hens rearrangements. to yield the first
relatively stable intermediate products of glycation, termed as “early glycation products”
(Bilova et al.. 2016). These products, similar to free sugars, undergo autoxidation readily to
form highly reactive a-dicarbonyl compounds (GO, MG, etc.). Two major advanced glycation
pathways, depending on the structure of the carbohydrate moiety, 1.e., free sugar or protein-
bound early glycation products, have been classified, namely “oxidative glycosylation™ and

“glycoxidation”, respectively (Wolff and Dean, 1987; Wells-Knecht et al., 1995).

AGEs (Advanced glycation end-products) are a group of highly heterogenic compounds which
vary greatly in their stability (Bilova et al, 2016). Lysine-derived AGEs include Ne-
(carboxymethyl)lysine (CML) (Ahmed er af., 1986), Ne-(carboxyethyl)lysine (CEL) (Ahmed
et al., 1997), e+2-formyl-5-hydroxymethyl-pyrrolyl)-L-norleucine (pyrraline) (Foerster and
Henle, 2003) and glyceraldehyde-derived pyridinium compound (GLAP) (Usui et al., 2007).
The reaction of arginine with glyoxal formed 1-(4-amino-4-carboxybutyl)2-imino-5-oxo-
imidazolidine (Glarg) (Schwarzenbolz et al.. 1997), which upon hydrolysis at 37°C formed
No-carboxyethylarginine (CMA) (Glomb and Lang 2001). Arginine reacts with MG to form
No 5-hydroxy-4.6-dimethylpyrimidine-2-yl)-Lomithine (argpyrimidine, Argpyr) (Shipanova
et al., 1997) and Nié-(4-carboxy-4,6-dimethyl-5.6-dihydroxy-1.4.5.6-tetrahydropyrimidine-2-
yl)-L-omithine (tetra-hydroargpyrimidine, TH-Argpyr) (Ova et al., 1999). MG was shown to
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form  MG-derived  hydroimidazolones  (NG-Hs),  with  N&-(5-methyl-4-oxo-5-
hydroimidazolinone-2-yl)-L-omithine (MG-HI1) being the major derivative (Henle er al.,
1994).  Another MG-Hs, 1e., 2-amino-5-(2-amino-4-hydro-4-methyl-5-imidazolon-1-
yl)pentanoic acid (MG-H3) forms carboxyethyl-L-arginine (CEA) upon hydrolysis (Gruber
and Hofmann. 2005).

Methylghyoxal

Mucleic Acids

Figure 2.4: Various glycation products formed by methylglyoxal. MG reacts with proteins,
nucleic acids and lipids to form toxic adducts.

In humans, AGEs of different types, mostly CML, hydroimidazolones and pentosidine, act as
a ligand for pattern recognition receptors known as the receptor for AGEs (RAGEs) and trigger
inflammatory diseases, such as atherosclerosis and type 2 diabetes mellitus (Uribarri ef al..
2005; Nettleton et al.. 2007). The serum and urinary concentration of AGEs were found to be
independent of consumption of thermally processed food and vegetarians, especially long-term
vegetarians, were found to have higher plasma levels of CML and fluorescent AGEs, despite
lower levels of lysine- and arginine- containing proteins in vegetarian diets (Sebekovi et al.,
2001: Krajtovicova-Kudlickova er al., 2002; De la Maza ef al., 2007). This indicates higher
glycation of proteins (early and advanced) in plants. Hence, it's obvious for plants to have
efficient anti-glycation mechanisms, such as GLY1 & Il (Singla-Pareek et al, 2008),
ribulosamine/erythrulosamine-3-kinase (Fortpied er al., 2005), and acylamino acid-releasing
enzyme ( Yamauchi ef al , 2003). Environmental stresses cause an increase in the generation of

AGEs in plants, leading to their accumulation in different plant tissues, which changes the plant
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proteome and hence, the physiological state of the plant (Bechtold er al., 2009; Bilova et al.,
2016). In Arabidopsis, MG levels are enhanced during ammonium toxicity due to the formation
of MG-derived AGEs (MAGEs) (Borysiuk ef al., 2018).
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3. MATERIALS AND METHODS
3.1 Bivinformatics Protocols
3.1.1 Identification and nomenclature of genes

For the identification of rice AKR genes, a well-characterized AKR gene from rice, OsAKR/
(Os01g0847600) (Turdezy et al., 2011) was used to search for homologous sequences using
blastn and blastp in the RGAP database (Kawahara et al., 2013) using default settings. The
identified proteins were confirmed for the presence of AKR domaimn (PF03514.14) using Pfam
(El-Gebali ef al., 2019) and SMART (Letunic and Bork, 2018; Letunic et al., 2015: Schultz et
al.. 2000).

3.1.2 Sub-cellular localization prediction

CELLO online server (Yu et al., 2004: Yu et al., 2006) was used to predict the localization of

OsAKR proteins in the cell.

3.1.3 Chromosomal Location and Duplication

The location of the various AKR genes on the various rice chromosomes was predicted using

the online MapGene2Chromosome Tool (Jiangtao ef al., 2015).

3.1.4 Gene and protein structure of AKR genes

The online server Gene Structure Display Server (GSDS 2.0) (Hu et al.. 2015) was used to

identify the gene structure (introns and exons) of the OsAKR genes.

Domain architecture of the OsAKR proteins was inferred from the Pfam (El-Gebali ef al.,
2019) and SMART (Letunic and Bork, 2018; Schultz er al., 2000; Letunic ef al . 2015) results.
Domain positions were recorded from Pfam results. Also, the proteins were analyzed for the

presence of conserved motifs using the MEME software (Bailey et al., 2009).

3.1.5 Multiple sequence alignment and phylogenetic analysis

Protein sequences of identified Os4KR genes were aligned using ClustalW in MEGA 7.0
(Kumar er al., 2016) and then used for phylogenetic analysis using the neighbour-joining
method in MEGA 7.0 (Kumar et al., 2016) with 1000 bootstrap replicates. The tree was further
processed in 1Tol (Letunic and Bork, 2016).
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3.1.6 ldentification of interacting partners of OsAKR

STRING database (Szklarczyk et al., 2019) was used to identify the protem-protein interaction
of OsAKRs with a confidence score of 0.150. Gene co-expression and co-occurrence analysis

were also derived from the STRING database.

3.1.7 Promoter analysis for identification of CREs and CpG islands

Ikb sequence upstream of the transcription start site was extracted from the RGAP database
(Kawahara er al, 2013) and used as a promoter sequence. This was further used in the
PlantCARE database (Magali er al, 2002) to identify the cisregulatory elements (CREs)
present. The same promoters were also analysed for the presence of CpG islands using the CpG
1sland search database (http://dbeat.cgm.ntu.edu.tw/). Minimum 200 bp length was used to

search for CpG islands with GC content set at 50 %, and observed/expected CpG ratio as 0.60.

3.1.8 Interactome of AKR proteins in rice

The interactome of the AKR proteins was investigated using the STRINGS database (STRING:
functional protein association networks (string-db.org). The AKR proteins were fed into the
database and Oryza sativa was selected as the species. All interaction sources, 1.e., text mining,
experiments, databases, co-expression, neighbourhood. gene fusion and co-occurrence. were

selected with medium confidence (0.4).

3.1.9 Temporal and spatial expression profiling of Os4AKR genes

For microarray-based expression profiling, publicly available expression data for the Rice (51
K Affymetrix gene chips, respectively) were used. For studying expression patterns at various
developmental stages and in different plant tissues, the normalized and curated log2-
transformed signal intensity wvalues on the respective arrays were retrieved using the
Genevestigator  database  tool (Grennan,  2006; Hruz et al., 2008)
(https://www.genevestigator.com/gv/plant.jsp) using default parameters as done previously.
We could find specific microarray probe sets for Os4AKR /4. For analysing expression levels
under different biotic and abiotic stresses, the relative signal ratio values for each of the genes
were retrieved using Genevestigator and the log2 transformed fold change walues were
calculated. Heat maps were generated with Multi Experiment Viewer software (Saeed et al.,
2006) (http://www.tméd.org/mev.html) with average linkage hierarchical clustering either using

Euclidean or Pearson correlation as the distance metric, as the case may be.
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3.2 Wet-lab Protocols

3.2.1 Chemical reagents and Kits

Table 3.1. Diftferent chemicals, kits and reagents used in the study.

S. No. | Materials Source
Plant material
1 Oryza sativa L. sp indica cv PB1 JNU, New Delhi
p Pokkali rice JNU, New Delhi
3 [R64 Gamma-mutant rice lines JNU, New Delhi
Microbial materials
4 Escherichia coli ETﬂp lé} . -lnvitngrL USA
5 Agrobacterium tumefaciens (LBA4404) | ICGEB, New Delli
Vectors
6 pET28a Addgene, USA
7 pCAMBIA1391Z CAMBIA, Australia
8 Y-2-H Cloning vectors ICGEB, New Delhi
Reagents and Kits

10 Tag DNA Polymerase HIMEDIA, India
11 Phusion High-Fidelity DNA Thermo Fisher Scientific, USA

Polymerase
12 GenelET Plasmid Miniprep Kit Thermo Fisher Scientific, USA
13 QlAquick Gel Extraction Kit OIAGEN, Germany
14 Phusion Site-Directed Mutagenesis Kit | Thermo Fisher Scientific, USA
15 lkb DNA ladder Thermo Fisher Scientific, USA
16 Prestained and Unstained Protein Genetix, India

Marker
18 TRIzol Thermo Fisher Scientific, USA
19 Bradford Reagents Amresco, USA
20 RevertAid H Minus First Strand cDNA | Thermo Fisher Scientific. USA

Synthesis Kit
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21 SYBR® Green Real-Time PCR Master | Appiled Biosystems, USA
Mixes

22 REDExtract-N-Amp™ Tissue PCR Kit | Sigma-Aldrich, USA

23 Restriction enzymes Thermo Fisher Scientific. USA;
NEB, UK
[ 24 T4 DNA ligase NEB, UK
25 Molecular Biology Chemicals Sigma-Aldrich, USA: AMRESCO,

USA;  Amersham, UK; Merck,
Germany; HIMEDIA, India

3.2.2 Preparation of competent cells

The chemically competent E. coli (Topl0/BL21) cells were prepared by chilled CaCl;
treatment method with some modifications as previously described by Sambrook and Russell
(2001). In brief, the bacterial cells were streaked from the glycerol stock on the LB agar plate
without any selection. The plate was incubated at 37°C for 12 hrs and a single colony was
inoculated in 5 mL LB broth (no selection) as a primary culture, and allowed to grow at 37°C
for overnight with shaking at 1580 rpm. The next day. secondary culture (LB broth. 50 mL) was
moculated with 1% of primary culture without any selection. It was allowed to grow at 37°C
and 180 rpm till ODsoo vm reached 0.4-006. The culture was chilled on ice for 30 min and
transferred to an Oakridge tube. The culture was then centrifuged at 3000 rpm for 5 min at 4°C.
The supernatant was discarded and the pellet was gently dissolved in ice-cold sterile 20 mL of
100 mM CaCl: and centrifuged at 3000 rpm for 5 min at 4°C. The pellet was again gently
dissolved in ice-cold sterile 20 mL of 100 mM CaCl; and the suspension was incubated on ice
for 2 hrs. After 2 hrs the suspension was centrifuged at 3000 rpm for 5 min at 4°C and the
supernatant was decanted. The loose pellet was re-suspended in 1.5 mL of ice-cold 100 mM
CaClz by gently swirling the tube and was incubated on ice for 12 hrs. The next day. an equal
volume of 50% glycerol was added and mixed gently. The competent cells were made mto
aliquots of 100 pL in pre-chilled micro-centrifuge tubes and snap-frozen with liquid nitrogen.

The frozen cells were stored at -B0°C freezer till further use.
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3.2.3 Transformation of plasmid DNA

For ¢ach transformation, one vial of competent cells was removed from the -80°C freezer and
kept on ice for 10 min to thaw completely. 10 uL (100 ng) of ligated DNA/plasmid or 1 puL
plasmid (100 ng}) was added (avoiding up and down mixing with pipette tip) to the cells and
allowed to incubate on ice for 15 min. Then, the cells were subjected to heat shock by placing
the culture tubes in a water bath for 90 sec at 42°C. Subsequently, the tubes were kept on ice
for 10 min and added 800 uL of LB broth. The cells were placed in a shaking incubator at 180
rpm for | hr at 37°C. The tubes were then centrifuged at 3000 rpm for 5 min at room
temperature. The supernatant was discarded leaving 100 pL of LB broth medium in the tube in
which the transformed cells were resuspended and plated on LB agar plates supplemented with
appropriate antibiotics using a sterile spreader and incubated overnight at 37°C. The appearing

transformed colonies on the plates were screened by colony PCR with the specific primer sets.

3.2.4 Plasmid DNA Isolation

Isolation of plasmid DNA from bacterial cells was carried out by using the GeneJET Plasmid
Miniprep Kit (Thermo Fisher Scientific). All the steps were carried out at room temperature
unless mentioned. The bacterial cells were streaked from the glycerol stock on LB agar plate
supplemented with appropriate selection antibiotics. The plate was kept at 37°C for 12 hrs and
a separate single bacterial colony inoculated on 10 mL LB broth medium supplemented with
the appropriate antibiotics and allowed to grow at 37°C for 12 hrs at 180 rpm. The bacterial
cells were pelleted down by centrifugation at 5000 rpm for 5 muin. The supernatant was removed
completely and the pellet was re-suspended completely in 250 pL of re-suspension solution.
After mixing properly. the cell suspension was transferred to a micro-centrifuge tube. 250 plL
of lysis solution was added and gently mixed by inverting the tube 4-6 times until the solution
appeared slightly clear. After that, 350 pl of neutralization solution was added., mixed
thoroughly by mverting the tube 4-6 times and incubated m ice for 5 mun. The bactenial lysate
was centrifuged at 12000 rpm for 5 min and the supernatant was transferred into the supplied
GenelET spin column and centrifuged at 12000 rpm for | min. The flow-through was discarded
and returned the column into the same collection tube. The GenelET spin column was washed
twice with the addition of wash buffer (500 pL) and centrifugation at 12000 rpm for | min.
Additional centrifugation with an empty column was given to remove the residual wash
solution. The GenelET spin column was transferred into a fresh micro-centrifuge tube. After

that. 50 uL of elution buffer or nuclease-free water was added to the centre of the GenelET
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spin column membrane and incubated for 2 min. For elution of plasmid, the GenelET spin
column was centrifuged at 12000 rpm for 2 min at room temperature. The isolated plasmid
DNA was quantified by measuring its absorbance at 260 nm and stored n a -20°C freezer for
further use. DNA sequencing was carried from a DNA sequencing facility at Macrogen Inc.,
South Korea.

3.2.5 Extraction of DNA from agarose gel

Gel elution and purification of PCR amplified DNA fragments or plasmids were performed by
using QIAquick Gel Extraction Kit (QIAGEN, Germany) according to the manufacturer’s
protocol. Briefly, DNA fragment of interest was excised from the agarose gel with a clean,
sharp scalpel and kept into a fresh micro-centrifuge tube. The excised gel slice within the
micro-centrifuge tube was weighed and three volumes of QG buffer (3 volumes Buffer QG to
I volume gel) was added and mcubated at 50°C for 10 min (until the gel slice gets completely
dissolved). After that, equal gel volume isopropanol was added to the sample and mixed
properly. The dissolved gel with buffer was passed through the QlAquick column and
centrifuged at 13000 rpm for 1 min at room temperature. Flow-through was discarded and the
column was washed with 500 pL of PE buffer twice by centrifuging at 13000 rpm for | min at
room temperature. Another centrifugation with an empty column was done to remove the
residual wash solution. Then added 50 pL of EB buffer (10 mM Tris-HCL, pH 8.5) or nuclease-
free water was added to the centre of the QIAquick membrane and incubated for 2 min at room
temperature. The column was centrifuged at 13000 rpm for | min at room temperature and
collected the DNA in a new Eppendorf tube. The purified DNA was quantified by measuring

absorbance at 260 nm and stored at -20°C for further use.

3.2.6 Restriction Digestion and Ligation

Restriction digestion of the target DNA (insert and plasmid) was performed for the cloning
with various restriction enzymes. The reaction mixture contained 2 pg of plasmid DNA or
eluted DNA msert, | uL of restriction enzymes (10 U/pL, Fast digest. Thermo Fisher Scientific,
USA) and X reaction buffer with the final volume of 20 pL, and incubated at 37°C for 30 min
in a water bath, For single restriction site cloning, the vector was further treated with alkaline
phosphatase (1 U/pL, Fast AP, Thermo Scientific) and incubated at 37°C for 10 min followed
by inactivation at 75°C for 5 min. The complete digestion of the target DNA was checked on
1% agarose gel containing ethidium bromide (10 pg/ml) and visualized on a UV

transilluminator. The digested DNAs (plasmid and insert) were purified from gel using
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QlAquick Gel Extraction Kit {QLAGEN, Germany). For ligation, 1:3 vector/insert ratio was
prepared mm 1 pl of T4 DNA ligase (400 U/puL, NEB. England), 1X reaction buffer in 20 pL

reaction volume and incubated at 16°C for 12-15 hrs.

3.2.7 Agarose gel electrophoresis

Nucleic acids (genomic, plasmid or PCR products) were mixed with 6X DNA loading dye
(Thermo Fisher Scientific) and were loaded on 0.8-1.2% agarose gel containing 10 pg/mlL EtBr
along with 1kb DNA ladder (Thermo Fisher Scientific). The gel electrophoresis was carried
out in 1X TAE (40 mM Tris base, 20 mM acetic acid, 1 mM EDTA and pH 8.0) at 5 Viem
using electrophoresis units (Bio-Rad, USA). The resolved DNA was then visualized using gel

documentation systems (Alpha imager, USA).

3.2.8 Polymerase Chain Reaction

cDNA/plasmid PCR

The PCR amphification reaction was carried out in a PCR tube containing 100 ng of template
DNA, 100 ng of each primer (forward and reverse), 200 pM dNTPs, 1.5 mM MgCls, 1X
reaction buffer and 1 U Tag/Phusion DNA polymerase in 25 pl reaction volume in a thermal

cycler,

Table 3.2. The programming of the thermal cycler for the PCR amplification.

Step Taq polymerase Phusion polymerase
Temperature Time Temperature Time
(*C) (°C)
Initial denaturation 95 5 min 98 30 sec
25-35 cvcles
Denaturation 95 30 sec 98 10 sec
i Annealing i Vary 30 sec vary 10 sec
Extension 72 | min per kb 72 20 sec per kb
Final Extension 72 7 min 72 10 min
"Hold 4-16 : 4-6 2
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Colony PCR

Colony PCR was carried out to guickly screen for transformed bacterial colonies containing
desired recombinant plasmids. For this, a sterile toothpick was used to pick up individual
colonies and dipped into each Eppendorf tube containing 20 pl of sterile water. The same
toothpick was streaked onto another LB agar media plate supplemented with appropriate
antibiotic(s) and incubated at 37°C for overnight to obtain a master plate. The tubes containing
colonies were lysed by heating at 98°C for 10 min and pelleted down the residual colonies and
cell debris by a quick short spm. The supernatant (10 pL) was taken from this mixture and used
as the template for PCR amplification in the presence of components and set programmes as

described above. The PCR amplicon was observed by agarose gel electrophoresis.

3.2.9 Plant growth conditions, stress treatments and sample harvest

Rice seeds were surface sterilized using 0.25% Bavistin for 20 min, followed by thorough
washing with autoclaved distilled water. The seeds were allowed to germinate in germination
paper rolls soaked in Yoshida medium (Yoshida et al., 1976) under controlled conditions in a
growth chamber (SANYO company) at 28£2°C temperature with photoperiodic cycle set for
16 hrs light and 8 hrs dark. After ten days, the seedlings were transferred to vermiculite media
in small pots for hardening in greenhouses. Thereafter, the plants were transferred to soil pots
and allowed to mature. Samples were harvested at appropriate time points. For experiments at
the seedhing stage, ten days old seedlings were shifted to Yoshida medium and different stresses
were imparted for different time durations. Plant tissues were excised, weighed, labelled and

wrapped in aluminium foil, frozen in liquid nitrogen, and stored at -80°C for further use.

Table 3.3. Modified Yoshida medium composition used in the study.,

5. No. Reagents o/l

Macronutrients

1 NH4NOs 914

2 K250, 71.4

3 KH:POy 23]

4 K2HPO4 4.3

5 CaCl,, 6H,O 175.0

6 MgSOy, TH.O 324.0
Micronutrients
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7 MnClz, 4H-0 1.5
8 (NH4)sMo7024, 4H20 0.074
9 H3BO; 0.93
10 ZnS0y, TH:0 0.035
11 CuS04, 5H:0 0.03
12 FeNa-EDTA 10.5
13 FeSO4 (Freshly prepared) 245

Dissolved each reagent separately using a magnetic stirrer and 1.25 mL of each stock solution
was taken for 1000 mL Yoshida media. The pH was adjusted to 4.5 with diluted HNO; before

the addition of the micronutrients.

3.2.10 RNA Isolation

Total rice RNA was extracted using TRIzol reagent according to the manufacture’s protocol
(TRIzol, Thermo Fisher Scientific). DEPC was used at all the necessary steps. 100 mg of leaf
tissue was ground to a fine powder in liquid nitrogen using mortar and pestle and added 1 mL
of TRIzol reagent. The homogenate was mixed properly and allowed to thaw. The extracts
were collected into a 2 mL mucrocentrifuge tube and | mL chloroform (200 ul) was added.
The samples were mixed vigorously by hand for 15 sec and kept for an additional 10 min at
room temperature. Samples were centrifuged at 12000 X ¢ for 15 min at 4°C. The upper clear
aqueous phase was shifted into a fresh micro-centrifuge tube avoiding any contamination from
the interphase or the organic layer. Isopropanol (0.6 volume) was added to the aqueous phase
and incubated for 10 min at room temperature to precipitate RNA, After that, the samples were
centrifuged at 12000 X g for 10 min at 4°C. The RNA pellet was washed with 75% ethanol
(prepared in DEPC water) and was centrifuged at 7500 X g for 5 nmun at 4°C. After 5-10 min
of air drying, pellets were re-suspended in 30-40 pl of RNase free water and kept at -80°C for

further use.

3.2.11 Quantification of isolated RNA

The yield and guality of RNA were monitored by both spectrophotometric and electrophoresis
methods. The concentration of ENA was estimated using the formula (OD260 nm =1.
corresponds to 40pug/mL of RNA). RNA quality was considered to be pure if A260 nm/A280
nm = 2.0, The integrity of isolated RNA was checked by running on denaturing formaldehyde
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(1.85%) agarose gel (1.2 %) n 1 X MOPS buffer. Before loading, 500 ng of RNA samples were
mixed with 2X ENA loading dye (95% formamide, 0.025% SDS, 0.025% bromophenol blue,
0.025% xylene cyanol FF, 0.025% ethidium bromide and 0.5 mM EDTA) and heated at 70°C
for 10 min. The samples were chilled on ice and spun down to load on a gel. The gel was run
at 5V/iem for 45 min and was visualized using a gel documentation system (Alpha Imager,
USA). Intact total RNA run on a denaturing gel appeared as two sharp bands corresponding to
285 and 158 rRNA. The 285 rEN A band was nearly twice intense as the 1858 rRNA band which

was 4 good indication for the intact RNA.

3.2.12 ¢cDNA Synthesis

First-strand cDNA was synthesized from total rice RNA using RevertAid™ RNase H minus
cDNA synthesis kit (Thermo Fisher Scientific. USA). In brief, a 2 pg RNA template was first
treated with 1 U of DNasel (RNase free) at 37°C for 30 min, DNasel was inactivated by adding
I pL of 50 mM EDTA to the mixture and incubated at 65°C for 10 min. RNA was then annealed
with 0.5 pg oligo (dT)3 primer (1 pL) at 65°C for 10 min followed by snap cooling. The
reaction mixtures were then mixed in a reaction buffer with 1 pL of reverse transcriptase (200
U/pL) and 2 pL dNTP mix (10 mM) along with 1 pl of Ribolock (20 U/uL) to a final volume
of 20 pL. The mixtures were incubated at 42°C for 60 min. The reaction was stopped by heating
at 70°C for 5 min. The prepared cDNA was stored at -80°C for further use.

3.2.13 Expression analysis by quantitative real-time PCR (qRT-PCR)

Expression analysis was performed as described previously (Tripathi et al, 2015). Primers for
gRT-PCR analysis of various genes were designed from the 3' UTR region of the gene using
the Primer3plus tool with product length between 99 to 177 bp. The gRT-PCR mixture
contained 100 ng of cDNA, 10 puL of 2X SYBR Green PCR Master Mix (Applied Biosystems,
USA) and 100 nM of each primer in a final volume of 20 pL. The plate was properly sealed
with an optical cohesive cover and then centrifuged briefly to bring down the contents and
eliminate any bubbles. gRT-PCR was carried out by using 7500™ Real-Time PCR System and
software (Applied Biosystems, USA). The reaction conditions were 95°C (10 mun), and 40
cycles of 15 s at 95°C and 1 min at 60°C. The specificity of the amplification was ensured by
dissociation curve analysis and agarose gel electrophoresis. The relative expression of each of
the genes was calculated using the comparative CT value method (Schmittgenand and Livak,

2008), using eEF as the reference gene (Jain et al. 2006). Three biological and three technical
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replicates were analysed for each sample. The mean fold change was calculated and plotted

along with corresponding standard deviation values.

3.2.14 Estimation of methylglyoxal

Spectrophotometric assay of MG was done using the protocol of Thornalley and Rabbani,
(2014). Fresh tissue (300 mg) was weighed and crushed in mortar-pestle using liquid nitrogen.
2.5mL of 0.5 M perchloric acid (PCA) was added and mixed well. The mixture was transferred
in a micro-centrifuge tube and mmcubated for 15 min on 1ce. The extract was centrifuged at
11.000g for 10 min at 4°C. The supernatant was transferred to a fresh tube. Charcoal (10
mg/mL) was added to decolourize the supernatant if coloured. The supernatant was mixed well
with charcoal and kept at room temperature for 15 min. The mixture was centrifuged at 11,000g
for 10 min. The clear supernatant was then transferred to a fresh tube, and an additional spin
was given to remove the residual charcoal from the solution. The solution was neutralized (pH
7.0) using 1 M Na:HPO. which should be added gradually (initially 20puL, followed by 2L at
a time). The bubbles of CO; gas were allowed to come out. The extract was kept at room
temperature for 15 min and centrifuged at 11,000g for 10 min. The supernatant was used for

MG estimation.

I mL of the reaction mixture was prepared by mixing the neutralized supernatant (640 pL) with
|.2-diaminobenzene (250 puL), 5SM PCA (100 pL) and 100mM NaNs (10 pL). The absorbance
was taken initially at 0™ hour at 336 nm and set as ‘blank’. The same reaction mixture was
incubated for 3 hrs at RT, and absorbance was agan recorded at 336 nm, A standard curve

(Figure 3.1) of different concentrations of MG (10, 25, 50, 100 uM) was made using pure MG.
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Figure 3.1: Standard curve for MG estimation using a spectrophotometric assay.
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3.2.15 Glyoxalase enzyme activity

Glyoxalase I assay

Glyoxalase I assay was done according to Ramaswamy et al. (1983). The purified recombinant
protein or total plant extract was used for the determination of the specific enzyme activity in
pmol/mm/mg of protein. The reaction mixture containing (.1 M sodium phosphate buffer (pH
7.2), 3.5 mM MG and 1.7 mM G5H was prepared and kept in dark for at least 7 min for
hemithioacetal formation. 50 pg of protein was added to the reaction mixture up to a final
volume of 1 mL. A spectrophotometric time scan was performed for 2 min at 240 nm
wavelength. Absorbance was recorded at 10 s intervals and a linear increase in absorbance was
observed with time. The molar absorption coefficient of S-D-lactoylglutathione (SLG) at 240

nm is 3370 M'em™ and was used to calculate the conversion of hemithioacetal into SLG.

Glyoxalase 11 assay

Glyll activity was determined according to Marasinghe et al. (2005). A decrease in the
absorbance of SLG at 240 nm was monitored to determine the specific enzyme activity in
pmol/mm/mg of protein. 500 ng of purified recombinant protein or 100 pg of total plant protein
was added to the reaction mixture containing 10 mM MOPS and 300 pM SLG up to a final
volume of | mL. A spectrophotometric time scan was performed at 240 nm wavelength for 2
min to determine the change in absorbance. The molar coextinction coefficient of SLG at 240

nm is 3.37 mM-lem-1 and was used to calculate substrate depletion.

Glyoxalase 111 assay

Glyoxalase I activity was determined according to Kwon et al. (2013). A decrease in the
absorbance of MG at 540 nm was monitored to determine the specific enzyme activity in
pumol/mm/mg of protein. Protein was added to the reaction mixture containing 10 mM MG,
and 20 mM sodium phosphate buffer (pH 6.8), followed by incubation at 37 °C for 30 min. 30
pL of this solution was mixed with 90 pl of a solution contaming 0.1% 24-
dinitrophenylhydrazine, 2 M HCl and 210 pL distilled water. The reaction was stopped by the
addition of 420 pL of 10% NaOH. The remaming MG was determined by measuring the

absorbance at 540 nm using a spectrophotometer.

3.2.16 GC-MS analysis

The metabolites from shoots and roots of 5-day old rice seedlings, grown on different

concentrations of MG, were extracted as described by Soda et al., (2018). The samples were
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derivatized by adding 100 pL N-Methyl-N-{trimethylsilyl) trifluoroacetamide (MSTFA) and
analyzed using GCMS-QP-2010 PLUS (Shimadzu). Metabolites were identified by comparing
their retention time and mass spectra with the entries of the NIST14
(https://www sisweb.com/manuals/nisthtm) and Wiley 08 mass spectral libraries
(https://www sisweb.com/software/wiley-registry.htm). The data were normalized using
ribitol as the internal standard (Sodaer al, 2018). Peak identification and spectral
deconvolution were done using the GC-MS solution software provided by the manufacturer.
Pair-wise comparisons of the metabolite profiles were obtained by comparing the mean

standardized peak areas for three replicates.

3.2.17 Confocal microscopy

The tissue samples were cut into small pieces and washed with water into an Eppendorf tube.
The recommended concentration of the fluorescent dye solution was taken into an Eppendorf
tube and the tissue sample was dipped into it for 5 min. The tissue was then washed thrice with
clean water and mounted on a clean glass slide using Prolong Gold Antifade reagent with DAPI
(Life Technologies, USA). The shdes were visuahzed using Nikon A 1R confocal microscope

(Nikon, Japan) using 10X and 20X objectives.

3.2.18 TUNEL (Terminal deoxynucleotidyl transferase-mediated dUTP Nick-End

Labelling) assay

Roots of plants were fixed overnight at 4°C with 4% (v/v paraformaldehyde prepared in 1x
PBS, pH 7.4). The next day, the fixed roots were washed twice with 100% ethanol at room
temperature and incubated in 70% ethanol for 24 hours, These samples were then incubated in
Ix PBS for | hour and the solution was changed thrice (after every 20 minutes). Following this,
the root samples were incubated in 100 mM sodium citrate buffer (pH 6.0) for 15 minutes
followed by an application of microwave (350 W) for 1 minute. The samples were cooled
rapidly by adding distilled water. Thereafter. the samples were incubated in permeabilization
solution (0.1% Triton X-100 in 100 mM sodium citrate buffer, pH 6.0) at 37°C for 30 minutes.
Proteins were digested using proteinase K (20 pg/mL final concentration, in 10 mM Tris-CL,
pH 7.5 in a total volume of 100 pl) and incubation at 37°C for 30 minutes. Then the root

samples were washed with 1x PBS at room temperature.

For in situ TUNEL assay, root tips were cut approximately 1 em length from the root tip and

the TUNEL reactions were performed in microcentrifuge tubes (2 mL) using the DeadEnd™
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Fluorometric TUNEL System (Promega, USA) following the manufacturer’ instructions. The
reaction mixture consisted of 100 puL equilibration buffer, 10 pL of fluorescem-12-dUTP -
containing nucleotide mix and | plL of recombinant TdT (Termunal deoxynucleotidyl
transferase) (Promega, USA). The reaction was carried out at 37°C for 1-hour following which
it was stopped by adding 1 mL of 2x Saline-sodium citrate buffer (2x SSC; 300 mM NaCl in
30 mM sodmm citrate, pH 7.0). The root tips were stained with 1 pg/mL of propidium iodide
(final concentration prepared in 1x PBS) followed by washing thrice with 1X PBS. The root
tips were then mounted onto slides with Prolong Gold Antifade reagent with DAPI (Life
Technologies, USA) and the slides were visualized under a confocal microscope (Nikon AIR,

Nikon, Japan) using a 20x objective.

3.2.19 Octet Assay (Bio-Layer Interferometry)

Protein-protein interaction was determined using Octet (ForteBio), which is based on the
concept of Bio-Layer Interferometry (BLI). It was used to pull out the interacting partners of
the target proteins from the crude plant protein extract. Since the target protein had poly-His
tag, the Anti-His antibody coated biosensor was used for the experiments. The biosensor was

was hydrated in a 96-well plate for 10 min in 200 pL buffer used for protein purification ( 150
mM Tris-HCl, pH 7.2). The first step was the loading step where the target protein was coated
onto the biosensor. The biosensor was dipped in 200 pL of the target His-tagged protein for 10
min, followed by washing in the Tris-HC| buffer for 5 min. Next the target protein coated
biosensor was dipped in the crude protein extract for 10 min, tollows by washing in the Tris-
HCI buffer to remove unwanted proteins. The bound proteins were eluted in 200 pl elution
buffer { 150mM Tris-HCI, pH 7.2). The steps of dipping in crude protein extract to elution was
repeated multiple times to concentrate the eluted proteins in the elution buffer. The eluted
protein was run on 1.5 % SDS-PAGE gel to confirm the eluted protens, which was further gel

eluted and given for mass spectrometry for identification.

3.2.20 Yeast-two hybrid assay

Yeast-two hybrid assay to determine the interaction of OsDJ-1C & D with various

proteins

For yeast-two hybrid assay to check one-to-one interaction, the coding sequence for OsDJ-1C
& D were cloned in pGBKT7 wvector such that the DNA-binding domain of the GAL4
transcription factor is fused with OsDJ-1C & D (BD). Also, all the four protems were cloned
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in Y2H one-to-one interaction vector pGADT7 (AD). Freshly prepared yeast AH109
competent cells resuspended in PEG/LiAc solution were then co-transformed with the AD-BD
pairs and grown on a two-dropout SD media (-Leu-Trp). Colonies were replica-plated onto
SD/-Trp/-Leu/-His three-dropout (3DO) selective medium for the selection of interactors.
Finally, the interaction was checked by replica plating on a four-dropout medium (SD/-Trp/-
Lew/-His/-Ade). containing the chromogenic substrate, for the reporter gene (MEL] coding for

w-galactosidase), X-a-Gal.

3.2.21 Agrobacterium-mediated transformation of rice (PB1 variety)

Rice var. PB-1 was used for the generation of transgenic plants. The tissue culture method as
detailed by Sahoo et al (2011) was followed. The temperature in the tissue culture room was
maintained at 28°C with 14 hr light and 10 hr dark cycle. Seeds were surface sterilized and
inoculated on callus induction media (MC1). The composition of the MCI media is as follows:
MS salts containing all vitamins and supplemented with 30 g/ maltose, 0.3 g/L casein
hydrolysate, 0.6 g/ L-Proline, 3 mg/L 2, 4-dichlorophenoxyacetic acid (2.4-D), 0.25 mg/L 6-
benzylaminopurine (BAP), pH adjusted to 5.8 before autoclaving and gelled with 3.0 g/L
phytagel. The inoculated seeds were incubated at 27=1°C in dark. After fourteen days of
incubation in dark, callus was selected based on its embryogenic origin. These selected
embryogenic calli were divided into approximately three equal parts and sub-cultured again
onto a fresh MCI and were further incubated in dark (27+1°C) for 4 days before transformation

with Agrobacterium tumefaciens.

Preparation of Agrobacterium tumefuciens competent cells and transformation

The Agrobacterium tumefaciens (LBA4404) cells were streaked from the glycerol stock on an
LB agar plate containing rifampicin (10 mg/L) and streptomycin (25 mg/L). The plate was
incubated at 28°C for 48 hrs in dark. Then, a single colony was picked and mnoculated into 5
mL of YEM broth medium as a primary culture containing the same selection markers, The
culture was incubated at 28°C for 48 hrs at 200 rpm in dark. After that, 0.5 mL of primary
culture was inoculated into 50 mL of YEM broth medium to initiate secondary culture
containing the same concentration of rifampicin and streptomycin and incubated at 28°C and
200 rpm t1ll ODgoo om reached 0.5-0.6. The secondary culture was chilled on ice for 10-20 min
and transferred to Oakridge tubes. The tubes were centrifuged at 3000 rpm for 10 min at 4°C.

The supernatant was removed and the pellet was dissolved in 10 mL of ice-cold 100 mM CaCls.
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The cells were incubated on ice for 2 hrs and then were harvested by centrifuging at 3000 rpm
for 5 min at 4°C. The pellet was re-suspended in 1 mL of ice-cold 10 mM CaClz by gently
swirling the tube. An equal volume of 50% sterile glycerol was added to the suspension and
mixed gently. The competent cells were aliquoted into 100 uL in sterile pre-chilled micro-
centrifuge tubes and snap-frozen with liquid nitrogen. The frozen cells were stored at -80°C

freezer until use.

For transformation, the dgrobacterium competent cells otherwise stored at -80°C were first
allowed to thaw on ice for 10-15 min. 2 pg of plasmid DNA was added followed by incubating
on ice for 30 min. After that, the cells were snap-frozen in hiquid nitrogen for 1 min and
subsequently, heat-shocked at 37°C for 5 min. The cells were incubated on ice to recover for
10 min. Then 800 uL of YEM broth medium was added and the culture was incubated at 28°C
for 3 hrs with shaking at 200 rpm, in dark. Following incubation, the culture was centrifuged
at 3000 rpm for 5 min at 4°C and the supernatant was discarded leaving 100 pL in the tube.
The bacterial pellet was re-suspended and plated on a YEM plate contaming rifampicin (10
mg/L}), streptomycin (25 mg/L) and kanamycin (50 mg/L) antibiotics for plasmid selection.
The plates were incubated at 28°C for 48 hrs at dark to allow bacterial colonies to form. The

colonies were screened by colony PCR with various combinations of primers.

Preparation of Agrobacterium cells for the transformation of rice calli

Transformed Agrobacterium cells were moculated in 5 mL of autoclaved YEM broth
(HIMEDIA, M1824) supplemented with rifampicin (10 mg/L). streptomycin (25 mg/L) and
kanamycin (50 mg/L) using a single colony from a freshly streaked plate. The culture was
allowed to incubate at 28°C for 16-20 hrs on a rotatory incubator shaker (Kuhner, Switzerland)
at 200 rpm in dark. The secondary culture was ineculated by adding primary inoculum at 1%
concentration and grown under similar conditions m a 500 mL flask containing the same
antibiotics as used for primary culture. Bacterial cells were allowed to grow till the ODsoonm
reached ~1.0. Then, Agrobacterium cells were pelleted down by centrifugation at 8000 x g for
15 min at 4°C. The pellet was re-suspended in MS re-suspension medium containing MS salts,
68 g/l sucrose, 36 g/L glucose, 3 g'lL KCI and 4 g/L MgCl:, pH 5.2 and 150 pM
Acetosyringone. The final cell density of the Agrobacterium suspension was adjusted to ODeoo

nm _"'U-3 .

Co-cultivation and selection of transformed calli
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Sub-cultured embryogenic calli were used for Agro-infection by submerging them in an
Agrobacterium cell culture (LBA4404) for 20-25 min with intermittent gentle shaking at 50-
60 rpm. The Agro-infected calli were dried on autoclaved Whatman No.3 filter paper for 5-10
min and placed on the co-cultivation medium (MCCM) containing MCL, 10 g/L glucose, pH
52, 150 pM Acetosyringone, and kept at 27+1°C in dark for around 48 hrs. Once
Agrobacterium growth appeared around the calli, they were rinsed with sterile water containing
250 mg/L cefotaxime 8-10 times, followed by drying on sterile Whatman No.3 filter paper and
shifted onto the selection medium (MSM; MCI containing 250 mg/L cefotaxime and 1.75
mM/L methylglyoxal) and thus kept for twelve days at 27+1°C in dark. Brown or black calli
were discarded after the first selection and only creamish healthy calli were placed onto a fresh
MSM media for the second selection and incubated at 27£1°C in dark for another ten days.
After the second selection, micro-calli so obtained were finally shifted onto fresh MSM media
for the third selection and allowed to proliferate at 27<1°C in dark for five days.
Regeneration of transformed calli

After three rounds of selection, black or brown micro-calli were removed and only creamish
coloured granular were placed onto the regeneration media comprising of MS salts, 30 g/L
maltose, 2 mg/L kinetin, 0.2 mg/L NAA, pH 5.8. 250 mg/L cefotaxime and 1.75 mM/L
methylghyoxal were added after autoclaving. Regeneration media was supplemented with 10
o/l and 8 g/l agarose during the first and second phase of regeneration, respectively. The
micro-calli were incubated for seven days at 27 £ 1°C in dark during the first regeneration.
Moreover, micro-calli were shifted onto a fresh second regeneration medium and incubated for

four days in light at 27 + 1°C.

Development of roots

The regenerated shoots were transferred to jam bottles containing rooting medium ( 1/2 strength
MS salt, 30 g/L sucrose, 3 g/l phytagel, pH 5.8; 250 mg/L cefotaxime and (.75 mM/L
methylglyoxal were added after autoclaving) and incubated for root development at 27+1°C
for a week. The rooted plantlets were transferred to vermiculite pots for hardening and covered
with polythene bags to maintain the moisture for seven days in the greenhouse. After seven
days, polythene bags were removed and the plants were transferred to earthen pots. Putative

transgenic plants were screened by PCR for the integration of transgene along with the wild

type.
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3.2.22 Screening of transgenic plants by Tissue-PCR

Putative transgenic rice plants were screened by using the RedExtract-N-Amp Tissue PCR kit
(Sigma-Aldrich, USA). In brief, 0.5 to 0.7 cm of leaf disks were cut into small pieces by a
sharp scalpel and transferred into a 2 mL micro-centrifuge tube. Extraction solution (50 plL)
was added to the samples and mixed thoroughly by vortexing. After that, the samples were
spun down and boiled at 95°C for 10 min. 50 pL of dilution solution was added to the samples
after cooling on ice. The mixtures were vortexed thoroughly to mix them properly. The leaf
extract supernatant was used directly as a template for PCR reaction. The PCR reaction was
prepared by 10 pL of RedExtract-N-Amp PCR ready mix. 2 pL of leaf extract and 400 nM of

each primer in a 20 pL of reaction volume.

3.2.23 lsolation of native total plant protein for glyoxalase enzyme activity

For enzyme activity, total plant protein was extracted under native conditions with special
precautions. All the steps were carried out at 4°C, 200 mg of fresh leaf tissue was powdered in
liquid nitrogen by using mortar and pestle. The fine powder was homogenized with ice-cold
extraction buffer contamning 100 mM potassium phosphate buffer- pH 7.0, 50% glycerol, 16
mM MgS0Oy and 0.5 mM PMSF. The homogenate samples were centrifuged at 12000g for 30
min at 4°C. The supernatant was used as a crude extract (enzyme homogenate) for the assay of

various enzyme activities after quantification.

3.2.24 Primer tables

All the primers were designed using primer3plus software (http:/primer3plus.com/egi-
bin/dev/primer3plus.cgi) with default parameters. The uniqueness of each primer in the rice
genome was rechecked by primer blast at NCBI database
(https://www.ncbinlm.nih.gov/tools/primer-blast/). All designed oligonucleotide primers were

synthesized from Sigma-Aldrich.

Table 3.4. List of primer pairs used in the various PCR studies.

Gene name Primer name Primer sequence
OsGLYH OsGLYI1 F GAGACTTGTGGCATTGCTGA

i OsGLYIl R CACCTTAATCATCATCACGAC
OsGLYIZ2 OsGLYI12 F TAACAGAGCATGAGGTTTCG
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OsGLYI2Z R | CAAAGTTGGAACAGATCAGG
OsGLYI3 OsGLYI3 F GGATTTTAGCCGTGTATGTTC
OsGLYI3 R | TGGACTTTGGAGTACAGACC
OsGLYH OsGLY14 F TTTGCTTGCTGTAACAGTCG
OsGLYM R | TATTCATGGGGATATCATGG
OsGLYIS OsGLYI5 F ACGTTCTTATGTCTCTCCTTTG
OsGLYI5 R | CAACTAACGTGTATGCATGG
OsGLYI6.1/6. | OsGLY16.1 F | TAGCAAGGATGGAGTACGTG
2
OsGLY16.] R | TGATCTAGCAAACCACAACC
OsGLYI6.3/6. | OsGLY16.3 F | ATTTGCATGTCCTACCTCAC
4/6.5
0sGLY16.3 R | CTTAGTGGAAAGGCAATCTG
OsGLYI7.1 | OsGLYI7.1 F | GAAAGTTAGCATTCCTGCTG
OsGLYI7.1 R | TCGCTGATTCCATACTTACC
OsGLYI7.2 | OsGLYI7.2 F | CATTCAAAAGAGCTTCCATC
OsGLYI7.2 R | GCAAGGATCAGATTAGAAAGC
OsGLYIS OsGLYI8 F CATTTCCTTGTTGACAGGTG
OsGLYI8 R | GCAAACAGGGTATCACAATC
OsGLYI9. | OsGLYI9.1 F | TGAAGTTGTATGTTGGTATTGG
OsGLYI9.1 R | AGTGGGAGCTTACAGTATTCG
OsGLYI9.2 | OsGLYI9.2 F | TGCTTGTTGTCTTCATAGCC
OsGLYI9.2 R | AGGCTTTCAATTTACCACATC
OsGLYI10 OsGLYI10 F | CAAGCTTGAGTTTGCGTATG
OsGLYI10 R | GGAGAACGATCGTAGTAGCC
OsGLYIT] OsGLYIIl F | GCTAGTACTGTCTGGGTTTGG
OsGLYI1l R | GAAACTCAGCTCAACTGCAC
OsGLYI1.2 |OsGLYII1.2 F | GTGGTGGTTCTTTTCTGATG
OsGLYI11.2 R | GAGAACTGATATCGTGCAATG
OsGLYII1.3 | OsGLYI113 F | TTATTATGCCTGAAAGTTCTGAG
OsGLYI11.3 R | GTGCATGCCAAAAGTTATTC
OsGLYII OsGLYIIl F | GGAAACATTCAAGAAAATTATGGAC
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OsGLYIll F TGGTGGAGGATCCTGAATAC
OsGLYI2 OsGLYI1I2 F CTGTAGGTGGGGCTTACTGC
OsGLYIL2 F TGCACATCTGATGATGTCTCC
OsGLYIS OsGLYI1I3 F TTACGOAGTAGGCAGTTGGTG
OsGLYII3 F TGCAATGAAGTTGATCGAGTG
OsGLYIHT OsDIJ-1A F ATGCAGATGTGTGATCTGTGA
OsDJ-1A R TCCATCAATCAATCCATCAGCTA
OsGLYHI2 OsDJ-1B F GCCTGTCACCTGTGAGTGAT
OsDJ-1B R AGACAGCGTAAACTCACCGA
OsGLYIHIS OsDJ-1C F CACAGCTTTGGGCTTTCGTC
OsDJ-1C R CAGCTCCTTCTGCTCGTACA
OsGLYIT4 OsDJ-1D F GCGGTTGAGAGACAGTGTGA
OsDJ-1D R CACGGCATGAGAACAACAGC
OsGLYIHIS OsDIJ-1E F TGAGGCATCCTTTTGCTCGT
OsDJ-1E R ACCCAAAGGTGCAATATCCATC
OsGLYIHT6 OsDIJ-1F F CTCGCCGAGTTCATCGCTC
OsDJ-1F R TGACAGAGAGAACAGAGAAGCA
eEF eEF F TTTCACTCTTGGTGTGAAGCAGAT
¢EF R GACTTCCTTCACGATTTCATCGTAA
Actin Actin-F CGGTGTGATGGTTGGTATGG
Actin-R GCCTCAGTCAGCAACACAGG
OsMPE3 OsMPK3-F GCTCCAACCAAGAACTGTC
OsMPK3-R AGTCGCAGATCTTGAGG
OsMPES OsMPK4-F CGAGGTCTCCTCCAAGTACG
OsMPK4-R GCGAAGCAGCTTGATTTCTC
OsMPKs OsMPK6-F AGOGTCACCGCCAAGTACAAG
OsMPK6-R AGCAGCTTGATCTCCCTGAG
OsMPKI4 OsMPK 14-F TCCTGAGTTGCTCCTTTGCT
OsMPK14-R CGAGCTTTTGGGTTGTCAAT
OsMPK16-1 OsMPK16-1-F | CTTTGAGCATGTGTCCGATG
OsMPK16-1-R | TTGGTGCAAATCAGACTCCA
OsMPK16-2 OsMPK16-2-F | TGGAGTCTGATTTGCACCAA
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OsMPK16-2-R | TGCAAGGCCAAAATCACATA
OsMPKI7-1 OsMPK17-1-F | TCATCAGAGCGAACGATGAC
OsMPK17-1-R | TGCAACATAATCCGTCCAAA
OsMPKI7-2 OsMPK17-2-F | GCCTGCTAGAGCGTTTAC
OsMPK17-2-R | CCTTTGTCAGTTTCCTTCG
OsMPK2()-1 OsMPK20-1-F | TCGAGGAGGGATTTCAAAGA
OsMPK20-1-R. | CTTCAGGTCCCGGTGATAAA
Os MPK2()-2 OsMPK20-2-F | GCTATGGGGTTGTGTGCTCT
OsMPK20-2-R. | ACAATGTCCGGATGCCTTAG
OsMPK2()-3 OsMPK20-3-F | 5 GATGCTCCGTGCTTTGAAAT
OsMPK20-3-R | TGCAACATAATCGGTCCAGA
OsMPK2()-4 OsMPK204-F | TTTCGCTCCCAAGGACT
OsMPK204-R | CCCATTGCACTCAAATTCTC
OsMPK2)-5 OsMPK20-5-F | AGAGAACCATCATGCCAACC
OsMPK20-5-R | GTGTTTTCGGAGCCATTCAT
OsMPK21-1 OsMPK21-1-F | CGAGTGGCGATCAAGAAGAT
OsMPK21-1-R | ATGTCCCTGAATTCCCTCCT
OsMPK2]-2 OsMPK21-2-F | CCGGAGTTCTTCAGCGAGTA
OsMPK21-2-R | AGGAGGCGOGAGTAGCTTGAT
OsMKK 1 OsMEKI1-F ACCATCGGCAAATTCCTGAC
OsMEKI-R GAACCAACTGCACGATTCCA
OsMKK3 OsMKK3-F GTTGAATTCCAGGGTGCATT
OsMKK3-R TTCATGCAAGTAGCGCAAAC
OsMKK4 OsMKK4-F GOGACCATCGCCTACATGAGC
OsMEK4-R GGCGAGTCGGAGTAGCAAAT
s MKKG OsMKK6-F TCCGAGGAAACTGCAGATGA
OsMEK6-R TTTGCGAACTGCCTCTTGAA
OsMKK10-1 OsMKK10-1-F | GCCCCTGAGGAGAGAGAGAG
OsMEKI10-1-R | CCGTTGGACTTGCATCATTA
OsMKKI10-2 OsMKK10-2-F | ACCTCAAGCCGTCGAACCT
OsMEK10-2-R | CTACCCCGAGGCTCCACAC
OsMEK -3 OsMEK10-3-F | TGGAAACGAAAAGAAATGGAA

39



MATERIALS AND METHODS

OsMKK10-3-R | AGGCTAATCTCAGTGCAAGG
OsAKR3 AKR3 F GCTGTTCCTTCCCCAATGTA
AKR3 R CATATCTCTGCTGCCTCTTGC
OsAKRS AKRS F ACTGTCCCTGGGAGCTTCTT
AKRS R CAGAAGCGCAAATACACGAA
OsAKRI1 AKRI11 F TGCCATTGCTGCAAATAAAG
AKRI1_R TTTGCCGGTAAAGATTCTGG
OsAKRI® AKRI16_F AAAATGGAAGAGCGTTGCAC
AKRI16_R GCGCAAATTAAACATCACGA
OsAKRIS AKRI1S F TTCAGAACAGAACACAGTAGTCAGA
AKRI18 R TGGCATTGGCAACAACAATA
OsAKR22 AKR22 F TGGCCCTATGCACCAATAAT
AKR22 R CGAATAGAAGAAAGATAACAATTGAGC
Histone Histone P_Hind | CCCAAGCTTCAAGGCACTCTCTATGTCAA
HI-F
Hisone P_EcoR | CCGGAATTCTCAGATTTAATTTAAACTACATA
I-R ATATGCTTG
GATA GATA P Hindl | CCCAAGCTTACATACAAATATTTATGGGAGGG
II-F AGTT
GATA P EcoR | CCGGAATTCACAAACAATAATTACTCCTTACC
I-R (5
MYB MYB_P_Hindll | CCCAAGCTTCCAAGCCAGCCACTGC
I-F
MYB_P_EcoRl- | CCGGAATTCACTACACTTTGCATGCTCCAG
R
B3 B3_P_Hindlll-F | CCCAAGCTTTCTTTGTACGTCTCTTAAGAATTT
ATGG
B3 P EcoRI-R | CCGGAATTCTAAACGCACACACATGCTCTC
Hairpin Hairpin_P_Hind | CCCAAGCTTTCTCAGAACTCATCTCAGGGTT
1I-F
Hairpin P Eco | CCGGAATTCCAAGGAACGCACGACAGCTA

RI-R

40



RESULTS AND DISCUSSION (PART-1)

Exploring the mechanisms of MG accumulation and detoxification: Tissue and developmental
profiling in IR64 and Pokkali
4.1 Background

MG formation and detoxification have been studied extensively in different organisms, including
microbes and animals (Rhee er al,, 1987; Kalapos and Biology, 1999). However, there are many
aspects of MG homeostasis in plants that need investigation. For instance, there aren’t vet any reports
unravelling catalytic mechanisms for MG formation in plants as against prokaryotes, which possess
MG synthase. Functional studies have established the role of MG-scavenging glyoxalase proteins
under stress conditions as well as in developmental processes (Deswal et al., 1993; Veena et al., 1999;
Yadav et al., 2005; Lin ef al., 2010; Singla-Pareek et al., 2003; Singla-Pareek et al., 2006; Singla-
Pareek et al., 2008; Ghosh et al | 2016; Gupta et al., 2018; Sankaranarayanan et al., 2015). However,
detailed spatiotemporal profiling of MG can give important clues regarding the physiological
processes involved in MG homeostasis. In addition, the presence of multiple GLY genes, i.e.. 11
GLYL 3 GLYII (Mustafiz et al.. 2011) and 6 GLYIII (Ghosh er al., 2016} in plants, also warrant an
in-depth expression analysis along with the determination of their enzymatic activities. Further,
equally important 15 to determine the role of other detoxification enzymes, like aldo-keto reductases
(AKRs). Since AKRs are not extensively studied in plants, we do not know how many copies of these
genes exist in rice. A genome-wide study 1s needed to elucidate such information and to further
unravel their role and regulation in plants. A better understanding of the MG detoxification process
in totality will be beneficial for designing crops with efficient MG detoxification capabilities. Also,
the agronomical application of MG as a biomarker can help in the primary screening of stress-tolerant
plants from large populations rapidly and cost-effectively.

In the present study, we have carried out the spatiotemporal profiling of MG in two different rice
varieties, L.e., salt-sensitive IR64 and salt-tolerant Pokkali. In parallel, we have also analysed the

expression of different GLY genes, coupled with glyoxalase enzyme activity in the two rice varieties
4.2 Results

4.2.1 Comparative analysis of spatiotemporal variations in MG levels in salt-sensitive, IR64 and

salt-tolerant Pokkali

IR64 and Pokkali rice varieties were grown in pots under similar greenhouse conditions. Samples
were harvested from various tissues at different developmental stages (Figure 4.1) and stored at -80°C
till further processing. These samples were then used for MG estimation, RNA extraction, and GLY

enzyme assays, using the protocols described in the Materials and Methods section (Chapter 3). Three
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leaf samples, i.e., flag, second and third, were taken, while the stem samples were divided into top.

middle and bottom,.

p————— Vegetathe phase ‘ Reproduciion phase ———  Ripening phase —

Figure 4.1: Stages in growth and development of rice. In our study, we used tissues from the
seedhing, tillering, flowering and mature stages of rice for the determination of MG levels and
expression profiling of glyoxalases. Among the tissues, we used flag leaf, 2™ leaf. 3™ leaf, top stem,
middle stem, bottom stem, root, panicle and seed for profiling.

4.2.1.1 Profiling of MG across various developmental stages and in different tissues

MG levels were estimated in several tissues harvested during different developmental stages and
variations were analysed between [R64 and Pokkali (Figure 4.2). At the germination stage, [R64
shoots had around 3-times higher MG levels than found in Pokkali shoots. However, in roots, the MG
levels were almost equal in both the genotypes. Notably, roots of both, IR64 and Pokkali, have
extremely low MG levels as compared to shoots, Further, at tillering stage, IR64 had higher MG
levels m all tissues analysed compared to that in Pokkali. The MG levels in leaves were marginally
higher than in stems in both the genotypes, though the difference was more pronounced m 1R64.
However, during tflowering. Pokkali had greater MG levels than IR64 in different tissues (except root
and panicle) i contrast to that seen during tillering stage. In the mature stage, the MG levels are
similar in all tissues, except flag leaf, root and seed. In mature leaf and seed, IR64 had much higher
MG levels, whereas, in the root, Pokkali had higher MG.
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Figure 4.2: Comparison of the spatiotemporal profile of MG in two contrasting rice genotypes, salt-
sensitive [R64 and salt-tolerant, Pokkali. Absolute levels of MG were measured in triphicates, as
described in Materials and Methods (Section 3.2.13).
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4.2.1.2 Expression profiling of Glyoxalase genes

The RNA isolated from various tissues of IR64 and Pokkali was used to make ¢cDNA which was then
used to quantify the expression levels of different Glv genes (Figure 4.3).

At the germination stage (Figure 4.3a). expression of only a few Gly/ genes could be detected in both
genotypes, with Pokkali exhibiting relatively higher expression of these genes than IR64. Simular was
the case for GhvIII3 genes. In IR64. GIvi-9.1, Glvi-11.1, Glvi-11.2, GlviiI-2, Glvil-3 and GivliI-2 had
higher expression in shoots than in roots. Similarly. Pokkali also had a high expression of Ghl-11.{,
Givli-2, Glplfl-2 and GlyllE-5. Of which Glv/-11.1 was expressed the most.

During tillering stage (Figure 4.3b). IR64 showed higher expression of Gly genes compared to
Pokkali. Glvl-7.2 and Glvl-9.4, along with Glvill-2 were expressed at higher levels in IR64 leaves,
whereas the stem had a higher expression of Gly//-2 genes. On the other hand. Pokkali showed higher
expression of Glv/-11.1 in almost all the tissues. While [R64 exhibited higher expression of Glvif
and Glvlil genes.

During the flowering stage (Figure 4.3¢), IR64 tissues generally had a higher expression of Gly genes
compared to Poklkali. Except for Glyl-6.1 and Glvd-11.1 which had higher expression in [R64 leaves.
Similarly, IR64 leaves also had higher expression of GhJ/I-2, Glvll-3, GlyllI-1 and GlvllI-2 genes.
All the tissues in Pokkali had a higher expression of Glvl-1{.1 and Glvli-2 genes. Further, Pokkali
leaves had a relatively higher abundance of even GlvIlf-2 and Glvfll-4 genes.

During the maturation stage (Figure 4.3d), Glv/-11.1 1s highly expressed in both [R64 and Pokkali
compared to other genes, with its levels being higher in all tissues of Pokkali. Similarly, Giyfl-2 and
Glyvll-3 were expressed in almost all the tissues, but higher in IR64 compared to Pokkali. IR64 leaves
had a higher expression of Glvlll-2 and GlyllI-5, whereas all the tissues in Pokkali had an abundance
of Glylll-4.
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Figure 4.3: Comparative tissue-specific expression profile of Giy genes in the two contrasting rice
genotypes, 1.e., salt-sensitive IR64 and salt-tolerant, Pokkali, at (a). Germination, (b). Tillering, (¢).
Flowering, and (d). Maturation stage. The relative expression levels of genes are presented using
fold-change values (2°-AACt), normalized to the efla gene.
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4.2.1.3 Tissue-specific and developmental variations in glyoxalase enzyme activity

The tissue harvested from different developmental stages of IR64 and Pokkali was used to extract
crude protein which was then used to measure different types of GLY activities, viz. GLY1, GLYl
and GLYIII (Figure 4.4). At the germination stage (Figure 4.4a), GLY1 activity was higher in [R64
shoots compared to Pokkali shoots. On the contrary, in the roots of germinating seedlings, IR64 had
lower GLY1 activity compared to Pokkali. Further, GLY1l activity in shoots was not significantly
different between the two genotypes, but varied in roots, with Pokkali having slightly higher activity.
However, GLYHI activity was higher in IR64 shoots, with no difference in roots, between the
genotypes.

At tillering stage (Figure 4.4b). IR64 tissues exhibited greater or similar activities of GLY enzymes
compared to Pokkali. The leaves, however, showed greater variations between GLY1 & GLYIII
activity of IR64 and Pokkali. On the other hand, GLYIl activity was similar between the two
genotypes. In the case of roots, Pokkali had higher GLY Il activity compared to IR64 whereas GLYI
& GLYIII activity was higher in leaves in both IR64 and Pokkali.

During the flowering stage (Figure 4.4¢), Pokkali exhibited higher GLY | activity m all tissues, except
panicle as compared to [R64. However, GLY1I activities were not much difference between the two
genotypes, except in the second and third leaves. As against GLYL GLYIII activity was higher in
IR64 plants. The enzyme activity showed greater differences in leaves, followed by stem and root. In
panicle, GLY1 and GLY1I activities were similar between IR64 and Pokkali but GLY 111 activity was
higher in IR64 panicles.

During the maturation stage (Figure 4.4d), GLY1 activity in tissues of IR64 was either slightly higher
or equal to Pokkali. While GLYIl & GLY1I activities were almost similar in all tissues in both
genotypes.
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Figure 4.4: Comparative study of the enzymatic activity of GLY proteins in the two contrasting rice
varieties, e, salt-sensitive [R64 and salt-tolerant, Pokkali, at (a). Germination, (b). Tillering, (¢).
Flowering, and (d). Maturation stage.

4.2.2 Genome-wide analysis of AKRs in rice: Identification, phylogeny, architecture and
transeriptional regulation

AKRs provide an alternate route of MG detoxification. However, they haven’t been studied
extensively in plants yet. There are a few reports which concentrate only on selected AKRs. For
instance, AKR/ overexpression in rice and tobacco was shown to improve seed longevity during
storage by detoxification of reactive carbonyl compounds (Narayana er all. 2017). Another study
established the role of AKR/ in the detoxification of glyphosate (Vemanna et al., 2017). Yet another
study, established broad substrate specificity of AKRs and indicated their protective role against small
and medium-chain aldehydes in rice (Auiyawong et al., 2017). In this section, we have tried to
identify all the AKRs present in rice and determine the most functionally active ones to be used either
alone or in combination with other genes, to improve the stress tolerance of rice. Further, we have
tried to analyse the regulation of these AKR genes using promoter and interactome studies. The

protocols followed for this analysis are given in the Matenals and Methods section 3.1 (Chapter 3).

4.2.2.1 In silico analysis reveals 28 putative AKR genes in rice

A total of 28 AKR genes (Table 4.1) were identified in rice coding for 46 AKR proteins (Additional
file 1: Table S1) through BLAST search using characterized AKRs as query in the RGAP database
(Kawahara ef al, 2013). These were further confirmed through domain analysis in Pfam database as
described in methods section. Nomenclature of the genes was done based on ascending order of their
chromosomal location (Table 4.1). The isoforms of a few genes mentioned in the RGAP database
were the same with no difference. and hence are errors of that have been mentioned in Table 4.1, All
the AKR proteins had only the AKR domain (PF03514.14) (Additional file 1: Table S2). The AKR
domains varied in size from 122aa in AKR12.1 to 336aa in AKR27.1 protein. However, most of the
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proteins. 1.e. 50 percent, had domain size between 250 to 300aa. Apart from AKR12.1, only AKR25.4

had an extremely small domain of 126aa. Only 9 proteins had a domain size greater than 300aa.

Table 4.1: List of putative Os4AKR genes in rice. The accessions highlighted have same coding and
protein sequences but were mentioned as different isoforms in the RGAP database.

1035

344

OsAKR 1 LOC Os01g43090 | LOC Os01g43090.1
OsAKR2 (AKR2) | LOC Os01¢62860 | LOC Os01g62860.1 936 311
LOC Os01g62870.1 036 311

OsAKR3 (AKRI) | LOC_Os01g62870 -5 =c 0 oo = T
. LOC Os01p62880.1 915 334

OsAKR4 (AKR3) | LOC Os01g62880 LDE‘ME)QEEEEEEEZ ;539 212
_ LOC 0s02g03100.1 1149 388

CRARD LOC_0s02g03100 "5 =502003100.2 1128 375
OsAKR6 LOC Os02¢57240 | LOC Os02¢57240.1 987 328
OsAKRT | LOC 0s03g13390 | LOC_Os03g13390.2 957 318
LOC Os03g41510.3 1203 400

OsAKRS LOC 0s03g41510 | LOC Os03g41510.4 882 293
285

LOC Os03g41510.8 804 267

OsAKR9 LOC Os04¢08550 | LOC Os04g08550.1 1014 337
OsAKR10 | LOC_0s04g26870 | LOC_Os04g26870.1 1053 350
OsAKR11 | LOC 0s04g26910 | LOC 0s04g26910.1 1056 351
LOC Os04g26920.1 477 158

OsAKR12 LOC 0s04g26920 | LOC Os04g26920.2 570 189
LOC Os04g26920.3 606 201

OsAKR13 LOC Os04g27060 | LOC Os04g27060.1 1068 355
OsAKR 14 LOC Os04¢37470 | LOC Os04g37470.1 1002 333
LOC Os04p37480.1 972 323

CEAKRLS LOE Ontign7ay L{}CFDsmzﬂéEﬂz 855 284
OsAKR16 LOC 0s04¢37490 | LOC Os04g37490.1 1074 357
LOC Os05g38230.1 1005 334

OsAKR17 LOC 0s0538230 | LOC Os05¢38230.2 981 326
LOC Os05g38230.3 594 197

OsAKRI1S LOC 0s05¢39690 | LOC Os05g39690. 1 957 318
LOC Os07g04990.1 1131 376

CEAKRLY LOC Os070R N [T oe DSDTEM'}?DJ 921 306
OsAKR20 LOC 0507205000 | LOC 0Os0705000.1 1134 377
OsAKR21 LOC 0s09¢39390 | LOC Os09g39390.1 1158 385
OsAKR22 LOC Os10g02380 | LOC Os10g02380.1 963 320
LOC Osl0g02480.1 993 330

QER LOC_0s10g02480 s == 5102024802 8§22 273
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OsAKR24 LOC 0s10202490 | LOC Os10g02490.1/2
| LOC_Os1028320.1 343
OsAKR25 LOC 0s10g28320 [LOC Osl0g2 /3 249
. LOC _Os10g28320.4 462 | 153
0sAKR26 LOC Os10g37330 | LOC Osl10g37330.1 1128 375
_ LOC Osl1g42540.1 1077 358
OsAkRT LOC. Osligd2sal Hor Osl1g42540.2 1020 339
1 | LOC Os12g29760.1 951 316
OsAKR28 LOC_Os12g29760 [ == Gal3p35760 3 - S

4.2.2.2 Physiochemical Features of AKR proteins and their localization

The AKR proteins were analysed using the ProtParam program (http:/web.expasy.org/protparam/) to
determine various properties of proteins such as isoelectric point (pl), and molecular weight (MW)
(Additional file 1: Table S3). Almost 70 percent of the proteins were between 300 to 400 aa in length.
The largest protein, AKRE.1/2 is 405 aa in length, with a molecular weight of 45.66 kDa, whereas the
smallest protein, AKR25.4 1s just 153 aa with a molecular weight of 16.77 kDa. The number of acidic
AKR proteins (27) is slightly higher than alkaline ones (19), with AKR26.1 having a pl of 9.42 and
AKR22.] and AKR28.1 having a pl of 5.33. Based on the instability index, the ratio of stable (22) to
unstable (24) AKR proteins is almost equal to 1. Almost all the AKR proteins are rich in aliphatic
amino acids. with their aliphatic index ranging from 78.46 to 99.92. Except for four amino acids. 1.e.,
AKR9.1, 12.2, 28.1 and 28.2, all the other AKR proteins have low hydropathicity scores (GRAVY <
0). indicating their hydrophilic nature.

The localization of AKR proteins was predicted using different in silico tools, pSORT, CELLO,
TargetP, ChloroP and BUSCA (Additional file 1: Table 54). The maximum number of AKR proteins
were found to be localized m the chloroplast (16) and cytoplasm (14). Ten AKR proteins were also
predicted to be localized in the nucleus. Only four AKR proteins were predicted to be mitochondrial.
Interestingly, four AKR proteins were predicted to be localized in the outer membrane of the
chloroplast, while two were predicted to be extracellular. On careful observation, it was found that
different sphice forms of the same gene had different localizations. For mstance, OsAKR3.1, 4.1 and
28.1 were cytoplasmic whereas there their corresponding splice forms AKR3.2, 4.2 and 28.2 were
nucleus localized. Similarly, AKRS.1/2/3/4/8 were chloroplastic whereas AKRE.5/6/7 were localized

i the nucleus.
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4.2.2.3 Chromosomal Localization and Genome Duplication

The AKR genes are distributed on all chromosomes except 6 and 8 (Figure 4.5). The 4™ chromosome
has the maximum number of AKR genes (8), followed by 5 genes on the 10" and 4 genes on the 1
chromosome. Further, two AKRs are present on chromosomes 2, 3, 5. and 7 each. whereas 1 AKR
gene is present on each of the chromosomes 9, 11 and 12.

Analysis of the various AKR genes using the Plant Duplicate Gene Database revealed the presence
of a large number of duplications which was further classified in five categories based on their origin
(Additional file 1: Table S6). Only two instances of whole-genome duplication (WGD) were found
between AKR2 & 7 and AKR7 & 22, On the contrary, 26 instances of dispersed duplication were
found. AKR12 and 13 were found to be proximal duplications. 7 gene pairs were found to be a result
of transposed duplications, AKR2 to 4 and AKR14 to 16 were tandem duplicates. Similarly, gene

pairs AKR11-2, 19-20 and 23-24 also originated due to tandem duplications.

HTEIER R EAS

Figure 4.5: Distribution of Os4AKR gene family members on rice chromosomes.

4.2.2.4 Phylogenetic analysis of Os4KR family

To uncover the phylogenetic relationship of the rice AKR gene family and enable their classification,
a total of 46 AKR proteins (Additional file: Table S3) were used to construct a rooted maximum
likelihood (ML) tree using MEGA-X (Figure 4.6). Based on phylogenetic analysis and the established

nomenclature of the AKR superfamily (https:/hosting. med.upenn.edu/akr/nomenclature’), the

OsAKR proteins have been classified into nine families (1 - 9) which are further divided into various
subfamilies (Fig. 2). Proteins between different families have less than 40% similarity, whereas

proteins within the subfamily have more than 60% similarity. Family 1 and 2 have two sub-families,
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while 3 and 4 have three subfamilies each. The proteins of families 5 to 9 have similarities of less

than 40% between them, and hence, are evolutionary more diverge.
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Figure 4.6: Phylogenetic analysis of OsAKR proteins. The maximum likelihood (ML) tree was
constructed using MEGA-X with 1000 bootstrap replicates. The OsAKR proteins are divided into
nine families (1-9) as per the established system of classification and indicated by different colours.

4.2.2.5 Gene and Protein Structures

AKR gene structure was analysed using the online GSDS server (Hu e al., 2015). The CDS of OsAKR
genes usually have a large number of exons and introns. Genes with a lesser number of exons have
large introns, while genes with more number of exons have smaller introns. A minimum of 2 exons
is present in Os4KRY. [, while a maximum of 12 exons 1s present in OsAKR27 [, The untranslated
regions (UTRs) are usually small in all the genes, except a few where either the 5°- or 3’-UTR 1s
large. OsAKR14.1 is predicted to lack both 5 and 3" UTRs while Os4KR5.! and 5.2 have no 5°-UT
region. Further, Os4KR3. 2 has an unusually large 5°-UTR, OsAKR25.4 has a large 3'-UTR.

The MEME software suite was subsequently, used to identify conserved motifs (1-10 motifs) in the

OsAKR proteins to elucidate their structural features (Figure 4.7). The motif arrangement in OsAKR
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proteins is in line with their classification into different families. Each group has its characteristic

motif arrangement. Most OsAKR proteins of family-1 have a 9-4-8-2 motif arrangement in the N-
terminal and a 6-5-7 arrangement in the C-terminal. However, family-2 proteins have a characteristic
8-2-3 motif core conserved among themselves. Further, family-3 is characterized by an 8-2-3-1-6
motif core, whereas a 3-1-6-5-7 motif arrangement is found in family-4 proteins. family-5 proteins
have a 9-4-8-2-3-6 motif arrangement, except for OsAKR21.1 and 26.1 proteins. Motif-10 1s specific
to OsAKRSE proteins and 1s located at the N-terminus of proteins. Similarly, family-3 and 4 have a
distinct motif-1, which is absent in other OsAKR proteins. OsAKR21.1 has just two motifs 1.e. motif

4 and 7, which is an exception as all other OsAKRs have multiple motifs.
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Figure 4.7: Analysis of the gene and protein structure of AKR family members in rice. (a). Gene
structure of the 23 4AKR genes and their isoforms. The UTR regions, exons and introns are represented
by blue, red and black colour, respectively. (b). Motif distribution i OsAKR proteins. The ten
different motifs are represented by different colours and their combined p-values are also shown on
the left side of the figure.

4.2.2.6 Analysis of CREs in the Os4KR gene promoters

Promoters (1kb upstream of the transcription start site) of the Os4KR genes were scanned for the
presence of cis-elements and therefore, to understand the mechanisms regulating the expression of
OsAKR genes (Figure 4.8). For simplification, the various cis-elements were divided into 4 broad
categories: (a). hight-responsive elements, (b). defence and stress-responsive elements, (¢). hormone-
responsive elements. and (d). growth and development responsive elements (Additional file 1: Table
S5). OsAKR ! was found to be enriched in hormone-responsive elements, like methyl jasmonate, and
hence. may be regulated by jasmonic acid. Simlarly, Os4KR7 and 9 are comparatively rich in light-

responsive elements, and thus, may be involved in photoregulation.
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CpG island prediction in the promoters of AKR genes revealed that only a few AKR genes. 1.e., AKR2,

6, 8 12, 14 and 2/, had only | CpG island. while most of the AKR gene promoters were devoid of
any CpG island. This indicates that epigenetics may have a very limited role in the expression of AKR
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Figure 4.8: Prediction of CREs present in the lkb promoter region of OsAKR genes.

4.2.2.7 Elucidating AKR interactome in rice

To gain an in-depth understanding of the regulatory mechanisms controlling OsAKR proteins, we
investigated the interactome made with all the identified OsAKR proteins using the STRING database
(Figure 4.9a). Each OsAKR protein was individually analysed for its interacting members. It was
found that most of the members had their unique interactome with a few commeon and other novel
interactors (Additional file: Table 57). For instance, Os) 28161 (a putative sorbitol dehydrogenase)
reacts with all members of AKR family-3 and 4. except AKR7. Similarly, all members of AKR family
3 & 4, except AKRS and 7, also interact with phosphoglycerate kinase (OS 10T0442100-00). Further,
NAD(P)H-hydrate epimerase (O510T0377800-01) interacts with all the members of AKR family-1
and 5, besides AKR26 and 27, Surprisingly, few members of AKR family 1 & 4 (AKR3, 4,9, 14, 15,
16, 23 and 24) were found to interact with GLYL-8 (OS05T0295800-01). Similarly, GLYI-8
(OS03T0659300-01) was found to interact with AKRY, 14, 15 and 23, all belonging to family-3.
AKRI17 and |8 share all interactors, and hence, it can be assumed that they perform similar functions.
Further, there were proteins that had unique interactions, indicating functional diversification. For
instance, AKR7 and 22 of family-3 were the only AKRs found to interact with a MATE efflux protein
(Os] _11501) and ferredoxin (OS03T0659200-01).

The AKR genes are known to have oxidoreductase activity (Mindnich and Penning, 2009). Based on
the various interacting patterns, it was found that OsAKR enzymes are involved in various processes,
including fructose biosynthesis. formation of xylulose-5-phosphate. and glutathione conjugation.
Co-expression analysis using STRINGS database revealed co-expression among OsAKR genes

(Figure 4.9b). We found a total of 12 incidences of co-expression of OsAKR genes. While Os4KR14
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gene show very strong co-expression with Os4AKR27, it shows a very weak co-expression with
OsAKR2. OsAKR20 1s expressed along with other Os4KR genes like Os4AKRS, 19, 21 and 26.
Similarly, OsAKR/0, 17 and 18 are also co-expressed.

We also analysed the occurrence of AKR genes in other organisms through the STRINGS database
(Figure 4.9¢). We found that AKR genes are found in all organisms from archaea to plants and
animals. While there is a very high sequence similarity among the various rice and other plant species,

sequence similarity decreases as the evolutionary distance increase.
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Fig. 4.9: Interactome analysis of OsAKR proteins. (a). OsAKR interacting partners: (b).
Coexpression analysis: (¢). Gene co-occurrence.

4.2.2.8 Temporal, spatial and stress-based expression profiling of Os4KR genes

A publically available Genevestigator database was used to extract the expression profile of rice AKR
genes. Since AKRS are critical for plant growth and development, we determined the temporal (Figure
4.10a) and spatial expression (Figure 4.10b) profile of these genes. Os4KR /4 data wasn't available
in the databases and hence, 1s not included in our analysis.

During the developmental stages. most of the Os4KR genes showed low to moderate expression.
While 13 Os4KR genes showed no expression, 7 genes showed very high expression during the
different developmental stages. During stage-2 and 5 of development, all the Os4KR genes showed
varying degrees of expression. During stages 1 and 4, several genes showed minimal or no expression.
However, Os4AKR{, 2 and Os4KR7 genes were highly expressed at developmental stages 6, 4 and 3,
respectively. Developmental stage 6 has generally higher expression of Os4AKR genes compared to
other stages.

Analysing expression levels in tissues revealed variations in the transcript profile of AKRs. Most of
the tissues showed very low expression of Os4KR genes. However, Os4AKR1] showed very high
expression n all tissues, except primary cells, While Os4AKR3 and /3 genes have a high expression
in callus, OsAKR2Y and 23 showed high expression in shoots, Similarly, Os4AKRS5 and /8 have a high
expression in inflorescence and primary cells. Os4KR5 had generally higher expression across all

tissues analysed.
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Fig. 4.10: Tissue-specific, developmental and stress-based variations in the expression profile of
OsAKR genes. Expression was analysed across different (a). developmental stages (b). tissues and,
(¢). stress conditions. Expression level are based on both the Affymetrix GeneChip and the mRNA-
seq datasets (P < 0.05) retrieved from Genevestigator database. The transcript level is expressed as
Log2 FC.

4.2.2.9 Effect of OsAKR genes under different stress conditions

To investigate the stress-mediated variations in the expression of Os4KR genes, we used the publicly
available Genevestigator data for extracting the transcript profile of AKR genes. This was followed
by validating the expression of a few genes with higher expression by qRT-PCR. Data for Os4KR14
wasn’t available and hence, is excluded from the analysis. Expression profile under different stress
conditions, like anoxia, cold, dehydration, drought, heat, salt, wounding, ABA, biotic and arsenic
treatments, revealed that not all Os4KR genes are stress-inducible (Figure 4.10¢). For mstance,
OsAKR 1S was highly expressed under osmotic stress caused due to dehydration, drought, heat, salt
and ABA treatments but wasn’t induced in response to anoxia, biotic or arsenic treatment. Cold and
heat stress witnessed the expression of many OsAKR genes. Few stresses caused the expression of
only one or two genes, like OsAKRI3 in cold and Os4KRIS in drought and under ABA treatment.
Similarly, only the Os4KR/{3 gene was expressed in arsenic stress, as compared to Os4KR16 and /8
under dehydration stress. While Os4KR23 i1s highly expressed under biotic stress, OvAKRI3 1s

dominant under anoxia, cold and arsenic stresses.

4.2.2.10 Comparative response of AKR genes to stress in IR64 and Pokkali
Based on the expression profile of Os4KAR genes under different conditions, six genes (3, 5. 11, 16,
18 & 22) were short-listed for further analysis by qRT-PCR (Table 4.2) under different stress

conditions, i.e., salinity, oxidative, heat, drought, cold, heavy metal and biotic stress. We chose two
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different rice varieties, salt-sensitive IR64 and salt-tolerant Pokkali. The expression profile was

determined at different time points (1, 2, 8, 12 and 24 hrs).

Under salimity stress (Figure 4.11a), in IR64, only the AKRS gene showed an imitial —2.5-fold
upregulation at | hr, whereas the other five AKR genes didn’t show any drastic change in expression
pattern. However, the AKR3 gene showed ~7.5-fold up-regulation by 24 hrs of salimity stress. In
Pokkali, the AKR genes didn’t show any significant change in expression pattern, except AKR22
which showed an expression peak (~10-fold induced) at 8 hrs.

Expression of AKR genes in IR64 under oxidative stress (Figure 4.11b) showed a slight decrease with
time especially at 8 hrs followed by restoration at 24 hrs. Similarly, in Pokkali, there was an initial
down-regulation for most of the genes at | hr, followed by restoration at 24 hrs. However, AKRI&
and AKR22 genes peaked with respectively 5- and 10- fold induction at 8 hrs.

Under heavy metal stress (Figure 4.11¢) in IR64, AKR3 and AKRIS genes showed gradual down-
regulation from 1 hr to 24 hrs. In Pokkali under heavy metal stress, AKR genes showed down-
regulation at 1 hr followed by stabilization to levels equivalent to untreated control by 24 hrs. Again,
AKR3 and AKR22 showed an expression peak at 8 hrs, whereas AKRS showed an expression peak at
12 hrs. Notably, 4AKR22 was also induced in IR64 at 8 hrs.

Under heat stress (Figure 4.11d), AKR genes in IR64 showed a general down-regulation. Only the
AKRS gene was ~5-fold up-regulated (at 1 hr), whereas the other five AKR genes were down-
regulated. Comparatively, under heat stress, Pokkali generally showed no change in transcript levels
of the AKR genes at 24 hrs though levels fluctuated at earlier time points. At | hr, AKRS and AKRS
were more than 15-fold up-regulated. However. expression levels of AKR 3, AKRS and AKR22 genes
also peaked at 8 hrs of stress in Pokkali,

In IR64, under cold stress (Figure 4.11e), only AKRS5 was ~5-fold up-regulated after 1 hr, whereas
other genes were down-regulated. AKR/6 and 22 genes showed slight up-regulation at 8 hrs. whereas
AKR3 was slightly up-regulated by 24 hrs. AKR genes in Pokkali under cold stress showed variations
in expression patterns. After 8 hrs, AKR22 expression increased significantly and by 24 hrs,
expression of all genes was upregulated.

Under drought stress (Figure 4.111), AKR genes in IR64 showed a general decline in expression over
the 24-hr stress, whereas, in Pokkali, there was an increase in expression of a few AKR genes,
especially at 8 hrs. Specifically, AKR3 and 22 were up-regulated after 8 hrs of drought stress.

Under simulated biotic stress (Salicyhic acid, 100 uM) (Figure 4.11g). AKRS, 1] and 22 genes in [R64
showed upregulation at 8 hrs but showed a decrease after 24 hr period, whereas, in Pokkal, AKR
genes showed an increase in expression after 24 hrs. In Pokkali, 4KR5 and AKRI6 were significantly

up-regulated.
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Figure 4.11: Temporal variations in the expression of selected OsAKR genes under different stress
conditions in two-week old seedlings of IR64 and Pokkali as determined by qRT-PCR. Transcript
levels were determined in response to (a). salinity, (b). oxidative, (¢). heavy metal, (d). heat. (e). cold,
(f). drought. and (g). biotic stress. Untreated samples served as controls. Expression level is expressed
as an average of log2 of fold change (Log2 FC) fromthree replicates (n=3).

4.2.3 Screening of drought-tolerant rice varieties using MG as a biomarker

In plants, MG can serve as a possible biomarker of the stress response (Kaur et al. 2014). Assay of
MG levels can be utilized to screen for plants with the potential for enhanced stress tolerance. To
prove our hypothesis, we screened a population of mutant rice plants generated via gamma radiation,
The screened plants were further analysed for drought tolerance. The detailed methodology has been
described in the Materials and Methods section (Chapter 3). IR64 rice seeds of M3 mutant lines were
procured from Professor Ashwani Pareek’s lab at INU, New Delhi. Mutant rice lines with the lowest

MG readings as well as healthy phenotype were selected for further studies (Table 2: Figure 3).
4.2.3.1 Screening of gamma-mutant rice plants

MG levels were measured in a total of 100 mutant rice lines (Figure 4.12). Non-irradiated IR64 (as a

sensitive check) and N22 (as a tolerant check) were also analysed. The MG levels in the mutant lines
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varied from as low as 1.86uM to as high as 29.85pM per gram fresh weight. Many mutants had MG

levels even lower than the salt-tolerant N22. whereas many lines had MG levels even higher than the

salt-sensitive [R64. Based on MG levels and healthy phenotype, a total of nine mutant lines were

shortlisted for further analysis (Table 4.2).

Mutant Lines

s )
sussabOCRSNNEUNY

gifagies

@ o - e

Figure 4.12: Estimation of methylglyoxal in the selected M3 mutant rice lines. All the readings
are mean of three biological and two technical replicates.

Table 4.2: Mutant rice lines selected for in-depth analysis for the drought stress imposed at the

reproductive stage.

4.2.3.2 Evaluation of the stress-tolerance ability of gamma-mutant rice

Yield Data of selected Mutants
S.No. | Selected Mutants MG (uM)

| 0] 541
2 38 0.05
= 108 737
4 22 8.58
5 1109 12.05
[ 1204 1594
7 12 16,49
2 48 32.44
9 37 353
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The shorthisted mutant rice lines were subjected to drought stress, with IR64 and N22 as controls. The

tissue was harvested just before recovery from drought stress. As expected, the control samples had
lower MG levels compared to the drought-stressed samples (Figure 4.13). In some mutant lines, the
change in MG levels was negligible like lines 108 and 86, whereas, in other lines, the change was
significant. This analysis helped us to identify the mutant lines which are much better adapted for
drought stress. Further, it also indicates that the lines with negligible change m MG levels due to
drought stress, i.e., 108 and 86, might have a much more efficient MG detoxification mechanism

compared to other mutant lines.
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Figure 4.13: Estimation of methylglyoxal in the selected M3 mutant rice lines. All the readings
were mean of three biological and two technical replicates.

4.4 Discussion

4.4.1. Spatio-temporal profiling of MG and Gly gene expression

Cumulative analysis of MG levels, Gy gene expression and their enzyme activities is of significance
to understand the MG generation and detoxification process in plants. Through this study, we found
leaves generally have higher MG levels in plants in comparison to other tissues, as seen in IR64 and
Pokkali genotypes, probably due to the photosynthetic activity of leaves. In particular, flag leaves
accumulate maximum MG compared to other leaves in both IR64 and Pokkali. In agreement, leaves
displayed a higher accumulation of Gly transcripts except for Ghfl-1. which 1s shown previously to
be root-specific. Likewise, GLY activity is also higher in leaves. Contrary to the general observation

of higher MG levels in IR64 than Pokkali across all developmental stages, we instead found Pokkali
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to have higher MG, specifically in shoots of the flowering stage plant. In agreement with this

observation, Gy gene expression and activities were also higher during this stage in Pokkali.
Among the different Gly gene isoforms, Glv/-11.1 and Glyv/i-2 were the highly expressed Gly genes
across different stages of development, both in IR64 and Pokkali. However, GlvlIl genes showed
developmental stage-specific expression. Both IR64 and Pokkali had higher expression of GlvlfI-2
and Glvlll-5 at the germination stage. At the tillering stage, while IR64 had an increased abundance
of Glvi{l-2 transcripts, Pokkali expressed Glv//f-5 at higher levels among other genes but lower levels
when compared to IR64. At the flowering stage, IR64 expressed more of GhIl-1 and GhdlI-2, while
Pokkali showed an abundance of GivllI-2, Glylll-4 and Glyvlll-5 compared to other genes. At the
maturation stage, [R64 expressed more of Glvlll-2 and Glylll-5, whereas GhJll-4 was the most
highly expressed Glylll gene in Pokkali tissues.

Usually higher GLY enzyme activity was observed in tissues with high MG levels and high Gly gene
expression. Further, IR64 had higher GLY activity than Pokkali at all developmental stages, except
in the flowering stage. The difference between GLYI activity of IR64 and Pokkali tissues is higher
when compared to GLYIl and GLYIIL In the maturation stage, the GLYIIl activity of IR64 and

Pokkali seems to be almost similar.

4.4.2. Genome-wide analysis of AKR family in rice and expression under different stress

conditions

AKR family proteins are found in all organisms, from the archaea to plants and animals, as revealed
by gene co-occurrence. However, over the course of evolution, these AKR proteins haven't
diversified much in terms of acquisition of other domains (Additional file 1: Table S2). Further, they
are varied in size and vanations are also observed in their physio-chemical properties.

Considering the diverse role of AKR proteins in various metabolic reactions, their localization in
different cellular compartments 1s completely justified. The number of AKR proteins predicted in the
nucleus was much higher compared to mitochondria. This is surprising because mitochondria is the
central hub of metabolic reactions occurring in the cell (Aon and Camara, 2015), However, a large
number of AKR proteins in the nucleus may be necessary to support the redox-dependent activities
of the nucleus (Go and Jones, 2010). Some AKRs were also present in chloroplast and cytoplasm.
Further, extracellular localization of two AKRs may be necessary to support the large number of
metabolic activities taking place in the apoplastic space (Guerra-Guimardes et al., 2016).

There were just two instances of WGD of AKR genes compared to numerous single-gene
duplications. This indicates that the expansion of the AKR gene family in nice occurred mainly due
to single-gene duplications, which are known to play an instrumental role in imparting key

environmental adaptations (Freeling, 2009; Panchy ef al., 2016; Wang ef al., 2012). Hence. it can be
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assumed that the AKR family in rice expanded for better adaptation to the evolving environmental

conditions.

Gene and protein structure analysis justifies the classification of the OsAKR protems into nine distinct
families. Each family has its characteristic motif arrangement. The presence of certain motifs in
proteins of a particular family identify unique characteristics of that protein and indicates functional
distinctness. For instance, OsAKRS protein has a unique motif-10 at the N-termmal which is absent
in other OsAKR protemns. Similarly, motif-1 is present only in the proteins of family-3 and 4. The
presence of unigque motifs in certain OsAKR proteins thus indicates their structural and functional
uniqueness.

CREs present in promoters may give important hints regarding the regulatory mechanism behind gene
expression (Bitas er al, 2016). However, extra layers of regulation, such as enhancers, silencers and
epigenetic modifications, can make identification of such regulatory mechanisms quite difficult
through promoter studies. When the CRE profile of Os4AKR promoters was compared with the
expression data, we couldn’t identify any concrete relationship. Since there were very few CpG
islands in the promoters, it's quite possible that DN A methylation may not be playing a major role in
the expression of these genes. Hence, one possible explanation is that there may be CREs beyond the
analysed lkb region, which may be playing a role in the expression of Os4KR genes. Further, other
epigenetic modifications like histone modifications may be involved in the expression of these genes
(Pikaard and Scheid, 2014).

The interactome analysis of OsAKR proteins helped to identify genes with similar interacting partners
and which may indicate their functional relatedness. For example, OsAKR17 and 18 have the same
set of mteractors. Similarly, co-expression analysis correlated with the identified gene duplication
events. For instance, OsAKRIY & 200 which are tandem duplicates, are co-expressed. Similarly, the
dispersed duphicates OsAKRI7 & & are also co-expressed. Hence, we can conclude that Os4KRI7
and /& are duplicates that are co-expressed and may be performing the same function.

Careful analysis of publically available data can help to deduce important imformation of many genes.
For instance, s AKR19-20) and OsAKR23-24 are tandemly duplicated genes, and may have the same
expression. However, only Os4AKR/9-2() have the same expression in tissues, as well as
developmental stages but showed different responses under stress conditions. On the other hand,
OsAKR23-24 didn’t show any similarity in expression pattern, except developmental stages.
Similarly, OsAKR2 was expressed in inflorescence tissue as well as during heat stress. Since heat
stress mainly affects inflorescence causing sterility in pollens, Os4AKRZ can be a probable candidate
for heat stress tolerance. Similarly, Os4AKRS, 10, 11 and 16 were expressed under wounding as well
as biotic stress. Hence, these can be ideal candidates for tolerance against insects feeding on rice

plants. Further, most of the Os4KR genes, like 1. 21, 22 and 23, were found to exhibit high expression
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during the grain filling stage. At this stage. plants are involved in filling the grains and hence, there

is a high fructose metabolism, which is one of the metabolic pathways controlled by AKRs. Callus,
inflorescence and shoots in rice are often metabolically very active. While callus is actively involved
in utilizing the medium, the inflorescence is metabolically active during the grain filling stage.
Similarly. shoots are also involved in the transport of metabolites as well as photosynthesis in rice.
Hence, it is quite understandable to have a high expression of OsAKR genes.

Expression analysis of selected AKR genes in [R64 and Pokkali gave useful isights regarding their
function during stress conditions. In IR64, the 4KR genes showed significant changes in gene
expression up to 12 hrs. On the contrary, in Pokkali, a few AKR genes reached their expression peaks
by 8 hrs and then subsided. The expression peak at 8 hrs of a few AKR genes in Pokkali under most
of the stress conditions indicates a regulatory mechanism different from [R64. OsAKR22 was highly
up-regulated in Pokkali and IR64 under different stresses, and hence, can be an important candidate
for further investigation. Similarly, OsAKRS was upregulated specifically under biotic stress in both
varieties. Under drought conditions, Os4KR3 was particularly up-regulated and hence, may have a

drought-specific role.
4.4.3. MG as a biomarker for stress

Identification of stress-tolerant lines from a large population based on morphological parameters 1s a
tedious process. Evaluation at the genomic or proteomic level is a good strategy, but it gives a partial
picture. Since the plant system is complex, a minor change can initiate a cascade of changes, and
hence, evaluating just one gene or protein to derive a conclusion is not sufficient. MG is a direct
consequence of stress in plants, and hence, it gives a much better estimation of the stress-tolerance
capacity of plants. Our experiments to use MG estimation assay as a biomarker for stress tolerance
helped m the identification of mutant rice lines which are unaffected by drought stress. Hence, this

MG estimation assay can be applied as an effective strategy for screening stress-tolerant limes,
4.4 Conclusions

The Glv pathway 1s the major MG detoxification mechanism operative in plants. However. the large
number of Gly gene isoforms adds to the complexity of the detoxification mechanism. Spatial-
temporal profiling of Gly genes in IR64 and Pokkali, coupled with MG estimation and GLY enzyme
activity, gave useful insights regarding the MG detoxification process. The different isoforms of Gly/
& I genes had different expression patterns, but a few 1soforms were expressed at all development
stages. On the contrary, Glvlll 1soforms showed different expression under different developmental

stages. Further, photosynthetically active leaves were found to have higher MG levels, which may be
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the reason for higher GLY activity observed in those leaves. Comparative analysis between IR64 and

Pokkali, two contrasting genotypes for stress tolerance revealed IR64 to have higher MG levels
compared to Pokkali during all the developmental stages, except flowering. To cope with higher MG
levels, IR64 has a higher expression of Gly genes in all the tissues and stages, except flowering. In
the flowermg stage, Pokkali has a higher expression of Gly genes, as well as GLY enzyme activity.
In a few cases, high MG levels were observed in a few tissues, but the corresponding expression of
Gy genes and GLY activity was not enough. This was an indication that other detoxification pathways
may also be playing a role in MG detoxification. Being functionally diverse in terms of substrate
specificity, AKRs are crucial in almost every metabolic pathway, including MG detoxification.
Genome-wide identification of AKR genes in rice, followed by expression analysis helped to identify
of Os4AKR3, 5 and 22 as potential AKR genes that can be explored further for stress tolerance.
However, the excessive focus on the detoxification of MG has ignored the physiological significance
of MG. The use of MG as a biomarker for stress tolerance in plants can assist in the development of

newer screening strategies during breeding programs.
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Systemic variations in the amino acid profile of rice due to MG using metabolomics
5.1 Background

Systemic view of the rice plants in response to MG 1s important to understand its full impact on plant
physiology. GC-MS 1s one of the most powerful technigues used for the study of plant metabolomies
{(Fiehn er al., 2001). It is considered a “gold standard™ in metabolomics. It has been used for the
analysis of primary metabolites (Schauer ef al, 2005; Lisec ef al., 2006; Willlams et al., 2007,
Lytovchenko et al., 2009: Shuman et al., 2011) as well as secondary metabolites (Field and Osbourn,
2008; Klahre er al., 1998).

Plants have evolved different stratesies to overcome stress conditions, One effect of these stresses is
the disturbance of cellular osmotic potential (Boudsoeq and Lauriére, 2005), which in turn affects
photosynthesis and ultimately, plant growth (Da Silva and Arrabaga, 2004). Accumulation of different
osmolytes, such as carbohydrates, betaine, proline and other amino acids, helps the plant to maintain
turgor pressure (Da Silva and Arrabaga, 2004). Amino acid metabolism is one of the strategies devised
by plants to overcome the adverse effects of different stresses. Amino acids, besides being important
building blocks of the plant, are a cnitical component of the plant metabolic machinery. Their
concentrations are known to vary under different stress conditions.

The first impact of different abiotic stresses (salinity, drought and cold) 1s on the cellular turgor
pressure due to disturbance in the plant-water homeostasis (Boudsocq and Lauriere, 2005). This in
turn affects the different physiological processes, such as photosynthesis, and reduces plant growth
(Da Silva and Arrabaca, 2004). As an adaptive mechanism to overcome these adverse effects, plants
accumulate different osmolytes to maintain turgor pressure, such as carbohydrates, proline, betaine
and amino acids (Da Silva and Arrabaca, 2004). The amino acids play an important role in
maintenance of turgor pressure, including opening and closing of stomata (Kamran, 2009). They are
known to increase amination in plants that leads to increase in crop yields without the use of fertilizers
(Shekari and Javanmardi, 2017). Amination is known to increase the total content of proteins, fats
and carbohydrates in plants, leading to increase in cellulose yield and plant’s dry weight (Osuji ef al.,
2011). Amino acids also play an important role in Cs4 metabolism, ammoniom fixation and
biosynthesis of different metabolites, like flavonoids. catechins. lignins and many others (Fraser and
Chapple, 2011).

Many studies have successfully established a direct or indirect correlation between amino acids and
stress response. For mstance, drought in maize led to a 4-fold increase in proline, a 4.5-fold increase
in asparagine, a 2.2-fold increase m serine and glycine, and a 1.5-fold merease in aspartic acid

{(Mohammadkhani and Heidari, 2008; Shekan and Javanmardi, 2017). Ammo acid-derived
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metabolites help in stress tolerance through different mechanisms, like providing mechanical strength
to plant cells, pollen viability, and protection against UV (Nair and Harris, 2004).
In this study, we have, therefore, determined the metabolite profile of rice seedlings to assess the
effect of MG on metabolic functions. Seeds of IR64 rice were grown in petri-plates under different
concentrations of MG (0, 2, 4. 6. 8 and 10 mM) for five days (Figure 5.1). The seedlings were
harvested after 5 days for further processing. The roots and shoots were harvested separately and
processed for GC-MS as described in the Materials and Methods section (Chapter 3).

Figure 5.1: Growth of rice seedlings in the presence of a different concentration of MG.

5.2 Results

When grown in the presence of MG, rice seedlings showed stunted growth as the concentration of
MG increases. While the shoots show a decrease in length, the roots are drastically affected with
almost no growth at 8- and 10-mM MG stress (Also discussed in section 6.2.1). Repeated experiments
established 8- and 10-mM MG to be lethal for rice. Hence, GC-MS analysis of both root and shoot
metabolites was done separately to assess the effect of MG in these tissues, especially the amino
acids. The experiment was repeated twice with two biological and two technical duplicates. A total
of 96 chromatograms were obtamed in this study. Representative chromatograms are shown in Figure

5.2
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Figure 5.2: Representative GC-MS chromatograms depicting elution profile of metabolites in
response to different concentrations of MG in (a). Shoot, and (b). Root.
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Metabolites identified through GC-MS can be classified into different chemical groups, and include

both primary as well as secondary metabolites. However, we focussed on the metabolites which
showed variations in response to MG, Amino acids are one such category of metabolites showing
variations with increasing doses of MG (Figure 5.3).

We could not detect alanine in roots of seedlings grown in the presence of MG whereas, in shoots,
alanine is present with the highest levels at 4mM MG, Smimularly, phenylalanine levels don’t increase
significantly in shoots in response to different MG concentrations. with the highest levels being
observed at 4mM MG concentration. In roots, however, phenylalanine levels are elevated at higher
(5-10 mM) MG concentrations. Further, leucine levels are highest at 2mM MG in shoots and 6mM
MG in roots, with no specific pattern of fluctuations. On the other hand. isoleucine levels don’t seem
to vary in response to increasing the dose of MG in shoots. At 4mM MG we could not detect
isoleucine in rice seedlings and at 8 and 10mM MG stress, no isoleucine was detected in roots. On
the other hand, norleucine levels decrease both in shoots and roots as MG concentration increases
and could not be detected in shoots after 4mM MG while roots maintain a relatively higher abundance
of norleucine levels. Further, valine levels decrease in shoots with increasing MG concentration but
increase at higher MG concentration in roots. Likewise, serine follows a pattern similar to valine in
roots. Notably, threonine abundance is highest at 4mM MG in shoots whereas, in roots, it increases
with an increase in MG concentration. In contrast, glycine levels decrease in roots with increasing
MG concentration. Like threonine, proline levels peak in shoots at 4mM MG and then decline. On
the contrary, in roots, proline levels increase to significant levels only at higher MG concentrations
of 8 and 10mM. Similarly, glutamme was detected in roots only at 8 and 10mM MG. Whereas in

shoots, its levels declined shightly with increasing MG concentration.
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Figure 5.3: Variations in the amino acid profile of rice seedling under different concentrations of MG

in (a). Shoots, and (b). Roots.

5.3 Discussion

Amino acids play an important role in plant physiology. Their accumulation as osmolyte is a common
response against abiotic stresses in plants (Planchet et al., 2011: Singh et al., 1972). Besides being
useful for recovery from stress, they act as a source of carbon and nitrogen for the synthesis of specific
enzymes and precursors of various secondary metabolites, such as lignins and flavonoids. They are
also involved in pH regulation and ROS detoxification (Rizwan er al.. 2016). They even act as
regulatory and signalling molecules (Munns, 2002). Studies have established the importance of amino
acid accumulation for stress acclimation. However, in some cases, they also act as a sink for excess
nitrogen, indicating cellular damage (Munns, 2002).

Proline and glutamate are two well-studied amino acids that are known to play a role in stress
tolerance in plants. Proline 1s involved in the induction of stress tolerance in plants. Its accumulation
helps in the maintenance of cellular osmotic potential (Haffani ef al, 2017). Besides, it also helps to
maintain ion homeostasis under ionic stress (Kamyab et al., 2016). It even upregulates the levels of
various antioxidant enzymes (Butt et al., 2016; Nayyar and Walia, 2003). Further, it scavenges ROS
and acts as a potential antioxidant itself (Kaul ef al., 2008). Glutamate 1s known to play multiple roles
in plant metabolism under normal as well as stress conditions. It is the precursor for many other
essential amino acids, such as lysine, argining and ornithine, and hence, indirectly regulates many
metabolic activities (Slocum, 2005). It 15 involved in the glutamate-glutamine cycle, and thus,
regulates glutamine metabolism. It is responsible for cellular osmotic adjustment, especially in guard
cells, and thus, regulates stomatal movement. Importantly, it is also involved in the biosynthesis of

glutathione which is a vital component of the antioxidant system, and hence, again indirectly controls
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the antioxidant defence. It is also involved in chlorophyll and vitamin B9 synthesis, and thus, affects

photosynthesis (Hanson and Gregory, 2011).

Since MG is also considered a stressor for plants, we determined changes in amino acid profile in
response to MG. For many amino acids, it was observed that their levels increase till 4 or 6mM MG
stress, and then decrease. In other cases, the opposite was true. i.e., amino acid levels decrease till 4
or 6mM MG stress, and then increase at higher concentrations of MG stress. This observation
correlates with the alteration in plant growth in respense to an increasing dose of MG. Up to 6mM
MG stress, the plant can tolerate MG and grow well, although growth is a bit stunted compared to
control plants. Howewver, at higher MG concentrations of 8 and 10mM MG stress, the plants show
retarded shoot growth with almost no roots. The sub-lethal MG stress up to 6mM MG stress may
prime the seeds for better stress tolerance and hence, the plants can survive. However, at the lethal
dose of MG (8-10mM). the plants get into the defensive mode and try to negate the lethal effects of
MG by rerouting their metabolism wvia alteration of various amino acids. Proline and glutamate are
two important amino acids that are known to play important role in stress tolerance in plants. While
in shoots, proline peaks at 4mM MG and then declines, the glutamine levels decline till 4mM MG
stress, and then again increase. However, in roots, both proline and glutamine have very low levels
till 6mM MG and then mcrease at higher MG concentration, Since roots are more affected than shoots
due to MG at higher concentrations, the increase in proline and glutamine indicates that the plants are
trying to counter the negative effects of MG through these amino acids. The results concur with the
earlier reports that implicate the role of amino acids in stress tolerance. Hence, it can be said that
plants try to tolerate MG stress by manipulating the level of different amino acids, especially proline

and glutammne.
5.4 Conclusion

Rice seedlings, under different concentrations of MG stress, modulate their amino acids levels
depending on the dosage of MG stress. Under sub-lethal stress, most of the amino acids, like
phenylalanine, leucine, threonine and proline, peak at either 4 or 6mM MG stress, and then decrease
at higher concentrations. However, in roots, amino acids usually increase with increasing MG stress,
like in the case of phenylalanine, serime, threonine, proline and glutamine. In the case of norleucine,
their levels decrease with increasing concentration of MG, At the lethal dose of MG, amino acids like
proline and glutamine increase in roots. These results indicate that rice plants accumulate amino acids

to overcome MG stress,
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Effect of MG at the cellular and molecular level

6.1 Background

MG is a cellular toxin that causes cell death at higher MG concentrations. However, nothing 1s
known regarding the effect of MG at the cellular and molecular levels. Hence, we decided to
explore this aspect of MG in plants.

In this study. we studied the effect of varying concentrations of MG on rice seedlings at the cellular
and molecular level using microscopic techniques. To study the effect of MG on cell death, we used
the TUNEL (Termmnal deoxynucleotidyl transferase-mediated dUTP Nick-End Labeling) assay.
Further, we used TEM (Transmussion Electron Microscopy) to analyse the effect of MG on the
ultrastructure of the cells and even studied the effect of MG on mitochondrial function using

fluorescent dyes.
6.2 Results
6.2.1 TEM analysis indicates disruption of cellular organelles at higher MG concentrations

Rice seeds were soaked in water overnight, followed by germination in Petri-plates under different
MG concentrations (0, 2, 4, 6, 8, 10 mM). After 5 days of germination, the rice seedlings were
harvested for further analysis. The samples were processed for TEM analysis as described in the
Materials and Methods section (Chapter 3). However, since the root growth was almost negligible
in rice seedlings under 8 and 10mM MG, we couldn’t process the same for TEM analysis.

Root and shoot lengths were measured before harvesting the samples (Figure 6.1). It was observed
that the growth of rice seedlings became stunted as the MG concentration increased (Figure 6.1a).
Both shoots and roots showed a gradual decrease in length as MG concentrations increased (Figure
6.1b). At 6mM MG concentration, the difference between shoot and root length was maximum,.
After 6mM MG concentration, the effect on overall growth was severe, especially, the roots which

were almost absent at higher MG concentrations.
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Figure 6.1: Growth of rice seedlings germinated in the presence of MG. (a). Seedlings after 5
days of germination in the presence of different concentrations (0-10 mM) of MG. (b). Shoot and
root length of rice seedlings after 5 days of growth at different MG concentrations. The results
shown are mean of five measurements.

The TEM analysis of these samples gave useful msights regarding the structural integrity of the cell.
Roots and shoots were analysed separately. In shoot samples (Figure 6.2), we could observe
mitochondria, Golgi bodies, plasma membrane and chloroplast. The mitochondria were structurally
intact. Their shape and size appeared to be normal. Similarly, the Golg1 bodies and membranes also
appear to be normal. However, starch accumulation could be seen in 6mM MG treated chloroplasts,
though its morphology was unchanged.

In root samples (Figure 6.3), we could observe mitochondria, Golgi bodies, plasma membrane,
vacuoles and cell wall. The mitochondria appeared to be intact at 2mM MG. However, some
degradation was visible at 4mM and 6mM MG concentrations. The Golgi bodies also could be seen
disintegrating at 6mM MG concentration. Notably, the plasma membrane became curvy at 2mM
MG and vacuoles showed signs of disintegration at 4mM MG onwards. However, the cell wall

appeared healthy and intact till 4mM MG concentration but appeared disintegrated at 6mM MG.
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Figure 6.2: Examination of cellular structures in shoots of rice seedlings grown in the presence of
MG through TEM. Red arrows show the damage in cellular structures.

6.2.2 MG causes cell death in a dose-dependent manner

fn situ TUNEL (Terminal deoxynucleotide transferase (TdT) dUTP Nick-End Labelling) assay 1s
used for the detection of in situ nuclear fragmentation which 1s observed during cell death. This
assay is based on the incorporation of labelled dUTP at the free 3"-termini of damaged DNA caused
due to breaks in inter-nucleosomal DNA. This assay can also be used to detect Programmed Cell
Death (PCD).

Rice seeds were soaked for 1 day in the water, and transferred to petri-plates containing different
concentrations of MG (0. 2. 4, 6, 8, 10 mM). The petri-plates were covered with aluminium foil and
kept in a growth chamber. After 2 days of germmation in dark, aluminium foil was removed and the
seedlings were allowed to grow in light in the growth chamber. The samples were harvested for
analysis after 5 days of growth in light. The samples were processed for TUNEL assay as described
in the Materials and Methods section (Chapter 3). Propidium iodide (P1) was used to stain dead
cells. Dnase-treated samples were used as a positive control. The slides were prepared and

visualized under a confocal microscope (Nikon A 1R Microscope).
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Figure 6.3: Examination of cellular structures in roots of rice seedlings grown in the presence of
MG through TEM. Red arrows show the damage in cellular structures.

The positive control sample, ie.. Dnase-treated samples showed a higher number of fluorescein-
labelled cells (green), indicating a successful TUNEL reaction (Figure 6.4). In control samples (0
mM MG), almost negligible fluorescence was observed for fluorescein. As the dosage of MG
increased from 0 to 10 mM. a corresponding increase in the green fluorescence of fluorescein-
labelled cells was observed. Significant fragmentation was visible at 6mM MG and thereafter, as
evident from the increasing fluorescence of fluorescein in cells. Similarly, the fluorescence of
propidium iodide (Pl) which stains dead cells also increased with increasing MG concentration.
Figure 6.5 shows DNA damage occurring in seedlings upon exposure to MG. DAPI was also used

to stain cells.
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Figure 6.4: Terminal deoxynucleotide transferase dUTP Nick-End Labelling (TUNEL) assay
to detect in situ nuclear fragmentation in rice seedlings grown in different concentrations of
MG. Rice seedlings were grown in different concentrations of MG (0, 2, 4, 6, 8, 10 mM) for 5 days
in a growth chamber. The samples were fixed with 4% paraformaldehyde (vacuum filtration)
followed by permeabilization with 0.1% Triton X-100. Approximately 1 c¢m of the fixed root tip
was cut and used for the TUNEL assay. The reaction was stopped by washing the samples in water
and mounted on slides, followed by visualization under a confocal microscope. The green colour
represents fluorescein (TUNEL assay), whereas red is for propidium iodide (PI). The image is at
10X magnification.
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Figure 6.5: Terminal deoxynucleotide transferase dUTP Nick-End Labelling (TUNEL) assay
to detect in situ nuclear fragmentation in rice seedlings grown in the presence of different
concentrations of MG at 10X magnification. Rice seedlings were grown in different
concentrations of MG (0, 2, 4, 6, §, 10 mM) for 5 days in a growth chamber. The samples were
fixed with 4% paraformaldehyde (vacuum filtration) followed by permeabilization with 0.1% Triton
X-100. Approximately 1 em of the fixed root tip was cut and used for the TUNEL assay. The
reaction was stopped by washing the samples in water and mounted on slides, followed by
visualization under a confocal microscope. The green colour represents fluorescemn (TUNEL assay),
whereas red 1s for propidium iodide (Pl) and blue indicates DAPL
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6.2.3 Mitochondrial potential is impaired at higher MG concentrations

TEM analysis mdicated that mitochondrial structure 1s affected due to higher concentrations of MG,
Hence, to evaluate the mitochondrial function, rice seedlings grown for 5 days under different MG
conditions (0, 2, 4, 6, & and 10 mM) were used. Since the roots were most severely affected. we
analysed roots using MitoTracker Orange CM-TMROS that stains the cells orange depending on the
mitochondrial potential. The non-fluorescent form of the dye is oxidized by molecular oxygen in
actively respiring cells, and hence, it can be used in the determination of the oxidative activity of
mitochondria. As the membrane potential decreases, mitochondrial oxidative activity decreases and

hence, the fluorescence decreases.
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The roots of the different samples were stained using the protocol described in the Materials and
Methods section (Chapter 3). Figure 6.6 shows the roots stained with MitoTracker Orange. It can be
seen that as the MG concentration 1s increased, fluorescence decreased. This indicates that
mitochondrial potential decreases at higher MG concentrations and as a result, the exidative activity

of mitochondria 1s decreased, affecting its function.
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Figure 6.6: MitoTracker Orange staining to analyse mitochondrial activity in roots of rice seeds
grown under different concentrations of MG. The MitoTracker Orange dye fluorescence (red)
decreases as the MG concentration increases. The image is at 10X magnification.

6.3 Discussion
6.3.1 Cellular organelles show degradation at higher MG concentrations

MG is known to affect the growth of the seedlings. While shoot length showed marginal decline till
tmM MG. root growth was more sensitive to MG decreasing drastically at 6mM MG concentration.
At 8 and 10mM MG, both shoot and root growth showed severe retardation. Further, to study how
cellular morphology 1s affected in response to MG, ultrastructures of seedlings grown at different
MG concentrations were analysed using TEM. In shoots, most of the organelles, like mitochondria,
chloroplast and Golgi bodies appeared to be intact, in terms of shape and size. However, the
chloroplasts appeared to be accumulating starch at 6mM MG. Contrary to shoots, cellular
organelles in roots appear to be more sensitive to MG.

Mitochondria are the energy centre of the cell. Since exposure to higher MG levels causes growth
retardation, energy generation is likely to be affected. Although mitochondra appeared to be intact
in shoots, their activity must have been affected in response to MG. In roots, where the effect of
MG stress was more profound. the mitochondria did appear to disintegrate. The Golgi bodies also
appeared to have lost their normal stacked structure at 6mM MG in roots. Similarly, the plasma
membrane also appeared wavy at 2mM MG and onwards. MG is known to react with proteins and

lipids, and hence, distortion of membranes of cell organelles is quite possible. The disintegration of
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vacuoles into many smaller vacuoles in roots may be an adaptive mechanism to survive the MG

stress. MG 1s known to react with macromolecules, like carbohydrates. The cell wall is composed of
cellulose and its interaction with higher concentrations of MG may be responsible for its

disintegration.
6.3.2 MG causes cell death in a dose-dependent manner

MG is known to cause cell death at higher concentrations. The reduction in the growth of rice
seedlings at higher MG concentrations may be a result of cell death. TUNEL assay confirmed that
the DN A was damaged at higher MG concentrations. Besides, PI staining also confirmed cell death

at higher MG concentrations,
6.3.3 Mitochondrial activity is affected at higher MG concentrations

Impairment of mitochondrial function exerts a negative impact on plant growth. We thus,
hypothesise that the retardation in the growth of rice seedlings at higher MG concentrations may
also be due to impairment of mitochondrial function.. Staining with MitoTracker Orange confirmed
that there was a decrease in the potential of mitochondria at higher MG concentrations. This
probably impaired the functioning of the mitochondrial and caused decrease in the energy level of

the plants. Hence, the observed retardation in growth.
6.4 Conclusion

In this chapter, we have studied the effect of MG at the cellular and molecular levels. We found that
at higher MG concentrations, the growth of rice seedlings 1s retarded. The ultrastructure analysis of
cell organelles revealed their disintegration, most probably due to the interaction of MG with
cellular macromolecules. This impacted the structure of cellular membranes, causing disintegration
of organelles, including mitochondria. TUNEL assay and Pl staiming further confirmed DNA
damage and probably, cell death at higher MG concentrations. Staining with MitoTracker Orange

dye confirmed that the mitochondrial activity was impacted at higher MG concentrations.
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Role of MG as a signal molecule

7.1 Background

MG is known to have adverse effects on the growth and development of all living organisms,
including plants. However, some lower organisms like E. coli can produce MG via catalytic reactions.
MG synthase is one such enzyme that converts DHAP to MG and morganic phosphate (Ferguson er
al.. 1998). But agan, this enzyme has only been reported in lower organisms so far and any evidence
of its presence m higher organisms is still lacking (Kaur ef al., 2014). Further, MG is maintained at
certain threshold levels in all organisms even under normal conditions (Singla-Pareek er al.. 2003;
Yadav et al., 2005; Hossain et al., 2009). This raises an important question regarding the physiological
relevance of MG in organisms. Several studies have reported the imvolvement of MG in stress
signalling in plants and yeast but this area warrants detailed investigations to elucidate the precise
role of MG and its signalling pathway in plants. Therefore, here we have investigated various aspects
of MG signalling. We analysed the promoters of Gly genes to identify their broad putative role in
plant physiology. Further, we identified putative MGREs from the promoters of GLY genes as well

as promoters of genes expressed under MG treatment.
7.2 Results

7.2.1 Gly genes are differentially regulated as evident from the presence of Cis Response

Elements (CREs) responsive to diverse factors

Promoter sequences ( 1000 bp upstream) of Gly genes in rice were extracted from the RGAP database
(Kawahara et al.. 2013) and the CREs present in them were identified using the PlantCare database
(Rombauts et al.. 1999; Lescot ef al., 2002) as described in the Materials and Methods section
(Chapter 3).

The CREs identified in the promoter sequences of all the Gly genes were classified into four broad
functional categories: (a). light response (A-box, Box 4, GATA-motif, G-box, GC-motif, GT1-motif,
Spl, TCCC-motif. ACE. and I-box): (b). defense and stress response (as-1, LTR, STRE, DRE Core,
WRE3. ABRE3a, ABRE4, ATCT-motif, W-box, and GARE-motif); (¢). hormone response (ABRE,
ARE, CGTCA-motif, MYC, TCA-element, TGACG-motif, and ERE): and, (d). growth &
development (CAT-box, O2-site, and AC-1) (Figure 7.1). Among the G/ genes, OsGlyi-3 has a
higher number of CREs compared to other Glyl genes. OsGlyl-3 has the highest number of CREs
related to hormone response. In agreement, we found that only OsGh/-3 is expressed under ABA

hormone treatment (Figure 7.1a). Further, only five OsGhd (1, 8 9, 10, 17) genes have CREs related
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to growth & development. Among OsGlylf genes, OsGlyll-2 has a lesser number of CREs compared

to other Glvif genes. Also. only OsGlvii-1 has CREs related to growth and development. OsGlyfI-1
has maximum expression under stress conditions as well as under ABA treatment, which corresponds
well with the expression data (Figure 7.1b). Among OsGhilf genes, OsGlylli-5 has the maximum
number of defence & stress and hormone-related CREs (Figure 7.1¢). Only OsGlvifi-4 & 5 have a
few CREs responsible for growth & development. Overall observation indicates that the general

pattern of CREs in all the OsGly genes is similar.
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Figure 7.1: The different CREs identified in the promoter sequences of the Gly genes (a). GIvZ; (b).
Givil; and (¢). GlviiL.

7.2.2 Promoter analysis of Gly genes to predict possible MG-response elements (MGREs)

The putative promoter sequences of rice Gly genes were analysed for the prediction of probable
MGREs. For this, 1 kb upstream sequences were analysed using the MEME software suite as
described in the Materials and Methods section (Chapter 3).

The ten predicted MGRES for all the OsGly genes were depicted on the promoters and the length &
frequency of the predicted MGREs 1s given with the expected p-value (Figure 7.2). Among the
MGREs for OsGlyl genes, motifs — 1, 3 and 10 are significant in length and frequency. Similarly,
OsGlyl! has motifs — 2, 3 and 10, while OsGhv/il has motifs - 1, 2, 4. 5 & 7.

Similar to MGREs predicted using Gly promoters, MGREs were previously predicted using the
promoter of genes expressed in response to MG. Genes that were either up-or down-regulated 10-
fold or more under MG stress were selected and searched for these predicted MGRES in them (Figure
7.3) (Kaur ef al., 2015),

To experimentally validate the existence of MGRESs identified in our study, the promoters of genes
having the predicted MGRESs (Figure 7.4) were PCR amplified from IR64 genomic DNA and clened
in the promoterless vector pPCAMBIA1391Z (Figure 7.5). The pCAMBIA-promoter constructs were

then transformed in Agrobacterium strain LBA4404 and colonies so obtained were screened for
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positives through PCR using promoter-specific primers, as well as vir gene primers. The band was

observed with vir gene primers in colonies of all genes screened (Figure 7.6a). Likewise, the band
corresponding to the respective amplicon size was obtained when screened using promoter-specific
primers (Figure 7.6b). Following confirmation of positive clones, Agrobacterium cells harbouring
these constructs were used for the transformation of rice calli as per the method standardized in our
lab (Sahoo ef al., 2011). Calli derived from mature rice seeds were nitially agro-infected. followed
by three rounds of hygromycin antibiotic selection. Transformed calli were then regenerated to yield
rice plantlets (Figure 7.7). The plants were further screened for transgene insertion by PCR using
hygromycin and promoter-specific primers (Figure 7.8). However, the transgenic plants yielded no
seeds may be due to some unknown issues and hence, no further studies could be carried out for the
in vivo validation of MGRESs.

Using in silico approaches, we tried to determine if any specific transcription factor binds to our
predicted MGRESs. Using the PlantRegMap website (Jin et al., 2015; Jin ef al., 2017; Tian et al.,
2020}, we analysed the predicted MGREs for probable TFs which bind to it. We got only one TF. i.e.,
ERF which binds to two of our predicted MGREs (Figure 7.9). ERF proteins are DNA binding
proteins that have important functions in the transcriptional regulation of a vanety of biological

processes, including stress tolerance.
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Figure 7.2: Prediction of putative MG-responsive elements (MGREs) by detecting conserved motifs
in the promoter region of (a). Ghvl; (b). GhvlI; (¢). Glylll genes from rice. The | kb upstream region
of MG-responsive genes was used for the identification of motifs using MEME software.
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Figure 7.3 Putative MG-responsive elements (MGREs) predicted in the promoter region of MG-
responsive genes by (Kaur ef al., 2015). The genes with more than 10-fold alteration in expression
upon MG treatment were selected for analysis. The 1 kb upstream region of MG-responsive genes
was used for the identification of motifs using MEME software.
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COTTG

Figure 7.4: Upstream sequences of genes highly imduced in response to MG and possessing the
predicted MGREs, Nucleotides highlighted in yellow are the predicted MGREs and were included in
the amplified promoter construct.

W MairpinP  HistoneP GATAP MYBP  Bidike

iT0bp 197bp  155bp 146 bp 190 bp

Figure 7.5: Cloning of promoter fragments of MG-responsive genes in pCAMBIA1391Z. (a). Vector
map of pCAMBIA1391Z; (b). Colony PCR of promoter constructs cloned in pCAMI1391Z vector
using promoter-specific primers.
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Histone-P Hairpin-P GATA-P MYB-P B3-P

(b).

Histone-P Hairpin-P GATA-P MYB-P B3-p

Figure 7.6: Screening of promoter pCAMBIA1391Z constructs transformed m Agrobacterium
LBA4404 cells by colony PCR using (a). vir gene primers, and (b). promoter-specific primers.
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Figure 7.7: Depiction of different stages in tissue culture to raise transgenic rice (PB1) plants
containing promoter pCAMBIA1391Z constructs.

84



RESULTS AND DISCUSSION (PART-1VY)

Promcter-F & R pnmers

Figure 7.8: PCR for confirmation of transgenic plants using (a). hygromycm-specific, and (b).
promoter-specific primers for (A). Hairpin; (B). Histone; (C). GATA: (D). MYB: (E). B3-like genes.
Transgenics with strong hygromycin expression (red arrows) were further screened using promoter-
specific primers, where positive bands are labelled with red arrows.
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Figure 7.9: Prediction of TFs binding to the predicted MGREs. The predicted MGREs were fed as
input to the PlantRegMap website to find the probable TFs binding to our predicted MGREs, ERF
gene was the only hit binding to two of our input MGREs. This ERF protein contains an AP2 domain.
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7.2.3 Identification of genes involved in MG signalling using inhibitors

In plants, signalling is primarily accomplished through many mechanisms, among which MAP
kinases and calcium ions are very important. Earlier reports have implicated MAP kinases to be
involved in MG signalling (Aguilera ef al., 2005; Inoue ef al., 1998; Nomura et al., 2017). Hence, we
investigated the role of MAP kinases and Ca® in MG signalling. We used the inhibitor of MAP2E,
namely PD98059 (Salam er al.. 2013). Similarly, we also used the calcium chelator EGTA (Knight er
al., 1997).

In this experiment, two weeks old rice seedlings were exposed to 10 mM MG for 24 hrs, in the
presence or absence of Ca™* chelator and MAP2K inhibitor (Table 7.1). Samples were collected after
24 hrs and stored at -80°C for further processing. RNA was isolated from the samples, followed by
cDNA preparation. Expression of Gly genes was analysed in these samples using primers as described

in the Materials and Methods section (Chapter 3).

Table 7.1: Experimental conditions for the study of the role of Ca®” and MAPK in MG signalling.

Experiment Conditions

Control

10mM MG (24hrs)

| 250uM EGTA

| 100uM PD98059

10mM MG (2hrs), followed by 250uM EGTA (24hrs)
10mM MG (2hrs), followed by 100uM PD98059 (24hrs)
250uM EGTA (2hrs), followed by 10mM MG (24hrs)
100uM PD98059 (2hrs), followed by 10mM MG (24hrs)

==l S I = T N L o T

Monitoring the growth of plants during the stress experiment gave important hints to the role of Ca™"
and MAPK in MG signalling (Figure 7.10). There was no visible difference between untreated control
(1) and MG treated (2) plants after 24 hrs. Similarly, treatment of rice seedling with Ca®' chelator (3)
and MAP2K mhibitor (4) for 24 hrs didn’t show any visible effect. In the next set, seedlings were
exposed to 10mM MG for 2 hrs and then treated with Ca®* chelator (5) and MAP2K inhibitor (6) for
24 hrs. Still, the plants didn’t show any drastic visible change. However, when the seedlings were
first treated with Ca®" chelator (7) and MAP2K inhibitor (8) for 2 hrs and then subjected to 24 hrs of
MG treatment, the plants showed wilting.
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Figure 7.10: Growth of rice seedlings subjected to 10mM MG in combination with Ca** or
MAPK signalling pathway inhibitors. 20-day old rice seedlings were exposed to eight different sets
of experimental conditions as mentioned in Table 7.2, (a). Plants before being subjected to MG and/or
inhibitors of Ca”"/ MAPK signalling pathway (b). Plants after treatment with MG and/or signalling
pathway inhibitors. Numbers on the top indicate different treatments as listed in Table 7.1.

Expression analysis of OsGly and OsMAPK genes in response to MG and signalling pathway

inhibitors

Expression of OsGly (Figure 7.11) and OsMAPK (Figure 7.12) genes were subsequently analysed in
the seedlings treated with MG and Ca®/ MAPK signalling pathway inhibitors. In the case of OsGly
genes, expression of Glyl-11.1, Glyll-2 and GlvlII-3 was assessed, as representative of Ghl, Glvll
and Ghfll famalies, respectively. For MAPK signalling pathway analysis, we determined the
transcript levels of various OsMPK and OsMKK genes, which have been used in a previous study
(Rao eral., 2011). The gRT-PCR was done as described in the Material and Methods section (Chapter
3). and the samples without any stress were used as reference.

Upon 10mM MG treatment (2), the expression of OsGlhel-11. 1 and OsGlydll-3 genes almost doubled
compared to the untreated sample (1). Ca™" chelator (3) and MAP2K inhibitor (4) did not significantly
affect the expression of both OsGhd-11.1 and OsGhil-2 genes but OsGlylll-3 expression was
downregulated compared to control upon treatment with MAP2K inhibitor. Further, MG followed by
Ca™" chelator treatment (5) led to OsGly gene response similar to what was observed with only MG
treatment (2). Relative expression of OsGhd-11.1 and OsGlyflf-3 was marginally higher than that
observed with only MG treatment (2). However. upon MAP2K inhibition (6), OsGlvl-11. 1 was down-
regulated, but OsGhJll-3 was up-regulated. When the seedlings were first treated with Ca™" chelator
followed by 10mM MG (7)., OsGlyl-11.1 expression was similar to control (1), but OsGlvlli-3
expression levels were similar to those observed under MG (2). Exposure to MAP2K inhibitor before
MG treatment (8) led to down-regulation of both OsGlv/-11.1 and OsGlvllf-3 compared to that

observed with only MG treatment (2).
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Figure 7.11: Expression profile of OsGly genes subjected to MG treatment in combination with
inhibitors of Ca> and MAPK pathway. Rice seedlings were exposed to eight different experimental
conditions mentioned in Table 7.2, Relative expression of representative Os Gly genes was analysed
through qRT-PCR. Two biological and two technical replicates were used for the study.

Analysis of the expression profile of MAPK pathway genes upon MG exposure led to some important
insights (Figure 7.12). In response to 10mM MG (2), few MAPK genes were found to be upregulated
in comparison to control. For instance, OsMPK3, 4, 16-2, 20-1/2/4, 21-1/2 (Figure 7.12a) and MKK4
were highly expressed under MG stress (Figure 7.12b). Control plants treated with Ca*" chelator (3)
induced only a few MAPK genes, hke MPK/4, MKK ], 3 and 4. Similarly, plants treated with MAP2K
inhibitor (4) had most of the MAPK genes down-regulated, except MKK6. Further, when plants were
exposed to MG for 2hrs, followed by treatment with Ca®* chelator (5), MPK3, 6, 20-1/4 and MKK4
were upregulated to some extent. When MG treatment was followed by MAP2ZK inhibitor treatment
(6), most of the MAPK genes were down-regulated to levels similar to control plants, except MPK3
and MPK4 which showed upregulation. Likewise, when plants treated with Ca™ chelator were
exposed to MG (7), the expression of most of the MAPK genes was not affected except a few which
were downregulated. Following a similar trend, plants treated with MAP2K inhibitor before MG
treatment (8) had most of the MAPK genes down-regulated.
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Figure 7.12: Expression analysis of MAPK genes in response to MG treatment given in
combination with Ca* and MAPK signalling inhibitors. Rice seedlings were exposed to eight
different experimental conditions as mentioned in Table 7.2, Relative expression of OsMPK and
Os MKK genes was analysed by gRT-PCR. Two biological and two technical replicates were used for
the study. The untreated seedling (sample 1) served as the control sample.

7.2.4 Possible interactors of GLY proteins were identified using the STRING database

To understand the interactome and get clues regarding the regulation of GLY proteins, we studied the
interacting partners of all the GLY proteins using the in-silico STRING database (Szklarczvk et al.,
2019). All the different GLY proteins, i.e., 11 GLYL 3 GLYI and 6 Glylll, were fed as input and
possible interacting partners were obtained from the STRING database with medium stringency and
confidence (Table 7.2).

Many of the GLYI proteins had common mteracting partners, which indicates that they may be
performing similar functions via similar mechanisms. Most of the GLY| proteins interacted/co-
expressed with other GLY1 protems (Lactoylglutathione lyase). For instance, GLYI1-1, 5. and 10 co-
expressed/interacted with GLYI1-11. Similarly, some GLYI proteins also interacted with GLYII
proteins. For example, GLYI-2, 3. 7, 8 and 11 proteins interact with GLYIl (Os09g0516600).
However, other GLY I proteins have some interesting interactors, such as GLY -1 and 6 which interact
with MTP7 (Metal tolerance protein). GLYI-2, 7 and 1] interacts with tryptophan synthase
(Os) _25962).

GLYIl proteins also have many potential interacting proteins. However, most of them are
uncharacterised. GLYII-2 interacts with the peroxiredoxin-2E (PRXIIE-1) protein which protects

cells from oxidative stress by detoxifying peroxides. GLY1-3 reacts with DHAR (Dehydroascorbate

89



be involved in phosphate starvation response.

RESULTS AND DISCUSSION (PART-1V)
reductase) and MDAR (Monodehydroascorbate reductase), both of which help in oxidative stress
tolerance. Further, GLYIII-1. 2, 5 (DJ-1 A, B. E) interact with SUMO E3 ligase which is known to

Table 7.2: Potential interacting partners of GLY proteins as identified using STRINGS database.

GLY1 Protein

OS11TO591550-00,
OS09TO5 16600-01,
OS07TO63000-01,
Os] 16581,
OS02TO2R0500-01

Names Total Interactors Description

Os=GLYT 1,3.4,5,6,9,10 | 1 OS06TO138700-01 Lactoylglutathione Dyase-like; Os0620 138700

OsGLY1 1,3,5,6.9, 10 l OS03TO2T7500-0] Q0320277500 protein

OsGLY1 2,3, 7,8, 11 l OS09TO5 16600-0] Glyoxalase 11; Os09g05 16600

OsGLY1 2,4, 7.8, 11 1 D501 TOG6T200-01 Os01 g0667200 protein; Putative glyoxalase 11

OsGLY1 3,4,5,9. 10 1 Osl 23167 050720160400 protein

OsGLYT 1, 5, 10, 11 l GLYI-11 Lactoylglutathione lyase

O0sGLY1 2, 5,7, 10 l OS05TO230900-0] Lactoylglutathione lyase

OsGLY1 3, 5,8, 10 1 OS05TO295800-01 Lactoylglutathione lyase

OsGLY1 3, 5,9, 10 1 Os) 25424 Glyoxalase family-like protein; Os0720657100
protein

OsGLY1 1.4.9 l OS03TO659300-01 Glyoxalase fammuly protein expressed;
O=03 20650300 protein

OsGLYL 2. 7. 11 l Os] 25062 Tryptophan synthase

OsGLYL 1.3 I OS01TOH 73600-00 protein; Putative  uncharactenzed — protein
OSINBaOORIK24 1|

OsGLYL 1.6 1 MTP7 Metal  tolerance protein  7;  Involved in
sequestration of excess metal in the cytoplasm into
vacuoles to maintain metal homeostasis

OsGLYL 3,6 1 Os) 172946 4530.0S05TH 71900-01; Os050171900 protein;
Putative uncharacterized protein POGESE10.15

GLY1I Proteins
Names Total Interactors ' l]ém:riptiun
OsGLYT 1.2.3 3 OS05TO295R00-01, Lactoylglutathione lyase
OS05TO230900-01,
GLYI-11
OsGLYI 2.3 ] OsJ 10718, Hydroxyacylglutathione hydrolase; Intracellular

protease; Glyoxalase 11;
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OsGLYTI | 8 OsMCP, Moco containing protein; Histone
O512TOG08600-01, acetyltransferase; Vesicle transport protein-like;
OS01 TOGGT200-01, Auxiliary protein in the Cpx two-component
CPX, Os) 19113, | envelope stress response system;
APRI,
OS02TO167100-01,
OS12T0442800-0]
OsGLYTL 2 2 PRXIIE-I, Peroxiredoxin-2E, chloroplastic PrECUrsor;
Oz=] 25825 ribosomal protein L13
OsGLYTL 3 2 DHAR, MDARY PTS-dependent dihydroxyacetone kinase operon
regulatory protein; Monodehydroascorbate
reductase 4
GLYII Proteins
Names Total Interactors Description
Oshl-l A B C DE 1 PO4RIDOT 2 Os05205 19600 protein; Putative uncharacterized
protein POS99F04.12; cDNA clone J023077J08
OsD-1 A B E l 8lZ2 E3 SUMO-protein ligase SIZ2; Probable SUMO
E3 ligase that may regulate Pi starvation responses
OsDI-1 C.D.F l OsJ_1658] OSINBROOMALT.4 protein

7.2.5 Identification and validation of interacting proteins using Yeast-2-Hybrid

To identify the interacting partners of GLY proteins using in vive techniques. we used a technigue
based on Bio-Layer Interferometry (BLI) known as Octet. In this technique, the Octet sensor probe
is coated with our protein of interest and 1s dipped in crude protein extract. The interacting protein
forms a complex with the protein on the sensor and is extracted. This bound protein is then extracted
and analysed using a mass spectrometer. The complete procedure has been described in the Materials
and Methods section (chapter 3).

In our experiments, we identified four different proteins (ABC, CGT3, G-20-Oxidase, and ADH)
which interacted with GLYI1I-3 protein (Table 7.3). We cloned the four proteins (Figure 7.13) and
tried validation using yeast-2-hybrid as described in the Materials and Methods section (chapter 3).
However, all the four types of yeast cells, transformed with our four different constructs, failed to
grow on the 4-drop out media. Hence, it was concluded that the identified interacting partners were

false positives.
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BBC pGADT? CET3_pGADT? £.20.0x_pGADT? ADH_pGADT?
(b).

DJLIC_pGBDT? DrD_pGBDTT

Figure 7.13: Restriction digestion of the four cloned genes identified through octet for validation
in yeast vectors. (a). pGADT?7 constructs for the four genes. (b). pGBDT7 constructs of two Gyl
genes (AtDJ1-C and -D).

7.3 Discussion
7.3.1 OsGly genes harbour CRESs for stress response

Promoter analysis of Gly genes led to the identification of a large number of CREs most of which are
involved in stress and hormone response. Apart from these, there were many CREs involved in light
response, indicating that the expression of these Giy genes may be light-regulated. This hypothesis is
supported by the fact that MG is produced more in metabolically active tissues. It is in accordance
with our finding of chapter-1, where more MG was found in metabolically active leaves compared to
other tissues. Chloroplasts in the leaves produce MG, both during the light and dark reactions of
photosynthesis, and thus MG production 1s light regulated. Further, leaves had a higher expression of
Gy genes. This suggests that leaves that are photosynthetically more active, produce more MG, This
photosynthetic process 1s possible only during the daytime. and hence. it is logical that more Gly
genes are expressed during light conditions and less during the dark. Thus, Gly genes must be light-
regulated and so, a greater number of light responsive CREs were found in their upstream regions.

GLY pathway is essentially involved in stress response. Stress regulation 1s a complex process
involving other players as well such as secondary messengers and hormones, Therefore, the presence
of CREs for hormonal regulation in promoter regions of Gly genes is justified. Stress & defence

response CREs are important for the Gly genes to be active during the different stressful conditions.
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The presence of a low number of CREs related to growth and development is i accordance with

earlier reports, where Gy genes had a low expression under normal conditions (Mustafiz et al., 2011;
Ghosh et al., 2016). Similarly, our finding of this chapter (see section 7.3.3) also reports a low level

of Gly gene expression under normal conditions, compared to the stress conditions.

7.3.2 ERF proteins may bind to the predicted MGREs and regulate stress gene regulation

We believe that there are MGREs present in the promoters of various genes, just like other CREs, to
which proteins bind, to regulate respective gene expression in response to MG. MGREs were
predicted by screening conserved motifs in the rice Gly gene promoters as they are generally MG-
inducible. Besides, a previous transcriptomic and promoter analysis study also identified putative
MGREs by scanning the promoter sequences of genes whose expression was altered in response to
MG (Kaur et al., 2015). The promoter sequences of genes affected by by MG were analysed and five
sequences containing the predicted MGREs were cloned in promoter-less pCAMBIA 13912 vector.
A total of five types of rice transgenics containing these five promoter constructs were developed
through tissue culture for analysis. These plants were confirmed using hygromycin and promoter-
spectfic primers. But unfortunately. the plants didn’t bear any filled seeds. and hence, the experiment
had to be discarded. The reason for the failure of the transgenic plants to bear any seeds couldn’t be
ascertained.

The in-silico approach to identify proteins binding to the predicted MGREs using the PlantRegMap
(Tian er al., 2020; Jin et al., 2017) led to the identification of an ERF protein. This protein contains
an AP2 domain that binds to the DNA and 1s involved in various physiological processes, including

stress response.
7.3.3 MG signalling in rice plants is mediated via Ca’ and MAPK

MG signalling experiments with Ca®" chelator and MAP2K inhibitor helped to derive some important
conclusions regarding the MG signal transduction in rice plants. Even after 24 hrs of MG stress, the
plants didn’t show any drastic visible change, indicating that the MG detoxification mechanisms are
efficient enough to protect the plant from the harmful effects of MG. Treatment with only EGTA and
MAP2K inhibitor didn’t affect the plant visibly, indicating that the plant may have redundancies to
overcome their toxic effects. Even when plants are first exposed to MG and then treated with the
chelator and inhibitor, nothing happened to their growth as plants showed no visible changes. This
indicates that the MG detoxification mechanisms get activated within the first 2 hrs itself, and hence,
the MG signal blocking via Ca™" chelator and MAP2K inhibitor has no effect. On the contrary, when
we block the Ca®" and MAP2K signal transduction pathway first and then provide MG, the plants
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show wilting. This indicates that plants are not able to sense MG and hence, do not start the MG

detoxification mechanism. Hence, we can speculate that Ca® and MAPK are both involved in the
MG signal transduction mechanism.

OsGly gene expression analysis in seedlings exposed to Ca®” and MAP2K signalling inhibitors helps
to understand the signalling process of MG in plants. 10mM MG treatment (1) leads to upregulation
of OsGiyl-11.1 as well as OsGlyllI-3. Treatment with Ca® and MAP2K signalling inhibitors after
exposure to MG stress doesn’t affect the MG detoxification process. and hence, the plants showed no
visible effects. However, OsGly/-11. ] expression is decreased to a much larger extent due to MAP2K
inhibitor, compared to EGTA inhibitor. To compensate for the greater decrease m OsGhl-11.1
expression, OsGhll-3 expression is higher in sample-6 compared to sample-5. From sample-4, 5 &
6, it seems that MAP2K inhibitors down-regulate OsGlvd-11.1 expression and this down-regulation
is more pronounced when used before MG stress imposition. On the other hand, Ca*" ihibitor
decreases OsGlyl-11, 1 expression in sample-7, but not in sample-5. indicating that Ca® is important
for inducing OsGlyl-11.1 expression. MAP2K inhibitors decrease the expression of OsGh/-11.1
irrespective of whether it is applied before or after MG stress induction. On the contrary, OsGh/II-3
expression decreases only when MAP2ZK inhibitor 15 applied before MG stress imposition. These
observations indicate that Ca*" ions are required for the induction of the OsGlyI-{1.] gene, but has
no role to play in OsGlvlli-3 gene expression. MAPK 1s required for the induction as well as
maintenance of OsGlvl-11. 1 expression, while 1t is only required for the induction of OsGhllI-3
expression.

Analysis of the role of MAPK in MG signal transduction in rice plants using inhibitors helped to
identify some important candidate genes. Some MAPK genes, like MPK3, 4, 16-2, 20-1/2/4, 21-1/2
and MKK4 were upregulated under 10mM MG stress. These MAPK genes are MG-responsive and
are likely to play an important part in MG stress signal transduction. Control plants treated with Ca™
chelator showed upregulation of MAPK genes which were different from the MG-responsive MAPK
genes. On the contrary, MAP2K inhibitor down-regulated the expression of most of the MAPK genes
to below control plant levels, except MKK6. Plants exposed initially to MG stress, upon treatment
with Ca™" chelator led to the down-regulation of a few MG-responsive MAPK genes. For instance,
while MPK23 and MKK4 were down-regulated a little, others like MPK4 and 2/-/ are down-regulated
to the level of control plants. While MPK16-2 expression 1s completely abolished upon due to the
Ca™" chelator, MPK20-1 expression is not at all affected. Similarly, when plants exposed to MG stress
are treated with MAP2K inhibitor, few MG-responsive genes, like MPK3 and MPK4 are slightly
down-regulated, while others like MPK20-1 and MK K4 are down-regulated to control levels. Further,
when initially treated with Ca™ chelator, rice plants upon exposure to MG stress, most of the MG-

responsive MAPK genes are down-regulated to basal levels. When the same experiment is performed
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with MAP2K mhibitor. the MG-responsive MAPK genes expression becomes negligible. These

observations, along with the expression analysis of Gy genes, confirms that Ca™ ions are required
for the expression of a few MG-responsive MAPK genes. like MPK3, 4, 20-1/2 and MKK4, whereas
it is essential for the expression of others like MPK16-2, 20-4 and 21-1/2. Further. treatment with
MAP2K inhibitor pre-and-post MG stress treatment helps to confirm that the identified genes are

truly MG-responsive.
7.3.4 In silice analysis indicates possible GLY interactors

The STRING database derives data from a variety of databases, mcluding transcriptome data
(Szklarczyk et al., 2019: von Mering et al., 2003). The OsGLY1 proteins are predicted to interact with
many other GLY1 and GLYII proteins. Since both the proteins are part of the same detoxification
pathway, it is quite probable that these interactors are co-expressed genes. Other GLY interactors
such as MTP7 (Metal tolerance protein ) indicates that GLY | proteins may be involved in heavy metal
tolerance as as been shown earlier (Singla-Pareek et al., 2006). Similarly, the interaction of GLY1
protein with tryptophan synthase indicates that GLYI protein may be influencing amino acid
metabolism. This i fact, aligns with our GC-MS results where MG stress was found to manipulate
amino acid metabolism, especially n roots. Interaction of OsGLYIl proteins with DHAR
(Dehydroascorbate  reductase), MDAR (Monodehydroascorbate reductase) and PRXIIE
(peroxiredoxin) proteins further support the already known fact that the GLY pathway is involved in
oxidative stress tolerance. Similarly, the interaction of OsGLYIII protens with E3 SUMO ligase,
known to be involved in phosphate starvation tolerance, reconfirms the role of GLY proteins in

various stress tolerance mechanisms.
7.4 Conclusion

MG has been hypothesized to act as a signal molecule. We tried to study different aspects of MG
signalling. In the first section, we identified the various CREs present in the promoters of Gly genes
and found them to be mostly stress & defence related. However, the presence of a large number of
light-responsive CREs also indicates their regulation by light/dark conditions.

In the second section, we predicted MGRESs using promoters of Gly genes and genes responsive to
MG. We tried to develop five types of rice transgenics using promoter constructs containing the
predicted MGREs. However, the transgenics failed to develop any mature seeds probab. Our in-silico
approach to predict proteins binding to the predicted MGRES led to the identification of ERF genes

that are involved in stress response.
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In the third section, we tried to identify if Ca™* and MAPK are involved in MG signal transduction.

Our observations indicate that Ca®” and MAPK both are involved in MG signal transduction. While
Ca™ is required for inducing Gly gene expression, MAPK is required for the induction as well as
maintenance of Gly gene expression. Further, we also identified MG-responsive MAPK genes, such
as MPK3, MPK4. MPK 16-2, MPK20-1/2/4, MPK21-1/2 and MKK4.

In the last section, we tried to identify the various interactors of OsGLY proteins using both in silico
as well in vitro techniques. Using the STRING database, we identified OsGLY] proteins interacting
with genes mvolved in stress tolerance, like tryptophan synthase and metal tolerance protein (MTP7).
Similarly, OsGLY1l was found to interact with proteins involved in antioxidant stress tolerance, like
DHAR, MDAR and PRXIIE. OsGLYIII proteins were also found to interact with a protein involved
in phosphate starvation tolerance. These results confirm the role of GLY proteins in stress tolerance.
Using the Octet technique, we identified four proteins as probable interacting partners. However,

validation using yeast-2-hybrid confirmed them to be false positives.
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SUMMARY AND CONCLUSIONS

8.1 Summary & Conclusions

Plants are unique in terms of their ability to survive under diverse environmental conditions. The
various physiological mechanisms operative in plants at the cellular and molecular level enable them
to respond appropriately to different kinds of biotic and abiotic stress. The complexity of these
physiological processes poses a great challenge in designing stress tolerant crops plants to ensure
global food security. Hence. it 1s imperative to precisely decipher various physiological mechanisms
operational at the cellular and molecular levels.
Methylglyoxal is a common metabolite that 1s ubiquitous throughout the tree of life. Its high reactivity
makes it a potent cytotoxin. Importantly, plants have developed various detoxification mechanisms
for its metabolism such as the glyoxalase pathway and the aldo-keto reductase enzymes. Despite its
cytotoxic but ubiquitous nature, the role of MG m plant physiology is little studied.
Our experiments into the various aspects of MG in plants led us to derive some important conclusions
which are summarized below:
l. MG estimation in different tissues revealed that metabolically more active tissues, such as
flag leaves. tend to produce more MG, Further, the salt-sensitive IR64 in general. accumulates
more MG particularly at germination and tillering stage, as compared to the salt-tolerant

Pokkali rice variety.

ba

The spatial-temporal profiling of Gly genes in the two contrasting rice varieties, i.e.. salt-
sensitive IR64 and salt-tolerant Pokkali, revealed alterations in expression of Glv genes and
helped to better understand the role of Gy genes m MG detoxification in rice. OsGlvf-11.1
and Qs Glylf-2 were found to be the most expressed Gly genes. The expression of different
OsGlylll genes were found to be specific to different developmental stages.

3. In few tissues, the OsGLY enzyme activity did not correlate exactly with the MG levels during
the spatio-temporal profiling. Low levels of MG were observed despite low GLY activity. This
indicates that other detoxification systems may also be involved in mantaining MG
homeostasis in the plant system.

4. Genome-wide analysis of AKR genes in rice helped to identify 28 AKR genes coding for 46

proteins. Expression analysis using publically available expression data followed by qPCR

analysis under different stress conditions helped to identify OsAKR3, AKRS5 and AKR22 as

potential candidate genes for stress tolerance.
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10.

Owr results indicate that plants screened for drought tolerance based on low MG levels as a

selection criterion indeed showed better drought tolerance. Hence, MG can be used as a
biomuarker for stress tolerance in plants.

Systemic analysis of rice seeds grown under MG stress using GC-MS analysis revealed
modulation of amino acids, especially in roots. Accumulation of amino acids like proline, at
higher MG concentrations, indicates a strategy by the plants to overcome MG stress.
Ultrastructure analysis of rice roots using Transmission Electron Microscopy (TEM) revealed
the disintegration of cellular organelles at higher MG concentrations, most probably due to
the interaction of MG with various structural macromolecules. In agreement, analysis of
mitochondrial activity using MitoTracker Orange dye confirmed that there is a decrease in
mitochondrial potential and hence, activity as MG concentration is increased. Further, TUNEL
assay and PI staining confirmed DNA damage that probably led to cell death at higher MG
concentrations.

Promoters of OsGly genes were analysed for Cis Regulatory Elements (CRESs) to reveal that
OsGly genes are mostly involved in stress and defence response. Besides, they may be photo-
regulated and play a very limited role in growth and development. In fact, the predicted
MGRE:s obtamed from analysis of promoter sequences of OsGly and other genes affected due
to MG stress were shown to bind ERF protein, which 1s involved in stress response.

The role of Ca®" and MAPK genes in MG signal transduction was confirmed. MG-responsive
MAPK genes, such as MPK3, MPK4, MPK16-2, MPK20-1/2/4, MPK21-1/2 and MKK4, were
identified.

A metal tolerance protein was found to interact with OsGLY | proteins. Besides, the mteraction
of OsGLY] proteins with tryptophan synthase supports our metabolomies results that MG
stress leads to modulation of amino acid levels. OsGLY Il and OsGLY Il were found to interact

with proteins involved in oxidative stress and phosphate starvation tolerance, respectively.
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Table S1: List of the Os4AKR genes and proteins in rice.

RGAP ID AKR gene Isoforms
LOC OsD1g43090 | Ov4AKRY |
LOC Os01g62860 | Os4KR2 |
LOC Os01g62870 | Os4dKR3 2
LOC OsD]g62880 | 4 KR4 2
LOC Os02g03100 | Os4KRS 2
LOC OsD2g57240 | Os4KRG |
LOC OsD3g]3300# | Os4KRT L
LOC Os03gd41510 | OsAKRS i i
 LOC _OsD4g08550 | OsAKRY |
LOC Os04£26870 | OsdKRH) |
LOC Os04g26010 | Os4AKRIT |
LOC Os04p26920 | OsdKRI2 3
LOC Os04g27000 | OsdKRI3 |
LOC Os04237470 | OsAKRI4 L
LOC OsD4e37480 | Os4AKRIS A
LOC Os04237400 | OsAKRIG |
LOC Os05g38230 | Os4AKRI7 3
LOC Os05309600 | (s4AKRIS |
LOC Os07g04990 | Os4KRIY 2
LOC Os07gb5000 | OsdKR20 |
LOC Os09239300 | Os4KR2] L
LOC Osi0gD2380 | OvdKR22 |
LOC Os10g02480 | OsAKR23 2
LOC Os10g02490 | Os4AKR24 1*
LOC Os10g28320 | Ov4KR2S o R
LOC Os10e37330 | OsdKR26 1
LOC Osl1gd2540 | OsdKR27 2
LOC Os12p209760 | Os4AKR2S 2

117



81T

0L-06°€ 999069 | Trzee |7 | T6E | 65 | emonpar o wa“m [T'8YZ004d | P27 1Y OPIV | £8UNVSO
£L-HOT'S 699066 | SYIET |7 | 168 | €9 | Loonom %ﬁﬂm ISRVEI0Nd PEEFVORN | BRIV
T6-709°€ s-aor9 | el | O | oz |z S o_ahwww ikl oald
7L-108'1 89-907°€ | 800EZ || B1E | 1| Lpianpm EEH e et i Bl
551098 05905 | vozLl || 888 | 6L | seponpa u_uhww“m [T8YT00:Ad [ P2 1Y OPIV | ZEANKSO
PS-HOI'] 053007 | vo1Lt | 99 |6l | Lqmanpes E%ﬁﬂ [T8PC004d | PoT 9% OPIV | [ CHNFSO0
T T Y L P R DN e i I e
— s | ISP 22| 51| smmperon ﬂ,mmm [T8PC004d | Pa1 39Y OPIV | [ FUNFO
LE-H0S'9 cea0rt | e [ 01T | S| onpar o %mﬁm [T85200:d | PoI 3% OPIV | CEHNFSO
1S-20T | otz | veror | 9 | S| e 33”‘ wﬂm [T8YTO0Ad | P2 Y OPIV | ['EHYFH0O
75-906'1 srdose | Levot |OF 08T | ST | nnn cnﬁwmm TTRPC00:1d | PoT Y OPIV | [ CANVSO
o 4057 | 1952 || 815 | 1| semomperor ﬁum [T8YC004d | P21 9 0PIV | [ 1aNFSO
[BuonIpuos) | [EnpIAIpuf wiuop | puy | ey u01s5200Y al
21005 ” : SWEN JUIT)
San[EA-7] DIEWoQ] s mEwo| uondusagg Aprue g

SATIA TV¥NOLLIaay

saqgoad WINH 41943 yis supjoad ¥HYSQ Jo andojeed v :7§ Aqe .




bIl

pS-107°S 051056 | Lb691 | - 662 | & | asiakips o_uh,ww”m [TRYTO0Ad | P11 OPIV | TLIANYVSO
76-T08°E Sr-a069 | £ecor | O%C L0¢ zc — h___.“,ww__m 1T8PT004d | P 1Y oply | [ LIUNFSO
9S-H0S'7 tea0sy | 9oLl |7 | ze |6 | Lponpm n_b%wwmm [T8YT00:4d | P21 3 OPIV [ /'97UNFSO
0F-109'] oga067 | 9rszl | “C | st | g | Lquonom EG%HM et it il i
TS-A0L'S wraoot | eoon | et | 00 | emanper s%ﬂﬂm KRR TRSSSIREER | SR
- a0z | 2wt | X | 10| O | veomnom Euﬁﬂm [Z85700:4d | o1 1 0PIV | [ FIANFSO
SL0ET 01T | 50T |7 | 68| 0 | sommpanopor ) | (OO0 | PR ORIV | TETANT0
9105 ra0zy | ogkbt | 00T | 8T | ssmonpas cum%ﬂm PESRAa (RILIMRI | S
P01 € or=a09s | seLel | © | 681 | 8T | Lo E%ﬂﬂ AR, PR Rl
RT-HO1'] vea00T | 98 | N vl | 8T | e Eu%mwm CBYL004d | PTT ORIV | T 21NV
RL-10C"T bLT0L T sz | ¢ - - —_— %ﬁﬂﬂ TT8PT00dd | Pa1 @Y OPIV | [ 11¥NFSO
SL-H06'8 030910 | p9LsT |7 | 028 | | Lponpm csh_n_mmm [T8PT004d | P I OPIV | [0IYNVSO
[4-H01°T c-qo1T | cogpr | P° 40¢ ce — n_uﬁwﬂw [T8FT004d | P31 33 op[V ' 64YFS0
— s | o5t || 92| 9 | s saﬂﬁ__m [T8YT004d | P21 1 0PIV | §SUNFO
N— oca06s | 1868 | X | 12| 1| covopmon ﬁﬂm [T8vT004d | PO 1 OPIV | £/9/ SN0
m— oame | @ T g | & A[Twe] | TZR6200:d | PoY 194 OPIV | FSUNFS0

2sEIONpal 0JaY/ 0PV

SATIA TV¥NOLLIaay




0T

Apuey [ [T8PT00:dd | P2 39 OPIY | CLZUNISO
; ReTR T
P9-107T 09-900F | S€0T hH wa o1 | aseionpas ew__mmﬂm TR TR T .q.””””ﬁ
oLt saoe | st | N m“__ s Eu_mwmmm |T8PT004d | pai 135 op|y ,q. p. “,._Mw,,_d
GLnees R e mmm - " e ﬁﬂmﬂw 1T8¥T004d | P21 12Y oplY w,wwmﬁumﬁ
Al ey | Seel EM 0 B e EHHE__M [T8PC004d | P31 1Y 0PIV ﬁmw-ﬁﬁu
£9-H0L°T 65-106'F | £6°661 ﬁ- SvT | 0T asejonpay euﬁ“ﬁmﬂw [T8PTO0:Ad | Pa1 12 oply , / .b: ﬁmﬁ
¢8H0T’l il B EM Bt | B | ewepere u_h,,wmam [T8PT00:4d | P21 123 oply ﬁ:._._qmmwm.,.ﬁ
0S-700°1 W-I06'T | P9'8S] _u._.w.b. BOE | 6C | osmonpos ..,..aﬁ_mh_m [TRh2004d | a7 195 Op[V m.mm "
— (2059 | bhop1 mmw 6+ Sl aseonpal Euﬁﬂﬂﬁ T AR u;_w{ _ﬂ.wnmxu:‘,wc
S5H0T il Bk _fmhw e ! i Euﬁmﬂm [TRFT004d | P21 19y Op[Y __.._,.nHﬂT_,G
FE-HOT'| 0s-401T | ToiLl | £6T 81 aselonpal Euﬁ_wﬂw [T8h200dd | Pl 13 OpIV ﬁ,ﬁwmw -
S il e EM — e anmmmm [T8PT00:4d | PoT 19 oply _ﬂ.MEE,E
99-H0e’s Grave) | SREIE _E- B @ | cenoepe csvh_ﬁmmm [T8P200:4d | P31 335 opv w. e
ey 2D | 5o 5, sl WL — Euﬁ_m_”m TT8PT004d | PA1 19Y opy E.EHM -
£9-901 % 65-H0F L | SE661 HM F9¢ H %%%H Hmmmmm [T8YT00Ad | PAT 10 oply M .Hﬁwﬁ
£5-108 '€ 6v-3089 | §9'991 s —E Afturey | TTSFC003d | Pa 19 OpIV
16 | oLt | ot
0£-H40LT 9-d06% | 1916

2sEIONpal 0JaY/ 0PV

SATIA TV¥NOLLIaay




121

18F°0 | 9F'8L AqRSUN | FLUER 23 1€ ECR B FIFOE L9z REUAYS0 SOISIFDE050 DO
LRT(- #7106 Q™S | L¥'8C Ot L3 T8 TRPFITE SHT LIS RANVSO | LA/SDISTFIENSO DO
Liedr (A h Aqesu) | PO°SE 33 It BL% 119zTEE EAT | PRUMYS0 FOISIFIE050 DO
Iy {9T8 2[9E¥S | LE8E oF Ly El'g rialsk 0k [ ERUAVSO £01SIFFE0S0 DO
1680 BTER |qBIS | O'LE 6t Lt £1°8 E6EYOSt cop TUSMIVSO [ TI0IS1H3€050 DO
Ly 0 98°TR Aqesun) | 1°0F 0¥ iy 0L RSTITPSE R1E [ I"LAAYS0 TO6EELFE0S0 DO
LTO L8R A9™S | F1FE LE LE Zh'9 il /7¢ L'OANYSO LOFTLEBT0S0 DO
Lrio- €768 dqESUN | 88°TH e i 918 STORTE cLe _ TSWMVSO | T001£092050 DOT
OF10r H6'88 AqRsUn) | BLFF Ly it s1°8 FLFoOEER 88 _ I'Sd¥vEO I'O01E05Z050 DOT
r0- 88 AqEISUT) | LPLE LT LT LT FI099ET Tt H CPUMYE0 TORRTHFI050 DO
LF10r W06 Aqusuny | 96°[F £E " H Y LESEFEE FEE | I'RAVs0 10882951050 DOT
LIE0- BT6R Aqeisun] | 6T'6F el BT el 0¢'C0997 LET CEAHVE0 TOLETYB05O D01
69T 0 £6'06 Aqeisun) | 1TCR 14 9¢ 9s'a 99 PEore e ﬁ 'EAVs0 ['0LRTIB1050 DOT
6T 60°TH Jqeisun | SLTF E 6E 6GR°C FOF9TE 11E _ L'THHVEQ 1'098295 1050 D01
HeT (- A JI9€I5 | BRSL 4y S LT FTSI6LE 443 _ 1" TUMYE0 1'060EF51050 DO
(8477 +Bay) | (D + dsy) EQ/MIN sppoe
Annpedoapiy Xapuy amaers | - xapul PIoE OUTIHE PI2E OUTILE 1d WEPM UTLR JWEN  WIHVED Q1 $n20°]
Jo aBeaaay megdnyy ! Anpgeisug Apansod A@pAnesau [Eanaa0ay . hw_nuw_a—__: Jo
Jo aaquuny Jo aaguiny] A3qny]
surjoad FYS(O JO UOREZLIAIBIRYD [BIIWIYD PUE [BANSAYJ €S QB L
. . . 0Tt Afrure] | [Z°8¢Z004d al 1% OpIV C §EUNVS0
L0F'8 0S| §Shl VL | ST | ssmonpar opxyopry BN
2/ AJTUIE = al 199 o 0= S|
LS-H09T €900 | 8TO81 |*C | T6T | SI | scmonpor epaopry | oo Ad | PRI ORIV TECHNFRO

SATIA TV¥NOLLIaay




A !

6T 0" 9L'TR 2[qEISU] | 'EST05 Ft 8t iy HEEUELE i35 CLTINVS0 TOFSTEAI150 DO
ori (- STPR AqeISU] | ST'RE LE It Le9 PO 9L66E RSt "LTHAVSO FOFSTPR1ISO DO
ao0"0- BT 06 JqeIsu] | TO9F 0% 6L iF'o LUTFITE SLE h ["9THHAVS0 I'OEELERO150 DOT
91 S6CH oIg8g | 19°LT 81 0 84 FlLasLsl £sl _ PETHAVED FOTERTIOISO DOT
al0'0- LS990 PIqEIS | 90'CE 9T [£3 68E IH659.T HFT §TSTANYS0 | £/T0TERTA0ISO DOT
910 1T'g6 MBS | I'EE i} ¥t I8¢ 8lIEroLE 3 43 |"STAMYSO 1I'0ZERTIOI50 DO
RR10- 16°CH ajquasun) | L1t LE £ Foc 19 FZ08E Irt TUFTANYS0 | T/106FZ050150 DO
zon- 9E'FR J[9EIS | Fo6L Ot 6L 98°L BETER0E ELE CETHNYS0O TOSFZOR0150 DO
b4 ol Vg LTIR 9815 | 6C €L (i} [y LT9 FOOl0LE 1133 ["ETHHVS0 LORFZ0T0150 DO
SEI'O- ST9R 21qeIsu | £9°7F FE 1t £ HELLESE 0Ze ["TTHHAVSO ['0BET030150 DOT
1610 £ 68 AMSU | [0'1F ¥t Ay ¥o'L SELICCY 1313 "1 THAVSO 106£6ET6050 DO
2L1°0- 968 2[9EIS | 66'9C k¥ g [&'8 T 1090F LLE [OTAHEVEQ 1'000S05L0SO D01
s P88 A9yIS | T9'CE St 123 9L FSPYaTE G0E | C6IAMVE0 TOO6FOTLOSO DO
Ty SpeR 2l9eIN | TLEE 3 £ RGO CIeEss0r OLE I'6 1 WAYS0 1'066F05L0SO DO
6l 0- £ €8 2[9ES | LIFBT 6t i Lo O9 685 BIt ['BIAAVEO 1'0696£55050 DOT
CECOr RESR aAqesuny | L1y £L £C oL E0ED91L L6l ELIAVED €OLCREDBLOSO DO
el [£06 2[qQEIsun] | T0°FF FE LE o S HT09E uzZe CLTHAVSO TOEIREFSOSO DOT
CLIr RY'E6 qMSU | 99°Z6 Ay OF P8 9 PLYLE 143 [LTTAVE0 I'OETRETCOSO DO
onetr T ) Aqesuny | [10°FF 5¥ v 98 LS I¥56E LSt | LOTUAVEO I'06FLETFOSO DO
ge10- PO'TH 2qeasuny | CT'EF £ 9t oy FLTUNIE i1 _ R L e TOSPLESFOSO DO
FRIO- RI'TH aqeIsuy) | L v 8t £ BE LFETI9E £CE ["EAHEVE0 TOSFLETFOSO DOT
1'0- 868 2A9EISUN | 86'LE £e o9t 9L LI'TOS9E LEt ['FIAAVS0 I'OLPLESEOSO DOT
1z SOPR AqEIS | BIPE St £ 99°¢ OP ELTRE 43 [EAHEVS0 1'090LTBF050 DO
er0'0- BlTo JQEIS | 99FE £ET 5T BL'9 6 EE91T 10T h ETIHHYS0 £ 0THITIF050 DO
61070 0 MBS | LE'IE (e 1T oLl sellie o8l _ CTTEMYS0 TOTOYITERISO DO
FO1°0- SITR A[9EIS | 66'9E Ll 9 9L ESLINL Rel ["TAVED ['0T69T5H0S0 DOT
19 <08 MBI | BE'LE 6% ¥t g0 PSEETRE 15€ [T THHAVE0 1'0169Z3F050 DO
it 10 O PR =[qels | +0'EE i1 I 5o HRIIRE (1143 O HAYS0 1'0LBITOHOSO DO
(L0 | 1698 JqeEIsun) | TH'SE 6T 543 [ 1859488 LEE 1'6dAVsS0 I'0SSROAFDSO DO

SATIA TV¥NOLLIaay




A !

PEo

{666

S[qEIs

CLE

BT

WEEY

SILeked

CRTAAVE0

TO9L6TBCIS0 DO

=000

bE66

2qErs

[TLE

Ot

Lt

ETOLETYE

['EEHAVSO

I'094L6T5T150 D01

SATIA TV¥NOLLIaay




Table S4: Subcellular localization of Os4AKR genes.

Gene Name Localization
OsAKRI nucleus

s AKRIOL chloroplast
OsAKRIL ] chloroplast

s AKRI2 chioroplast outer membrane
OsAKR12.2 chloroplast outer membrane
O AKRI23 chioroplast outer membrane
CsAKRI mitochondrion

s AKRI4 chloroplast
OsAKRIS. ] cytoplasm

O AKRIF2 cytoplasm
OsARKR6. ] chlovoplast

s AKRIT chloroplast

O AKRIT 2 extracellular space
(sAKRIT 3 cytoplasm

s AKRIS T cytoplasm

s AKRIY ] mitochondrion
(AKRID.2 mitochondrion
OsAKR2 ] cytoplasm

s AKRIO mitochondrion
OsAKR2I ] chloroplast outer membrane
sAKR22 cytoplasm

O AKR2Z cytoplasm

s AKR23.2 cytoplasm

s AKR24 chloroplast
OsAKR24.2 chloroplast

O AKR23 | cytoplasm

ADDITIONAL FILES

Gene Name Localization
s AKR2S2 cytoplasim
s AKR2 3 cytoplasm
OsAKR23 4 extracellular space
s AKR?6.] mitochondrion
(s AKRIT ] nucleus
e AKR2T 2 nueleus
(sAKRIS ] cytoplasm
s AKR2E2 nucleus
OsAKR3.T cytoplasm
OsAKR3.2 nucleus
OsAKR4 cytoplasm
OsAKR4 2 nucleus
OsAKRS | chloroplast
OsAKRS 2 chloroplast
OsAKRG. chloroplast
OsAKRT.2 nucleus
OsAKRE. ! chloroplast
OsAKRE 2 chloroplast
OsAKRS.3 chloroplast
OsAKRE 4 chloroplast
OsAKRSS nucleus
OsAKRS.6 nucleus
OsAKRS. 7 nucleus
OsAKRSE 8 chloroplast
OsAKRG. T chloroplast

Table S5: Promoter analysis of 1kb upstream promoters of Os4KR genes.

Functional Classification | Motif Name
Light Response A-box

Box 4
GATA-mouf
Gi-box
GC-motif
GTl-motif
Spl
TCCC-motif
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Defense and Stress

Response

Hormone response

Growth & Development

Table S6: Gene duplications of Os4KR genes.

ACE

I-box

as-1

LTE

STRE

DRE core

WRE3

ABRE3a

ABRE4

ATCT-motif

W box

GARE-motif

ABRE

CGTCA-motif

MYC

TCA-element
TGACG-moftif

ERE

CAT-box
O2-site

AC-]

Dispersed
Genes E-value
OsAKRD | OsAKR25 | 3.00E-173
A KR2 | OsdKR4 | LLOOE-148
(wAKRY | (AKRIT7 | 6.00E-151
OsAKRL | QsAKRI7 | 2.00E-132
OsAKRS | OsAKR3 | 3.00E-64
OsAKRG | OsAKR25 | 5.00E-32
(sAKRT | OsAKR24 | 2.00E-140
s AKRE | OsAKR27 | 1.O0E-98
(wAKRY | AKR22 | 4.00E-91
Os4KRI0 | OsAKRIL | 0
OsAKRIT | OsAKRI3 0
(W AKRI2 | OsAKRID | 2.00E-114

ADDITIONAL FILES

Transposed

Genes E-value
OsARKR2 | OsAKRS 3.00E-60
OsAKR2 | Os4AKRIS 1.OOE-T6
OsAKRG | OsAKRE 1.O0E-33
OsdKRG6 | Os4KR27 3.00E-33
OsAKRG | OsAKR28 LOOE-21
OsAKRT | OsAKRY 2.00E-92
OsAKRZI | OsAKR20 2.00E-13

Proximal

Sones Eovalue

OsAKRIZ | Os4AKRI3 3.00E-103

125



AKRI3

s AKR2S

2.00E-128

ADDITIONAL FILES

(I AKRI4

e AKR 6

4.00E-130

Whole Genome

e AKRLS

OeAKRT

2.00E-122

WAKRIG

dsAKR22

1.00E-119

OvAKRIT

OeAKRIE

7.00E-82

AKRITY

sAKR20

5.00E-78

O AKRI0

e AKR2G

T.O0E-T6

AKR2

OsAKRIY

2.00E-18

(e AKR22

e AKR23

5.00E-125

e AKR23

OsAKRIS

T.00E-115

AKR24

s AKRIG

5.00E-113

O AKR2S
AKRZT

Os4KR26 |

sAKR2S

1.ODE-25
2.00E-27

O AKRIE

s AKR2S

3.00E-19

Genes E-value
Os4dKR2 | OsAKRI7 2.00E-145
OsAKRT | OsAKR22 9.00E-143

Tandem

Genes E-value
OsAKR2 | OsAKR3 1]
OsAKR3 | Os4AKR4 1 .B0E-149
OsAKRID | OsAKRI2 2.00E-127
OsAKRI4 | OsAKRIS 2.00E-127
OsAKRIS | Os4AKRI6 0.00E+00
s AKRIY | OsAKR2 0.00E+00
OsAKR23 | OsAKR24 1.00E-178
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Summary

New Phylologist (20200 227: 714-721
doi 10.1111/nph. 16576

Methylglyoxal (WG], a reactive carbonyl compound, is generated during metabolism in
living systems. However, under stress, its levels increase rapidly leading to cellular toxicity,
Although the generation of MC is spontaneous in a cell, its detoxification s essentially
catalyzed by the glyoxalase enzymes. In plants, modulation of MG content via glyoxalases
influsnces diverse physiological functions ranging from regulating growth and development
to conferring stress tolerance. Interestingly, there has been a preferred expansion in the
number of isoforms of these enzymes in plants, giving them high plasticity In their actions
for accomplishing diverse roles, Future studies need to focus on unraveling the interplay of
these multiple isoforms of glyoxalases possibly contributing towards the unique adaptahility
of plants to diverse environments.

Key words: aging, glycation, ghyoxalase,
methylghyoxal, plants, stress response.,

Several conditions such as diabetes, cardiovascular disease, cancer

I Intreduction B ; FErs .
and neurodegenerative disorders are associared with an increase in

Cellular metabolic rewiring is an important mechanism regulating
cell proliferanion and growth. This muning occurs nor onby under
stress but also during varous physiological functions and triggers
the formation of a reactive dicarbonyl compound, methylglyoxal
(MG}, which spontaneocusly glycates nucleic acids, proteins and
lipids, forming advanced glycation end products (AGEs) (Thor-
nalley, 2008). MG, which is generared from triosephos phace sugars
(Box 1), is an unavoidable ourcome of primary merabolism
contriburing o aging and disease in humans (Richard, 1993},

T4 W Plovendmgint (C0E0) 2X7: 714=30
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MG content (Migro er al, 2009}, Likewise, MG is alsv a universal
consequence of seress in planes (Yadav eral, 25a), affecring their
growth and development (Box T).

Because MG roxiciey severely affects eellular functions, nature
has evolved a highly efficiem dewxificarion system for it
metabolism via the glyoxalase pathway (Thornalley, 1993). This
two-step engyme system comprises plyoxalase T (GLYT) thac
caralvzes comwersion of hemithioaceral, which is sponwaneously
generazed by adduct formarion berween reduced  glurathione

& N0 The Avuchors
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Box 1

Generation of MG

In plants, MG is generated primarily from triosephosphate sugars produced during glycolysis and the Calvin cycle through nonenzymatic reactions, In
addition, enzymatic pathways have also been proposed Lo generate MG bul have not yel been validated in plants. These include MG synthase (MGS;
imvalved in glycolytic bypass in prokaryotes), cytochrome PAS0 (CyF450; acetone metabalism) and aming oxidase (A0 amino acid breakdown).

GlypeolysigiCalvin gyele  Protei Faity acid

Al

L P4al

ALOH- i MOH

LB

Detoxification of MG

Glyoxalase pathway: The major route of MG breakdown in plants is the ghyoxalase pathway comprising the enzymes glyoxalase | (GLY);
lactoylglutathione lyase, EC 4.4.1.5) and glyoxalase || {GLYI; hydroxyacylgiutathione hydrolase, EC 3.1.2.8). MG spontanecusly reacts with
glutathione (GSH) to form a hemithloacetal adduct which is metabolized by GLY) to form S-lactoylglutathione (SLGL GLY | = ametafleenzyme requiring
dwvalent metal ions, either 8*" ar 207, for activabion. Subsequently, GLY! converts SLG o o-lactate, recyeling GSH In the process, The o-laclale so
formed is finally converted to pyruvate through o-lactate dehydrogenase (o-LDH), which then enters the Krebs oycle.

Glyaxalase 0 (GLYID: GLY N engymes (EC 4.2.1,130) can directly canvert MG to o-lactate in one step without requinng G5H and divaient metal lons
and o SLG s formed in the process. Besides GLYIN activity, thess enzymes also possess other catalytic functions such as chaperone and protease
Activitios.

Otherensymes: Aldoketo reductases (AKRs), eldehyde dehydrogenases (ALDHs) and methylghyoxal reductases (MCRs) can also metabaolize MG While
AKRs form acetol from MG, ALDHs form pyruvate and MGRs convert MG tolactaldehyde whichis subsequently converted toL-lactate via lactaidehyde
dehydrogenases (LADH). -Lactate s finally comverted to pyruvate through the enzyme clactate dehydrogenase (L-LOH). The pyruvate thus formed
can enter the Krebs eycle. Unlike the ghyoxalase pathway, these enzymes have broad substrate specificity and ean catalyzre reduction of various ketones
ard aldehydes.

The pathways shown by dotied lines have nat yet been established in plant systems.

(GSH) and MG, w Slctovl glutathione (SLG] nvolving
divalent metal ions as colaceors. Glyoxalage 1T (GLYID further
converis SLG o D-laciate with the release of GSH (Box 1). In
addition, a shorrer roure for deroxification of MG also exises,
which involves GLYUI proweins divecdy caralvzing the conver-
sion of MG o o-lactate in one step without imvelving GSH or

meral fons (Missa er 2l 1993), Furthermore, aldo-keto
& 2020 The Aurhars
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reductases and aldehyde dehydrogenases cn also metabolize
MG bur, unlike CLYIGLYTL they have broad substrate
specificity (reviewed by Chakrabory e 2/, 2014). By facilitating
MG-mediated damage control, glyoxalases and other MG-
metabolizing enzymes can be said w be components of the
metabolite damage repair machinery of cells: (Hanson er af,
20146,

Mewr Plrpeodpeind (21200 227 714721
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Fig. 1 Glyoralase (GLY) enzymes show functicnal diversity in plants. MG, methylgiyoeal,

The role of the MG—glyoxalase module in plant seress adaptation
has been unambiguously established (Singla-Pareek er 2f, 2003;
Gupra et al, 2018}, Herein, we highlight the expansion of
glyoxalases as multiple isoforms, a feature possibly linked o sessile
organisms such as plants, in mediating & robust response to diverse
environmental stresses. We also discuss newer roles of plant
31}1}11135:::.. ill:.'ludih.g some recent L'xpvl.'n'm:.'nlal evidenice
{Sankaranarayanan e af, 2015 You e of, 2019), w appreciate
the need for multiplicity in execurting cellular and physiological
funcrions. Altogether, we believe thar glyoxalases have a far more
impactful role in living sysrems given the direct and critical
association of their substate MG with glycolysis. an essential
companent of the metabolic machinery.

Il. Role of glyoxalases: classical function in stress
adaptation

[Mscovered in 1913 as a single enzvme, glyoxalases were inidally
considered as a mainstream enzyme of glycolysis convering MG o
lactare. However, with elucidacion of the Embden-Meyerhof scheme
of plucose breakdown and the facy thar MG metabolism by glyocalase
yielded pelactate and nor -laceaee, which is the end produet of
glycolysis, studies on this ensyme-substrate module decreased. In
1965 Szent-Georgyi revived incerest in MG-ghvoxalase research with
the propositon of the promine—retine theory, identfving the role of
glyoxalases in cell division (Szem-Georgyi, 1965).

Nt Pirpsofapeee (2020) 227 TH-T21
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Glyoxalase activiry was firse demonstrated in plants in 1981 in
Douglas fir needles, and this initiared plant glyoxalase research. In
line with Szent-Georgyi's promine—reting theory regarding the
MG—glyoxalase module, correlations berween GLY] activity and
cell proliferacion were established in several plant species (reviewed
h}-' Kaur etad, 2014a) but due toa lack nfl:xln:r.i mental evidence on
the relationship undetlying enzyme activity and cell division, no
funetional implications could be drawn,

An initial report from our laboratory led to elucidation of the
most significant and widely accepred role of this pathway in stress
adaptarion response in plants (Singla-Pareck o 2f, 2003). We
reported that MG levels increase following exposure o salinity
stress (Yadaw et al, 2005a), which could be resisted by overexpres-
sion of glyoxalase enzymes in transgenic systems (Yadav et al,
2005b). Because MG levels are generally induced under stress due
eo aleerations in merabolic Aux, the plyoxalase pathway serves an
important detoxification role by converting this cytotoxin 1o b=
lacrare, which can subsequently enter the Krebs cycle as pyruvare via
D-lactare dehydrogenases, Cherexpression of glyoxalase genes,
either individually (GLYUGLYIT) or as a complere parhway
(GLYT + GLYTI), in p]:mt spectes such as rice, robacco, tomaro and
Carrizo cirrange roostock has resulied in planes witdh improved
eolerance o salinity, drough, heavy meals and oxidative stresses
(reviewed by Kaur er af, 2014a), In addition, enhancing MG
deroxification in plants via glyoxalase overexpression also improves
tolerance to hiotic stresses (Gupia el 2008),

i) M2 The Aurdors
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Fig. 2 Glyoxalaze family beyond plant systemns, {a) Time tree of species ised in the present study, Geological timescale is in million years ago (MY A). The tree has
beencreatedusing Tes Tare (Kumaratal,, 20173, Perlods: 5Y D, Sydenan; RY A, Ryacian; ©ORO, Qrosinan; 5TA, Stathenan; CLY, Calymmian; ECT., Ectasian; 5TE,
Stenian; CRI, Cryogenian. Eras: U, Palenarchean, ¥, Mesoarchiean; W, Neoarchean; ¥, Meso-Proterozoic; 2, Meo-Proterozoic; Pz, Paleozoic; Mz, Mesozaic,
tons: HOE, Hadeon, Ph, Phanerozoic. (b) Graph Indicating the number of glyoxatase genes (GLYT, QLY. GLYHI) In various representative species from
prokarnyobes to eukanyotes. (o} Graph indicating the number of glyoxalase penes (GLY1, GLY1, QLY in algal species.

Il. Multiple isoforms of glyoxalases in plants offer
scope for novel functions

Genome-wide analysis has identified multiple isoforms of
GLYT, GLYT and GLYII in rice (Mustafiz er e, 2011; Ghosh
er al, 2006). Evolutionary smdies have also established cheir
presence as ubiquitows enzymes across all the kingdoms of life
and have also highlighted the essendal acquisitien of baodh
mctaf—dcprnrlum forms of GLY!L in planm {Kaur er af,, 2003},
Intumﬁtingj}f. a]“ng '||'|"I|1.11 I.I'H:‘lﬂ Llil};.:l'."nt ml."lal.'ﬁ.[l.'Fl‘.'nd.L'Tlt ﬁer&
(Ni** and Zn"), plants also possess GLYI-like proteins, which
have probably diverged in their functional roles during
evoludon (Kaur er 4, 2014b; Schmite e &f, 20018). One such
case 15 the O5GLYI-1 protein, 2 member of the rice GLYII
family that lacks GLYTl activiey and instead encodes a stress-
rﬂﬁ'l"ﬂnﬁi‘!'ﬂ 'l"'l'l.l:.'lTi"n'ﬂ." 'iIJ|.|1|.'|LIr di{]x}:gﬂnﬁ“ ﬁ]ncri‘}n I:K:I'Ll.r [ :’ﬂt,
2014b). Similarly, AdGLN2-3 from Arabidopsis, the OsGLY1E-1
urdlulug. also  eneodes aulphur d:iux}'gunm:.' .'1|:11"-'1'L1_r. l!ciuﬂ
wivolved in amine acid catabolism during carbohydrare starva-
ton and embrvo development in Arabidopsis (KriiBel & wf,
2014). Like GLYI/GLYII genes, there has been an expansion in
the GLYII family of plants as well, a family which exhibits
multiple functions apart from MG derowificarion such  as
chaperone and prowease activides (Chen e af, 2000; Ghaosh
et al, 2016; Lewandowska o af, 20019, A more ImporEnt role
of these enzymes is speculared in conditions where the GLYL/
GLYTT syseem is less effective due to reduced levels of GSH,
such as chronic oxidative stress, sulfur limitation and stationary
growth phase (Hasim et af, 2014), However, much remains 1o
be discovered about these proteins and discussion of them
WALTANES 2 h".'r!ﬂfﬂrﬁ.' Tﬂ'iﬂw,
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The uhigquitous nature of MG and of glyoxalases as mulople
members in plants indicates that the functionally acrive glyoxalases
have more imporeant physiological roles where, by manipulating
MG levels, they indirectly dicrate vurcome of a process. In this
regard, novel roles beyond stress response but involving metabolic
tuning are being reported. For instance, the requirement of GLYI
activity for regularing pollen—pistil interactions has been shown in
Bragica napus | Sankaranarayanan etal, 2015}, Increased glycolyss
18] gﬁ'ncrﬂr‘: Cnﬂfg}" :F'ur gmwi.ug I'H:l“l':n "lhc ll'."ﬂ'lj& o a .‘illl.'gl.: il'l MG
Li."'i'L']ﬁ iﬂ .ﬁljglna, w]'l--“:h 1 Lurn CI:rrI'I.'I.'I Les W'i:h dlangux il'l gl}'uﬁalaﬁu
activity, Consequently, increased GLYT activity is needed for pollen
germination on stigma. Moreover, compound starch granule
formation and starch synthesis in the rice endosperm also invalves
GLYD (You o af, 2019), The involvement of glyoxalases in
nutritional responses has also been reported, a5 indicared by
enhanced MG generation during NHy o nueridion in plants
I{H:lr}rﬁiuk etial, 2O18) {Hg. 1.

IV. Evolutionary aspects related to emergence of
glyoxalases as a multi-membered family in plant
systems

The search for glyoxalase proceins from prokaryotes o eukaryores
E]:’I.E il“.tiull:d I.'h.'tT rhi.' El}".‘xﬂ]ﬂﬂ‘.‘ i'-i'!n'lil}r L".K'P:Il'ldﬂ{[ f.'};fl'l:ﬁi“"l}r IH'l
F'l.:lnj 5'}'?;'.‘1.'”13 tFig. lﬂ.b}. Th'i."i I_'}LFJ!J'I.SJIIJI'I ]'"'uhah l_'ﬁ" ff_'}u]“.‘fj EII.'::II.'I'I.
several genelgenome duplication events which have together
shaped plant development and the modular lifestyle of planes and,
consequently, have driven rair evolurion (Schrany e af, 2012),
The emergence of photasynthesis and loss of moriliy are two such
plant-specific tmaits, although not the only ones. but may have
cantributed signifcantly towards driving such expansion,

Dene Pirpeedeint {20200 T27: T14-F 11
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Photosynchesis is one of the major sources of MG generation in
plants and appesrs as 4 more likely eause behind expansion of
glyoxalaces. However, analysis of GLY genes in blue-green algal
genomes, whicharealso phomosyntheric organisms, reveals nosuppore
for thishyporhesis ( Fig. 2¢). These algal specics possess asingle copy of
GLY genes and thus clearly do not support a link for the cause of
evolutionary expansion of multiple glyoxalases with photosynrhesis,
However, mo some caene, expansion of glroxalascs as multgene
Families appears 1o be linked o loss of maoility in plines, as muorile
organisms such as animals and humans harbor only a single capy of
glyoxalases. A sessile narure predisposes plants to adverse environ-
mental conditions from which they cannot escape. The presence of
multple gene copies may theretore act as a buffering mechanism
providing redundancy in gene funcuons i order o boose pling
defensesand other vital funcoons, Inasimilar conexr, GEYTH genes
have also undergone eqpansion in thetr numbers in planes (Fig. 2a.b),
Motably, the moss Physcomitrella patens, where stomata fist evolved,
shiws the highest number of GLY1I genes (Fig. 2b).

V, Different shades of methylglyoxal: cytotoxin ora
signal molecule

The toicity of MG is well known to be due to it irreversible effects
on Fm":‘i.rl srruicture i‘lnd Fl.l nli.'rin"l'l {mimd ’)}r rl-.|1.::|1'n:|.|]1:}f. Zﬂua}.
MG-mediated glyeation reactions directed to arginine and lysine
residues have critical implications, as arginine is more commonly
located in the functional sites of proteins and may lose ics ligand-
binding abilicy upan reacting with MG (Ahmed e al, 2005), The
formation of hydroimidazolones (MG-Hs), as in human serum
albuminand collagen, causes structural distortion, loss of side chain
charge and functional impairment (Ahmed e 2f, 2005; Dobler
o I:!I:, Jﬂﬂ'ﬁ} G‘.’nﬂmj[}'q E]}'ﬂ.{ll\imidﬂﬂ)lﬁnfﬁ I:]ﬂ.'l.'ﬂ 5]'“}" L‘hl:mi.L'ﬁ]
hall-lives (2—6wk) under physiological conditions, and cheir
concentration depends on the balance berween their rates of
formation and decompasition,

In terms of marphological changes, we have shown thar plants
with high endogenous MG levels under stress conditions exhibit
growth and development defects {Singla-Parcek erad, 2003, 2006,
2008; Kaur eral, 2017; Gupr& etal, 2018). Furthermore, MG at
1 mM inhibits seed germination and root elongation and induces
chlorosis in Arabidopsis (Hoque e al, 2012). In view of MG-
mediated glyeation, researchers have identified 'dicarbonyl pro-
teomes in animals and plants, comprising proteins susceprible to
MG-mediated  modification.  In humans, these  include
hemoglobin, transcriprion factors and mizochonddal proteins,
which may be associated with mitochondnal d:.rﬁﬁ.m cHion in
disease, aging, stress and apoprosis (Rabbani & Thornalley, 2002},
In plants, studies of glycation howspors in Arabidopsis, B aapas and
recently in legume nodules indicare heavy glvearion of plant
proeomes in comparison to animals (Shumilina ez af, 2019} and
that stress conditions such as droughr, hear and light primarily
rarger glycarions to the chloroplast, the sire of production of higher
levels of sugars (Chaplin e 2l 2019).

Haowever, evidence indicaces thar MG, similar to reactive oxyjzen
species (ROS), can serve dual roles in organisms in a dose
dependent manner. At low doses, MG priming has been shown wo

ANt f’!lyr.-:.'.uﬂ.' [ 2O AT T -T2
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tnduce salt and cadminm twlerance in wheat seedlings (Lier af,
2017, 200 8a). The signaling role of MG biag, in fact, been clearly
demanstrated in yeast where it acts via the HOG-MAPK pathway,
facilitating an osmoric seress response. In planes, inital indicatien
rowards a signaling role of MG has been reporred from our
laboratory based on assessment of the rice wranscriptome in
response o MG, By wiggening large-scale perturbanions in
sigmaling-related genes, MG i3 proposed e ace as-a novel stress
5igr|a[ molecule (Kaur e af, 200130 1t s now known thar MG-
ediated stress adapration in plants may act via a complex cascade
of various signaling molecules such as Ca®', ROS, K and ABA
treviewed by Baur er af, 2014a; Mostofa er o, 2018}, In addition,
bydrogen sulphide can also mediare MG priming-induced hear
olerance in maize (Li ¢ 2l 2018b),

Likewise, protein carbonylanen mediared by MG and other
dicarbonyl compounds occurs nor only as a consequence of external
oxiclative stress but also as a part of plant development. A specific ser
ol embryo proteins have been shown to be carbonylated during
release of seed dormancy in sunflower (Oracz e @l, 2007),
Furthermeore, protein carbonylation occurs even during germina-
tion of fully viable Arabidopsis seeds (Job et af, 2005}, Depending
on daose and duration, ghycation can thus cither enhanee or inhibic
E‘Irn‘tr'ln t‘ll.‘.gr.‘l:iatinl‘l :I]'I.d. Thl."n:h"}" Ffll:i[i rare rc:‘]'!mg‘mmmi.ng nf
|.'|‘:1[i.|.|;lr FLI'I'IL"L'i{}I'I.’L ﬂlmg:th:r. h-'iG :“'I.d h’tG-mﬂjiJ*ﬂj ﬂ}'l’:ﬂriﬂﬁﬁ
do not have juse a lethal effect on plant functons bue also serve
important physiological roles as well.

VI. Discovering new functions of plant glyoxalases:
taking leads from other organisms

Plant diabetes

L humans, dicarbonyl stress is considered to beone of the drivers of
pathogenesis in obesity and diaberes, particularly in associaced
vascular complications. MG levels increase under both conditions
due o hyperglycemia in diaberes and increased rrinsephosphare
flux in glyceroneogenesis, associated with adipocyte expansion.
These conditions also lead to downregulation of GLY1 expression,
which augments aceumulation of MG-derived AGEs (Rabbani &
Thornalley, 2008). In this contexr, GLYT has been found to
cooperate with fatty acid synthesis to protect animals against sugar
toxicity, as evident from the fact thar lipogenesis-deficient animals
are highly sensitive to dietary sugar due o accumuladon of MG-
derived AGEs (Garrido e wl, 2015)., A similar correlation can be
reasonably assumed to be true for plant ghoxalases as well, In fact,
Takagi er al (2014) suggest that plants are likely to suffer from
dizbetes-like conditions in environments where photosynthesis is
enhanced, as in high light or high COu. concentrations. This is
because, under conditions which promote photosynthesis, higher

levels of MG are produced in chloroplasts due to increased flux of

the Calvin cycle. In the day, MG is preferendally reduced by
phorasystem | (P51} withour evalving O, bur reducing it wo O
(Samto et af, 20011). The oxidative stress that results has been
referred to a5 ‘Plane disbetes” by the authors as it originates from a
common metabolice of the primary pathways of sugar merabolism
in all organisms.

) M2 The Audsors
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Cell death

MG iga well-known inducer ol apoprasis in-animals, which acrs by
tripgering p38 mirogen-activated prorein kinase and involves
oxidarive steess {Fuliunaga er o, 2005). In human leukocyres, this
phenomenon is accompanied by morphological changes and
alterations in expression of antoxidant, apoprotc and ghyoarion-
responsive genes (de Soura Presces eeal . 20190, In this regard, the
GLYH pene has been shown e be a pro-survival factor of the p33
family, the classic mmor suppressor gene (Nu & Chen, 2006).
Furthermore, the apoprotic process in animals and programmed
cell death (PCDY pathways in plans commonly  involve
cytochrome C (CY'T e This offers another possible link berween
MG and apoprosis because D-lactare dehydrogenase, which
specifically merabolizes p-lacrare (the produce of GLYTI) requires
CY'Teas an electron accepror (Welchen o al, 2016). In addition,
hexokinase activity (glucose metabolism) s also known e control
CYTerelease, linking MG with PCD (Kim et e, 2006). Insupport
of this, we have shown thar plants overexpressing the glvoxalase
pathway exhibit a “stay-green” phenotype under steess conditions
that would otherwise induce senescence (Gupta e af, 2008},
Henge, glyoxalases can possibly regulare variows developmenial
]‘Irnﬂ:s.‘ir.i T;'HIT IH'“"{!!\'T PCD’ ]In FI.'ITITE &L l._I'I as x}':l:c]'ﬂ ﬁ'.l'l'l'l'lﬂ ri.'.-l‘ﬂ. ﬁ‘.ﬂ.'.d
maturation and leaf senescence {Fig. 11

Aging

An age-related decline in GLYT activity has been observed in
arterial cssug, buman lens and brain (Xue e afl, 20110 A
decline in GLYT activity leads to increased formation of AGEs in
{aenorbabditss n'.':gx:ni, r:.:ul;ing in mitochondrial ROS ptm:lu:,:—
tion which thereby resticts lifespan (Morcos ot af, 2008).
Furthermore, MG-mediated loss of prowessomal activity or
impaired proteostasis due w the formation of proreolysis-
resistant AGEs can also contribure 1o aging {Nigro er wf, 2019},
On similar lines, age-related changes have also been observed in
the Ambidopsis glvcared proteome {Bilova e wf, 2017} and alse
during natural leaf senescence in winter whear {Havé er al,
2015}, indicaring the existence of age-relared glyeation horspors,
Together, glyaation may reasonably be wrmed as 4 nonenzy-
matic post-translational modification marker guiding proteins o
degradation and organs to senescence. Plant glvoxalases, by
affecting glvcations, may therefore serve as critical components
regulating the aging process (Fig, 1),

VIl. Conclusions and future perspectives

Energy adjustments occurring during diverse cellular processes
such as seress adapration and development, generare MG in the
process. By facilitaring its deroxification, plant glyoxalases can be
conveniently assigned diverse physiological roles, being involved in
the derox pathway central to sugar merabolism and as crucial
components of metabolite damage repair systems (Fig. 1), Here,
althaugh we have ascribed various functional roles of these plant
plyoxalases by deawing parallels from other kingdoms, the same
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need o bevalidated in future to determine the aceual sigmificance of
these enzymes in plant physiology.

Future research on glvoxalases may focus on providing evidence
o confirm the proposed role of the MG—glvoxalase module in
processes such as apoprosis and aging. Furthermore, although the
srress-mirigating role of glvoxalases has been well established, licde
15 presently known regarding the interplay of different soforms and
the signaling mechanisms that concribure to these seress adapranon
responses; In addition, GLYTII proteins, which are novel bur less
well-studied enzymes of MG deroxification, alse merit detailed
investigations, especially in context of their mulriple roles. We
believe thar a comprehensive assessment of the two parhways,
GLYWGLYH and GLYILL with respect o their regulaton will
delineate the facrors and conditions thar govern which pathway for
MG demowificanion is acrivaied.
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Abstract: Glyoxalase pathway is the primary route for metabolism of methylglvoxal (MG); a toxic
ubiquitous metabolite that affects redox homeostasis. It neutralizes MG using Glyoxalase | and
Glyoxalase Il (GLYT and GLYIL) enzymes in the presence of reduced glutathione. In addition, there
also exists a shorter route for the MG detoxification in the form of Glyoxalase I {GLYT) enzymes,
which can convert MG into D-lactate in a single-step without involving glutathione. GLYTI proteins
in different systems demonstrate diverse funchonal capacities and play a vital role in oxidative stress
response. To gain insight into their evolutionary patterns, here we studied the evolution of GLYTII
enzymes actoss prokaryotes and eukarvotes, with special emphasis on plants. GLYII proteins are
characterized by the presence of DJ-1_Pfpl domains thereby, belonging to the DJ-1_Pfpl protein
superfamily. Our analysis delineated evolution of double D]-1_Pfpl domains in plant GLY111. Based
om sequence and structural characteristics, plant GLY1 enzymes could be categorized into three
different clusters, which followed different evolutionary trajectories. Importantly, GLYUI proteins
from monocols and dicots group separately in each cluster and the each of the two domains of
these proteins also cluster differentially. Cwverall, our findings suggested that GLYI proteins have
undergone Hibmiﬁcant evolutionary changes in planks, which is likely to confer diversity and fexibility
in their functions.

Keywords: glyoxalase [1T; Df-1_Pfpl domains; evolution; horizontal gene transfer; methylglyoxal

1. Introduction

Glyoxalase (GLY) pathway is well-known for its role in plant stress adaptation as well
as in disease conditions in animals. The two enzymes of this pathway, glyoxalase 1 (GLYT)
and glyoxalase I (GLYIL) act by metabolizing methylglyoxal (MG), an a-ketoaldehyde
produced primarily by spontaneous dephosphorylation of triose phosphates [1,2], to a rela-
tively non-toxic compound, D-lactate. The toxicity of MG is attributed to its highly reactive
nature towards proteins, lipids, and nucleic acids. Being a carbonyl electrophile, MG can
readily modify arginine, lysine, and cysteine amino acids of proteins as well as adenine,
cytosine, and guanine residues of nucleic acids, to form advanced glycation end products
{AGEs) in turn, altering the functional properties of these biomolecules [3]. Besides triose
sugars, other minor sources of MG formation also exist and include catabolism of acetone
and threonine [3,4]. At the same time, prokaryotes demonstrate the enzyme-catalyzed
formation of MG as well, which takes place via the dephosphorylation of dihydroxyacetone
phosphate (DHAT) [1,2]. These biomolecular modifications due to reactivity of MG leads
to changes in the redox status of the cellular milieu. Since the generation of MG in the cell
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is inevitable, almost all organisms possess glvoxalase enzymes that restrict increase in MG
levels in their cellular milieu and hence, contribute to redox homeostasis [5,6],

Based on the glutathione (GSH) requirement, glvoxalases were categorized into two
types, i.e., the GSH-dependent and the GSH-independent form [7-9]. The GSH-dependent
systern is a two-enzvme pathway mvolving GLY1 and GLY1E enzymes [10], whereas the GSH-
independent system involves a single glvoxalase 11T (GLYTIT) enzyme [7-4]. The metalloenzyme
GLYT (requiring either Ni** or Zn”*) converts hemithioacetal formed from the spontaneous
combination of MG and G5H to B-{(SHactoylglatathione [11,12], which is further hydrolyzed by
GLYT to give D-lactate and GSH [13], On the other hand, GLYII enzyimes catalyze the direct
conversion of MG to D-lactate without requiring GSH [7-4] (Figure 1).

- — - — - -_— —-——

. Methylglyoxal | Hemithioacetal

I i Reduced GLYI

I GLYII 1 Glutathione
| [ ' v

, | . . S-lactoylglutathione
!
: D-lactate : : GLYII

. ol )

Figure 1. The glvoxalase pathway for metabolism of methylglyoxal, The classical two-step glyoxalase
pathway converts methylglvoxal (MG) to D-lactate with the help of Glyoxalase 1 {GLYT) and Gly-
oxalase I (GLYT} erizymes and uses reduced glutathione {GSH) as cofactor. Glvoxalase [ (GLYTI)
constitutes the shorter pathway of MG detoxification which directly converts MG to D-lactake in a
single step, without invelving GSH.

While the GSH-dependent glyoxalase pathway is highly specific for the detoxification
of MG and other dicarbonyls, the GSH-independent GLYTII proteins exhibit varied catalytic
functions. These proteins possess the D]-1_Pfpl domains and belong to the [3]-1 enzyme
superfamily, the members of which in addition to the GLYII activity, exhibit various
other physiological functions, such as the protease [14], chaperone [15], deglycase [16,17],
esterase [18], anti-oxidant stimulant [19], mitochondrial regulation, and transcriptional
regulator [20] functions. On similar lines, the human DJ-1 protein was reported to show
protease and chaperone functions along with the GLYII activity [20]. Besides, it also
acts as a sensor of oxidative stress and is a major determinant for the early onset of
Parkinson's disease, with its loss leading to neurodegeneration [21]. In plants, the role
of GLYIHI proteins largely remains unexplored, with a few studies demonstrating their
role in response towards environmental stresses |22] and chloroplast development [23].
Overexpression of DJ-1 (Hsp31) protein from E. colf was shown to confer tolerance against
biotic as well as abiotic stresses in tobacco [24]. Similarly, ectopic expression of DJ-1_Pfpl
domain containing GLYTIT from Erianthus arundinaceus, a wild-relative of sugarcane confers
drought tolerance in commercially cultivated sugarcane hybrid [25]. With respect to their
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glyoxalase activity, it was reported that the GLYTIT proteins have lower catalytic efficiencies
as compared to the conventional GSH-dependent GLY pathway [Y] but-are particularly
important under conditions of diminished GLY1/GLYIl activity as a result of low G5H
levels, such as in chronic oxidative stress, stationary phase, or sulfur limitation [26]. In
addition to possessing various catalytic functions, the varied sub-cellular localizablion of
GLYII proteins makes them even more versatile and functionally diverse [9], Hence,
GLYIH proteins appear te be important for the normal functioning of living systems,

The availability of completely sequenced genomes of many organisms has allowed
comparative analysis of various gene families across species, giving an insight into how the
evolution and diversification of a protein family can help organisms evolve, as conditions
change. One of our recent studies highlighted the expansion of glyoxalase family, including
GLYTL, exclusively in plants and established the lack of motility as the major reason for the
multiplicity of the glvoxalase gene family in plants [27]. The sessility of plants makes them
more vulnerable to the different kind of stresses, and hence, these mulligenic glvoxalase
families provide redundancy in gene function and act as a contingency under extreme
condilions [27]. Another study unraveled interesting information on the evolutionary
trajectory of GLYT proteins, tracing the origin of the two metal-dependent forms to different
prokaryotic ancestors along with elucidating the components of the plant GLYI family [6].
Since the discovery of GLYII pathway raises many questions regarding the defense strategy
of plants against MG stress, it will be worth investigating the distribution and evolution of
these proteins across the different species. While the prokaryotes have just one catalytic
(D]-1_Pfpl) domain [28], plant genomes possess GLYTTT proteins with one or twa catalytic
domains [28]. How and when did the two-domain GLYTII proteins come into existence?
Hoew can the different domain architecture of these proteins be correlated to their diverse
funclions? These are the few queslions that the present study aims lo address via an
investigation of the evolutionary trajectory of GLYIII proteins along with deciphering their
structural and functional diversity in the plant kingdom.

2. Materials and Methods
2.1, Data Retrieoal and Sequence Analysis

To extract amino acid sequences of GLYII proteins from different organisms, either
the conserved DJ-1_Pfpl domain, PFO1965 [29] or the sequence of HsDJ1-1 (BAG34938.1)
and ScDJ-1 (EWG8r848.1) proteins, was used as query. The NCBI database [30] was used to
retrieve protein sequences for archaea, bacteria, protists, lungi, and animals using HsDJ1-
1 and 5cDJ-1 proteins as a query, while the Thytozome database [31] was used to retrieve
plant DJ-1 proteins using Hidden Markov Model (HMM) profile search for the conserved
DJ-1_Pfpl domain. BLAST was done using the default settings. All the retrieved sequences
were screened using SMART [32,35] and Pfam [2Y] for the presence of DJ-1_Pfpl and
other domains.

A total of 69 species were selected to cover the entire tree of life (representing five
kingdoms, covering sub-divisions as well), and subsequently, GLYIII proteins from those
species were used for further analysis, similar to that done for GLYT proteins [6]. The amino
acid sequences of GLYIU used in the study are given in File 51 in Supplementary Materials.
Sequences were aligned using ClustalW in MEGA 7.0 [34] with default settings.

2.2, Phylogenetic and Subcellidar Localizalion Analysis

Phylogenetic trees were constructed using the amino acid sequence of the full-length
GLYI proteins or the corresponding domains. The sequences were aligned using MUS-
CLE [35], and subsequently, Maximum Likelihood tree was constructed using MEGA
7.0 [34] with default settings and 1000 bootstrap replicates, The tree was visualized and
modified in iTol [36]. Subcellular localization of the proteins was predicted using online
servers, CELLO [37,38] and WolfpSORT [39].
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2.3, Motif and Three-Dimensional Structural Analysis of GLYTIT Proteins

The plant GLYTII protein sequences were analyzed for the presence of conserved
motifs using the MEME software suite [40]. Secondary structure predictions were made
using the ESPript 3.0 program [41]. For homology modelling studies, SWISS-MODEL [42]
tool of the Expasy server was used and then visualized in Pymol software [43].

3. Results
3.1, GLYIH Proteins Contatn DY-1_Pfprd Dowmain frn Combination with Varions Additional Domiains

GLYII prolein sequences weore extracted from 69 species representing different phyvla
to cover all the five kingdoms (Table 51). All GLYHI proteins possessed the hallmark DJ-
1_Pipl domain, belonging to the respective superfamily (Figure 2). Besides, other domains
are present in these proteins that may confer diverse functional properties (Figure 2), Of
the five archaeal species used in the study, Nalronecoccus eccultus was tound to possess
a catalase (PTO0199) and a catalase-rel (catalase-related, PF06628) domain in addition to
the [1-1_Pfpl domain (Table 52 in Supplementary Materials). These domains are present
in catalase enzyvmes that pretect the cells from toxic effects of hydrogen peroxide [41].
The catalase-rel domain additionally carries the immune-responsive amphipathic octa-
peptide [45]. Interestingly, this catalase/ catalase-rel domain was not observed in the GLYTI
proteins from other kingdoms used in this study. Likewise, domain analysis of the bacterial
GLYII proteins revealed the presence of additional HTH_18 (IPF12833) domain in about
9 of the 45 analyzed bacterial GLYIII proteins (Table 52 in Supplementary Materials). Of
the 9 GLYIII proteins having this additional HTH_18 domain, six belonged to Psendonomis
sp. GM30 strain, which had a total of 11 GLYTII proteins, the other three belonged to two
different bacterial species viz. Rluzolium sp. UFO80 and Desulfovibrio alkalitolerans (Table
52 in Supplementary Materials). The helix-turn-helix (HTH) domain is a major structural
motif capable of binding DNA, indicating the ability of such proteins to interact with
nucleic acids as well. In contrast, GLYTIT proteins from protists do not possess additional
catalytic domains besides the DJ-1_Pfpl domain. Although few protist GLYII proteins
have an N-terminal transmembrane domain required for their association with membranes,
but may not have any additional specific catalylic functions (Figure 2}. Importantly, the
tirst instance of the presence of two DJ-1_Pfpl domains could be seen in this kingdom as
observed for Dictyostelium discoidenm where in, it possessed two domains with unusually
shorter (83 and 97 aa) lengths (Table 52 in Supplementary Materials). On the other hand,
fungal GLYHI proteins which were thought to be evolutionary more advanced than the
protists, had only single DJ-1_Pfpl domain (Figure 2). However, they had a signal peptide
sequence at the M-terminus, in some of the proteins.

In plants, GLYIII proteins majorly existed as two DJ-1_Ptpl domain-containing pro-
teins, while some proteins showed only single domain. In addition, some GLYTI proteins
(both single as well as double DJ-1_Pfpl domain-containing proteins) had a signal peptide
or transmembrane domain at the N-terminus similar to that found in protists and fungi.
In fact, a DUF111 (PF0196%) domain was also found to coexist with D-1_Pfpl domains
as observed in PpGLYTII6 (Table 52 in Supplementary Materials). The presence of single
D]-1_Pfpl domain-containing GLYIII proteins was, however, limited to some species, and
that the majority of instances being of the dicots, the enly exception in monocots being
T. aestivm (Table 52 in Supplementary Materials). The green algae, Chilamydontonas rein-
hardtii and Chlorella variabilis, had only single DJ-1_Pfpl domain-containing GLYIII proteins,
whereas the moss Physcomitrella pafens, which is the ancestor of land plants, had both single
and double DI-1_Pfpl domain-containing GLYTII proteins, Further, like plants, animals also
possessed both single and double D]-1_Pfpl domain-containing GLY1ll proteins; however,
with a predominance of single-domain proteins (Table 52 in Supplementary Materials). The
two domains in case of double DJ-1_Pfpl domain-containing proteins as in Echinops telfairi
(EtGLY1Z) and Tupaia chinensis (TchGLY113), had domains that are either overlapping or
conjoint, Some animal GLYI proteins harbored SNO (IPF01174) or Ribosomal (Riboso-
mal_L18_c, PF142(4 or Ribososmal_L16, PE00252) domains, the latter having implications



Arifiovidints 2021, 1), 648

Sofly

in rENA binding (Figure ). Notably, some species in bacteria, animals, and even plants
possessed GATased domain, representing a CobB/CobO-like glutamine amidotransferase
domain, enclosed within the DJ-1_Pfpl domain (Figure 2). The GATase3 domain possesses
similar catalytic sites as found in DJ-1 proteins, which is the reason for the observed overlap
of the tiwo domains.

—=e

Catalase DJ-1_Pipl

=

DJ-1_Pipl

DJ-1_Pfpl DJ-1_Pipl

Dj-1_Pipl Di-1_Pipl

_
g Di-1_Pipl Di-1_Pipi
- Di-1_Ptpl Di-1_Pipl

Figure 2. Schematic depiction of domain architecture observed in GLYTIT proteins from different
kingdoms. GLYTI proteins essentially contain D-1_Ptpl domains often in combination with other
domains such as catalase, HTH_18 (helis-turn-helix), DUF (Domain of anknown funchon), SNO
{ghatamine amidotransferase), etc, Two DI-1_Pfpl domains are common to plant GLYTIT and some
instance of its presence is also seen in animals, Image shown is not to scale, TMD—transmembrane
domain, SP—signal peptide.
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Further, we found the length of the DJ-1_Pfpl domain in GLYTIT proteins ranged
from 52 to 282 amine acids (Table 51). The shortest domain (52 aa) was observed in T
aestivum TaGLYI14 and the longest (282 aa) in E. coli EcGLY1I11 (Table 51). However, the
average domain size was about ~162 aa. Though variable in length, the GLYTI domain
in plants, based on the domain lengths were majorly of two types, smaller ones, which
were approximately 165 aa in length and the larger ones which were about 184 aa long,
However, there was no particular pattern of inheritance of these domains in the plant
GLYTIT family, but the domains of similar size usually co-existed in the two DJ-1_Pfpl
domain-containing GLYI proteins (Table 51). In contrast, plant GLYIHI proteins having
single D-1_Pfpl domains, generally had very short domain lengths (55-146 aa), Similarly,
animal GLYTII proteins having two DJ-1_Pfpl domains also had both the domains being
very short in length (32-90 aa). But considering the general trend, even animal GLYTI
proteins like plants had shorter (165 aa) as well as longer (184 aa) type of domains,

3.2, Plants Have Three Major Types of GLY1IT Proteins

To understand the evolutionary relationship of GLY1I proteins from different organ-
isms, a maximum likelihood tree was constructed using ClustalW in MEGAZ.0 (Figure ).
OF these, only some proteins have been biochemically characterized and same is indicated
in the tree (Figure 3), Through this protein-based phylogenetic analysis, we acquired initial
indications on GLYTI protein relationship among different organisms, simultaneously
correlating them with their biochemical and molecular features. Further, we determined
whether any prokaryotic or eukaryotic GLY1II had the same composition of domains as
plant GLYTIL, in turn revealing conservation among these proteins. We [ound, besides
plants, several other organisms also possessed multiple GLYTIT proteins. The tree clearly
showed three major types of plant GLYII proteins, one closely grouped with the prokary-
otic homologs (named as cluster-A), the other (cluster-B) having a closer relationship with
the animal and protist GLYTIT proteins, and the third (cluster-C) forming a distinct group,
not clustering with proteins from any other kingdom (Figure 3). All the three clusters con-
tained single as well as double DJ-1_Pfpl domain-containing GLYTH proteins, with proteins
from monocots and dicots forming separate sub-clusters within each cluster. However, no
significant difference was found between monocot and dicot GLYLI proteins,

Further, GLYTII members of these three clusters were generally longer in length than
those from the other organisms due to the presence of two D]-1_Pfpl domains in them as
against the rest which possesses single DJ-1_Pfpl domain. Moreover, cluster A, B, and C
proteins also possessed an additional stretch of amino acids known as the linker region,
which connect the two domains (Figure 3; Table 51). Interestingly, the two DJ-1_Pfpl
domain-containing GLYIII proteins in cluster-A had shorter linker regions (9-20 aa), except
for ARGLYTIE, OsGLYTI3, and OsGLYT6 proteins, while the cluster-B and cluster—C
proteins had longer linker regions of approx. 37-39 aa long, as shown in Figure 3. Further,
the proteins with longer linker regions had relatively shorter domain lengths (~165 aa
for bhoth the domains), while the proteins wilh shorter linker regions had longer domain
lengths (~185 aa for both domains) (Figure 3; Table 51), indicating a tight correlation
between the length of the linker region and the domain size,

Another important observation pertains to the presence of GLY1II proteins from green
algae in cluster-C of the tree (Figure 3). The results clearly indicated that proteins of
the cluster-C represent a plant-specific lineage derived from their green algae ancestors.
Further, cluster-B proteins were observed to be a part of the larger cluster comprising of
proteins from protists, brown algae, diatoms, and animals, which suggests that members
of this cluster have undertaken a vertical path during the course of evolution, On the other
hand, cluster-A proteins belonged to a larger cluster comprising majorly of prokaryotic
GLYIIL, especially grouping with archaeal and bacterial GLYIII proteins with no closer
eukaryotic homolog being identified. It is possible that horizontal gene transfer events
have shaped their evolution or cluster-A lype of proteins were lost or diverged in animals.
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Figure 3. I'hylogenetic analysis reveals three types of GLY1I proteins exist in plants. In all, 183 sequences from 6Y species
were used. The tree indicates the presence of three types of plant GLYTI proteins represented as cluster-A (mustard strip),
B {pale-green strip), and C (red strip). Innermost strip indicates the length of linker region separating the two domains.
Yellow-green color represents longer linker length (37-39 aa), orange indicates small linker length (920 aa), and light coral
indicates no linker region. Purple bars on the outer side of the tree indicate protein length. Symbols next to protein names
indicate different organellar localization patterns. Orange star indicates cytoplasmic localization, green star- chloroplast,
purple star—periplasm, black circle-membrane (inner and outer membrane for prokaryotes, and plasma membrane for
eukaryotes), blue circle—extracellular, red square—mitochendria, and purple riangle—nuclear localization, GLYL proteins
belonging to the different phylogenetic domains of life are depicted using specific colors as, archaea {purple), bacteria (blue),
protists (cyan), fungi (orange), diatoms {yellow), brown algae (light brown), green algae (dark green), plants (light gresn),
and animals {red). The different colored symbols above the bars (representing protein size) indicate different biochemical
activities, i.e., GLYIII {pink star), chaperone (green square), protease (vellow circle), and deglycase (blue triangle). The
maximum likelihood tree has been constructed with TR0 bootstrap replicates (indicated over branches) using MEGA-7.0 and
visualized using iTOL.

3.3, Cluster-C GLYII Protefus Share Stmlariby with Their Ancestrnl Homologs in Localizabion Patterns

After gaining initial insights into the evolution of plant GLYT proteins from their
prokaryotic ancestors, we next investigated their subcellular localization patterns to further
unravel the evelutionary path of these proteins, The predictions for subcellular localization
were made using CELLO [37,35] and WolfpSORT [34]. In prokaryotes, GLYI proteins were
predicted to be generally cytoplasmic, except for very few species, which were predicted
to be either extracellular, periplasmic, or membrane-localized (Figure 3). Likewise, our
predictions indicated that GLYTII proteins from the kingdom Protists and fungi also have
few extracellular, membrane-localized, or even mitochondria-localized 1soforms. Further,
the majority of the animal GLYIII proteins were predicted to be in the cvtoplasm with the
exceptions of few mitochondrial candidates.
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In comparison to the other kingdoms, GLYTII proteins from plants exhibited greater
variations in their localization properties, atiributed primarily to the differential prcdir:h:d
localization patterns of the three plant-specific GLY1II clusters. For instance, most of
the cluster-A proteins are possibly cytoplasmic except for OsGLYI3, OsGLYI6, and
PtGLYTIT, which were predicted to be exclusively localized to the chloroplast. In fact,
OsGLYHIS and OsGLYIHG formed exceptions even in terms of the linker region length,
which was not similar to other members of this group, whereas MGLYL was a single
DJ-1_Pfpl domain-containing protein, indicating their inherent outlier nature (Figure 3).
On the other hand, most of the cluster-B members were predicted to be chloroplast and /or
mitochondria localized, Further, GLYTI proteins from green algal ancestors of plants,
which were the members of cluster-C, were predicted to be localized to the cytoplasm
and/or chloroplast and consequently, most of the members of this group were either
cvtoplasmic or chloroplastic, with very few (TaGLYTIY, ZmGLYTI, and ZmGLYTIS) being
predicted to co-localize in mitochondria as well. In agreement, GLYIIT proteins from the
moss, P pafens, which is an evolutionary intermediate between the green algae and the
land plants, also exhibited putative cytoplasmic and chloroplastic localization of two of
its members belonging to this cluster. In fact, it could be generalized that almost all plant
species under investigation had at least two members in this cluster, one predicted to
encode a cvtoplasmic and another a chloroplastic isoform. Owverall, assessment of sul-
cellular localization suggested that plant GLYTI proteins of the three clusters had different
evolutionary trajectories. In particular, proteins of cluster-C were more primitive, sharing
their possible localization patterns with ancestral homologs from green algae and the moss
F. patens.

3.4, Assessment of Domain Relationships of GLY I Proteins Indicate Primitive Evolution of
N-Terminal Dowain of Plant GLY T

Since plant GLYIIT possessed two D-1_Pfpl domains, we analyzed the evolutionary
trajectory of each domain. For this, phyvlogenetic relationships among the DJ-1_Pfpl domain
sequences from different species were investigated (Figure 4). Both the domains of plant
GLYTT proteins formed two separate clusters, with first domain {or N-terminal domain,
indicated by suffix "A’) of all proteins grouping together and the second or C-ferminal
domain (indicated by suffix ‘B’) forming a separate cluster. Importantly, proteins belonging
to cluster-A had both the sub-clusters representing the two domains in the same major
cluster-A, with both sub-clusters grouping to the same node (Figure 4). Whereas, the
members of cluster-B and cluster-C collectively formed two clusters, representing the two
domains, with each domain within cluster-B and T grouping to different nodes (Figure 4).

Each of the two groups representing the two domains in cluster-A could be further
sub-grouped into two smaller clusters (A1 and A2), indicating further divergence in domain
sequences of cluster-A proteins (Figure 4). Of the two sub-clusters Al and A2, the bigger
sub-cluster Al comprised of AtGLYI? and OsGLY I3 domains from Arabidopsis and rice,
respectively, full-length proteins of which were previously shown to possess high catalytic
efficiencies as GLYTIT [9,46]. The other sub-cluster A2 comprised of AWGLYTIS, AGLYTIIZ,
OsGLYINS, BrGLYIN4, and BrGLYINS proteins. Interestingly, GLYIII proteins carrying
single DJ-1_Pfp1 domain from wheat, TaGLYITI21 (clustering with N-terminal domain) and
TaGLYTI23 (clustering with C-terminal domain} also grouped in the sub-cluster A2, In
fact, analyzing the domain sequence similarity of these plant GLYIII proteins with those
of E. coli (where GLY1Il proteins are well-characterized), revealed greater similarity of
cluster-A domains with EcGLYI3 and of cluster-B/C domains with EcGLYII2 protein
{Table 53 in Supplementary Materials). Few exceptions included AtGLYI3, BrGLYII6, and
MEGLYIG proteins, which have one domain more similar to EcGLYIHN2 and the other being
closer to EcGLYTIS in terms of sequence similarity. Further, multiple sequence alignments
of plant GLYIII proteins also uncovered the presence of an extra stretch of 4-18 aa in the
domains of cluster-A proteins, the same being observed in both the domains of proteins
belonging to this cluster (Figure S1 in Supplementary Materials). Another interesting
observation pertained to the PpGLYII protein, whose two domains grouped in different
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sub-clusters of the bigger cluster-A. Tts N-terminal domain (or PpGLYTII _A} grouped
with N-terminal GLYIIl domain sequences of cluster-A2, whereas the C-terminal domain
{(PpGLY1I1_B) grouped within the C-terminal GLY1Il domains of cluster-Al, indicating
differential origins of the two domains of cluster-A proteins.

Figure 4. Domain relationship between GLYIT proteins unravel differential evolution of two D]-1_Pfpl domains in plants.
The maximurm likelihood tree was constructed with 1000 bootstrap replicates (indicated over branches) in MEGA 7.0 using
238 sequences from 183 GLYI proteins belonging to 69 species. Different sub-clusters (A1&2, B1&2, C142) are indicated
in the tree and nodes are colored differently to enable ease in understanding. The two domains of plant GLYTI proteins
group separately in each cluster and can be identificd from the suffix A (for first or N-terminal domain) and B {for second or
Caterminal domain). Outermost strip indicates the three types of plant GLY1I proteins represented as cluster-A (mustard
strip), B (pale-green strip), and C (red strip). Innermost strip indicates monocot (dark green) and dicot (pale green) species.
GLNYTI proteins belonging to the different phylogenetic domains of life are depicted using specific colors as, archaea (purple),
bacteria {blue), protists (cyan), Fungi (orange), diatoms (yellow), brown algae (dark orchid), green algae (dark green), and
plants (A-domain: light green, B-domain: dark olive green, plants with single domain: aquamaring) and animals (red).

Similar to cluster-A, the N- and C- terminal domains of GLYII proteins in cluster-B
and cluster-C, also formed separate sub-clusters, Importantly, GLYTIT proteins from green
algae which possessed single GLYTII domains were more similar to N-terminal domain of
GLYI proteins of cluster-C, Notably, both N and C terminal domains of GLYII proteins
belonging to cluster-B and cluster-C can be further subdivided into smaller clusters, B1-
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B2 and C1-CZ, respectively, much like that observed for cluster-A proteins (Figure 4), The
sub-clusters Bl and B2 of the main cluster-B consisted of GLYTI proteins from dicots
and monocots, respectively. Similar grouping can also be observed in cluster-C where
cluster Cla and C1b of the sub-cluster-C1 comprised of dicot and monocot GLYIII proteins,
respectively. In addition, we observed another cluster in the major cluster-C, which is
named as C2, comprising of proteins from only monocots (Figure 1), Importantly, this
differential clustering of GLYIII from menocots and dicots was also observed in cluster-A
proteins, with both the sub-clusters Al and A2 being sub-divided into groups containing
proteins from either monocots or dicots. Notably, GLY1 demains from the green algae
erouped with the N-terminal domain sequences of GLYTI proteins, which suggested that
the N-terminal domain of the two-domain GLYII may have evolved first, which may have
subsequently given rise to the C-terminal domain through gene duplication events.

3.5, Extensive Motif Rearrangements Have Shaped He Evolution of Plant GLY I Proteins

The plant GLYTI proteins are found to be of three different types. Hence, to further
understand the evolutionary differences between them, we analyzed the presence of
conserved motifs using the MEME suite. In all, ten conserved motifs were predicted
upon analysis of 73 GLYII sequences from different plants and green algae {Figure 5a).
It was evident from the assessment that proteins in different clusters varied with respect
to both, presence and arrangement of motifs (Figure 5b—d). Assessment of catalytic triad
{Cvs-His-Asp/Glu) in these proteins also suggested differences in residue conservation
among these clusters (Figure 52). Of the three clusters (A, B and C), cluster-A proteins
comprising of about seven motifs (3-9-2-1-5-4-6), showed leasl varialions in comparison
to the other two cluster proteins (Figure 5b). In agreement, the catalytic triad was highly
conserved in cluster-A proteins, with both the domains of most of the cluster-A proteins
showing complete conservation of residues (Figure 52). Importantly, proteins belonging
to this cluster had ‘His' residue essentially conserved in the first domain, with majority
conserving ‘His” even in second DJ-1_Pfpl domain. As against cluster-B and -C, proteins
in cluster-A lacked motifs 7, 8, and 10 and instead possessed motifs 5 and 9, which were
unique to its members, not detected in group B and C proteins (Figure Sb-d). Closer
examination of motif arrangements revealed that the two sub-clusters of the cluster-A also
exhibited differences in motifs. The dicol members of the cluster Al possessed 7 motifs
majorly in the order 3-9-2-1-5-4-6, whereas monocot members contained these domains in
the order 3-9-1-5-4-2-6 (Figure 5b). The PpGLYI1LI1 protein is an interesting case, wherein it
contained all seven motifs; however, in a different order, with N- and C-terminal motils
being swapped in position (5-4-6-3-9-2-1). That was the reason we observed grouping of
both domains of PpGLYTIT in a different than usual manner (Figure 5). On the other hand,
the smaller cluster A2 possessed motifs largely in the order, 3-4-2-1-5-9, with motif & being
flexible in its location in these proteins (Figure 5b). Further, in comparison to the cluster-A,
cluster B and C proteins were disorganized with no predominant pattern being observed
(Figure 5¢,d). In particular, most of the variations were due lo the monocot members of
these clusters. Further, as some of the T, aestivaern GLYII proteins were single-domain
proteins, it was a further source of observed variations in the motif organization pattern.
Assessment of triad residues revealed cluster-B and -C proleins to lack conserved 'His'
trom the triad in both the domains and ‘Cys’ being absent from the second domain of
cluster-B proteins (Figure 52). However, it is to be noted here that these predictions were
based on mere sequence alignment and that modelling of proteins may give more accurate
prediction of presence /absence of active site residues.
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Figure 5. Extensive motif rearrangements have occurred during evolution of plant GLYTI] proteins. (a) List of conserved
motifs predicted in plant GEYIT proteins. Block diagram depicting mohif organization in (b) Cluster-A, (¢} Cluster-B, and
{d) Cluster-C proteins, Conserved motifs in 73 GLYTI protein sequences from different plant species and green algae were
predicted using MEME suite,

3.6. Assessment of Motif Organization in DJ-1_Pfpl Demains Reveals Bot Vertical and
Horizontal Evolutionary Patterns of Plant GLYTIT Domains

To understand the origin of individual DJ-1_Pfpl domains, we analyzed the motif
organization in domains of all the 183 GLYIII proteins (with either one or two domains)
under study (Figure 6; Table 54 in Supplementary Materials). In all, 238 domain sequences
were used to derive conserved patterns, which gave clear indications regarding domain
evolulion and also conveyed differences among the three plant GLYT-specific clusters.
Impaortantly, we analyzed ten motifs in all (which are different from those obtained while an-
alyzing complete protein sequences) (Figure ta). GLYII proteins in the cluster-A possessed
7 motifs (3-7-8-4-10-2-1], which were also conserved in archaeal species like Nalronococcus
occultus (NoGLYINZ2), Natrinema pellivubrum (NpGLYTII3), and Natronobacferium gregoryi
(NgGLYII), and even in bacteria as Acetobacter pastenrianus and Ralstonia selanacearum
(Figure 6h). Both the domains of proteins belonging to cluster-A possessed this seven-
motif pattern with few exceptions, especially in cluster-A2. Herein, the first domain of
AGLY1N2/5 and BrGLYI4 and both the domains of BrGLYIIS showed a different pattern
of motif organization viz. 3-7-8-4-5. Other exceptions pertained to the absence of one or
more motifs, the loss of motif 2 being the most common exception in cluster-A2 proteins.
Further, members of cluster B (BI and B2) and C shared the same motif composition and
organization, in the form of seven motifs arranged in the order, 3-6-4-5-2-9-1. The larger
cluster-C was, however, more consistent in the presence of this motif pattern, while the
cluster-B proteins mostly showed absence of either of the motifs from the 4-5-2-4 motif
combination, Compared to cluster-A, in cluster-B/(, a single motif & replaced the two
cluster-A motifs, 7 and 8. Moreover, motifs 5 and 9 were unique to cluster -B and —-C
members, with the exception of few cluster-A2 members, which also possessed motif 5,
as discussed above. Usually, members of cluster-B1 possessed motif 5, whereas those of
cluster-B2 possessed motif 9. The general motif pattern of cluster-B/C proteins was also
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(a] | MCTIF ID SEQUIENCE SIZE [aa) RACTIF 1D SEQUENCE SIZE [=a)
Motif 1 GHLITSRGPGTAFLF L] Moeif 6 EEVVASRGVIEWADALIDDAR 21
Medif 1 CAPALVLARAGLLEGKKATAY 21 Meald 7 CPGKEAGDRCFTAVH 1=
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common to GLYTIT proteins from some bacteria (as Psendomonas sp. GM30, PGGEYTIS and
F. coli, EcGLYTNZ), diatom (like Thalassivsira pseudonana COMP1335, ThpGLYII), brown
algae (Ectocarpus siliculosus, EcsGLY1I), and protists (Entamoeha listolytica, ERGLYILIT and
Leishruanix dovovari, LAGLYT1), which also inherited these motifs (Figure 6b). However,
arimal GLYTI despite sharing close sequence similarity with the cluster-B proteins, pos-
sessed certain differences with respect to the presence of motits 2 and 5. As against plant
GLYIII, which possessed seven motifs, animal GLYII has six motifs, though in essentially
the same order as of cluster-B proteins, but either motif 2 or motif 5 was absent. Overall,
the results indicated that cluster-B and -C members have been probably inherited from
prokaryotes through vertical descent as we observed the similar motif architectures in
several prokarvotes, plants, and animals. In contrast, cluster-A type of motif organization
was restricted to archaeal and few bacterial species along with plants, indicating cluster-
A2 proteins have different ancestry than that of cluster B/ C proteins and probably have
been acquired through horizontal gene transfer events in plants.

' o d————— T -

T

WGREOD 17 AR -Ihl
L] (] Il

Figure 6. Motif organization pattern of domain sequences of GLYIIl proteins from different organisms reveal distinct
evolulionary trajectory of plant GLYTIT clusters, {a) List of conserved motifs predicted in the domain sequences of GLYTII
proteins from 69 species, {b) Heatmap showing distribution of motifs in domain sequences of all organisms under study. A
total of ten mobifs were identified in different combinations as depicled by different colors. Color strip on the top indicales
clusters to which respective proleins belong, Gray indicates proteins not being clustered into either of the three Clusters- A

{Aland AZ), B

(B1 and B2), or C. MEME suite was used for prediction of motils,

3.7, Variations in the Three-Dimensional Predicted Struckure of Plant GLYTI Proteins from
Different Clusters Are Indicative of Their Functional Flexibilify

Following the assessment of domain and motif organization, we examined the sec-
ondary and three-dimensional (3D) structures of the plant GLYIII proteins. For this, GLYII
proteins from rice viz. OsGLYTI3, OsGLY1I4, and OsGLYIIT were selected, which served
as representatives of clusters A, B, and C, respectively. These were initially analyzed
tor their secondary structure using ESPript 3.0 program (Figure 7a). Subsequently, 3D
structures were modelled based on homology using SWISS-MODEL (Figure 7b-f). For
bath secomdary structure prediction and 30 structure modelling, AtDJ-112 protein (PDB
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D 3uk7.1.A) from Arabidopsis was used as the template. The predicted structures were
pbtained as homo-trimers (Figure 7b) in line with the similar cligomeric nature of the
AID]-1D protein. An overall high structural similarity could be observed between the three
GLYI proteins (Figure b)),
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Figure 7, Structural differences in rice GLY1II proteins belonging to three clusters are indicative of their functional flexibility,
{a) Sequence alignment and secondary structure information of rice OsGLYHI3, OsGLYUI4, and OsGLYIT proteins using
ESpript3.0. (b} Homotrimeric structure of OsGLYTI, 4 and 1 as modelled using SWISS-MODELLER. (c) Enlarged view
showing regions of structural dissimilarity between the three proteins, Enlarged view showing region corresponding to (d)
streteh 1 and 3, (e} stretch 2 and (f) linker region, in the aligned monomers of the three proteins. AKGLYTID was used as the
template for both secondary and tertiary structure predictions. Structores were visualized in PYMOL,

Secondary structure alignment revealed the presence of several o-helices (12), -
strands (28), and 3-helices (9) in the GLYII proteins with a predominance of f-strands.
In addition, strict f-turns (TT) were also predicted in the polypeptide chains (Figure 7a).
There were certain regions of difference between OsGLYTIS (belonging to cluster-A) and
cluster-B (OsGLY14) and -C (OsGLYIUT) members, For instance, the region between
residues 40 and 50 corresponding to B4 and A5 strands (marked by a blue box; stretch 1)
was specific to OsGLYTIS and not present in the other two members. However, a similar
maotif in the C-terminal domain (represented by 18 and B19 strands and enclosed in a
blue box; stretch 3), was found to be present in all the three proteins. The other significant
difference was in the region marked by a yellow box (stretch 2}, which was not found in
OsGLYII3, but was present in the other two proteins (Figure 7a,c)

Inspection of these regions of difference in the 3D structure, however, revealed several
discrepancies (Figure 7). While the stretch 1 was predicted not to be present in OsGs-
LY /4, no overlay corresponding to OsGLYTII /4 was observed even in stretch 3 as
against the predicted secondary structure alignment. The regions enclosed in a blue circle
{Figure 7c} represents the g-strand encoded by the stretch 1 and 3 residues in OsGLYTIIS,
enlarged view of which can be observed as red color p-strands (Figure 7d), Further, the
stretch 2, which was predicled to be absent in OsGLYTIS (Figure Ta) was, however, found
to be aligned as an ce-helix structure, with the other two proteins (Figure Tc.e). Interest-
ingly, linker regions marked in green boxes (Figure 7a) did not align in the overlay of
OsGLYTHT and OsGLYIN4 (Figure 7f). The linker region was generally, shorter in the
cluster-A proteins, to which OsGLYIIN3 belonged, and in fact, existed as a B-strand (f14) in
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OsGLYTI3 (Figure 7f). Altogether, these three proteins possessed higher overall similarity
in struchures, but regions of distinctiveness in their structures may offer scope for functional
diversity in GLYIII proteins.

4. Discussion

GLYT enzymes belong to the DJ-1_Pfpl superfamily, with its members mediating
diverse functions such as proteases [14] and chaperones [15], The human DJ-1 protein,
one of the most extensively studied members of this superfamily, was reported as the
genetic cause of early-onset of Parkinson’s disease and found to exhibit weak protease
activity, chaperone functions, and even glyoxalase activity [14-16]. Importantly, members
of this superfamily possess a catalytic triad, Cys-His-Asp /Glu, known to be required for
its catalytic activity [47]. The cysteine residue is functionally essential, being invariantly
conserved in all the members of this superfamily and can participate in different functions
owing to the presence of a reactive thiol group. The requirement of cysteine was essentially
realized in the reaction chemistry of different functions viz. GLYTII, chaperone and protease
activities [14-16] and may even act as a sensor of cellular redox homecstasis [48],

Assessing the distribution of DJ-1_Pfpl {vr GLYTII or DJ-1) proteins across different
kingdoms revealed their ubiquitous presence across the tree of life, much like the GLYI and
GLYl proteins [6,25]. Interestingly, multiple -1 isoforms are found to be present in all
kingdoms and not specifically restricted to plants, as otherwise is the case for GLYI/II genes,
which have speriﬁc‘all}r expanded in plants. Nonetheless, our results suggest that plants do
possess more copies of DJ-1 genes than the other species. The presence of multiple DJ-1 in
most phyla is possible because, proteins belonging to the DJ-1 superfamily are funcitionally
diverse, performing various essential functions encoded by different members, contrary
to the role of GLY1/1l proteins, which have a highly specific catalytic function in MG
detoxification. Another similar feature of plant GLYII {or DJ-1) with that of the plant GLYT
(Ni-GLYT) is the evolution of two catalytic domain-containing DJ-1 proteins, although single
DJ-1 domain-containing proteins are also detected in some plants, especially monocots.
In agreement, single domain GLYT also exists in plants that are the Zn/Mn dependent
enzymes [6].

The first instance of the presence of two DJ-1 domains in a single polypeptide is seen
in the protist Diclyoeslelinm discoiderm (DAGLYTI2); however, these domains are different
from the typical domains, being smaller in length ranging from about 83-97 aa. The first
domain has the motif composition 3-6-4, and the second or C-terminal domain contains
only two motifs 2-1. This is in sharp contrast to the seven-motif composition of plant GLY1I1
domains (3-6-4-5-2-9-1). Presence of such DJ-1 protein appears maore as an exception, as all
the analyzed algal species possess only single DJ-1 domain-containing proteins. Further,
the moss P patens, a non=vascular ancestor of land plants, is the first species to harbor
both single and two-domain proteins and thereafter, the two DJ-1_Pfpl domain-containing
proteins can be observed in the other plant lineages. In addition to the DJ-1_Pfpl domains,
members of this superfamily generally possess other catalytic domains, as well such as a
catalase domain in archaea Nalronococens ocenltis or the HTH_18 domain in the bacteria
Pseudomonas sp. GM30, which may add functional diversity or facilitate the regulation of
these proteins. Even the human D]-1 protein was shown to bind multiple RNA targels in
an oxidation-dependent manner [49].

Analysis of phylogenetic relationship among DJ-1 proteins from different kingdoms
uncovers an interesting evolutionary path, much different from that observed for the GLYT
proteins [6]. Our studies suggested that plant Df-1 proteins have evolved into three different
types of proteins, which we categorized into clusters A, B, and C, with all the clusters being
further sub-grouped into smaller clusters. Since these proteins perform multiple functions,
it is possible that divergence in sequence between the different clusters is related to the
selectivity in functions of these proteins, Cluster-A was more closely related to prokaryotic
D]-1 proteins, being enclosed within the larger clade composed of prokaryolic and veast
DJ-1 proteins. The members of cluster-A had the typical domain motif patterns comprising



Arifiovidints 2021, 1), 648

150f19

of motifs 3-7-8-4-10-2-1. Of the four E. coli GLYTII {or DJ-1) proteins, two isoforms viz.
EcGLYTI (or Hsp31), and EcGLYTI3 {or Yhb(), along with yeast DJ-1 proteins SpGLYTI2-
SpGLYLII6 (or Hsp3101-Hsp3105) from 5. pontbe and ScGLYIL (or Hsp31) from 5. cerevisiae
belong to this clade. However, except for a few archaeal GLYII (NgGLYHI1, NoGLY1IZ,
and NpGLYTII3) and a bacterial GLYTIIH{RsGLYI), no other protein from this parent group
was found to contain the cluster-A type of motif structure. On the other hand, cluster-B
was positioned close to the animal DJ-1 proteins and possessed more similarity to the
cukaryotic DJ-1. In fact, protists, brown algae, and diatoms also co-existed within the
same larger cluster to which cluster-B belongs. Among the prokaryotes, the GLY1I protein
YajL (EcGLYTI2) from E. coli shared close similarity to this cluster. Analyzing the motif
organization of proteins from plants and the above-mentioned organisms revealed that the
members possessed the motif pattern 3-6-4-3-2-9-1, with sub-groups Bl and B2 differing in
the presence of motifs 4 and 5, respectively. Animal GLYIT members, however, possess
either of the two motifs, 2 or 5, with the rest being the same. The absence of motif 2 in
humans, was the main point of distinction between the plant and animal GLYII sequences.
In contrast, cluster-C was comprised exclusively of plant GLYIII proteins, not containing
any members from other organisms and possessed the same motif organization pattern as
of cluster-B proteins,

Assessment of functional properties of plant GLYTI proteins from the three cluslers
revealed differential catalytic features of the respective proteins, The OsGLYTI3 {or OsDJ-
Te) from rice [¥] and AtGLYTI3 {or AtD]-1d) from Arabidopsis [16] belonging to cluster-Al,
exhibited higher levels of GLYII activity in comparison to the rest of the members of their
family, which indicated that cluster-A1 comprised of catalytically more efficient GLYIII
proteins, Likewise, EcGLYIT and EcGLYTI3 proteins from E. cofi [5U], SeGLYI from
S. cerevisiae [51], and SpGLYII2-SpGLYIM6 from S. pombe [5] were also demonstrated
to possess GLYTIL activity. Similar to AWGLYII3 (AtD]-1d), all these members can use
both MG and glyoxal (GO) as substrates and in fact, show higher activity with GO than
MGC. While the smaller cluster A2, comprising of proteins like ANGLYIII2 (AtD]-1e) and
APGLYIIS (AtD]-1f), exhibited lower levels of MG-specific GLYIII activity and did not use
GO as substrate [46], Further, proteins in the cluster-C such as AtGLYTII {AtD]1-b) and
AHCLYTI (ALtD]1-a), were also active as GLY1 enzymes but possessed low levels of activity
in comparison to the cluster-Al representatives from Arabidopsis. Again, the activity of
AtDI1-a and AtD]1-b was higher when GO but not MG, was used as the substrate [46],
much like EcGLYTI3, 5cGLYIIN, and SpGLYTI2-6 [2]. The AtDI1-a protein is involved in
the process of ageing, as the loss of its function resulting in accelerated cell death in aging
plants [22]. It confers stress protection through cytosolic SOD1 (superoxide dismutase)
activation, While AtD]-11 possesses both holdase chaperone function and GLYTH activity,
which is sensitive to Ha(s [15]. On the similar lines, EcGLYTI? and EcGLYII4 possess
GOespecific GLYI activity and are not able to utilize MG as the substrate [50]. On the
other hand, AIGLYTIIS (or AtDJ-1¢) in cluster B (specifically cluster-B1, when looking at the
domain-specific phylogeny) did not exhibit GLYII activity and was involved in chloroplast
maturation [23], indicating functional divergence in such proteins [16],

Another important observation pertains to the observed high sequence similarity
between the two domains of the two DJ-1 domain-containing proteins of cluster Al, The
first or N-terminal domain shared more than 50% sequence identity to the second or
the C-terminal domain, which was highly indicative of domain duplication followed
by domain fusion events behind the emergence of the two-domain DJ-1 proteins in this
cluster, whereas proteins in cluster A2 possessed about 30% sequence identity between
the two domains. Likewise, less than 50% similarity was also seen between the two
domains of each member of the clusters B and C, except for SmGLYI1, PpGLY14, and
PpGLYI5 proteins, which shared 55-59% sequence identity between their domains. In fact,
proteins of cluster A and B/C had some characteristic features specific to their groups. For
instance, domains of cluster-A proteins were generally longer in length (<184 aa) than the
cluster-B /C proteins (~165 aa), but had shorter linker regions (~9-20 aa) than these proteins
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{3739 aa), Importantly, motif analysis of GLYTI proteins revealed proteins of cluster A and
B differing with respect to two motifs, being exclusively present in the respective clusters.
Indeed, proteins of cluster A had an extra stretch of amino acids, which were also evident
from the 3D structures of these proteins and mainly represented loop regions in cluster-B
proteins, but present as a beta-strand in cluster-A proteins. This region of variation may be
responsible for the difference in substrate specificity of the enzymes.

Further, these plant GLYIII sequences were also very close in similarity to CvG-
LY and CrGLYTIT proteins from green algae, sharing 70-75% sequence similarity to
CrGLYIT. In fact, first or N-terminal domains were more similar to CrGLY1HL than the
second or C-terminal domains, CriGLYTIN shared 76% sequence similarity {at %1% query
coverage; e-val: 5.61E-74) to DJ-1 family protein from Chioroflexi bacterium (HGV28139.1),
whereas no ortholog or paralog could be obtained tor CrGLYT2, which showed the high-
est similarity to type 1 glutamine amidotransferase domain-containing protein from Hy-
menobacter gelipurpurascens, a flavobacterium composed of environmental bacteria (49.42%
similar at query coverage of 83%, eval: 4.18E-34) and thus, resembled bacterial GLYII
maore than the plant ones. Importantly, unlike C. reinfuardtii, C. variabilis another green
alga, has only one DJ-1 protein. In such case, it was possible that CrGLYI2 had been
acquired through horizontal gene transter and hence, constitutes a case specific to C. rein-
hardlil as also, analysis of DJ-1 proteins in other green algal species revealed mostly single
gene/ protein being present in them [27].

Mot only the cluster-A, B, and C proteins differed in their enzyme properties, differ-
ences in their subcellular lecalization patterns also existed, Most of the proteins of cluster-A
were predicted to be cytoplasmic in nature with few exceptions mainly in monocots, being
chloroplastic proteins and include CrGLYM2 as well. Since DJ-1 proteins have a role in
oxidalive stress response, it is believed thal their cytoplasmic localizalion may directly
buffer cytosolic redox changes [21]. On similar lines, the human DJ-1 protein is known
to be cvtoplasmic under basal conditions, but its presence in mitochondria and nucleus
is also realized [52] probably to allow the protein to shuttle between different functions
based on the redox conditions of the cell. In the cytoplasm, human DJ-1 overexpression
can protect against oxidative stress-induced cell death through the suppression of cyto-
plasmic TDP-43 aggregation [53]. Likewise, AtD]-Ta protein is also a cytosolic protein that
tacilitates protection against stress by activation of cytosolic SOD [22]. Similar to HsDJ-
1 protein, Hsp3101 (SpGLYI2} and SpDJ-1 (SpGLYIIL} from 5. pombe, are dually localized
proteins, being detected in both oytoplasm and nucleus, whereas SpGLYTTS (or Hsp3102)
is exclusively cytoplasmic [5]. Nuclear localization indicates the role of DJ-1 proteins in
regulating gene expression as reported for HsDJ-1 protein, which regulates thioredoxin
1 expression via Nrf2-mediated transcriptional induction [54]. Impertantly, cluster-C pro-
teins were predicted to be multi-organelle localized, whereas most of the cluster-B proteins
were cytoplasmic, with few being predicted in chloroplast and /or mitochondria as well.
Mitochondrial localization of D]-1 proteins is now well-established to be involved in cyto-
protective effects on mitochondria. Human DJ-1 protein is in fact, known to translocate
to mitochondria under oxidative stress to protect the cell from damage caused by ROS.
To some extent, the translocation was shown to be facilitated by cys-106 oxidation in the
human DJ-1, but may not be a prerequisite for translocation [52], In mitochondria, human
[]-1 was detected both on the outer mitechondrial membrane by subcellular fractionation
of M17 neuroblastoma cells [55] and also in the intermembrane space and mitochondrial
matrix [36]. In 5. cerevisiae, in the absence of DJ-1 paralogs, cells exhibited a significant delay
in cell-cycle progression due to mitochondrial hyperfusion and partial DNA damage [57].

Further, chlaroplastic localization of D]-1 was observed in several plant D}-1 proteins,
from cluster B and C. AtD]-1c (or AtGLYILS) from cluster-C is a chloroplastic protein, which
is essentially required for chloroplast development as mutants lack thylakoid membranes
and granal stacks |23]. Another protein, AtD]-1b (or AtGLYIIN) belonging to cluster-B,
is also chloroplast-localized, which can act as an oxidation-robust holdase or a GLYII
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enzyme. These discrete functions of AtD]-1b respond differently to H20: with enly GLYTI
activity being sensitive to Ha05 [15]).

5. Conclusions

The DJ-1_Pfpl proteins have come a long way in the evolutionary journey. From
modest origins in archaea, these proteins have acquired multiple functions to enable
organisms to adapt better to their environment. The shift from aquatic to terrestrial
habitation may have been the driving force leading to the evolution of special features of
these proteins in plants. In fact, their sessile nature is a major contributor to the multigenic
expansion of GLYI family, which enabled them to supplement their defenses and other
critical functions. In lower plants, these proteins acquired an additional DJ-1_Pfpl domain,
either by fusion or duplication, to help the plants better cope with the terrestrial conditions.
Also, with the evolution within plants, the proteins started mobilizing to chloroplast as well.
As the plants evolved further, these GLYIII proteins followed three distinct evolutionary
paths to give rise ko three categories of two-domain GLYTI proteins, each of which possesses
specific motifs. These additional motifs may impart added physiological advantages to the
GLYTI proteins. Future research is needed to dig out the specific functions of the diverse
members of the GLYTII family, which may pave the way towards breeding for higher and
sustainable stress tolerance in crop plants mediated by the GLY1 superfamily.
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