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SUMMARY 

Methylglyoxal (MG) is a highly reactive cytotoxic a-oxoaldehyde 
compound and is formed endogenously via different enzymatic and 
non-enzymatic reactions. In plants MG is detoxified mainly via the 
glyoxalase system that is comprised of two enzymes, glyoxalase I and 
glyoxalase II. Glyoxalase I converts MG to S-D-lactoylglutathione by 
utilizing glutathione, while glyoxalase II converts S-D-lactoyl-
glutathione to D-lactic acid, and during this reaction glutathione is 
regenerated. The presence and characterization of both glyoxalase I 
and II has been reported in many plants and the genes encoding these 
have been cloned and found to be iegulated under various environ-
mental conditions. In plants, MG has been found to be present during 
normal growth conditions and it accumulates to higher levels under 
various environmental stresses. Abiotic and heavy metal stresses 
induce reactive oxygen species (ROS) and MG. Overexpression of the 
glyoxalase pathway in transgenic tobacco and rice plants has been 
found to check an increase of ROS and MG under stress conditions by 
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maintaining glutathione homeostasis and antioxidant enzyme levels. 
There is also evidence that in addition to glyoxalase, other pathways, 
such as the aldose reductase pathway, may also be involved in MG 
detoxification in plants. To unravel the role of MG and the glyoxalase 
pathway in signal transduction during environmental stress conditions 
in plants is a topic of future research interest. In this paper we review 
work on plant glyoxalases especially with respect to their role under 
abiotic stresses. 
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INTRODUCTION 

Albert Szent-Györgyi and co-workers were among the first to study 
the biological effects of methylglyoxal. In their first study they ob-
served a reversible inhibition of E. coli cell growth upon incubation 
with 1 mM methylglyoxal (MG), and this concentration showed 
maximum inhibitory effect after 6 hours /l/. In addition, ascites 
tumors in albino mice were susceptible to the cytostatic effects of MG 
at concentrations >1.0 mM 121. Based on these observations, Szent-
Györgyi and others suggested that MG was a physiological growth-
inhibiting substance, and with its biological antagonist glyoxalase I, it 
controlled cell growth. This was reflected in a promine/ retine concept 
which over the years has not stood the test of experimentation (see 
/3/). Since MG inhibited protein synthesis /4/, Szent-Györgyi 151 
proposed that MG may change the electronic nature of proteins by 
binding and modifying susceptible amino acid residues, and thereby 
influencing cellular function. However, later reports document that it 
was S-D-lactoylglutathione rather than MG modifying the proteins. 
However, cellular concentrations of methylglyoxal from 0.1-2 μΜ 
were found to be of limited physiological significance. Ohmori et al. 
161 and Thomalley et al. Ill, however, gave the first indication that the 
growth inhibition induced by high concentrations of MG might be 
pharmacologically useful in cancer chemotherapy. 

Several harmful compounds are generated upon exposure of plants 
to environmental stresses. The formation of D-amino acids under such 
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adverse conditions has been reported /8/. Glyoxal, which is a reactive 
α-oxoaldehyde and a physiologically active metabolite, is formed by 
lipid peroxidation, ascorbate autoxidation, oxidative degradation of 
glucose, and degradation of glycated proteins during normal physio-
logical conditions 191. It has now been shown that MG and 3-deoxy-
glucosone are capable of inducing cellular damage directly via protein 
glycation leading to the production of advanced glycation end-
products (AGEs) which, in turn, may also contribute to cytotoxicity. 
MG also modifies DNA by reacting with guanyl residues of DNA 
forming imidazopurinone adducts /10/. These modifications are 
sufficient to induce loss of cell viability and ultimately lead to death of 
an organism /11/. Biosynthesis of MG and its role and catabolism via 
the glyoxalase pathway have been studied in some detail in yeasts and 
humans (see /12/). It is only in recent years that its presence and 
functions have been studied in plants. 

The glyoxalase system is a ubiquitous pathway and exists in 
prokaryotes and eukaryotes for the detoxification of highly reactive 
ketoaldehydes. Glyoxalase I (EC 4.4.1.5.; lactoylglutathione methyl-
glyoxal lyase) and glyoxalase II (EC 3.1.2.6.; hydroxyacylglutathione 
hydrolase) catalyze the degradation of 2-ketoaldehydes into the 
corresponding 2-hydroxy acids using glutathione as cofactor /10/. The 
main physiological function of the glyoxalase system is probably the 
detoxification of MG. Presently our understanding of MG synthesis 
and degradation in plants is limited and there seem to be different 
pathways (Fig. 1). In this paper, we present the current status of 
understanding of MG formation and its detoxification in plants, and 
the possible role of MG and the glyoxalase system in plants especially 
under stress environment. 

METHYLGLYOXAL DETOXIFICATION IN PLANTS 

Glyoxalase pathway 

The glyoxalase metabolic pathway is present in the cytosol of cells 
and cellular organelles, particularly mitochondria. It is found in 
prokaryotic as well as eukaryotic organisms and is thought to be 
ubiquitous. The glyoxalase pathway was discovered independently by 
two groups in the same year /13,14/. Hopkins and Morgan /15/ 
showed its wide distribution among living organisms. The widespread 
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Fig. 1: Schematic representation of methylglyoxal (MG) synthesis and degrada-
tion in plants. MG is formed from proteins, lipids and carbohydrates 
through enzymatic (not yet confirmed) and non-enzymatic mechanism(s). 
MG is detoxified in the system through the glyoxalase pathway as well as 
aldose/aldehyde reductase pathway. MG degradation by glyoxalase (Gly) 
III has been reported only in bacteria and its presence in plants has still to 
be confirmed. SLG = S-D-lactoylglutathione. 

distribution and presence of the glyoxalase system in diverse groups of 
living organisms document its fundamental importance to biological 
life. Both glyoxalase I (gly I) and glyoxalase II (gly II) enzymes have 
been extensively studied in microbial and animal systems /16,17/ as 
compared to plants. 

The existence of the glyoxalase pathway has been demonstrated in 
several plant species by reporting the presence of two enzymes, gly I 
and gly II, which have been purified and characterized from different 
plant species /18-23/. We describe below the work done on the two 
enzymes in plants and their putative functions in plant growth and 
under stress conditions. 
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Glyoxalase I 

After the discovery of gly I activity in Douglas fir needles by Smits 
and Johnson /24/, its presence has been documented in several plant 
species, including maize, jute, wheat, Sorghum and Aloe vera, 
soybean, Cicer, Amaranthus, Nicotiana, Brassica, Datura and the pea 
/18,20,21,25-27/. Studies on tomato showed its presence in all types of 
cells and tissues; however, gly I was preferentially accumulated in 
phloem and sieve cells /28Λ A detailed 2-D analysis of phloem 
proteins, followed by mass spectrometry, revealed that of the 45 
proteins identified from phloem exudates of cucumber and pumpkin, 
gly I was also present /29/. Recently, gly I was also found to be con-
served in tubers among different potato variants /30/. At the cellular 
level, the majority of gly I protein was localized in the cytosol except a 
small amount was found in association with membranes /31/. 

The gene encoding the gly I enzyme has been isolated and charac-
terized from various plant species, such as tomato /28/, chickpea /32/, 
Brassica oleracea /33/, B. juncea /34/, soybean /35/, wheat bran /36/ 
and rice/37Λ 

In contrast to the monomeric and homodimeric crystal structure of 
the gly I protein in microbial and mammalian systems, plant gly I 
protein exists primarily in oligomeric structure. The homodimeric 
crystal structure of the gly I protein from human /38-40/ and E. coli 
/41/ have revealed that each active site is composed of residues 
contributed by both subunits. This has been deciphered through the 
mode of binding of glutathione-based inhibitors /39,40/. The crystal 
structure has also helped in knowing the differential metal dependence 
of typical eukaryotic and prokaryotic gly I enzymes. The metal choice 
was found to be based on the structural requirement of octahedral 
coordination to stabilize the transition state /41/. The gly I enzyme 
from Brassica and soybean exists as a dimer. Brassica gly I has a 
molecular mass of 58 kDa with two subunits of 27-29 kDa, while 
soybean gly I is 60 kDa with two subunits of 26-29 kDa /20,21,42/. 
The A. vera gly I exists as a monomer with a molecular mass of 44 
kDa /18/. The pi value of plant gly I is very similar to animal gly I, 
which ranges from 4.7-5.1 /21/. However, A. vera gly I has a higher pi 
of 7.8 /18/. The 37 kDa wheat enzyme belongs to a group of mono-
meric glyoxalases and is composed of two similar halves, each 
representing the full-length human gly I enzyme. 
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Similar to other organisms, plant gly I follows steady state kinetics 
over a restricted range of hemithioacetal substrate, i.e. 0-0.67 mM. 
The Km value for hemithioacetal is 460 μΜ in soybean /21/ and 1,400 
μΜ in A. vera /18/. Biochemical characterization of gly I has further 
indicated that its active site has binding affinity for zinc ion and 
hemithioacetal, and the His residue might be important for its catalytic 
activity, as it was found to be present at the active site of B. juncea gly 
I protein /31/. 

Glyoxalase II 

Glyoxalase II catalyzes the second step in MG detoxification and 
forms D-lactate in the system. It has now been shown that D-lactate in 
plants is metabolized inside mitochondria by a flavoprotein, a putative 
D-lactate dehydrogenase /43Λ The native gly II protein has been 
purified from Zea mays /44/, Aloe vera /18/ and spinach leaves /19/ for 
functional analysis. The gene encoding gly II has been cloned and 
recombinant protein purified and characterized from Arabidopsis 
thaliana /45/, Brassica 1461 and rice /23/. 

Unlike animal gly II, which has basic pi, plant gly II has acidic pi. 
The purified gly II (26 kDa) from Zea mays 1441, multiple forms from 
A. vera /18/ and spinach leaves /19/ have acidic pi ranging from 4.5-
6.2. However, the mitochondrial isoform in rice has a pi value in the 
basic range, i.e. 8.08 1211. The values of kinetic constants using 
several glutathione thiolesters as substrates are similar for the enzymes 
from cytosol and mitochondria /19/. In plants, the presence of peculiar 
forms of gly II in mitochondria have been reported which are similar 
to those shown earlier in mammalian systems. The structural and 
functional similarities between gly II from plants and from human 
tissues further suggest a common evolutionary origin for this enzyme 
1411. The Km of Brassica juncea gly II with S-D-lactoylglutathione as 
substrate was determined to be 120 μΜ /46/, while rice gly II has a 
lower Km of 61 μΜ/23/. 

Two gly II isoforms, mitochondrial and cytosolic, were identified 
from Arabidopsis. Detailed structural studies of mitochondrial gly II 
have shown that it can accommodate a number of different metal 
centers, but the main ones are Fe(III) and Zn, and it does not 
specifically bind Mn /48/. The cytosolic gly II was shown to bind Zn, 
Fe or even Mn, and showed positive cooperativity in metal binding 
1491. Northern blot analysis shows that the two genes are differentially 
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expressed. The mitochondrial isozyme is most abundant in roots, 
while the cytoplasmic isozyme is highest in flower buds. The identi-
fication of gly II isozymes that are differentially expressed suggests 
that they may play different roles in the cell /45/. The cytoplasmic 
form of Arabidopsis gly II contains an iron-zinc binuclear metal center 
that is essential for activity. Both metals participate in substrate 
binding, transition state stabilization, and the hydrolysis reaction. 
Subtle alterations in the geometry and/or electrostatics of the binuclear 
center have profound effects on the activity of the enzyme /50/. 
Adjacent residues also help in substrate binding in the gly II protein. 
This molecular information have been used to design gly II inhibitors, 
such as di-FMOC (9-fluorenylmethoxycarbonyl) and di-Cbz com-
pounds, which showed Kj values of 0.89 ± 0.05 and 2.3 ± 0.5 μΜ, 
respectively /51/. 

As in Arabidopsis, the gly II from Brassica juncea also showed a 
conserved THHHXDH domain which is involved in zinc binding 146/. 
The amino acid sequence of Brassica juncea gly II showed 92% and 
56% identity with Pennisetum and rice gly II, respectively, while it 
showed only 30% identity with human gly II. The presence of N-
terminal mitochondrial target peptide in the Brassica juncea gly II 
provides evidence for its mitochondrial isoform. Similarly, rice gly II 
amino acid sequence shared 57% identity with Arabidopsis, whereas 
identity with human and yeast gly II was 30% and 24%, respectively. 
It also contains the highly conserved metal binding motif (THHH-
XDH), involving a cluster of histidines centered around position 135 
among plants and 60 among yeast and humans. About 55 residues 
away from the conserved histidine cluster (THHHXDH), another 
highly conserved sequence G/CHT is also present, as exists in all other 
gly II sequences /23/. 

Other pathways 

There are other routes through which MG could be detoxified in 
the plant system. MG contain oxo and aldal groups and hence can 
undergo oxidation or reduction reactions. Therefore, the enzymes 
involved in oxido-reductions could catalyze the conversion of MG. 
Reduction of MG through this pathway is expected to result in two 
products, either acetol or lactaldehyde. Oxido-reductases and dehydro-
genases are capable of performing these reactions. The reductase 
family of enzymes involving in MG detoxification is represented as 

57 
Authenticated | xajibim@mail.ru

Download Date | 6/16/12 12:10 AM



Vol. 23, No. 1-2, 2008 Methylglyoxal and Glyoxalases in Plants 

ALR1, ALR2 and ALR3. These are aldehyde reductase (alcohol: 
NADP-oxido-reductase, EC. 1.1.1.2.), aldose reductase (alditol:NADP-
oxido-reductase, EC. 1.1.1.21.) and carbonyl reductase (EC. 1.1.1.184.), 
respectively 1521. All ALRs have been shown to possess broad 
substrate specificity and are located in the cytosol. They can 
potentially be involved in MG detoxification in plants. 

It was found that overexpression of a novel alfalfa aldose/aldehyde 
reductase (MsALR) in tobacco plants showed tolerance against oxida-
tive agents and drought stress. The plants showed lower concentra-
tions of reactive aldehydes, including MG, generated inside the cell 
under stress /53,54/. Here the mechanism of tolerance to stress, as 
discussed below for glyoxalase transgenics, could be different, as ALR 
uses NADPH instead of GSH for the reduction of reactive aldehydes 
such as 4-hydroxynon-2-enal, MG, etc. 

The gly III enzyme is known to catalyze the detoxification of MG 
in a single step and in a GSH-independent manner. This enzyme has 
so far been identified in E. coli and used for MG detoxification. 
Several other bacteria are now known to show gly III activity 1551. MG 
detoxification is also catalyzed by glyoxal oxidase that produces H2O2. 
This has been characterized from Phanerochaete chryssosporium 1561. 
To date, gly III and glyoxal oxidase are not known in plant systems. 
Pyruvate dehydrogenase has also been shown to catalyze MG detoxifi-
cation Ι5ΊΙ. This enzyme is found in abundance in plants, but its role 
in MG degradation is not well studied in any living organism 
including plants. 

REGULATION OF THE GLYOXALASE PATHWAY 

The regulation of glyoxalase pathway enzymes has not been well 
studied at the molecular level; however, few physiological and 
biochemical studies have been reported. Enzymes of the glyoxalase 
system in plants are under the regulation of developmental and 
hormonal changes and environmental influences such as light and 
salinity. The activity of gly I showed linear progression with develop-
ment of shoots and roots of pea seedlings. Cell division and prolifera-
tion further modulate the activity of gly I. Cell division and develop-
ment in plants are in direct correlation with gly I activity. Indole acetic 
acid (IAA) stimulated growth and development as well as gly I activity 
in the pea, while colchicine and vinblastine, inhibitors of cell division, 
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decreased gly I activity /20/. This suggests that gly I is important for 
growth and development of plants. Further evidence for this was 
shown by using inhibitors of gly I that arrested cell division. 
Spermidine, an inducer of cell growth, also enhanced gly I activity /58, 
59/. Brassica cultures may be induced to undergo differentiation by 
lack of hormones in basal growth medium, and dedifferentiated by the 
addition of 1-naphthaleneacetic acid and benzyladenine. The activity 
of gly I decreased by approximately 50% during differentiation, 
suggesting the inhibitory role of 1-naphthaleneacetic acid and benzyl-
adenine on gly I activity /60/. Similarly, gly II also showed differential 
expression, as it exists in two isoforms in the mitochondria and in the 
cytosol. These isoforms might have different roles in these compart-
ments /45/. 

Phytohormones, such as 6-benzylaminopurine (BAP), IAA and 
kinetin, play a significant role in cell growth, and were shown to affect 
gly I activity. These hormones increased gly I activity along with cell 
numbers in pea and Datura and Nicotiana calluses /59,60/. Similarly, 
C. capsularis and Amaranthus calluses showed an inverse relationship 
between differentiation and the activity level of gly I 1211. Auxin 
supplement enhanced cell growth and the activity of both gly I and gly 
II in soybean /21/. The mechanism by which hormones affect glyoxa-
lase activity is not clear. In a recent study it was found that one of the 
proteins amongst 60 that were phosphorylated by calcium-dependent 
protein kinases (CDPKs) in response to gibberellic acid in rice was gly 
I /61/. Analysis of phosphoproteome under salinity stress in rice has 
indicated gly I as one of the upregulated phosphoproteins 1621. In 
another study it was shown that SNRK2.8, a member of the sucrose 
non-fermenting related kinases, can phosphorylate gly I /63/. Whether 
phosphorylation of gly I affects its activity is not yet known. 

The role of light in growth and development of plants has been 
known for a long time. However, glyoxalase pathway enzymes are 
also found to respond to light signals. Red and blue light exposure 
increases gly I activity in dark-grown Amaranthus calluses, indicating 
gly I expression is under stringent regulation by photoreceptors in 
plants 1261. Calcium and calmodulin exposure involved in cell 
proliferation also activated gly I. Correlation between cell proliferation 
and gly I activity was further confirmed by using lithium chloride that 
inhibited both processes /64/. These studies are indicative of calcium-
mediated light signals in gly I activation. Not only light but a number 
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of other exogenous factors, such as hypoxia, temperature shock, and 
water stress, transduce their signal through Ca2+ that binds to specific 
target proteins, including kinases, which in turn could activate gly I. It 
is also possible that Ca2+ binds to calcium binding proteins such as 
calmodulin, and modulates the activity of gly I along with various 
other proteins 1651. It was found that in vitro gly I activity was 
stimulated by exogenous addition of calmodulin 1661. 

INVOLVEMENT OF THE GLYOXALASE PATHWAY 
IN STRESS ENVIRONMENTS 

Indication towards the role of gly I in abiotic stress came from 
studies on tomato. Exposure of tomato to salt, mannitol and abscisic 
acid showed an increase in gly I activity levels in roots, stems and 
leaves /28/. This was followed by a more detailed study where a 
cDNA from Brassica was overexpressed in tobacco and the transgenic 
plants were found to tolerate higher concentrations of NaCl /34/. 
Johansen et al. /36/ found that wheat bran gly I showed very high 
similarity to the translated sequence of a RNA transcript induced by 
desiccation in a resurrection plant, Sporobulus stapfianus, thus 
suggesting a role of gly I in dehydration or rehydration. Cell lines of 
A. hypogea also showed gly I activation upon exposure to high salt 
and herbicide (glyphosate) Ι6ΊΙ. Conclusive evidence for the role of 
both gly I and gly II in stress tolerance came from transgenic studies in 
which both genes were overexpressed in tobacco; such plants showed 
a high level of tolerance to salinity and heavy metal stresses /22,68/. It 
was found that drought, salt, heat, cold and zinc stress also enhanced 
gly II transcript expression in Brassica and rice /23,46/. Overexpres-
sion of gly II was also found to confer stress tolerance in rice /69/. 
These studies have clearly implicated a role of the glyoxalase pathway 
in plants during stress exposure. 

Mechan i sm of glyoxalase-mediated stress tolerance 

MG is a cytotoxic and very harmful molecule to the cellular system 
if overproduced. It was shown recently that MG levels in plants 
increase in response to abiotic stresses /70,71/. Both leaves and roots 
of plants, including Oryza sativa, Pennisetum glaucum, Nicotiana 
tabacum and Brassica juncea, häd increased levels of MG when 
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exposed to stress conditions. A certain basal concentration of MG is 
essential for normal physiological functions, which is species specific. 
The basal level of MG was found to be the same in leaves and roots, 
except in rice, in which its level was lower in roots compared to 
leaves. However, Pennisetum and tobacco showed lower levels of MG 
than rice and Brassica under normal conditions. Among these plants, 
MG levels ranged from 40-75 μΜ under non-stress conditions. How-
ever, under stress the level of MG was enhanced up to sixfold. Salt 
stress raised its level from 75 to 200 μΜ, while drought stress 
increased its level up to 300 μΜ in leaves /70/. The range of MG 
reported is very wide in nature, with as high as 300 μΜ MG in 
cultured Chinese hamster ovary cells and as low as 0.3 μΜ in yeast 
and in other animal systems 112,131. Plants in general have higher 
levels of MG. Furthermore, the accumulation of MG under drought, 
salinity, and cold stress conditions in shoot and root tissues of two 
varieties of rice (PB1 and IR64) suggests that this could be a universal 
response in plants /70/. 

To protect plants from the toxic effect of MG under stress, the 
system needs an efficient detoxification mechanism. This could be the 
reason that by overexpressing the enzymes of the glyoxalase pathway, 
transgenic plants could survive under stress environments /22,68,69/. 
In addition to a MG detoxification mechanism, it was found that 
glutathione, that is regenerated by the glyoxalase system, may play an 
important role during stress conditions 110,14/. 

The independent role of glutathione has been shown in providing 
tolerance to various stresses in plants. Glutathione is one of the very 
important reducing cellular equivalents involved in various reducing 
activities in addition to providing buffering capacity to living cells. In 
plants, glutathione is present in two forms, viz. reduced glutathione 
(GSH) and oxidized glutathione (GSSG). Under normal physiological 
conditions, plants have -90% GSH to GSSG ratio. However, under 
stress conditions, this ratio declines and glutathione homeostasis is 
disturbed in the system. Since reduced glutathione is involved in 
reducing the harmful levels of ROS by direct quenching and through 
the glutathione-ascorbate cycle, decrease in its concentration under 
stress leads to an increase in ROS. The high level of ROS then induces 
the production of several reactive carbonyl compounds, including MG. 

It was found that plants overexpressing glyoxalase enzymes 
maintain the GSH/GSSG ratio and this may protect the plants from 
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abiotic stress induced oxidative stress /74/. However, the mechanism 
of glutathione homeostasis maintenance in transgenic plants is not 
known. Two possibilities were assumed: one is recycling of GSH by 
the glyoxalase pathway, and γ-glutamylcysteine synthetase might not 
be undergoing feedback inhibition, thus synthesis of glutathione 
continues. Secondly, the metabolic intermediates of the glyoxalase 
pathway might be acting as signal molecules to regulate the enzymes 
of glutathione biosynthesis. Since the role of S-D-lactoylglutathione in 
GSH level enhancement has been observed /17/, the possibility of 
other metabolites of the glyoxalase pathway, such as MG or D-lactate 
in regulating GSH homeostasis cannot be ruled out. 

In addition to the role of the glyoxalase pathway in stress tolerance 
of plants through direct MG detoxification and maintenance of the 
GSH/GSSG ratio, it may also be involved in the regulation of various 
antioxidative enzymes that utilize GSH. Transgenic plants over-
expressing glyoxalase genes maintain higher levels of their basal 
antioxidative enzymes, such as glutathione reductases (GR), gluta-
thiones-transferase (GST), glutathione peroxidase (GPx) and 
ascorbate peroxidase (APx), that further increase upon salt stress 
exposure /74/. Higher GST activity in plants could provide tolerance 
by detoxifying toxic radicals generated due to stress exposure, and 
scavenging of ROS by APx increases monodehydroascorbate (MDHA) 
and dehydroascorbate (DHA) to reduced ascorbate (ASH). For the 
continuation of scavenging process by APx, these should be available 
in their reduced form and, therefore, a regeneration system comprised 
of MDHA reductase, DHA reductase and GR brings about the 
reduction of oxidized ASH using GSH /75/. GPx is involved in the 
removal of reactive peroxides formed inside the cell during stress 
exposure. Therefore, higher levels of GPx provide tolerance to plants 
by degrading lipid peroxides which could otherwise damage the cell 
membrane. GR is the 'master enzyme' of GSH-utilizing antioxidative 
enzymes. GR catalyzes the reduction of GSSG to GSH in a NADPH-
dependent reaction and its higher activity could result in higher GSH/ 
GSSG ratio in plants, as seen in the case of glyoxalase transgenic 
plants. Maintenance of higher GSH/GSSG ratio due to high GR 
activity in these plants could be responsible for higher activity of other 
antioxidative enzymes /74/. Presently it is not known whether the 
increase in the activity of antioxidative enzymes and the antioxidant, 
glutathione, in glyoxalase-overexpressing transgenic plants exposed to 
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salt stress is due to enhanced expression of genes controlling the 
biosynthesis of these enzymes and/or increased activation of pre-
existing enzyme pools. However, a high level of ROS inducing the 
expression of such enzymatic genes has been shown in various other 
studies Π61. 

The mechanism shown above may be true for many abiotic 
stresses. However, in the case of salinity stress one needs to check 
how glyoxalase overproduction could also take care of higher Na+ 

levels in plants. Similarly, one also needs to explain tolerance to heavy 
metal stresses conferred by the glyoxalase pathway. It was shown by 
Singla-Pareek et al. /68/ that GSH could be used to generate phyto-
chelatins which form complexes with metal ions and target them to 
the vacuoles. Metal induction of glyoxalases has been shown in some 
systems /34,46/. Recently a study of the proteome following copper 
stress revealed that 25 proteins were differentially expressed, and one 
of these proteins was found to be gly I /77/. 

FUTURE PERSPECTIVES 

Knowledge of the glyoxalase pathway and its role in methylglyoxal 
detoxification has considerably expanded over the years, at least in 
animal systems. However, detailed work on plants has been under-
taken only recently. The exact mechanism by which MG is primarily 
produced is not known but most likely it is through a non-enzymatic 
route. This area needs further investigation. More studies are needed 
to determine the range of MG levels in plants and its role in normal 
growth and development. Our earlier studies have given correlative 
evidence on the role of the glyoxalase system in cell proliferation and 
differentiation. Further studies are needed to elucidate these roles with 
more direct experimentation. 

Recently, increased MG levels were observed when plants were 
exposed to abiotic and heavy metal stresses. As reported in animal 
systems, also in plants a high level of MG causes harm in growth and 
development. It was found that MG levels could be maintained during 
exposure to stress by overexpressing glyoxlase I and II through a 
transgenic approach. Therefore, engineering of the glyoxalase path-
way, or other MG degrading pathways, should turn out to be an 
important strategy in ameliorating the effect of abiotic and heavy 
metal stresses. This needs to be tested in other crops and also under 
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natural stress environments. The mechanism of this protection seems 
to be through direct degradation of increased MG as well as by 
controlling ROS level by maintaining GSH redox homeostasis and 
increasing the levels of antioxidative enzymes. Nevertheless, more 
detailed studies on these and other metabolomic changes that occur in 
glyoxalase-overexpressing transgenic plants are required. In view of 
recent studies in yeast, it would be worthwhile to investigate whether 
MG might be involved in signal transduction pathways also in plants. 
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