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Abstract Glyoxalase pathway, ubiquitously found in all
organisms from prokaryotes to eukaryotes, consists of
glyoxalase I (GLY I) and glyoxalase II (GLY II) enzymes,
which detoxify a cytotoxic molecule, methylglyoxal (MG).
Increase in MG has been correlated with various diseases in
humans and different abiotic stresses in plants. We have
previously shown that overproduction of GLY I and/or
GLY II enzymes in transgenic plants provide tolerance
towards salinity and heavy metal stresses. We have
identified nineteen potential GLY I and four GLY II
proteins in rice and twenty two GLY I and nine GLY II
proteins in Arabidopsis. An analysis of complete set of
genes coding for the glyoxalase proteins in these two
genomes is presented, including classification and chromo-
somal distribution. Expression profiling of these genes has
been performed in response to multiple abiotic stresses, in
different tissues and during various stages of vegetative and
reproductive development using publicly available data-
bases (massively parallel signature sequencing and micro-
array). AtGLYIS, OsGLYI3, and OsGLYII( expresses
constitutively high in seeds while AtGLYI4, AtGLYI7,
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OsGLYI6, and OsGLYI1I are highly stress inducible. To
complement this analyses, qRT-PCR is performed in two
contrasting rice genotypes, i.e., IR64 and Pokkali where
OsGLYI6 and OsGLYIIl are found to be highly stress
inducible.
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Introduction

The glyoxalase system has been documented as a major
pathway for detoxification of methylglyoxal (MG) in
living systems. MG is a cytotoxic o-ketoaldehyde by-
product of glycolysis which forms adducts with protein
and nucleic acid molecules and is thus deleterious to
biological systems (Speer et al. 2003; Li et al. 2008).
Irreversible covalent adducts formed by the interaction of
MG with proteins are called “advanced glycation end
products” or AGEs (Thornalley 2007). The modification
of a protein to an AGE frequently eliminates or reduces
function of the molecule (Vander Jagt and Hunsaker
2003). MG, a three carbon metabolite, exists ubiquitously
across the genera from microorganisms to higher eukar-
yotes. MG level increases upon exposure to various
abiotic stresses such as salinity, drought, and cold in plant
systems (Yadav et al. 2005a). Two metalloenzymes, i.e.,
glyoxalase I (GLY I) and glyoxalase II (GLY II)
comprise the glyoxalase system wherein, the reduced
glutathione (GSH) participates as a cosubstrate. GLY I
uses one molecule of GSH to convert MG to S-D-
lactoylglutathione, which is converted to D-lactic acid by
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GLY II and one molecule of GSH is recycled back into
the system (Racker 1951).

Methylglyoxal + Glutathione — Hemithioacetal — S-D-Lactoylglutathione — D-Lactic acid + Glutathione

N

GLY I

i
GLY II

Glyoxalase pathway enzymes are well studied in
microbial and animal systems (Rhee et al. 1987;
Thornalley 1990). However, the presence and role of
glyoxalase pathway in plants has been shown only
recently where the two enzymes GLY I and GLY II have
been purified and characterized from different plant
species (Norton et al. 1990; Talesa et al. 1990; Deswal et
al. 1993; Paulus et al. 1993; Singla-Pareck et al. 2003;
Yadav et al. 2007). The GLY I and GLY II activity has
also been shown to be stimulated under various abiotic
stresses and developmental cues, which indicates their role
in stress response as well as in development (Ramaswamy
et al. 1984; Sethi et al. 1988; Deswal et al. 1993; Veena et
al. 1999; Yadav et al. 2005a; Lin et al. 2010; Singla-
Pareek et al. 2003, 2006, 2008).

In the present manuscript, genome-wide analysis for
GLY I and GLY II genes has been carried out in Arabidopsis
and rice genomes, which indicated the presence of eleven
GLY I genes each in Arabidopsis and rice and five GLY Il
genes in Arabidopsis and three in rice. Detailed expression
profiling of these genes based on publicly available micro-
array and massively parallel signature sequencing (MPSS)
data has also been carried out that indicate glyoxalase
family members to be differentially regulated in response to
various abiotic stresses and developmental cues. The
AtGLYI4, AtGLYI7, OsGLYI6, and OsGLYI!1, in particular,
are most likely key components of the gene network
interaction responsible for detoxifying MG. Further valida-
tion of some of these results has also been performed by
qRT-PCR analysis using IR64 and Pokkali rice, which
show contrasting response towards salinity.

Materials and methods

Search and analysis of glyoxalase proteins in Arabidopsis
and rice

The hidden Markov Model profile of glyoxalase (PF00903)
and metallo-beta-lactamase (PF00753) domains in GLY 1
and GLY II proteins, respectively, was retrieved from Pfam
(http://www.sanger.ac.uk/Software/Pfam). These profiles
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were utilized to identify all the putative glyoxalase proteins
by searching against the annotated proteins in the whole
Arabidopsis (TAIR 9) and rice genomes (TIGR version 6.1)
with an e value cutoff of 0.001 as described earlier (Pareek
et al. 2006; Kushwaha et al. 2009). All the proteins were
checked individually, and rice LOC 0s02g07160 was
manually removed as it showed that it matched with
proteins other than lactoylglutathione lyase (GLY I). The
metallo-beta-lactamase domain was found to be present in
several proteins in rice and Arabidopsis genome. However,
only three proteins in rice and five proteins in Arabidopsis
showed significant similarity with known GLY II (hydrox-
yacylglutathione hydrolase) proteins and were included in
this study. For nomenclature of various glyoxalase proteins,
prefix “At” and “Os” were added in Arabidopsis thaliana
and Oryza sativa, respectively, followed by GLY I or GLY
II and Arabic numbers. For representing alternatively
spliced forms, Arabic numbers were added after “.” sign.
Genomic distribution of GLY I and GLY II genes

on Arabidopsis and rice chromosomes

Position of each of the glyoxalase genes on Arabidopsis
and rice chromosome pseudomolecules available at TAIR
version 9 and TIGR version 6.1 was determined by
BLASTn search.

Expression analysis using MPSS database

Expression evidence from MPSS tags was determined from
Arabidopsis (http://mpss.udel.edu/at) and rice (http://mpss.
udel.edu/rice) MPSS project website mapped to Arabidop-
sis and rice gene models, respectively. The signature was
considered to be significant if it uniquely identifies an
individual gene and shows perfect match (100% identity
over 100% length of the tag). The normalized abundance
(tags per million) of these signatures for a given gene in the
given library represents a quantitative estimate of expres-
sion of that gene.

The description of MPSS libraries in A. thaliana and O.
sativa 1is available at http:/mpss.udel.edu/at and http://
mpss.udel.edu/rice respectively.
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Expression analysis using microarray data

The microarray data for Arabidopsis glyoxalase genes
under various abiotic stress conditions, such as salt,
drought, osmotic, cold, heat, oxidative, genotoxic, wound-
ing, and UV/B stress (Kilian et al. 2007), and different
developmental stages (Schmid et al. 2005) were taken
from the AtGenExpress (http://jsp.weigelworld.org/
expviz/expviz.jsp). For stress treatments, datasets obtained
were corresponding to different time points of stress viz.
0.5, 1, 3, 6, 12, and 24 h for root and shoot tissues. Fold
increase in transcript abundance under stress conditions
was calculated with respect to their controls. For the
developmental stage dataset, the raw Affymetrix values
were log;, transformed. Heatmaps were generated, and
hierarchical clustering was done using the Institute for
Genomic Research MeV software package (Eisen et al.
1998).

For microarray analysis of rice glyoxalase genes,
Affymetrix GeneChip Rice Genome Arrays (http://www.
ncbi.nlm.nih.gov/geo/; Gene Expression Omnibus platform
accession nos. GSE6893 and GSE6901) were used. The
values were log, transformed and heatmaps generated and
hierarchical clustering done using the Institute for Genomic
Research MeV software package (Eisen et al. 1998). Here,
the rice panicle and seed developmental stages are divided
into six and five major categories, respectively, based on
the studies by Itoh et al. (2005), information from
oryzabase (http://www.shigen.nig.ac.jp/rice/oryzabase/top/
top.jsp), and some histochemical analysis (Arora et al.
2007). The description of microarray dataset in O. sativa is:
ML—mature leaf (collected before pollination), R—roots
of 7-day-old seedling, SD—7-day-old seedling, P1 (0-3 cm
panicle), P2 (3—5 cm panicle), P3 (5-10 cm panicle), P4
(10-15 cm panicle), P5 (15-22 cm panicle), P6 (22-30 cm
panicle), S1 (0-2 DAP), S2 (34 DAP), S3 (5-10 DAP), S4
(11-20 DAP), S5 (21-29 DAP), CS—cold stress, DS—
dehydration stress, and SS—salt stress.

Plant material and stress treatment for qRT-PCR analysis

Seedlings of Pokkali and IR64 rice cultivars were grown
under control conditions in growth chamber at 28+2°C and
16 h photoperiod. The seeds were surface sterilized with
1% Bavistin for 20 min and allowed to germinate in a
hydroponic system. Germinated seeds were supplied with
modified Yoshida medium (Yoshida et al. 1972). After
7 days, various treatments (200 mM NaCl for salt stress or
5 mM H,O, for oxidative stress or 10 mM MG for
methylglyoxal stress; dissolved in Yoshida medium) were
given. After 16 h, shoots were cut, weighed, and packed in
aluminum foil; labeled properly, and then frozen in liquid
nitrogen. Untreated seedlings were used as control.

Real-time PCR

Total RNA was isolated from the shoot tissues of
control and stressed plant samples using RaFlex™
solution I and solution II (GeNei, India) as per the
manufacturer’s protocol. Poly A" RNA was isolated from
the total RNA samples as described earlier (Kumari et al.
2009). First-strand cDNA synthesis was done using
RevertAid™ RNAse H minus cDNA synthesis kit as per
manufacturer’s instructions (Fermentas Life Sciences,
USA). The primers for real-time PCR were designed
using Primer3 software from the 3’-UTR regions of each
of the GLY I and GLY II genes (Table 1). The PCR
mixture contained 5 pl of ¢cDNA (50 times diluted),
12.5 ul of 2x SYBR Green PCR Master Mix (Applied
Biosystems, USA) and 200 nM of each gene-specific
primer in a final volume of 25 pl. The qRT-PCR was
performed employing ABI Prism 7500 Sequence Detec-
tion System and software (PE Applied Biosystems). All
the PCRs were performed: 2 min at 50°C, 10 min at 95°C,
and 40 cycles of 15 s at 95°C, 1 min at 55°C, and 30 s at
72°C in 96-well optical reaction plates (Applied Biosys-
tems). The specificity of the amplification was tested by
dissociation curve analysis and agarose gel electrophore-
sis. Three technical replicates were analyzed for each
sample. The relative expression ratio of each glyoxalase
gene was calculated using delta Ct or comparative Ct
value method (Livak and Schmittgen 2001).

Results

Identification of genes for GLY I and GLY II proteins
in Arabidopsis and rice genomes

We have identified the glyoxalase proteins within the
Arabidopsis and rice genomes. Proteins having putative
function as lactoylglutathione lyase and containing glyox-
alase domain (PF00903) have been classified as GLY 1
proteins. Similarly, proteins having putative function as
hydroxyacylglutathione hydrolase and containing metallo-
beta-lactamase (PF00753) domain have been classified as
GLY 1II proteins. In Arabidopsis, twenty two GLY I proteins
are encoded by eleven genes and nine GLY II proteins by
five genes. However, in rice, a total of nineteen GLY I
proteins are encoded by eleven genes and four GLY II
proteins by three genes. This indicated presence of
alternatively spliced products for both GLY I and GLY Il
genes in the two genomes. However, the number of
alternative spliced products for both GLY [ and GLY II
genes are lesser in rice as compared with Arabidopsis. In
case of GLY II, even the number of genes is less in rice as
compared to Arabidopsis.
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Table 1 List of primers for qRT-PCR and their sequences

Gene name Locus no. Primer name Primer sequence
OsGLYII LOC_0s01g07850 OsGLYIl_F 5-GAGACTTGTGGCATTGCTGA-3'
OsGLYII_R 5'-CACCTTAATCATCATCACGAC-3'
OsGLYI2 LOC_0s02g17920 OsGLYI2_F 5'-TAACAGAGCATGAGGTTTCG-3’
OsGLYI2 R 5'-CAAAGTTGGAACAGATCAGG-3'
OsGLYI3 LOC_0s03g16940 OsGLYI3_F 5'-GGATTTTAGCCGTGTATGTTC-3'
OsGLYI3 R 5"-TGGACTTTGGAGTACAGACC-3'
OsGLYI4 LOC 0s03g45720 OsGLYI4 F 5" -TTTGCTTGCTGTAACAGTCG-3'
OsGLYI4 R 5'-TATTCATGGGGATATCATGG-3’
OsGLYIS LOC_0Os04g45590 OsGLYI5_F 5'-ACGTTCTTATGTCTCTCCTTTG-3'
OsGLYI5 R 5'-CAACTAACGTGTATGCATGG-3'
OsGLYI6.1/6.2 LOC 0s05g07940 OsGLYI6.1 F 5'-TAGCAAGGATGGAGTACGTG-3’
OsGLYI6.1 R 5-TGATCTAGCAAACCACAACC-3’
OsGLYI6.3/6.4/6.5 LOC_0s05g07940 OsGLYI6.3 F 5'-ATTTGCATGTCCTACCTCAC-3'
OsGLYI6.3 R 5'-CTTAGTGGAAAGGCAATCTG-3’
OsGLYI7.1 LOC_0s05g14194 OsGLYI7.1 F 5-GAAAGTTAGCATTCCTGCTG-3'
OsGLYI7.1_ R 5'-TCGCTGATTCCATACTTACC-3’
OsGLYI7.2 LOC_Os05g14194 OsGLY17.2 F 5'-CATTCAAAAGAGCTTCCATC-3’
OsGLYI7.2 R 5'-GCAAGGATCAGATTAGAAAGC-3'
OsGLYIS LOC_0s05g22970 OsGLYI8_F 5'-CATTTCCTTGTTGACAGGTG-3'
OsGLYI8_R 5'-GCAAACAGGGTATCACAATC-3’
OsGLYI9.1 LOC 0s07g06660.1 OsGLYI9.1 F 5'-TGAAGTTGTATGTTGGTATTGG-3'
OsGLYI9.1 R 5'-AGTGGGAGCTTACAGTATTCG-3'
OsGLYI9.2 LOC_0s07g06660.2 OsGLYI9.2 F 5-TGCTTGTTGTCTTCATAGCC-3'
OsGLYI9.2 R 5'-AGGCTTTCAATTTACCACATC-3'
OsGLYII0 LOC_0s07g46360 OsGLYI10_F 5'-CAAGCTTGAGTTTGCGTATG-3'
OsGLYI10_R 5-GGAGAACGATCGTAGTAGCC-3’
OsGLYII1 LOC_0s08g09250 OsGLYIl1 F 5'-GCTAGTACTGTCTGGGTTTGG-3’
OsGLYIl1 R 5'-GAAACTCAGCTCAACTGCAC-3’
OsGLYIIl.2 LOC_0s08g09250 OsGLYIl1.2_F 5'-GTGGTGGTTCTTTTCTGATG-3'
OsGLYII1.2_ R 5'-GAGAACTGATATCGTGCAATG-3’
OsGLYII1.3 LOC_0s08g09250 OsGLYIl11.3_F 5'-TTATTATGCCTGAAAGTTCTGAG-3'
OsGLYII1.3_R 5'-GTGCATGCCAAAAGTTATTC-3’
OsGLYII1 LOC_Os01g47690 OsGLYIIl F 5'-GGAAACATTCAAGAAAATTATGGAC-3’
OsGLYIIl F 5-TGGTGGAGGATCCTGAATAC-3’
OsGLYII2 LOC 0s03g21460 OsGLYII2_F 5'-CTGTAGGTGGGGCTTACTGC-3'
OsGLYII2 F 5'-TGCACATCTGATGATGTCTCC-3'
OsGLYII3 LOC_0s09g34100 OsGLYII3 F 5'-TTACGGAGTAGGCAGTTGGTG-3’
OsGLYII3 F 5'-TGCAATGAAGTTGATCGAGTG-3’

In Arabidopsis, six GLY I gene members, i.e., AtGLYI2,
AtGLYI3, AtGLYI4, AtGLYI6, AtGLYI7, and AtGLYI9, and
four GLY II gene members, i.e., AtGLYIIl, AtGLYII2,
AtGLYII3, and AtGLYII4, show alternative spliced forms;
while OsGLYI5, OsGLYI7, OsGLYI9, OsGLYIll, and
OsGLYIII were found to be alternatively spliced in rice
(Tables 2, 3).
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Chromosomal distribution of GLY I and GLY II genes

The physical distribution of glyoxalase genes on different
chromosomes of Arabidopsis and rice is shown in Fig.1. In
Arabidopsis, seven GLY I genes are located on chromo-
some I and two each on chromosomes II and V (Fig. 1a). In
rice, three GLY I genes are located on chromosome V and
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Table 2 List of putative GLY [ genes in Arabidopsis and rice along with their chromosomal locations, alternative spliced forms, CDS, and

polypeptide length (bp base pair, aa amino acid)

Gene Protein Chromosome Locus identifier Total CDS length Polypeptide length CDS Coordinates 5'—
no. (bp) (aa) 3
AtGLYII AtGLYT1 1 AT1G07645.1 414 137 2368385-2367437
AtGLYI2 AtGLY12.1 1 AT1G08110.1 558 185 2535370-2537931
AtGLYI12.2 AT1G08110.2 558 185 2535370-2537931
AtGLYI2.3 AT1G08110.3 558 185 2535370-2537931
AtGLY12.4 AT1G08110.4 708 235 2535370-2537931
AtGLYI3 AtGLYI3.1 1 AT1G11840.1 852 283 3995169-3997864
AtGLYI3.2 AT1G11840.2 852 283 3995169-3997864
AtGLYI3.3 AT1G11840.3 852 283 3995169-3997864
AtGLYI3.4 AT1G11840.4 852 283 3995169-3997864
AtGLYI3.5 AT1G11840.5 699 232 3995169-3997864
AtGLYI4 AtGLY14.1 1 AT1G15380.1 525 174 5290745-5292535
AtGLY14.2 AT1G15380.2 525 174 5290745-5292535
AtGLYIS AtGLYT5 1 AT1G64185.1 357 118 23824514-23825383
AtGLYI6 AtGLYT6.1 1 AT1G67280.1 1053 350 25190694-25188274
AtGLYT6.2 AT1G67280.2 789 262 25190694-25188274
AtGLYI7 AtGLYT7.1 1 AT1G80160.1 504 167 30151003-30152190
AtGLYI7.2 AT1G80160.2 426 141 30151003-30152190
AtGLYIS AtGLYI8 2 AT2(G28420.1 555 184 12157923-12158791
AtGLYI9 AtGLYI9.1 2 AT2G32090.1 408 135 13644395-13645799
AtGLYI9.2 2 AT2G32090.2 342 113 13644395-13645799
AtGLYIIO0  AtGLYI10 5 AT5G41650.1 354 117 16654913-16655810
AtGLYIII  AtGLYI11 5 AT5G57040.1 594 197 23085246-23083898
OsGLYII OsGLYI1 1 LOC_0Os01g07850.1 648 215 3778891-3780888
OsGLYI2 OsGLYI2 2 LOC_0s02g17920.1 1134 377 10380623-10378735
OsGLYI3 OsGLYI3 3 LOC_0s03g16940.1 651 216 9418768-9418018
OsGLYH4 OsGLY14 3 LOC_0s03g45720.1 429 242 25802434-25800120
OsGLYI5 OsGLYI5 4 LOC_0s04g45590.1 531 176 26790505-26791288
OsGLYI6  OsGLYI6.1 5 LOC_0s05g07940.1 627 208 4301739-4305551
OsGLYT6.2 LOC_0s05g07940.2 531 176 4301739-4305551
OsGLY16.3 LOC_0s05g07940.3 372 123 4301739-4305551
OsGLY16.4 LOC_0s05g07940.4 321 106 4301739-4305551
OsGLY16.5 LOC_Os05g07940.5 411 136 4301739-4305551
OsGLYI7  OsGLYI7.1 5 LOC_Os05g14194.1 1053 350 7966653-7960664
OsGLY17.2 LOC_Os05g14194.2 825 274 7966653-7960664
OsGLYIS OsGLYIS8 LOC_0s05g22970.1 714 237 13041720-13037482
OsGLYI9 OsGLYI9.1 LOC_0s07g06660.1 567 188 3246252-3244081
OsGLYI9.2 LOC_0s07g06660.2 537 178 3246252-3244081
OsGLYII0  OsGLYI10 7 LOC_0s07g46360.1 660 219 27653094-27652191
OsGLYIll  OsGLYIll.1 8 LOC_0s08g09250.1 879 292 5375140-5373510
OsGLYI11.2 LOC_0s08g09250.2 876 291 5375140-5373510
OsGLYII1.3 LOC_0s08g09250.3 546 181 5375140-5373510
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Table 3 List of putative GLY II genes in Arabidopsis and rice along with their chromosomal locations, alternative spliced forms, CDS, and

polypeptide length (bp: base pair, aa: amino acid)

Gene Protein Chromosome Locus identifier Total CDS length Polypeptide length CDS coordinates 5'—
no. (bp) (aa) 3
AtGLYIII  AtGLYIIL.1 1 AT1G06130.1 996 331 1860730-1857767
AtGLYTI1.2 AT1G06130.2 993 330 1860730-1857767
AtGLYII2  AtGLYII2.1 1 AT1G53580.1 885 294 19993334-19991275
AtGLYTI2.2 AT1G53580.2 885 294 19993334-19991275
AtGLYII3  AtGLYII3.1 2 AT2G31350.1 975 324 13368292-13371057
AtGLYTI3.2 AT2G31350.2 972 323 13368293-13370993
AtGLYII4  AtGLYII4.1 2 AT2G43430.1 996 331 18038255-18035369
AtGLY114.2 AT2G43430.2 942 313 18038255-18035369
AtGLYII5  AtGLYIIS 3 AT3G10850.1 777 258 3399574-3397549
OsGLYIII  OsGLYIIL.1 1 LOC_0Os01g47690.1 918 305 27277131-27273888
OsGLYII1.2 LOC_0s01g47690.2 843 280 27277131-27273888
OsGLYII2  OsGLYII2 3 LOC_0s03g21460.1 777 258 12265048-12262536
OsGLYII3  OsGLYII3 9 LOC_0Os09g34100.1 1011 336 20126757-20122347

two each on chromosomes III and VII and one each on
chromosomes I, II, IV, and VIII (Fig. 1c). For the
chromosomal distribution of GLY II genes, two genes are
located on chromosomes I and II each and one on
chromosome Il in Arabidopsis (Fig. 1b), while in rice,
chromosomes I, III, and IX have one GLY II gene each
(Fig. 1d).

MPSS analysis of genes encoding glyoxalase proteins

We have used the publicly available 17 and 20 bp MPSS
libraries of Arabidopsis and rice and obtained the expres-
sion evidence for all the glyoxalase genes identified in this
study. Heat maps for GLY I and GLY II genes of
Arabidopsis and rice have been generated using TIGR
MeV software, which provides information about tissue and
stage specificity of the expression of these genes (Fig. 2).
Expression analyses of Arabidopsis GLY I genes revealed
that At«GLYI6 has higher constitutive expression in almost
all the tissues analyzed, thereby indicating its function at all
the developmental stages (Fig. 2a). The expression of
AtGLYI2 is moderate in tissues other than leaf treated with
salicylic acid for 52 h (S52) and in germinating seedling
(GSE). Similarly, expression of 4¢tGLYIII is constitutive in
all the tissues except callus (CAF) and untreated root
tissues (ROF). The expression of ArGLYI3 is specifically
higher in callus, inflorescence, root, and silique, while
expression of AtGLYI4 is higher in callus and root than
other tissues suggesting their role in specific tissues.
Among all the Arabidopsis GLY I genes, expression of
AtGLYIIl and AtGLYII0 is lowest in all the tissues.

Based on MPSS data analysis of GLY I genes, OsGLYI11]
transcript is found to be the most abundant in various
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tissues of rice (Fig. 2b). On the other hand, OsGLYI! and
OsGLYI4 show the lowest level of expression in all plant
parts. OsGLYI2 and OsGLYI9 genes express more in leaves
than other tissues. The OsGLYI6, OsGLYI7, and OsGLYIS
show high expression in seeds.

Based on the analysis of GLY II genes of Arabidopsis,
AtGLYII2 and AtGLYII4 are highly expressed in all the
tissues other than leaf treated with salicylic acid for 52 h
(S52). The AtGLYIII has higher expression in callus, leaf,
and silique than other tissues, while AtGLYII3 is highly
expressed in callus, inflorescence, and silique. In rice,
OsGLYIII is highly induced by salt stress in both shoot
(NSL) and root (NSR) tissues. OsGLYII2 shows high
expression in all plant parts except in seed where its
expression is lower. OsGLYII3 is the only GLY II gene in
rice which is expressed in seeds (Fig. 2b). This gene also
shows high expression under cold (refer NCL lane) and
salinity (refer NSL lane) stress. These results are in
corroboration to our previous finding where transcript
induction for OsGLYII3 has been reported in response to
several stresses such as desiccation, salinity, heat, cold,
ABA, and salicylic acid (Yadav et al. 2007). OsGLYII3 has
also been well characterized by our group and shown to
confer tolerance towards abiotic stresses such as salinity,
heavy metal (Singla-Pareek et al. 2003, 2006, 2008), and
MG (Yadav et al. 2007).

Microarray data analysis of glyoxalase genes
in Arabidopsis

Detailed analyses of Arabidopsis and rice microarray data
reveal various glyoxalase genes to be differentially regu-
lated at different time points in response to various abiotic
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stresses and developmental stages. The expression level of
GLY I genes has been shown to be affected by exogenous
factors like hormone, light, and polyamines (Sethi et al.
1988; Deswal et al. 1993; Chakravarty and Sopory 1998).
Previous studies showed that GLY [ transcript level
increased in response to salinity and osmotic stress
(Espartero et al. 1995). The upregulation of Brassica
juncea GLY I in response to salt; dehydration and heavy
metal like zinc stress has also been documented (Veena et
al. 1999). In shoots, AtGLYI7 is shown to be highly
upregulated in response to salt, osmotic stress, and
wounding; whereas in roots, it is induced under all stresses
(Fig. 3a, b). Expression of AtGLYI4 is also induced in
response to most of the abiotic stresses at different time
points in both shoot and root tissues except under salt stress
in roots. AtGLYI10 is induced at early time points (0.5 to
1 h) in shoots in response to all the stresses except salinity.
In roots, expression of AtGLYI10 is induced more by heat
and cold stress. In shoots, expression of AtGLYI3 is highly
induced in response to salt and drought and moderately
induced in cold, heat, and wounding stress, while in roots,
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its expression is moderately induced under all the stresses,
except oxidative stress and UV/B. Expression of
AtGLYIII is highly induced under salt and osmotic stress
in both shoot and root tissues. In response to heat stress, it
is highly induced in root tissues (Fig. 3a, b). Expression of
AtGLYI6 is moderately induced by most of the abiotic
stresses such as salinity, drought, cold, and heat in both
shoot and root tissues.

Amongst the GLY II genes, the expression of AtGLYII2
is highly upregulated in response to osmotic, salt, and
drought stress in both shoot and root tissues whereas
moderately induced in response to all other stresses
(Fig. 3a, b). The AtGLYIII is induced in all the stresses
except cold and wounding in shoots, while in roots, this
gene is upregulated in all the stresses except cold stress.
AtGLYIl4 is induced most profoundly by salt, drought,
osmotic, cold, and UV/B stresses in shoot tissues, while in
roots, it is moderately induced by all stresses except salt
and drought stress (Fig. 3a, b).

Microarray data have also been analyzed with respect to
different vegetative and reproductive developmental stages
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Fig. 2 Expression profile of GLY I and GLY II genes from MPSS data
(name of the MPSS libraries are shown below each heat map) in
different tissues/organs of a Arabidopsis and b rice. The description of
MPSS libraries is given at the website mentioned in the “Materials and
methods” section. The heatmaps have been generated using TIGR
MeV software package and represent hierarchical clustering of

of Arabidopsis. This reveals that AtGLYI2, AtGLYI3,
AtGLYI6, AtGLYIY, and AtGLYIII are highly expressed at
all the stages of development. The A¢GLYIS is specifically
expressed in seeds, which possibly indicates its important
role in seed development (Fig. 4a, b). AtGLYI4 expresses in
roots, flower, and seeds and AtGLYI7 expresses in flower
and seeds, but not in roots. All the GLY II genes of
Arabidopsis express at all the stages of development,
though the expression level is higher for AtGLYII2 and
AtGLYII5 (Fig. 4).

Microarray data analysis of glyoxalase genes in rice

The microarray data analyses revealed that among all the
GLY I genes, OsGLYI3 and OsGLYII0 are seed specific
(Fig. 5). OsGLYI3 is highly expressed at 3-29 days after
pollination (DAP; S2-S5), whereas the OsGLYII0 is
expressed at 5-29 DAP stage (S3-S5) of the seed. Since
the heading stage is one of the most salinity sensitive stages
of rice (Lutts et al. 1995), seed specific GLY I genes might
have an important role to play under stress conditions.
Interestingly, AtGLYI8 in Arabidopsis—a homologue of
OsGLYII10, also expresses specifically in the silique/seed.
The OsGLYII is expressed only in roots and seedlings,
while OsGLYI5 is expressed only at the mature panicle
stage (P6; 22-29 cm panicle) and in salt stressed seedlings
(SS). Expression of OsGLYI2, OsGLYI4, OsGLYI6,
OsGLYI7, OsGLYI8, and OsGLYIll is high at all the
developmental stages and stress conditions. Interaction of
various developmental processes and environmental cues

@ Springer

OsGLYI2

OsGLYI11

OsGLYII
OsGLY12
OsGLYIN3

average log signal values of all GLY 7 and GLY II genes in various
tissues/organs (indicated at the fop of each lane). The color bar below
represents relative expression values; thereby, green color represents
lowest expression levels, black represents medium expression levels,
and red signifies highest expression level

has been reported previously (Chen et al. 2002; Potocky et
al. 2003; Jain et al. 2007). Such an interaction may be
responsible for co-regulation of certain genes by both
environmental factors and development (Jain et al. 2008).
The expression level of OsGLYI9 is negligible in roots and
early stages of panicle development. However, it is highly
responsive to cold, desiccation, and salt stress. In case of
GLY II genes, OsGLYIIl shows high expression preferen-
tially in root tissues (Fig. 5). OsGLYII2 and OsGLYII3 are
expressed at all the stages of development and stress
conditions. Interestingly, all the GLY II genes also showed
high transcript accumulation under cold, desiccation, and
salt stress conditions.

gRT-PCR-based expression analysis of different glyoxalase
genes in contrasting genotypes of rice in response
to salinity stress, oxidative stress, and exogenous MG

The relative transcript level of all the GLY I and GLY II
gene family members of rice is determined in response to
salt stress, oxidative stress (H,O,), and MG (the main
substrate for the glyoxalase system, whose level increases
in response to various abiotic stresses), in two contrasting
genotypes of rice with respect to salinity tolerance viz.
IR64 (salt sensitive) and Pokkali (salt tolerant; Fig. 6). In
this analysis, differential expression of alternatively
spliced forms of glyoxalase genes is also quantified
based on difference in their 3' UTR regions that aided
the designing of specific primers for each of the spliced
forms. The OsGLYIl and OsGLYII0 could not be
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Fig. 3 Heatmap analyses of GLY [ and GLY Il genes from
Arabidopsis in a shoot and b root tissues. The microarray data for
expression of glyoxalase genes under various abiotic stress conditions
such as salt, drought, osmotic, cold, heat, oxidative, genotoxic,
wounding, and UV/B stress has been retrieved from TAIR (ver 9).
The datasets obtained are corresponding to shoot and root tissues at

amplified from the shoot ¢cDNA wused in this study;
these are therefore not included in the expression
analysis. The EST database of rice (TIGR version 6.1)
has also not registered any EST for OsGLYIl and
OsGLYII0 in rice shoot tissues; however, the rice micro-
array data indicated their expression to be highly root and
seed specific (Fig. 5). We are investigating further to
establish the root and seed specific nature of these GLY
members.

The real-time PCR data reveals several interesting
aspects pertaining to expression of glyoxalase family
members, which are in good correlation with the microarray
and MPSS data analysis. Alternative spliced forms of
OsGLYIll (OsGLYI11/OsGLYI11.2/0OsGLYI11.3) and
OsGLYI6 (OsGLYI6.3/0OsGLYI6.4) showed high level of
expression in both sensitive and tolerant rice genotypes
under salinity, oxidative, and MG stress (Fig. 6a), thereby
indicating their multiple stress responsive nature. Since

AtGLYI7
AIGLYI11
AtGLYI4
AIGLYI9
AtGLYI2
AtGLYI10
AtGLYI5
AtGLYI6
AtGLYI8
AtGLYI3

AtGLYIZ
AtGLYII
AtGLYIIS
AIGLYII4
AtGLYI3

L
1.0 2.0

different time sets of stress namely 0.5 h, 1 h, 3 h, 6 h, 12 hand 24 h
and analyzed with respect to the control. Color bar below represents
relative expression values, thereby green color representing lowest
expression levels, black medium expression levels and red signifies
highest expression level. The hierarchical clustering is performed and
heatmaps have been generated using TIGR MeV software package

exposure to abiotic stresses leads to increased accumulation
of cytotoxic MG (Yadav et al. 2005a) and these genes have
a role in MG detoxification, importance of these genes as
potential candidate genes for stress tolerance engineering
can be suggested.

Expression of OsGLYI2 and OsGLYI9.2 in IR64
(Fig. 6a, ¢) and OsGLYI2, OsGLYIS8, OsGLYI9.1, and
OsGLYI9.2 in Pokkali (Fig. 6a, d) is not induced by any
of the stresses applied in the present study. This implies that
they might be involved in regulating some other biological
process rather than stress response. In Datura and Brassica,
GLY 1 activity has been correlated with development,
besides stress response (Ramaswamy et al. 1984; Sethi et
al. 1988). Once the genome sequence of these plant species
is available, it would be interesting to analyze whether their
cognate GLY I gene responsible towards developmental
regulation is orthologous to the gene members showing
downregulation in this study.
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Fig. 4 Expression analysis of GLY I and GLY II genes at different
developmental stages of Arabidopsis using microarray data. Heatmap
and hierarchical cluster display differential expression profile for
glyoxalase genes. Color bar at the left represents log;, expression
values, thereby green color representing lower expression level, black
represents medium expression level, and red signifies higher expres-
sion level. Developmental stages used for expression profiling are
mentioned on the right side. Various stages are listed (from top to
bottom) in the temporal order of development. In case of 8 weeks old
siliques and seeds, stages 3, 4, 5, 6, 7, 8, 9 and 10 represent-mid
globular to early heart embryos, early to late heart embryos, late heart
to mid torpedo embryos, mid to late torpedo embryos, late torpedo to
early walking-stick embryos, walking-stick to early curled cotyledons,
curled cotyledons to early green cotyledons, green cotyledons,
respectively

OsGLYI3 shows a stark difference in the expression
pattern among the two contrasting genotypes of rice.
Pokkali accumulates very high levels of transcript for this
gene under all the stresses tested here, while IR64 shows its
transcript accumulation only under salinity stress (Fig. 6c¢,
d). The differential accumulation of stress responsive genes
has been reported recently in contrasting rice cultivars
(Kawasaki et al. 2001; Karan et al. 2009; Kumari et al.
2009). The high abundance of transcript of OsGLYI3 under
all stresses indicates a possible cross talk under various
stresses in Pokkali and warrants further investigations.

Some GLY I gene members show induction in response
to specific but distinct stress in contrasting cultivars of rice.
OsGLYI3, OsGLYI4, OsGLYI5, OsGLYI6.1, OsGLYIS, and
OsGLYI9.1 are found to be specifically upregulated under
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Fig. 5 Expression analysis of rice GLY I and GLY II genes at different
developmental stages and stress conditions using microarray data.
Heatmap and hierarchical cluster display of expression profile for 11
GLY I and three GLY II genes shows their different levels of
expression. Color bar at the base represents log, expression values,
thereby green color representing lowest expression levels, black
medium expression levels and red signifies highest expression level.
Developmental stages used for expression profiling are mentioned on
top of each column. Panicle and seed stages have been listed in the
temporal order of development. The description of these stages is
given in the “Materials and methods” section. In seedlings, CS, DS,
and SS represent cold, dehydration, and salt stress, respectively

salinity stress in IR64 (Fig. 6¢). In Pokkali, OsGLYI4 is
upregulated under both salinity and MG stress, while
OsGLYI5 is upregulated only under MG stress. The
OsGLYI9.1 shows induction only in response to oxidative
stress (Fig. 6d). OsGLYI7.1 transcript accumulates in
response to both salinity and oxidative stress in IR64,
while in Pokkali, it accumulates in response to salinity and
MG (Fig. 6c¢, d). Stress specific differential regulation of
several genes has been reported in previous studies (Karan
et al. 2009; Kumar et al. 2009). These results indicate GLY
I gene members to be playing distinct roles in response to
specific environmental cues in contrasting rice cultivars.

Expression analysis carried out for GLY II gene family
members under salinity, oxidative stress, and MG stress
shows their differential stress responsive nature in contrast-
ing cultivars. OsGLYIII is accumulated under salinity, MG,
and oxidative stress in both IR64 and Pokkali (Fig. 6b, c,
d). OsGLYII2 and OsGLYII3 show salinity inducible
expression in IR64 only while under other stresses; these
members are downregulated. The role of OsGLYII3 has
already been functionally validated wherein overexpression
of this gene provides survival advantage to the plants under
salinity stress (Singla-Pareek et al. 2003, 2008).

Discussion
Abiotic stresses lead to the accumulation of higher MG

levels in plants (Yadav et al. 2005a). It has been shown
earlier that the glyoxalase pathway and its engineering have
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Fig. 6 Histogram depicting relative transcript abundance of all the a
GLY I and b GLY II gene members, in contrasting rice cvs. IR64 and
Pokkali, based on qRT-PCR analysis. Real time PCR analysis was
done with cDNA template generated from shoot tissue of 7-day-old
stressed (NaCl, MG, and H,0,) or control seedlings. As OsGLYII,
OsGLYI10, OsGLYI7.2, and OsGLYII1.2 could not be amplified; they
are not included in the real-time PCR analysis. Heatmap and
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a direct correlation with tolerance towards abiotic stresses
(Veena et al. 1999; Singla-Pareek et al. 2003, 2006, 2008).
Overexpression of glyoxalase pathway enzymes can keep a
check on the elevation of MG level and also helps maintain
a higher “reduced to oxidized” glutathione ratio (Yadav et
al. 2005a, b). This may be the basis of improved abiotic
stress tolerance of glyoxalase-overexpressing transgenic
plants (Singla-Pareek et al. 2003, 2006). One aspect of
response to stress is at the transcriptional level, which
involves alteration in the expression of genes (Tester and
Davenport 2003). For these reasons, we wanted to study if
glyoxalase genes are differentially regulated in response to
various abiotic stress factors. We have analyzed the
expression pattern of GLY I and GLY II genes with publicly
available MPSS and microarray data. The microarray data
has revealed that many glyoxalase genes in Arabidopsis
and rice are strongly stress responsive.

We have previously shown the usefulness of contrasting
genotypes viz. IR64 (salt sensitive) and Pokkali (salt
tolerant) to understand the molecular basis of differential
sensitivity towards salinity stress (Kumari et al. 2009). qRT-
PCR analysis revealed that each member is uniquely
expressed under a given set of conditions in the two
cultivars. OsGLYI3 was found to be one of the most stress
responsive GLY [ in salt tolerant Pokkali. On the other
hand, OsGLYI6.3/6.4 and OsGLYIIl.2 were strongly
induced under salinity stress only in the sensitive cultivar
IR64. Among GLY II genes, OsGLYIIl seems to be the
most stress responsive in both genotypes. These genes may
thus serve as good candidates for raising stress-tolerant
transgenic crop plants. Another interesting observation
from the qRT-PCR analysis was that in response to MG
stress, all alternative spliced forms of OsGLYIIl were
induced, which indicates that OsGLYIIl is a substrate
inducible GLY I.
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