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Abstract: The aim of this study was to characterise the molecular mechanisms
of transcriptional regulation of Differentially Expressed Genes (DEGs) in rice
coleoptiles under anoxia by identifying motifs that are common in the
promoter region of co-regulated genes. Un-changed DEGs (<2 fold and >–2),
up-regulated DEGs (≥2 fold) and down-regulated DEGs (≤−2 fold) were
separated in three different data sets. Their gene promoters were extracted from
eukaryotic promoter database. Statistically significant consensus promoter
motifs were detected by in silico method. A significant variation in the number
of promoter motifs, consensus promoter motif and their sequences between
UR-DEGs and DR-DEGs were detected that might be responsible for their
related expression.
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Introduction

Field-grown plants are exposed to various environmental stresses during their life cycle
(Agarwal and Grower, 2005). Higher plants are aerobic organisms that rapidly die when
oxygen availability is limited owing to soil flooding (Voesenek et al., 2006). Species
originating from semiaquatic environments can survive complete submergence for weeks
and some even have the capacity to grow vigorously and produce flowers and seeds.
Rice (Oryza sativa) is the most important food crop as well as a model system in
monocots (Cantrell and Reeves, 2002) that produce high yields even when it is grown
in waterlogged rice paddies. Rice can tolerate partial submergence as paddy rice
or deepwater rice. However, it was damaged when submerged for a relatively longer
period (Agarwal and Grower, 2005).
Despite knowledge of adaptive mechanisms and regulation at the gene and protein
level, our understanding of the mechanisms behind plant responses to anoxia is still
limited. Even flood-intolerant species, such as Arabidopsis thaliana, switch on many
genes in response to flooding stress (Branco-Price et al., 2005; Gonzali et al., 2005;
Klok et al., 2002; Loreti et al., 2005). The response of plants to low oxygen stress
comprises complex biochemical and genetic programmes that include the differential
expressions of a large number of genes (Perata and Alpi, 1993; Sachs et al., 1996;
Vartapetian and Jackson, 1997). Gene expression is altered under low oxygen stress, and
the existence of Anaerobic Response Elements (AREs) along with their binding factors
have already been reported (Dolferus et al., 1994; Hoeren et al., 1998; Klok et al., 2002;
Olive et al., 1991; Paul et al., 2004). Besides those encoding ANPs, additional
hypoxia-induced genes including transcription factors (de Vetten and Ferl, 1995; Hoeren
et al., 1998), signal transduction components (Baxter-Burrell et al., 2002; Dordas
et al., 2003) and those involved in ethylene biosynthesis (Nie et al., 2002; Olson et al.,
1995; Vriezen et al., 1999) were identified.
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Using a flood-tolerant (FR13A) and a flood-sensitive (PB1) rice genotype,
a PCR-based hybridisation study was also conducted to isolate the genes associated with
flooding tolerance in rice (Agarwal and Grower, 2005). Comprehensive understanding
of the genetic components that underlie plant stress responses requires in-depth
information on gene expression changes at the global level. Therefore, finding the
detailed mechanisms of regulation of anoxia tolerance genes at the genome level becomes
imperative. In this aspect, microarray is a powerful tool that is being used for gene
expression profiling under different stimuli. The regulation of gene expression in
response to oxygen deprivation has been described in Zea mays (Fennoy et al., 1998),
Arabidopsis thaliana (Branco-Price et al., 2005; Klok et al., 2002; Liu et al., 2005; Loreti
et al., 2005) and Oryza sativa (Guglielminetti et al., 2006; Lasanthi-Kudahettige et al.,
2007; Mukhopadhyay et al., 2004; Nakazono et al., 2000; Pandey and Kim, 2006; Pandey
et al., 2007; Tsuji et al., 2000; Xu et al., 2006). Furthermore, transcriptome profiling
of plants subjected to heat, drought, cold, salt, high light, or mechanical stress revealed
that very few genes respond in a similar manner to all of these stresses (Cheong et al.,
2002; Davletova et al., 2005; Fowler and Thomashow, 2002; Kreps et al., 2002;
Rizhsky et al., 2004; Rossel et al., 2002).
Anaerobically expressed genes are often characterised by the presence of AREs in
their promoter regions (Walker et al., 1987). A core promoter contains the essential
nucleotide sequences for the regulation of gene function having the TATA box and
Transcription Start Site (TSS). Moreover, genes having similar expression patterns
contain common motifs in their promoter regions (Vilo et al., 2000) that are the key
signatures for a family of co-regulated genes (Wang et al., 2004). Tomato transcription
factor Pti4, an Ethylene-Responsive Factor (ERF), interacts physically with the
disease-resistant protein Pto and binds the GCC box cis element that is present in the
promoters of many Pathogenesis-Related (PR) genes (Chakravarthy et al., 2003).
Arabidopsis ethylene-responsive element binding factors (AtERFs) are factors that
respond to extracellular signals to modulate GCC box-mediated gene expression
positively or negatively (Fujimoto et al., 2000). Consensus motifs in the promoters of low
oxygen stress induced genes have also been reported. Transcription factor AtMYB2 in
Arabidopsis binding to the GT-motif (5′-TGGTTT-3′) is essential for the induction of
ADH1 during low oxygen stress (Hoeren et al., 1998). A preliminary study on motifs
in promoters of 13 anaerobically induced genes in some plant (including rice) species has
already been reported (Mohanty et al., 2005). Further, two consensus promoter motifs
GGAG[A/G][G/A]G and GACGTGGCG taking into account of the 50 low oxygen
stress up-regulated genes in rice seedlings have been reported (Pandey et al., 2007).
Identification of regulatory elements in the promoter region that are responsible for
activation and expression of co-regulated genes poses a great challenge. Fortunately,
a remarkable work on transcript profiling of the anoxic rice coleoptiles has been reported
recently (Lasanthi-Kudahettige et al., 2007). However, detailed study for finding the
consensus promoter motif during anoxia in rice is scanty. Therefore, this study focuses
in silico analysis of promoter motifs of DEGs in rice under anoxia. We have made an
attempt to search the conserved promoter motifs for anoxia using microarray data set
by Lasanthi-Kudahettige et al. (2007). These findings enhance the knowledge about
transcriptional regulation of anoxia-induced genes and scores over the previous studies
in terms of larger data set having differentially up-regulated, down-regulated and
unaffected genes.
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Methods

2.1 Extraction of DEGs under anoxia
In this study, we have used DEGs reported by Lasanthi-Kudahettige et al. (2007) from
the microarray result of anoxic rice coleoptiles. DEGs containing NCBI accession
numbers were directly used to extract the two different promoter lengths from the
Eukaryotic Promoter Database (EPD) (Praz et al., 2002). DEGs having TIGR locus
number, their genomic DNA were retrieved from TIGR rice genome database
(www.tigr.org), were used to find their homologues by BLAST (Altschul et al., 1997)
from NCBI having query coverage ≥80% and maximum identity ≥90%. Similarly, DEGs
having predicted mRNA accession numbers were also used to retrieve their homologue
from NCBI.

2.2 Data sets of DEGs under anoxia
DEGs were divided into three different data sets. Set-1 represents the DEGs that were
up-regulated (UR-DEGs) by equal or more than two-fold (≥2X, Supplementary
Table – data not shown). Set-2 represents DEGs that were down-regulated (DR-DEGs)
by equal or less than −2 fold (≤−2X, Supplementary Table – data not shown). Similarly,
Data Set-3 represents DEGs that were expressed in between <2X and >−2X marked as
un-changed, UC-DEGs (Supplementary Table – data not shown).

2.3 Extraction of promoter sequences and arrangement of data sets
Rice plant promoter sequences were extracted from EPD (http://www.epd.isbsib.ch/seq_download.html). He et al. (2002) reported that GAGA motif, present in three
copies within downstream promoter sequences from +1 to +50, is involved in the
regulation of rice tungro bacilliform virus promoter activity in protoplasts derived from
cultured rice cells. In this study, we used the promoter lengths up to +50 and +100 in
downstream of TSS. To increase the probability of occurrence of the regulatory elements
or motifs in the promoter region, two different promoter lengths (−250 to +50 and −499
to +100) were retrieved from EPD for all the three sets, i.e., Set-1, -2, -3 (Supplementary
Tables – data not shown).

2.4 Analysis of motifs
To find the promoter motifs from all sets (Set-1, Set-2 and Set-3, and each set with two
different promoter lengths of −250 to +50 and −499 to +100), promoter sequences were
compiled separately. Detection of motifs with the varying length of 2–18 nucleotides in
all six data sets was done by MEME programme (Bailey and Elkan, 1994) considering
the total number of possible motifs per session manually. MEME searches statistically
significant motif by local, multiple sequence alignment, for repeated, ungapped sequence
patterns that occur in the DNA or protein sequences (Bailey and Elkan, 1994).

530

A. Kumar et al.

MEME uses the statistical method for the prediction of motifs in a given data set but it
does not separate the motifs according to their frequency of occurrence. Further, MEME
judges smaller motifs that are included in larger motifs as a different entity. In our result,
we noticed very large differences in the frequencies of promoter motifs in all data sets.
And, it was very difficult to analyse them for finding the consensus promoter motifs.
Therefore, we took the deviation from average values only for separating the data set into
two subsets (high frequent and low frequent) according to their frequency of occurrence.
The average of the motif frequencies occurred in each subset was calculated individually.
The promoter motifs having frequency more than average were taken as high-frequency
set for individual data subset that provides more weightage to the frequently occurred
motif during MEME analysis. Similarly, promoter motifs having frequency less than the
average were marked as low-frequency sets. Further, to get the consensus promoter motif
in both highly frequent and less frequent motifs, all data subsets were further analysed
by MEME.

3

Results

Total 13,427 rice promoter sequences were extracted from EPD (http://www.epd.
isb-sib.ch/seq_download.html). From 13,427 rice promoter sequences, we found 6502
genes promoters in the promoter length of −250 to +50, whereas 7066 genes promoters in
the promoter length of −499 to +100. Out of 6502 promoters in the range of −250 to +50,
1907 promoters (Data Set-1) belong to UR-DEGs, 1784 promoters (Data Set-2) to
DR-DEGs and 2811 promoters (Data Set-3) to UC-DEGs. On the other hand, out of 7066
promoters in the range of –499 to +100, 2072 promoters (Data Set-4) belong to
UR-DEGs, 1940 promoters (Data Set-5) to DR-DEGs and 3054 promoters (Data Set-6)
to UC-DEGs (Table 1). All the above six data sets were used for motif analysis.
Total 175 motifs (from 6502 promoters) and 306 motifs (from 7066 promoters) were
detected in the promoter lengths of −250 to +50 and −499 to +100, respectively. Out of
175 motifs (from 6502 promoters), 55 motifs (Data Set-1) were obtained in UR-DEGs,
42 motifs (Data Set-2) in DR-DEGs and 78 motifs (Data Set-3) in UC-DEGs. On the
other hand, out of 306 motifs (from 7066 promoters), 78 motifs (Data Set-4) were
obtained in UR-DEGs, 112 motifs (Data Set-5) in DR-DEGs and 116 motifs (Data Set-6)
in UC-DEGs (Table 1).
Table 1

Summarised table showing total number of Differentially Expressed Genes (DEGs)
with their respective number of gene promoters, and promoter motifs (high and low
frequency) in all six data sets (three different sets with each two different promoter
length of – 250 to +50 and –499 to +100) during the anoxia stress

Summarised table
DEGs in different
promoter length
–250 to +50
Up-regulated
Down-regulated
Un-changed
Total

Total No.
DEGs
6369
5633
9479

Promoter motifs recognised

Total No. detected
genes promoters

High frequency

1907
1784
2811
6502

16
16
24
56

Low frequency
39
26
54
119

Total
55
42
78
175
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Summarised table showing total number of Differentially Expressed Genes (DEGs)
with their respective number of gene promoters, and promoter motifs (high and low
frequency) in all six data sets (three different sets with each two different promoter
length of – 250 to +50 and –499 to +100) during the anoxia stress (continued)

Summarised table
DEGs in different
promoter length

Total No.
DEGs

Total No. detected
genes promoters

–499 to +100
Up-regulated
Down-regulated
Un-changed
Total

6369
5633
9479
21481

2072
1940
3054
7066

Promoter motifs recognised
High frequency Low frequency Total
18
32
19
69

60
80
97
237

78
112
116
306

We noticed very large differences in the frequencies of promoter motifs in our results.
Therefore, we separated promoter motifs into two subsets (high frequent and low
frequent) according to their deviation from average values only. Total 56 promoter motifs
were screened as highly frequent motifs in the promoter length of −250 to +50. Out of
56 motifs, 16 motifs (Data Subset-1A) were obtained in UR-DEGs, 16 motifs (Data
Subset-2A) in DR-DEGs and 24 motifs (Data Subset-3A) in UC-DEGs. In contrast,
119 promoter motifs were screened as less-frequent motif. Out of 119 motifs, 39 motifs
(Data Subset-1B) were obtained in UR-DEGs, 26 motifs (Data Subset-2B) in DR-DEGs
and 54 motifs (Data Subset-3B) in UC-DEGs. On the other hand, 69 promoter motifs
were distinguished as highly frequent motifs in the promoter length of −499 to +100.
Out of 69 motifs, 18 motifs (Data Subset-4A) belong to UR-DEGs, 32 motifs (Data
Subset-5A) to DR-DEGs and 19 motifs (Data Subset-6A) to UC-DEGs. In contrast,
237 promoter motifs were distinguished as less-frequent motifs. Out of 237 motifs,
60 motifs (Data Subset-4B) belong to UR-DEGs, 80 motifs (Data Subset-5B) to
DR-DEGs and 97 motifs (Data Subset-6B) to UC-DEGs (Table 1).
Nearly identical promoter motifs CGCCGCCGC, CGCCGCCGCC, CGCCGCCG
CCG, and CGCCGCCGCCGC contributed maximum (~47.69%) whereas other two
identical motifs AAAAAAAAA and AAAAAAAAAA also occurred more frequently
(~10.11% frequency) in the Data Subset-1A. In Data Subset-2A, promoter motifs CTCC
TCCTC, CTCCTCCTCC and CTCCTCCTCCTC were detected frequently (~45.15%)
whereas the occurrence of CCGCCGCCGCC and CGCCGCCGCCGCC motifs also
contributed more (~21%) collectively (Table 2).
Table 2

Promoter motifs with their high rate of occurrence (high frequency, HF) in the
UR-DEGs (Data Subset-1A), DR-DEGs (Data Subset-2A), and UC-DEGs
(Data Subset-3A) of promoter length −250 to +50 during anoxia
Promoter motifs with their High Frequency (HF) of promoter length –250 to +50

UR-DEGs (Data Subset-1A)

DR-DEGs (Data Subset-2A)

Promoter motif sequence HF Promoter motif sequence

UC-DEGs (Data Subset -3A)
HF Promoter motif sequence HF

AAAAAAAAA

523 [A/G]AGA[G/A]AA[G/A][A/G]A[G/A]AA 84 AAAAAAAA

AAAAAAAAAA

254 [G/A]AAAAA[A/G]AAAAA[G/A]AAA

75 AAAAAAAAA

719
461

CGCCGCCGC

1174 A[G/A]AAAAA[G/A]AAA

82 AAAAAAAAAA

172

CGCCGCCGCC

1026 AAAAAAAAAGAA

81 AGAAAAAAAAA

473

CGCCGCCGCC[G/A]

248 AGAAAAA[G/A]AA

92 CCGCCGCCGC

672

CGCCGCCGCCG

821 CCGCCGCCGCC

129 CCGCCGCCGCC

492
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Table 2

Promoter motifs with their high rate of occurrence (high frequency, HF) in the
UR-DEGs (Data Subset-1A), DR-DEGs (Data Subset-2A), and UC-DEGs
(Data Subset-3A) of promoter length −250 to +50 during anoxia (continued)
Promoter motifs with their High Frequency (HF) of promoter length –250 to +50

UR-DEGs (Data Subset-1A)

DR-DEGs (Data Subset-2A)

Promoter motif sequence HF Promoter motif sequence

UC-DEGs (Data Subset -3A)
HF Promoter motif sequence HF

CGCCGCCGCCGC

643 CCTCCTCC[T/A]CCTCC

86 CCGCCGCCGCCGCC 193

CGCCGCCGCCGCC

326 CCTCCTCCTCCTC

167 CGCCGCCGC

CGCCGCCGCCGCCG

244 CGCCGCCGCCGCC

79 CGCCGCCGCC

667

GCCGCCGCCGCCG

404 CTCCTCCTC

398 CGCCGCCGCCGCC

375

GCGGCGGCGG

316 CTCCTCCTCC

330 CGGCGGCGGC

227

GCGGCGGCGGC

212 CTCCTCCTCCTC

255 CTCCTCCTCTC

411

GGCGGCGG

399 CTCCTCTCCTC

82 CTCTCTCTCTCT

262

GGCGGCGGCG

315 CTCTCTCTCTC

74 CTCTCTCTCTCTC

212

GGCGGCGGCGG

244 GGCGGCGGC

87 GAAAAAAAAAA

183

CCGCCGCCGCCG

531 TCCTCCTCCTCCTCC

76 GAGAGAGAGAGAG

289

857

GAGAGAGAGAGAGA 220
GCCGCCGCCGC

527

GCCGCCGCCGCCG

281

GGCGGCGG

341

GGCGGCGG

309

GGCGGCGGCG

210

GGCGGCGGCGG

180

TCTCTCTCTCTC

257

Three different groups of similar promoter motifs were detected in the Data Subset-3A
(Table 2). Result depicted that the similar promoter motifs CGCCGCCGC, CGCCGCC
GCC, CCGCCGCCGC, CCGCCGCCGCC, CGCCGCCGCCGCC occurred more
frequently (~30%) compared with other two groups of motifs AAAAAAAA, AGAAA
AAAAAA, AAAAAAAAA, GAAAAAAAAAA (~22.33%) and motifs CTCCTC
CTCTC, CTCTCTCTCTCT, TCTCTCTCTCTC (~11.11%). No remarkable variation
among the promoter motifs was noticed in the Data Subset-4A (Table 3). All the motifs
of this set were almost similar with the higher rate of occurrence. The promoter motif
GCCGCCGCC (~11.05%) occurred more frequently than CGCCGCCGC (~10.99%).
The occurrence of promoter motif CGCCGCCGC was very high. We found a large
number of promoter motifs in the Data Subset-5A (Table 3). The occurrence of identical
promoter motifs CTCCTCCTC, CTCCTCCTCC, TCCTCCTCC, CCTCCTCCTC and
CCTCCTCCTCC contributed (~22.25%) equally compared with other identical motifs
CCGCCGCCG, CGCCGCCGC, CGCCGCCGCC, GCCGCCGCCG (~21.45%).
Identical motifs GGCGGCGG, GGCGGCGGC and GGCGGCGGCG (~10.58%) also
showed their vital occurrence. An interesting result was obtained in the Data Subset-6A
(Table 3) where almost similar promoter motifs were detected with their varying
frequencies. We noticed that the occurrence of motifs CGCCGCCG, CGCCGCCGC
(~19.6%), GCCGCCGCC (~8.4%) and CCGCCGCCG (~8.27%) was maximum than
other motifs among all the Data Subsets.
Although highly frequent motifs are more important, however in our study
low-frequent motifs were also considered for promoter motif analysis (Tables 4 and 5).
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Promoter motif AAAAAAAAAAA (~17.59%) occurred maximum than other motifs in
the Data Subset-1B (Table 4). We found that the occurrence of CGCCGCCGCC[G/A]C,
CGCCGCCGCC[G/A]CC motifs contributed more (~8.81%) compared with the
other motifs [A/G]AAAAAAAAA[A/T/G]C, [A/G]A[A/G]AAAAAAAAA[A/T/G]C
(~6.98%). The occurrence of motifs GAGAGAGAGAGA, GAGAGAGAGAGAGAG
(~10%) was relatively higher compared with AAAAGAAAAAAAAA (~6.5%) motif
(Data Subset-2B, Table 5). Interestingly, lowest occurrence of motif AGGAGG (~0.2%)
was detected among all the subsets in our study. In our result (Data Subset-3B),
similar promoter motifs CTCTCTCTCTCTCT, CTCTCTCTCTCTCTC and TCTCTCT
CTCTCTCTCTC (~7.56%) occurred more frequently compared with other groups of
promoter motifs CGCCGCCGCCGCCG, CGCCGCCGCCGCCGC, GCCGCCGCCG
CCGCC (~6.47%) and GAGAGAGAGAGAGAGA, GAGAGAGAGAGAGAGAGA
(~5.32%). In contrast, the motifs GGGG[G/T][G/A]GGGG (~0.36%), GGGGGGCGG
(~0.39%) were less frequent (Table 4). In this study, numbers of different promoter
motifs in the Data Subset-4B (Table 5) were three times more when compared
with Data Subset-4A (Table 3). The motifs GGCGGCGGC, GGCGGCGGCG,
CGGCGGCGGCG, GGCGGCGGCGGC, GCGGCGGCGGCG, CGGCGGCGGCGG
and GCGGCGGCGGCGG were nearly identical in their sequence and showed maximum
occurrence (~29.29%). Similarly, another group (Data Subset-4B, Table 5) of identical
motifs CCGCCGCCGCCGCCG, CGCCGCCGCCGCCGCC and CCGCCGCCGCCG
CCGC was also detected with low occurrence (~13.86%).
A large number of variations among promoter motifs were detected in Data
Subset-5B (Table 5). A group of promoter motifs with identical sequence
CTCCTCCTCCTCCTC, TCCTCCTCCTCCTCC, CTCCTCCTCCTCCTCC and CTC
CTCCTCCTCCTCC[T/A/C]C showed maximum occurrence (~11.29%). Another group
of motifs GGCGGCGGCGGCGGC, CGGCGGCGGCGGCGG and GGCGGCGGC
GGCGGCG showed relatively higher occurrence (~7.34%) when compared with
promoter motifs CGCCGCCGCCGCC[G/T]C and CGCCGCCGCCGCC[G/T]CC with
low rate of occurrence (~3.11%). In the Data Subset-6B, we have detected maximum
number of promoter motifs having large variation with reference to their sequence pattern
and frequency. The promoter motifs GCGGCGGCG, CGGCGGCGG, GGCGGCGGC,
GGCGGCGGCG, CGGCGGCGGCG, GGCGGCGGCGG and CGGCGGCGGCGG
were detected with their maximum frequencies (~19.72%). Further, identical motifs
CCGCCGCCGCCGCCG, GCCGCCGCCGCCGCC, CCGCCGCCGCCGCCGC, CG
CCGCCGCCGCCGCC, GCCGCCGCCGCCGCCG and CCGCCGCCGCCGCCGCC
also showed relatively higher (~18.79%) rate of occurrence. Other groups of motifs
CC[G/A]CCGCCGCCGC, CC[G/A]CCGCCGCCGCC, CC[G/A]CCGCCGCCGCCG,
CC[G/A]CCGCCGCCGCC[G/T] and CTCCTCCTC, CTCCTCCTCC, TCTCCT
CCTCC, CTCCTCCTCCTC were detected with relatively lower frequency (Table 5).
The aim of this study was to identify the consensus promoter motifs from
co-regulated genes during anoxia. After MEME, varying numbers of promoter motifs
were detected in different sets (Tables 2–5). To find the consensus promoter motif,
detected motifs were further analysed with MEME programme and presented in Table 6.
For UR-DEGs in the promoter length of −250 to +50 (Data Subset-1A) and −499 to +100
(Data Subset-4A), two consensus promoter motifs (CGCCGCCGCCG and GCCGCCGC,
respectively) were detected in high-frequency sets. Likewise, in low-frequency motif
sets, two consensus promoter motifs GC[G/C]GC[G/C]GC[G/C]GC (Data Subset-1B)
and CGCCG[C/G]C[G/T] (Data Subset-4B) were also detected. For DR-DEGs in the
promoter length −250 to +50 (Data Subset-2A) and −499 to +100 (Data Subset-5A),
two consensus promoter motifs (CTCCTCCTC and TCCTCCTC, respectively) were
detected in high-frequency sets. Likewise, in the low-frequency motif sets, two
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consensus promoter motifs CG[G/C]CG[G/C]CG[G/C]CG (Data Subset-2B) and C[G/T]
[C/G]CG[C/G]C[G/T][C/G]C (Data Subset-5B) were also detected. For UC-DEGs in the
promoter length −250 to +50 (Data Subset-3A) and −499 to +100 (Data Subset-6A), two
consensus motifs (AAAAAAAA and GCCGCCGC, respectively) were detected in
high-frequency sets. Likewise, in the low-frequency motif sets, two consensus
promoter motifs C[G/T]CCGCC[G/T]C (Data Subset-3B) and CGCCGCC[G/T]CCGC
(Data Subset-6B) were also detected.
Table 3

Promoter motifs with their high rate of occurrence (High Frequency, HF) in the
UR-DEGs (Data Subset-4A), DR-DEGs (Data Subset-5A), and UC-DEGs
(Data Subset-6A) of promoter length −499 to +100 during anoxia

Promoter motifs with their High Frequency (HF) of promoter length –499 to +100
UR-DEGs (Data Subset-4A)
DR-DEGs (Data Subset-5A)
UC-DEGs (Data Subset-6A)
Promoter motif
HF Promoter motif
HF
Promoter motif
HF
GCCGCCGCC
6981 CCGCCGCCG
1517 CCGCCGCCG
9409
CCGCCGCCGC
5328 CCGCCGCCGC
1160 CCGCCGCCGC
7667
CCGCCGCCGCC
4441 CCGCCGCCGCC
649 CCGCCGCCGCC
6034
CCGCCGCCGCCG
3081 CCGCCGCCGCCG
404 CCGCCGCCGCCG
4649
CCGCCGCCGCCGCC
1682 CCTCCTCCTC
1118 CCGCCGCCGCCGC
3300
CGCCGCCGC
6941 CCTCCTCCTCC
1026 CCGCCGCCGCCGCC 2271
CGCCGCCGCC
6222 CCTCCTCCTCCTC
637 CGCCGCCG
11316
CGCCGCCGCCG
4817 CCTCCTCCTCCTCC
527 CGCCGCCGC
10917
CGCCGCCGCCGC
3827 CGCCGCCGC
1615 CGCCGCCGCC
8876
CGCCGCCGCCGCC
2997 CGCCGCCGCC
1392 CGCCGCCGCCG
6859
CGCCGCCGCCGCCG
2098 CGCCGCCGCCG
965 CGCCGCCGCCGC
5096
CGCCGCCGCCGCCGC 1371 CGCCGCCGCCGC
492 CGCCGCCGCCGCC
4134
CGGCGGCG
1183 CGGCGGCGG
919 CGCCGCCGCCGCCG 2426
GCCGCCGCCG
5298 CGGCGGCGGCG
575 CGCCGCCGCCGCCGC 1328
GCCGCCGCCGCC
3110 CGGCGGCGGCGG
468 GCCGCCGCC
9551
GCCGCCGCCGCCGC
1578 CGGCGGCGGCGGCG 335 GCCGCCGCCG
7635
GCGGCGGCG
1042 CTCCTCCTC
1285 GCCGCCGCCGC
5789
GGCGGCGG
1136 CTCCTCCTCC
1120 GCCGCCGCCGCC
4483
CTCCTCCTCCTC
847 GCCGCCGCCGCCGC 1913
GCCGCCGCCG
1169
GCCGCCGCCGC
708
GCCGCCGCCGCC
434
GCCGCCGCCGCCG
364
GCGGCGGCGG
801
GCGGCGGCGGC
626
GCGGCGGCGGCG
498
GCGGCGGCGGCGG
448
GCGGCGGCGGCGGC 333
GGCGGCGG
1088
GGCGGCGGC
992
GGCGGCGGCG
729
TCCTCCTCC
1292
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Table 4

Promoter motifs with their low rate of occurrence (low frequency, LF) in the
UR-DEGs (Data Subset-1B), DR-DEGs (Data Subset-2B), and UC-DEGs
(Data Subset-3B) of promoter length −250 to +50 during anoxia
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(Data Subset-3B) of promoter length –250 to +50 during anoxia (continued)
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Table 5

Promoter motifs with their low rate of occurrence (Low Frequency, LF) in the
UR-DEGs (Data Subset-4B), DR-DEGs (Data Subset-5B), and UC-DEGs
(Data Subset-6B) of promoter length −499 to +100 during anoxia
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Promoter motifs with their low rate of occurrence (Low Frequency, LF) in the
UR-DEGs (Data Subset-4B), DR-DEGs (Data Subset-5B), and UC-DEGs
(Data Subset-6B) of promoter length –499 to +100 during anoxia (continued)
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Table 5

Promoter motifs with their low rate of occurrence (Low Frequency, LF) in the
UR-DEGs (Data Subset-4B), DR-DEGs (Data Subset-5B), and UC-DEGs
(Data Subset-6B) of promoter length –499 to +100 during anoxia (continued)
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Promoter motifs with their low rate of occurrence (Low Frequency, LF) in the
UR-DEGs (Data Subset-4B), DR-DEGs (Data Subset-5B), and UC-DEGs
(Data Subset-6B) of promoter length −499 to +100 during anoxia (continued)
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Consensus promoter motifs in all Differentially Expressed Genes (UR-DEGs,
DR-DEGs, UC-DEGs) with their rate of occurrence (high and low frequency)
in two different promoter lengths (−250 to +50 and −499 to +100) during the anoxia

Promoter length –250 to 50
UR-DEGs
High
frequency
(Data
Subset-1A)

Low frequency
(Data Subset-1B)

CGCCGCCGC GC[G/C]GC[G/C]
CG
GC[G/C]GC

DR-DEGs
High
frequency
(Data
Subset-2A)

Low frequency
(Data Subset-2B)

UC-DEGs
High
frequency
(Data
Subset-3A)

Low frequency
(Data Subset-3B)

CTCCTCCTC CG[G/C]CG[G/C]C AAAAAAAA C[G/T]CCGCC
G[G/C]CG
[G/T]C

Promoter length –499 to 100
UR-DEGs
High
frequency
(Data
Subset-4A)

Low frequency
(Data Subset-4B)

GCCGCCGC CGCCG[C/G]
C[G/T]

4

DR-DEGs
High
frequency
(Data
Subset-5A)
TCCTCCTC

Low frequency
(Data Subset-5B)

UC-DEGs
High
frequency
(Data
Subset-6A)

Low frequency
(Data Subset-6B)

C[G/T][C/G]CG[C/ GCCGCCGC CGCCGCC[G/T]CC
G]C[G/T][C/G]C
GC

Discussion

Flooding is a major issue for plant survival in many regions of the world. Plant cells
experience a deficit in cellular oxygen as a consequence of flooding or submergence.
To determine the molecular mechanisms of stress-tolerant genes using microarray is very
essential. In this context, transcript profiling of gene expression in response to low
oxygen stress in rice have been reported (Lasanthi-Kudahettige et al., 2007; Pandey and
Kim, 2006). It was shown that the core promoter, which can extend −35 bp upstream or
downstream of this site, plays a central role in regulating the initiation of gene expression
(Smale and Kodanaga, 2003).
We found that in DEGs, both promoter lengths of −499 to +100 and −250 to +50
contain repeated GCC sequence (GCC-box) in high- and low-frequent motifs (except
Data Subset-2A, Data Subset-3A and Data Subset-5A, Table 6). Our result indicated the
biological significance of the data by means that this DNA element binds with AP2/ERF
domain containing proteins. This transcription factor superfamily also comprises the
Sub1A gene that confers submergence tolerance in rice (Xu et al., 2006). Interestingly,
a nearly identical consensus promoter motif GCGGCGGCG (identified as highly
conserved motif in our analysis in Data Subset-1B, Table 6) has also been reported
(Kumar et al., 2007) by taking account of 169 anoxia-inducible genes in rice coleoptiles
that were validated by real time RT-PCR (Lasanthi-Kudahettige et al., 2007). In another
study, two consensus promoter motifs GGAG[A/G][G/A]G and GACGTGGCG
(in promoter lengths of −250 to +50 and −499 to +100, respectively) considering the 50
low oxygen stress inducible genes that were validated by RT-PCR in 5-day-old rice
seedlings have also been reported by Pandey et al. (2007). Similar to our finding
(Table 6), a nuclear-protein-binding sequence GCCG [G/C] CG motif, specifically
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present in the promoter region of RAmy3D gene for rice α-amylase, was reported by
Mitsunaga et al. (1994). An additional study on RAmy3D indicated that consensus
sequences of G motif (TACGTA) and TATCCA T/C motif (GATA motif as its antisense
sequence) are responsible for sugar repression (Toyofuku et al., 1998). A G-box 10
tetramer promoter motif (GCCACGTGCC) that exhibited high-level expression in
transgenic monocot rice has also been reported (Ishige et al., 1999). We noticed that
detected motifs of UR-DEGs (Data Subset-1A, Data Subset-1B, Data Subset-4A and
Data Subset-4B) have slight variation in their nucleotide sequence (with less information
content of nucleotide T; Bailey and Elkan, 1994).
In this study, a remarkable variation in number of promoter motifs and their
sequences among the UR-DEGs, DR-DEGs and UC-DEGs were detected. Further
analysis of these motifs exhibited a very interesting result. We noticed that consensus
promoter motifs of DR-DEGs were different from UR-DEGs. The information content of
nucleotide T among the consensus motif of DR-DEGs was high. On the basis of our
findings (Table 6) between UR-DEG and DR-DEGs only, we can say that it might be a
reason for their related expression. However, a number of other factors might also be
responsible for their differential expression. In Arabidopsis thaliana, ethylene-responsive
element binding protein (AtEBP) was able to bind with a 29-bp oligonucleotide probe
containing the GCC box (TAAGAGCCGCCA) and the intensity of the bands directly
correlated with the amount of AtEBP present. In contrast, the binding of AtEBP to the
mutant GCC box (TAAGATCCTCCA) was abolished. Further, GST–AtEBP fusion
protein was able to bind to the GCC box but not to the mutant GCC box (Büttner and
Singh, 1997). Competitive gel retardation assays showed that DNA-binding activities are
specific to the GCC box sequence in tobacco nuclear extracts and mutant GCC box
containing two point mutations reduced GCC box activity in vivo (Ohme-Takagi and
Shinshi, 1995). We found that either in high- or in low-frequent motifs GCC box
(GCCGCC) was the conserved promoter motif for UR-DEGs. On the other hand, mutated
GCC box (TCCTCC) was detected as conserved promoter motif for DR-DEGs. From the
result, it might be postulated that transcription factor regulates the expression of
anoxia-inducible genes directly via the GCC box (or a non-GCC box element) by
interacting and activating their expression, and indirectly via other transcription factor as
described in previous report (Chakravarthy et al., 2003). Electrophoretic Mobility
Shift Assay (EMSA) and transient expression in Arabidopsis have elucidated the
transcriptional regulation of AtERFs. AtERF1, AtERF2 and AtERF5 work as activators
of GCC box-dependent transcription in Arabidopsis leaves. By contrast, AtERF3 and
AtERF4 acted as repressors that down-regulated not only the basal transcription levels of
a reporter gene but also the transactivation activity of other transcription factors
(Fujimoto et al., 2000). A model suggests that the AtERFs are regulated differentially at
both the transcriptional and the post-transcriptional levels that subsets of GCC
box-containing genes might be regulated by different ERF proteins (Fujimoto et al.,
2000). On the other hand, in our result for the DR-DEGs, the transcription factor might
work as a suppressor by direct or indirect interaction with mutated GCC box (TCCTCC).
AtERF genes are expressed in response to different stimuli; the AtERF proteins probably
function as signal- and sequence-specific transcription factors by activating or repressing
the expression of GCC box-containing stress-responsive genes dependent or independent
of the ethylene signal (Fujimoto et al., 2000). Therefore, in this study, mutated GCC box
(TCCTCC) directly or indirectly might be responsible for down-regulated genes
expression under anoxia.

In silico analysis of motifs in promoters of differentially expressed genes
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In our result, significant variation in sequences of consensus promoter motifs was
detected among UR-DEGs, DR-DEGs and UC-DEGs in highly frequent motifs in the
promoter length of −250 to+50. In contrast, similar motif was detected in UR-DEGs and
UC-DEGs in highly frequent motifs in the promoter length of −499 to +100.
Interestingly, in our result (Table 6), we did not notice any such difference in the
nucleotide sequences of consensus promoter motif (except high frequency Data Subset3A and -6A of UC-DEGs) despite the increase in promoter length from 301 bp (−250 to
+50) to 600 bp (−499 to +100). Therefore, it might be suggested that there was no
influence of promoter length over the variation of nucleotide usage pattern in consensus
promoter motifs of high-frequency Data Subsets in UR-DEGs and DR-DEGs (Table 6).
Our result (Table 6) suggested that either some transcription factor might interact with
GCC box (GCCGCC) and AAAAAAAA motifs in such a way that their expression
was not so much significant that they might be considered as UR-DEGs or DR-DEGs.
Further, cooperative interaction of one transcription factor with the GCC box present in
the promoter of another transcription factor gene that works as activator or suppressor on
transcription factor might also be responsible for their low level of expression under
anoxia. It is also very important to take into consideration that a single motif can also
bind various transcription factors thereby bringing the genes under multiple regulatory
controls (Jin and Martin, 1999; Yanagisawa, 2002).
Considering the UR-DEGs (Set 1), DR-DEGs (Set 2) and UC-DEGs (Set 3) of all the
21,481 genes in microarray result of Lasanthi-Kudahettige et al. (2007), we have done
in silico analysis for finding the consensuses promoter motifs. In this study, we have used
only 30% of total DEGs for consensus promoter motif analysis. Therefore, it is possible
that results may vary during consensus promoter motif analysis while considering whole
DEGs. Further, the average of the motif frequencies occurring in each subset was
calculated individually. Therefore, in our result, frequencies of promoter motifs vary
from subset to subset. Also, GCC box (GCCGCC) was the conserved promoter motif for
UR-DEGs, while mutated GCC box (TCCTCC) for DR-DEGs. From our result, it might
be postulated that significant variation in the consensus promoter motifs between
UR-DEG and DR-DEGs might be a reason for their related expression. Further, there was
no influence of promoter length over the variation of nucleotide usage pattern in
consensus promoter motifs of high-frequency data subsets in UR-DEGs and DR-DEGs.
These findings enhance the knowledge about transcriptional regulation of DEGs during
anoxia. Experimental validation of biologically important consensus promoter motifs and
regulatory elements involved in the activation and expression of DEGs during anoxia
needs to be carried out.
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