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Waterlogging is a serious impedi-
ment to crop productivity world-

wide which acts to reduce oxygen levels 
in the rhizosphere due to the low diffu-
sion rate of molecular oxygen in water. 
Plants respond to low oxygen through 
rapid and specific changes at both the 
transcriptional and translational levels. 
Transcriptional changes to low-oxygen 
(hypoxia) stress have been studied in 
a number of plant species using whole 
genome microarrays. Using tran-
scriptome data from root tissue from 
early time points (4–5 h) from cotton 
(Gossypium hirsutum), Arabidopsis and 
gray poplar (Populus x canescens), we 
have identified a core set of ortholo-
gous genes that responded to hypoxia in 
similar ways between species, and others 
that showed species specific responses. 
Responses to hypoxia were most similar 
between Arabidopsis and cotton, while 
the waterlogging tolerant poplar species 
exhibited some significant differences.

In silico Comparisons of Hypoxia 
Stress between Cotton,  
Arabidopsis and Poplar

The growth and gene expression responses 
of cotton to waterlogging were recently 
assessed.1 Growth was found to slow and 
the speed of recovery was affected by the 
duration of the waterlogging stress. Gene 
expression profiles of key genes suggested 
that cotton may have differing strategies 
for responding to short and long term 
waterlogging events. To compare the cot-
ton transcriptome waterlogging response 
with other dicotyledonous species, in 
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silico comparisons of early hypoxia stress 
response (4–5 h) were made between cot-
ton and Arabidopsis and poplar.

Affymetrix microarray data from three 
hypoxia experiments were used for com-
parison. The datasets analyzed came from 
cotton root tissue which had been sub-
merged for 4 h1 (GSE16467), root tissue 
isolated from poplar which had their roots 
submerged for 5 h2 (GSE13109) and previ-
ously unpublished data from Arabidopsis 
roots subjected to a 0.1% O

2
 (balance N

2
) 

atmosphere for 5 h (GSE21504). Genes 
with significantly changed expression in 
response to hypoxia/waterlogging were 
determined using data processed in the 
same manner for each dataset.1 Those 
genes with a greater than two-fold change 
in expression and a false discovery rate 
adjusted p-value less than 0.05 were con-
sidered to be significant.

In order to compare results across spe-
cies, gene homologues between species 
were identified. All cotton ESTs used to 
derive the microarray probes were com-
pared to either the Arabidopsis TAIR9 
Peptide database or the ESTs used to 
derive the poplar Affymetrix probes using 
BLASTX or TBLASTX.3 In each case the 
top three Arabidopsis or poplar hits to 
each cotton EST were identified to allow 
for the possibility that differing members 
of a gene family may fulfill the same roles 
in the different species.

Core Hypoxia Responses  
and Species Differences

A total of 1,012 cotton (593 upregulated, 
419 downregulated), 2,386 Arabidopsis 
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a cross-kingdom comparison of hypoxic 
transcriptional responses, where fermen-
tation, sucrose transport, reactive-oxygen 
species regulation, heat shock protein, and 
ethylene response factor associated genes 
were found to be differentially expressed 
in response to low-oxygen stress.4 Overall 
there was greater overlap in homolo-
gous gene responses between cotton and 
Arabidopsis (207 genes) than between 
cotton and poplar (101 genes; Fig. 1).

Given the difficulties in comparing 
inter-specific transcriptional responses on 
a gene-to-gene basis in plants where large 
gene families and duplicated genomes are 
common, functional category/pathway 
level was also used to assess differences 
in transcriptional responses to low oxy-
gen between the different species. The 
PageMan software5 was used to compare 
those functional annotation bins in each 
species which had greater numbers of 

other species (Fig. 1; Suppl. Table 1). 
These core low oxygen response genes 
included multiple members of the etha-
nolic fermentation genes ADH (2 genes) 
and PDC (5 genes) respectively. Also 
included were 11 cotton genes with puta-
tive roles in sugar metabolism and glycoly-
sis, including sucrose synthase, hexokinase 
and phosphofructokinase homologues. A 
putative hemoglobin was also found in 
this core set. The largest category of genes 
(26/122) were those with putative tran-
scription factor activity, including seven 
genes with similarity to ethylene response 
transcription factors. Also notable were 11 
putative heat shock proteins, six putative 
proteases, five genes with potential roles 
in cell wall modification, three putative 
cytochrome P450 genes and two genes 
with similarity to lipases. The core set 
of genes identified here fits well with the 
set of core plant responses identified in 

(1,175 upregulated, 1,211 downregulated) 
and 2,289 poplar (1,286 upregulated, 
1,003 downregulated) genes were found 
to be differentially expressed in response 
to hypoxia (Suppl. Fig. 1). These genes 
represented 4.2%, 10.5% and 3.7% of the 
genes on the respective species microar-
ray. Of the 24,132 cotton sequences rep-
resented on the Affymetrix array, 18,960, 
19,232 and 18,018 had a good match 
(e-value < 1-10) to at least one Arabidopsis 
peptide sequence, translated poplar EST 
sequence or both, respectively.

Comparing the responses to low-
oxygen in all three species, more cotton 
waterlogging responsive genes had a simi-
larly responsive Arabidopsis homologue 
than poplar homologue (Fig. 1). There 
were 84 upregulated cotton genes with 
homologues upregulated in both species 
and 38 downregulated cotton sequences 
with downregulated homologues in the 

Figure 1. Venn diagram of overlap between hypoxia/waterlogging responsive homologues. (A) genes upregulated and (B) genes downregulated by 
hypoxia/waterlogging stress. Because cotton gene homologues in Arabidopsis and poplar were identified by collecting the top three blastx or tblastx 
matches to cotton eSt sequences, it is possible for a given cotton sequence to match multiple stress responsive homologues in another species or for 
multiple cotton sequences to match the same homologue in another species.
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decreased in roots of waterlogged poplar 
and oak which are tolerant and moder-
ately tolerant of waterlogging respectively, 
but remained high in short-term waterlog-
ging treatments in the waterlogging sensi-
tive beech.9

Interestingly, while amino acid 
metabolism was affected in all three spe-
cies assessed, there was almost no over-
lap between species in their particular 
response. Both cotton and poplar saw 
increases in transcripts for genes asso-
ciated with homoserine synthesis and 
decreases in transcripts for genes involved 
in synthesis of aspartate family amino 
acids, specifically methionine. Cotton 
also underwent an increase in transcripts 
for genes involved in synthesis of cysteine, 
degradation of leucine and downregula-
tion of genes involved in the synthesis 
of asparagine and lysine. Poplar also saw 
an increase in proline synthesis associ-
ated transcripts and a decrease in phenyl-
alanine synthesis associated transcripts. 
Arabidopsis alone saw an increase in genes 
associated with alanine synthesis. Amino 
acid levels were studied in poplar follow-
ing flooding and it was observed that the 
relationship between transcript levels for 

synthesis and degradation were down-
regulated significantly in Arabidopsis 
and cotton as compared to poplar 
(8, 11 and 3, respectively).

The poplar response to waterlogging 
included greater upregulation of treha-
lose-6-phosphate phosphatase genes, 
which are involved in trehalose synthesis, 
than observed in Arabidopsis and cotton 
(Suppl. Fig. 2). Trehalose has been shown 
to confer tolerance to multiple stresses 
in rice.6 Increased trehalose-6-phosphate 
inhibited SNF1 related protein kinase 1 
activity leading to downstream increases 
in glycolysis, TCA cycle, mitochondrial 
electron transport, amino acid synthesis, 
protein synthesis and nucleotide synthe-
sis gene expression.7 Trehalose synthesis 
and degradation genes have previously 
been noted to be upregulated in response 
to hypoxia in Arabidopsis where it was 
proposed they play a role in controlling 
sugar flow to glycolysis.8 A number of 
functional bins associated with protein 
degradation were also upregulated only 
in poplar (Suppl. Fig. 2), suggesting that 
protein degradation may be higher in pop-
lar than in cotton or Arabidopsis. It has 
been observed that protein concentrations 

genes showing a transcriptional response 
larger than two-fold than could be 
expected by chance. Broadly, 71, 89 and 
82 functional bins were found to be sig-
nificantly active in Arabidopsis, cotton 
and poplar respectively (Table 1; Suppl. 
Fig. 2). 18 bins were commonly active in 
all three species and these included ‘fer-
mentation’, ‘hormone metabolism.ethyl-
ene’, ‘stress abiotic’, ‘stress abiotic.heat’, 
‘RNA.regulation of transcription.AP2/
EREBP, APETALA2/Ethylene’ and 
‘RNA.regulation of transcription.WRKY 
domain transcription factor’ which were 
upregulated and ‘cell wall’, ‘cell wall.deg-
redation’, ‘secondary metabolism’, ‘sec-
ondary metabolism.phenylpropanoids’, 
‘signalling.receptor kinases’, ‘signaling.
receptor kinases.leucine rich repeat III’ 
and ‘transport’ which were downregu-
lated. In both cotton and Arabidopsis 
roughly 2 times as many functional bins 
were downregulated as were upregu-
lated (62:27 and 46:25 respectively; 
Table 1; Suppl. Fig. 2). In contrast the 
response in poplar skewed more towards 
transcriptional activation of functional 
bins (33:49; Table 1; Suppl. Fig. 2). 
Functional bins associated with cell wall 

Table 1. Summary of pageman functional bins affected by hypoxic stress in cotton, Arabidopsis and poplar

Functional bin
Number of sub-bins with  upregulated genes 

 over-represented
Number of sub-bins with downregulated genes 

over-represented

Cotton Arabidopsis Poplar Cotton Arabidopsis Poplar

major CHO metabolism 2 0 1 1 0 0

minor CHO metabolism 0 1 3 0 0 1

glycolysis 2 0 1 0 0 0

fermentation 2 1 2 0 0 0

cell wall 0 0 2 11 8 3

lipid metabolism 0 0 1 1 0 1

amino acid metabolism 5 5 3 7 0 3

secondary metabolism 0 0 0 10 6 5

hormone metabolism 1 4 3 4 3 0

stress 3 3 4 2 1 0

nucleotide metabolism 2 0 0 0 1 0

misc 1 1 0 5 6 5

RNA 4 4 12 2 1 0

DNA 1 2 1 0 2 0

Protein 3 3 9 7 3 3

signalling 0 0 1 4 6 6

development 0 0 2 0 0 0

transport 0 0 1 2 5 2

not assigned 0 0 3 3 4 3
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differences in response than Arabidopsis 
and cotton. Some of these differences 
include a delay in the downregulation of 
cell wall metabolism associated genes and 
increase in genes associated with treha-
lose and trehalose-6-phosphate metabo-
lism. There are also differences between 
all three species in the areas of hormone 
metabolism, and strikingly, amino acid 
metabolism. The similarities and differ-
ences observed in waterlogging responses 
provide an experimental framework to 
understand the importance of pathways to 
hypoxia tolerance.
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