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It is critical for growth and differentiation that plants can rapidly 
and systemically respond to environmental changes such as light, 
temperature, CO

2
, water and nutrient availability as well as biotic 

and abiotic stresses. Many of the responses are, at least in part, 
mediated and or modulated by either the classical amino acid 
derived hormones,1 peptidic hormones,2 plant steroid hormones3 
or nitric oxide (NO).4 The link between environment and hor-
mones and the physiological response are second messengers that 
form a network of molecular transducers. Second messengers 
relay information and directly or indirectly affect biological pro-
cesses such as gating of ion channels5 or the regulation of tran-
scription.6 To do this effectively their cellular activities must be 
transient and specific.7

In the last decade, an increasing number of second messengers 
and signaling mechanisms have been discovered which either 
act on their own or in conjunction with Ca2+. These messengers 
include cyclic ADP-ribose,8,9 phospholipids such as phosphatidic 
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An ever increasing amount of transcriptomic data and analysis 
tools provide novel insight into complex responses of biologi-
cal systems. Given these resources we have undertaken to re-
view aspects of transcriptional regulation in response to the 
plant hormone gibberellic acid (GA) and its second messenger 
guanosine 3',5'-cyclic monophosphate (cGMP) in Arabidopsis 
thaliana, both wild type and selected mutants. evidence suggests 
enrichment of GA-responsive (GAre) elements in promoters 
of genes that are transcriptionally upregulated in response to 
cGMP but downregulated in a GA insensitive mutant (ga1-3). 
in contrast, in the genes upregulated in the mutant, no enrich-
ment in the GAre is observed suggesting that GAre motifs 
are diagnostic for GA-induced and cGMP-dependent transcrip-
tional upregulation. Further, we review how expression stud-
ies of GA-dependent transcription factors and transcriptional 
networks based on common promoter signatures derived from 
ab initio analyses can contribute to our understanding of plant 
responses at the systems level.
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acid10 as well as cyclic nucleotides, notably adenosine 3',5'-cyclic 
monophosphate (cAMP)11-13 and guanosine 3',5'-cyclic mono-
phosphate (cGMP).14,15

Here the emphasis is on cGMP and its role as second mes-
senger in responses to the plant hormone gibberellic acid (GA) 
and in particular GA-dependant transcription. GAs are a large 
family of tetracyclic diterpenoid plant hormones that affect a 
wide range of plant growth, developmental and environmental 
responses. These include seed development and germination, leaf 
expansion, stem elongation and flowering.16 While cGMP is not 
the only second messenger reported in GA signal transduction, 
Ca2+,17,18 the cytosolic pH19 and phosphoinositides20,21 responses 
have been described too, we shall concentrate on cGMP-depen-
dent processes.

GA has been shown to cause increases in cytosolic cGMP 
which in turn have been proven to be essential and sufficient 
for a-amylase synthesis and secretion in barley aleurone22 thus 
suggesting the existence of a cGMP-dependent transcriptome. 
Experimental evidence for the latter has been obtained6 and 
shows an enrichment for transporters such as non-selective ion 
channels and cation:proton antiporters which are affected by 
cGMP in roots. This together with the fact that NaCl leads to 
cGMP increases23 and cGMP in turn was found to modulate 
influx and efflux of the monovalent cations Na+ and K+, would 
suggest a complex cGMP-dependent response pattern.

We use a recently described method for the inference of bio-
logical function at the systems level.24 This method consists of 
a sequential analysis of genome and expression data as well as 
on-line web tools for functional genomics at the systems level 
and is particularly well suited to research in model species such as 
Arabidopsis.24,25 Here we apply this method to GA- and cGMP-
dependent trascription with a view to uncover novel functional 
aspects of these signaling molecules in a systems context.

Analyses of Genes Transcriptionally Induced  
by cGMP

The point of departure of the analysis was the identification 
of genes that are upregulated in response to cGMP treatment. 
We used supplementary microarray data6 where A. thaliana 
root tissue was exposed to 10 µM membrane permeable cGMP 
(8-Br-cGMP) for 30 minutes, and plant tissue was collected 
after two hours and five hours respectively to identify the effect 
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promoter regions of the cGMP upregulated genes 1 kb upstream 
of the predicted transcription start site (TSS) for the presence 
of known cis-elements to identify common elements and infer 
transcriptional activation characteristics.

The Athena database (www.bioinformatics2.wsu.edu/cgi-bin/
Athena/cgi/home.pl)28 was used to detect common transcrip-
tion factors and the search revealed that the TAACAA(A/G) 
gibberellic acid response element GARE was present in 43/59 
genes a total of 74 times at an average of 1.25 copies/promoter 
(p-value <10E-4). A Bonferroni correction was automatically used 
in Athena to account for multiple hypotheses testing and the 
p-value represents an enrichment of the genes according to the 
stringent enrichment threshold of <10-4 and indicates that a high 
percentage of our cGMP upregulated genes contain multiple cop-
ies of the TAACAA(A/G) motif. The subsequent POBO analysis 
(ekhidna.biocenter.helsinki.fi/poxo/pobo)29 of the cGMP upreg-
ulated genes shows that the TAACAAR motif was significantly 
enriched (t-test p-value <0.0001), being present in 40/59 genes a 
total number of 64 times at an average of 1.08 copies/promoter 
compared to the average of 0.78 across all A. thaliana promoters 
(Fig. 1).

Functional Analysis of Expression Data in  
Arabidopsis Wild-Type and Selected Mutants

In order to elucidate the role of the GARE motif in cGMP- and 
GA-dependent transcription, we examined responses in GA 
mutants in A. thaliana. Expression data was extracted from 
publicly available supplementary microarray data for an experi-
ment involving GA Arabidopsis thaliana mutants (Accession no: 
E-MEXP-849)30 and a heatmap was generated. The GA mutant 
used for the analysis was ga1-3, a null mutant that is severely GA 
deficient since GA1 encodes ent-copalyl diphosphate synthase, 
an enzyme that catalyzes the first committed step in GA bio-
synthesis.31 Mutant plants show extreme dwarfism with delayed 
flowering and male sterility. A heatmap was also generated from 
the expression data of cGMP upregulated genes in the ga1-3 
in Arabidopsis flowers and seeds (Supplementary micro-array 
data,30 NASCarray experiment, reference number -385; Roots 
treated with +/- 2 µM GA for two hours). The results show that 
of the 59 cGMP upregulated genes, the expression of the genes 
were divided, with some of the genes having the same expres-
sion in both ga1-3 and the wildtype (indicated in black), while 
the remainder of the genes were either upregulated (yellow) or 
downregulated (blue) when compared to the wildtype (Fig. 2). 
FatiGO+ analysis of cGMP genes upregulated in ga1-3 mutant 
showed enrichment in K+ ion transport proteins (level 8; p-value 
= 1.2E-02), while genes that are downregulated in the mutant, 
showed enrichment in proteins with a role in ion homeostasis 
(level 6; p-value = 2.52E-02).

To test whether the GARE motif (TAACAAR), is present in 
both the up and downregulated genes we analyzed the distribu-
tion in POBO. The results showed that the genes downregu-
lated in the mutant, had multiple copies of the GARE element 
(1.33 copies/promoter) with the TAACAAR motifs being sig-
nificantly enriched compared to expected frequencies in the  

of cGMP on transcription. Fifty nine genes with average ratios 
≥2 from replicate arrays were considered (Suppl. Table 1). This 
group of genes was analyzed in FatiGO+,26 in order to identify 
possible bias in distribution that is indicative of a common func-
tional role. FatiGO+ identified a bias in GO functional anno-
tation terms in the cGMP upregulated genes compared to the 
remainder of the A. thaliana genome. In the GO search category 
of biological process there is a significant [Family Wise Error 
Rate—(FWER) adjusted p-value] enrichment in genes involved 
in ion transport and homeostasis at a number of levels. The 
most notable bias is found at level 7 with a significant (adjusted 
p-value-3.81E-02 + 0.0000038) enrichment in genes involved in 
monovalent inorganic cation transport as well as cellular metal 
ion homeostasis (Table 1). The GO analysis for the cellular com-
ponent and molecular function category revealed no significant 
difference in biologically relevant labels between the two lists. 
The results of the Swiss-Prot keyword search also identified a sig-
nificant enrichment in genes involved in ionic channels (adjusted 
p value = 8.17E-04), ion transport (adjusted p value = 8.17E-04) 
and associated with the membrane (adjusted p value = 7.94E-03) 
in the cGMP upregulated genes (appended in Suppl. data file). In 
the 59 most downregulated genes (Suppl. Table 1) in response 
to two hours of cGMP exposure we also identified significant 
enrichment in genes involved in ion transport and homeostasis at 
a number of levels. The most notable bias is found at level 7 with 
a significant (adjusted p-value-2.06E-03) enrichment in genes 
involved in monovalent inorganic cation transport (appended in 
Suppl. data file). It is thus noteworthy that cGMP may affect ion 
homeostasis by both up and downregulation of ion transporter 
encoding genes.

Identification of Transcription Factors with a Role  
in cGMP Regulated Genes

Since transcription factors are a key to the regulation of gene 
expression,27 the identification of common transcription factors 
in the cGMP upregulated gene set, is likely to indicate collective 
functional features within this set of genes. Hence we searched 

Table 1. FatiGO+ analysis of cGMP upregulated genes

List 1 List 2

GO term Level
# of 

genes
% p-value

Chemical homeostasis 3 4 0.52 1.68e-02

establishment of localization 3 14 13.71 1.85e-02

Cellular Metabolic Process 3 9 64.42 1.97e-02

ion Homeostasis 4 4 0.47 1.40e-02

Transport 4 14 14.19 1.85e-02

ion Transport 5 7 3.63 1.85e-02

Cation Transport 6 6 3.60 3.81e-02

Cell. Metal ion Homeostasis 7 3 0.72 3.81e-02

Monov. inorg. Cation Trans. 7 4 1.97 3.81e-02

Genes in list 1 used in analysis: 59; Genes in list 2 used in analysis: 
28751.
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role in signaling and regulation of this hub-linked co-expressed 
group of genes. This is further supported by the significant 
terms of “Protein Amino Acid Acylation” at level 7 and “Protein 
Myristoylation” at level 9 (Table 2).

For 16 out of the 24 hub group genes co-expression coeffi-
cients could be determined and three genes, a DNA repair protein 
RAD54 (AT3G19210, r = 0.806444), pentatricopeptide (PPR) 
repeat-containing protein with strong similarity to PCMP-H2 
(AT3G61170, r = 0.750457) and one un-annotated expressed 
protein (AT1G17830, r = 0.74996) show a positive correlation 
and are all expressed in the male gametophyte. The remaining 13 
are not expression correlated with “r” values between 0.020641 
and -0.156385.

Analysis of tissue expression patterns of CHX8 shows that this 
hub gene is very highly expressed [linear value = 49460 (stan-
dard error = 455)/log2 value = 15.59 (s.e = 0.01)] in pollen.34 
Supplementary microarray data of Arabidopsis genes expressed 
in pollen, leaves, seedlings and siliques,35 verified that CHX8 is 
enriched in pollen expression compared to other tissues. In addi-
tion, genes that were identified in Arabidopsis Co-Expression Tool 
(ACT; www.arabidopsis.leeds.ac.uk)36 as CHX8 co-expressed 
also showed a higher expression in pollen than in any of the 
other tissue and this finding was confirmed by a Genevestigator37 
analysis using the anatomy tool for CHX8 and the co-expressed 
genes.

The promoter analysis of CHX8 and the most highly corre-
lated genes also revealed an enrichment in the CARGW8GAT 

A. thaliana genome (0.78 copies/promoter) (Fig. 3A). This GARE 
frequency of occurrence is even higher than in the entire selection 
of cGMP upregulated genes (1.08 copies/promoter) while POBO 
showed that the TAACAAR motif was not enriched in the genes 
upregulated (0.77 copies/promoter) in the mutant compared to 
the expected frequencies in the A. thaliana genome (0.78 cop-
ies/promoter) (Fig. 3B). Furthermore the 50 most significantly 
upregulated genes in A. thaliana root tissue treated with 2 µM 
GA for 2 hours (NASCarray experiment: -385) were analyzed 
with promoter analysis tool Athena and showed no enrichment 
in the GARE motif and no enrichment in any ontology cate-
gory. Furthermore, there are no genes shared between the cGMP 
upregulated data set and the GA upregulated data set (top 50) 
and there is also no overlap between the cGMP upregulated data 
set and all of the GA upregulated genes detected in the microar-
ray experiment, thus suggesting no similarity between the two 
gene selections.

In a next step of the analysis we looked at expression in the 
ga1-3 mutant in seeds and flower buds.30 Firstly, 541 genes upreg-
ulated in seeds and 828 genes upregulated in flower buds were 
extracted and the 60 genes that had the highest average ratios 
(log2 values) were subjected to a promoter analysis in Athena. 
The GARE motif is present in 43/60 GA upregulated genes 
in seeds a number of 64 times giving an average of 1.06 times 
copies/promoter (p-value <10E-4). This p-value indicates a sig-
nificant enrichment of the GARE motif in the GA upregulated 
genes in seeds. GA upregulated genes in flower buds do not show 
an enrichment of the GARE motif.

The GA upregulated genes containing the GARE motif were 
further subjected to FatiGO+ analysis and the genes in flowers 
showed enrichment in genes involved in monovalent inorganic 
cation transport as well as cellular metal ion homeostasis at level 
7 (adjusted p-value-3.81E-02 + 0.0000038). Distribution of the 
GARE motif was also identified across the entire A. thaliana 
genome. The results showed that the TAACAAR motif is present 
in 55% of the promoters in the genome. Subsequently, a FatiGO+ 
analysis was performed with genes where the GARE motif is pres-
ent 5 or more times within their promoters. The result yielded no 
significant distribution of any GO annotation.

In order to gain further insight into gene function at the 
systems level we have analyzed the promoter content of the 59 
cGMP upregulated genes using an ab initio method and then 
built a putative transcription regulatory network (Fig. 4) based 
on promoter content similarity using the Dragon Motif Builder.32 
In the resuting network, a hub gene with 24 common edges, 
CHX8 (Cation Hydrogen Exchanger 8), was identified. CHX8 
is a cation/hydrogen exchanger gene that belongs to the puta-
tive monovalent cation:proton antiporter family 2 (CPA2).33 
Expression correlation analyses of the top co-expressed 100 genes 
(Suppl. Table 2) shows high r-values ranging from 0.999611 to 
0.973635 and the Fatigo+ analysis reveals a highly significant 
enrichment (2.94E-09) for “Phosphorous Metabolic Process” at 
level 4. Other highly significant terms at higher levels include 
“Phosphorylation” and “Protein Modification” at level 6, “Post-
translational Protein Modification” at level 7 and “Protein 
Amino Acid Phosphorylation” at level 8, thus pointing to a 

Figure 1. Frequency of occurrence of the GAre (TAACAAr) core 
motif in artificial clusters generated in POBO (ekhidna.biocenter.
helsinki.fi/poxo/pobo)29 for A. thaliana background promoters compared 
to the promoters (1 kb upstream of the transcription start site) of the 
59 genes upregulated >2 fold after cGMP treatment6 was analyzed. The 
default settings were used (number of sequences to pick-out = 50, num-
ber of samples to generate = 1000, sequence length = 1000 bps) and a 
two-tailed p-value was calculated in the linked online GraphPad web 
site using the generated t-value and degrees of freedom to determine 
the statistical differences between input sequences and background. 
This analysis determined that compared to the background (0.78 copies/
promoter), there was a significant (t-test: p-value >0.0001) enrichment 
in the frequency of the TAACAAR motif in our dataset (1.08 copies/
promoter).
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motif (p-value = 10-3) as well as the MYB1AT motif (p-value 
= 10-3), MYB2AT motif (p-value = 10-5) and the GARE motif 
(p-value = 0.0373) (Suppl. Table 3). The CARGW8GAT motif 
was present in 70/100 genes at a total number of 252 times and 
the GARE motif was present in 57/100 genes a total of 97 times. 
Another cGMP-induced gene in the network, AT5G36240, is the 
zinc knuckle (CCHC-type) family protein. It contains the highest 
number of shared motifs per edge and notably 20 with AT1G6770 

and AT5G36250, a protein phosphatase 2C. Another cGMP-
induced gene, AT5G38480.1, is only linked to AT5G38480.3 
and is annotated as a GENERAL REGULATORY FACTOR 3 
(GRF3).

If we consider the expression of the CHX8 node genes and 
CCHC-type family protein node genes in the GA mutant display 
(ga1-3.1, ga1-3, ga1-3.2, penta, penta.1 and penta.2), we note dif-
ferent response patterns with regard to the number of common 
elements shared by the node members (Fig. 5). CCHC-type 
family protein node genes which contains the highest number 
of shared motifs per edge (20) show a less varied response pat-
tern (Fig. 5A) than in the case of the CHX8 node genes (Fig. 5B  
and C), which only shared 13/14 motifs per edge. As a control 
we used a gene belonging to the K+ channel AtTPK/KCO family 
of proteins (At4g18160), which has only 13 common elements 
shared with other node members. Analysis of its node genes also 
showed a more varied response pattern than observed in the case 
of CCHC-type family protein node genes (Fig. 5D). This indi-
cates that the higher the number of common elements shared by 
different genes the more similar we would expect their expression 
patterns to be, a hypothesis that has been supported by experi-
mental evidence in rice LEA (Late Embryogenesis Abundant) 
genes.38

Cis-Elements and Transcription Factors  
in GA Rersponses

Isolated GA-related mutants have helped to determine both the 
physiological role of GA and to elucidate its biosynthetic path-
ways. Several negative regulators of GA signaling have been iso-
lated by characterization of the recessive slender mutants and the 
dominant GA-unresponsive dwarf mutants. In Arabidopsis these 
mutants include the spindly (spy) and SHORT INTERNODES 
(SHI). GA-unresponsive dwarf mutants have pointed to a num-
ber of positive regulators of GA signaling including the dwarf1 
(d1) (79) mutants in rice and the sleepy1 (sly1) (115) mutants in 
Arabidopsis.39 GID1 (GA-INSENSITIVE DWARF1) is a recep-
tor mutant that shows similarity to hormone-sensitive lipases and 
has been shown to mediate GA perception. The GID1 recep-
tor binds to GA and the GID1-GA complex then interacts with 
DELLA proteins—which are negative regulators of GA action—
resulting in degradation of DELLA protein.40

Early attempts to characterise GA transcriptional responses 
lead to the discovery of a promoter element for GA-driven 

Figure 2. Heatmap illustrating fold change (log2) in expression of 
cGMP-induced genes in the Arabidopsis GA-deficient mutants ga1-3 and 
penta. in order to reveal the transcriptional relationship between cGMP-
induced genes and GA, expression of the top 59 cGMP upregulated genes 
was investigated in a publicly available microarray data set (Accession 
no: E-MEXP-849) containing the GA-deficient mutants ga1-3 and penta 
(a gal-3 della mutant lacking all four DeLLA proteins).30 Gene expression 
M values [log2(mutant/wildtype)] were determined for seed and flower 
tissues in both mutants as previously described. The heatmap indicates 
clusters of up-and downregulated GA-responsive genes, most noticeably 
in the gal-3 mutant with evidence of tissue-specific expression between 
seeds and leaves.
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that GARE on its own is insufficient to drive a regulatory pro-
gram independent of its dosage.

The finding that the cGMP upregulated genes are significantly 
enriched in monovalent inorganic cation transport as well as cel-
lular metal ion homeostasis in the FatiGO+ analysis lends strength 
to previous reports of the role of cGMP in ion homeostasis. The 
enrichment is also corroborated by the the Swiss-Prot keyword 
search that identifies a significant enrichment of genes involved 
in ionic channels and ion transport. A previous electro-physiolog-
ical investigation has demonstrated that cGMP can play a direct 
role in ion channel modulation and hence ion homeostasis.5 
Cyclic GMP binding modulates the voltage/current relationship 

expression in barley a-amylase and this element was termed 
GARE (Gibberellic Acid Response Element).41 Here we under-
took a promoter analysis of cGMP upregulated genes and showed 
a significant enrichment of these elements suggesting firstly, that 
they are likely to play an important role as regulatory elements 
in the expression of these genes and that there may be a causal 
link between strong GA and cGMP-dependent transcriptional 
regulation. Analysis of the GA signaling pathway in cereal aleu-
rone has revealed that a MYB gene, GAMYB, binds specifi-
cally to the TAACAAA motif and activates the transcription of 
a high-pI a-amylase promoter which implied that GAMYB is 
part of the GA signaling pathway that leads to a-amylase gene 
expression in aleurone cells.42 There is compelling evidence that 
cGMP is required for barley aleurone layers to act in response to 
GA.22 Treatment of aleurone layers with GA led to a transient 
increase in cGMP. This transient increase in cGMP was reduced 
after application of LY-83583, an inhibitor of guanylyl cyclase, 
which in turn led to an inhibition of a-amylase and GAMYB 
mRNA accumulation as well as a-amylase secretion. Dibutyryl-
cGMP, a membrane permeant cGMP analogue, almost restored 
a-amylase secretion to control levels with LY 83583 present.22 
Taken together, cGMP operates as an essential second messen-
ger in some GA dependent responses.

GAMYB-like genes have also been shown to function in tis-
sues other than the aleurone and in different plant species. In 
barley, HvGAMYB, involved in GA signaling in the aleurone, 
also plays a role in endosperm development43 and was found to 
be strongly expressed in anthers.44 GAMYB has also been impli-
cated in the elongation of the first internode of Triticum aesti-
vum (wheat)45 and flowering in Lolium temulentum.46 MYB33, 
a GAMYB-like gene has been identified in A. thaliana47 and 
is expressed at the shoot apex when plants were treated with 
GA or when endogenous GA levels increased. The expression of 
MYB33 in the shoot apex is correlated with the onset of flower-
ing47 and expression at the shoot apex also leads to an increase in 
LFY expression. LFY is a LEAFY gene that is a potential inducer 
of flowering in dicots48 and is activated by GA application.49,50 
The LFY promoter contains a putative GARE,46 that may serve 
as binding site for MYB33.47 The GARE motif in turn is neces-
sary for GA induction of LEAFY47,51 to promote flowering thus 
hinting at a role of GARE as a factor in GA-regulated signaling 
pathways that depend on cGMP as second messenger.

In promoters of genes transcriptionally upregulated in 
response to cGMP and downregulated in the GA insensitive 
mutant (ga1-3), we have observed an enrichment in the GARE 
motifs. In contrast, in the genes upregulated in the mutant, there 
was no such enrichment and we argue that this is consistent with 
a role for GARE and hence GAMYB in GA-induced cGMP-
dependent transcriptional activation. Interestingly, the GARE 
enrichment was seen only in the GA upregulated genes in seeds 
and flower buds and not in root tissue which is the tissue used 
for the cGMP analysis presented here. We identified all GARE 
motifs across all promoters of the entire A. thaliana genome, and 
genes where this motif is present in more than one copy were 
analyzed in FatiGO+. The result (not shown) has no significant 
enrichment for any GO category. It must therefore be concluded 

Figure 3. Frequency of occurrence of the GAre (TAACAAr) core 
motif in artificial clusters generated in POBO for A. thaliana background 
promoters compared to the promoters of cGMP upregulated genes that 
were downregulated (A) or upregulated (B) in the ga1-3 mutant. (A) The 
1 kb upstream promoter sequences of the selected genes were analyzed 
in POBO to determine the frequency of occurrence of the TAACAAr 
GAre core motif. The analysis determined that compared to the A. thali-
ana background (0.78 copies/promoter), there was a significant (t-test: 
p-value >0.0001) enrichment in the frequency of the TAACAAr motif 
in our dataset (1.33 copies/promoter). (B) The analysis determined that 
compared to the A. thaliana background (0.78 copies/promoter), there 
was no significant (t-test: p-value >0.0001) enrichment in the frequency 
of the TAACAAR motif in our dataset (0.77 copies/promoter).
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Short-term unidirectional Na+ influx is reduced in the presence 
of cyclic nucleotides and essentially, membrane permeable cyclic 
nucleotides can reduce net Na+ uptake and thereby improve salin-
ity tolerance under particular experimental conditions.

GO analysis of cGMP downregulated genes also revealed an 
enrichment of genes involved in monovalent inorganic cation 
transport at level 7. This is an indication that the transcriptional 
cGMP response is bi-polar in the sense that cation transport reg-
ulation is affected also through the reduction of cation channels 
and that requires complex transcriptional regulation of chan-
nel encoding genes with a role in long-term adaptation to the 
environment.

New Insights from Transcription  
Regulatory Networks

We have used an ab initio method to analyze promoter content 
of the cGMP upregulated genes to generate a transcriptional 
regulatory network based on numbers of shared motifs families  
(Fig. 4). Analysis of the regulatory network of the cGMP upregu-
lated genes revealed a hub gene that is linked to the lagest number 
genes and this gene was identified as CHX8 which encode cat-
ion/hydrogen exchangers belonging to the putative monovalent 
cation:proton antiporter family 2 (CPA2).33 A number of CHX 
genes, including CHX8 are specifically expressed during male 
gametophyte development and tissue expression pattern analysis 
of CHX8 also indicate a higher expression in pollen compared 
to other plant tissues.34 It is therefore safe to conclude CHX 
genes have a role in male gametogenesis. Pollen development and 
tube growth are associated with large fluctuations in water and 
ion homeostasis and a number of responses involving transport 
which include: vacuole formation, ion and metabolite transport 
and osmotic adjustments during dehydration and rehydration as 
well as vesicular trafficking.54 Since dehydration sets in as male 
gametophytes reach maturity, several genes upregulated in veg-
etative tissues by salt or dehydration stress are also expressed in 

in plant voltage gated K+ channels by inducing a shift of the 
current-voltage curve to more negative voltages and this effect is 
concentration-dependent.5 Furthermore, it was also reported that 
plants contain cyclic-nucleotide gated low affinity cation chan-
nels where binding of cAMP and cGMP to the intracellular por-
tion leads to direct gating.52 In A. thaliana, voltage independent 
channels (VIC) without selectivity for particular monovalent 
cations have been characterised and these channels have opening 
probabilities that are affected by µM concentrations of cAMP 
and cGMP on the cytoplasmic side of the plasma membrane.53 

Figure 4. Transcriptional regulatory network diagram of cGMP upregulated genes generated by promoter analysis in order to predict A. thaliana 
co-expressed genes. The 59 upregulated gene promoters of a length 2,200 nt covering 2,000 nt upstream and 200 nt downstream of the 5' end of the 
respective genes. The data was created with the Dragon Motif Builder (apps.sanbi.ac.za/MotifBuilder/index.php)32 and displayed with Cytoscape. (Drag-
on Motif Builder parameters: Algorithm eM2, motif length 9, threshold 0.9, no background, number of motif families = 30). The red dot denotes a hub 
gene (AtCHX8) and signifies the cGMP upregulated gene that shares the highest number of common promoter motifs with other A. thaliana genes. The 
green dot indicates At5G36240, a zinc knuckle (CCHC-type) family protein which contains the highest number of shared motifs per edge. At5g38480 
general regulatory factor, a 14-3-3 gene, is represented by the blue dot on the figure. This gene is only linked to one gene and thus shares notable com-
mon motifs with a single gene only.

Table 2. FatiGO+ analysis of CHX8 correlated genes

List 1 List 2

GO term Level
# of 

genes
% p-value

Pi Metabolic Process 4 22 7.75 2.94e-09

Phosphate Metabolic 
Process

5 21 8.38 4.36e-11

Biopolymer Mod. Peptide 5 22 30.49 9.97e-08

Amino-terminal Blocking 5 7 3.32 1.26e-03

Cell. Prot. Metabolic 
Process

5 26 30.49 1.26e-03

Phosphorylation 6 21 9.21 6.48e-12

Protein Modification 6 21 15.06 11.0e-08

Lipoprot. Metabolic Process 6 7 4.0 2.69e-03

Post-translational Prot. 
Mod.

7 21 13.52 1.21e-10

Peptidyl Amino Acid Mod. 7 7 5.12 3.47e-03

Lipoprotein Biosynth. Proc. 7 7 5.05 3.47e-03

Prot. a.a. Acylation 7 7 4.92 3.47e-03

Prot. a.a. Phosphorylation 8 21 15.6 3.54e-10

Protein Myristoylation 9 7 14.19 4.43e-03

Genes in list 1 used in analysis: 102; Genes in list 2 used in analysis: 
28708.
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(CDPK) also implicates phosphorylation based mechanisms 
in post-translational control.58 In Arabidopsis, several protein 
kinases have been shown to be involved in pollen germination 
and tube growth. These kinases include inositol polyphosphate 
kinase, AtIPK2a,61 where AtIPK2a regulates pollen germina-
tion and tube growth. Further, a phosphatidylinositol-4-mono-
phosphate 5-kinase (PIP5K4) has been implicated in regulating 
pollen tube growth and polarity.62 The fact that protein phos-
phorylation is prominently involved in pollen germination and 
tube growth, is also in line with the FatiGO+ analysis of CHX8 
and its co-expressed genes. This analysis revealed a significant 
enrichment of genes involved in protein amino acid phospho-
rylation, where 21 genes were implicated in this GO annota-
tion with a highly significant p-value of 3.54E-10. These CHX8 

pollen of unstressed plants, suggesting 
a need to make major osmotic adjust-
ments during microgametogenesis.55 
CHX8 peaks in the tricellular or 
mature pollen presumably to contrib-
ute to homoeostatic adjustment during 
dehydration and/or pollen germina-
tion following rehydration.

Microarray data35 where Arabidopsis 
genes were expressed in various plant 
tissues were also analyzed and showed 
that CHX8 as well as all of the top 100 
most highly co-expressed genes were 
markedly higher expressed in pollen 
as compared to other tissue. Further 
analysis with the anatomy tool from 
Genevestigator37 confirmed pollen 
specific upregulation of CHX8 and 
the co-expressed genes over a number 
of microarrays. CHX8 is a target gene 
of MIKC*proteins that are expressed 
exclusively in pollen and predominantly 
from the tricellular stage onwards56 
and is assumed to play an important 
role in the regulation of transcrip-
tion during late pollen development.57 
MIKC*proteins bind to MEF2 type 
CArG motifs [C(A/T)8G] and these 
motifs are over-represented in late 
pollen specific promoters, coinciding 
with MIKC* expression. Our Athena 
analysis of CHX8 promoter confirmed 
the presence of a CARGW8GAT 
motif, also referred to as the MEF2 
type CArG motifs, and thus being 
consistent with CHX8 being a target 
for MIKC*proteins. Promoter analy-
sis of the CHX8 co-expressed genes 
in Athena also indicated a significant 
enrichment of the CARGW8GAT 
motif within this set of genes. The 
motif was found in 70 of the genes at 
a number of 252 times. These findings imply that CHX8 and its 
most highly expression correlated genes are most likely involved 
during the latter stages of pollen development since they are 
predominantly expressed in pollen tissue and contain the over-
represented MEF2 type CArG motifs diagnostic for late pollen 
specific promoters.

Activation of protein kinases that modify the phosphory-
lation state of proteins is an important mechanism in cellular 
responses to extracellular signals. Protein kinases have been 
identified in pollen and have been shown to be associated with 
pollen germination and tube growth in various plant species.58,59 
Activation of protein synthesis during hydration of pollen is 
accompanied by protein phosphorylation.60 A maize pollen spe-
cific calcium-dependent calmodulin-independent protein kinase 

Figure 5. Genevestigator analysis (www.genevestigator.com/gv/index.jsp)37 of GA mutant genes. 
expression of zinc knuckle (CCHC-type) family protein (AT5G36240) node members, which shares 
20 common elements, show a less varied response pattern (A) than in the case of the ATCHX8 linked 
genes (B and C), which only shares 13/14 motifs per edge. As a control, genes linked to AT4g18160, 
K+ channel ATTPK/KCO family of proteins were used (D), since all its node members only shared 13 
common motifs. The results also showed a response pattern that was more varied than the one of the 
zinc knuckle (CCHC-type) family protein.
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elongation in GA-deficient pollen tubes in Arabidopsis.68 Further 
evidence of a critical role for GA in pollen was reported in rice, 
where GA-deficient or GA-insensitive mutants show reduced via-
bility and pollen tube growth.69 Expression of GA signaling genes 
occurs at the premeiosis stage of the pollen developmental process, 
while GA synthesis genes are expressed after meiosis, suggesting 
that GA synthesis has a role in gametophytic processes.69

In summary, the ab initio analysis of cGMP-induced genes 
identifies hub genes one of which is the GARE containing cation/
hydrogen exchanger gene (CHX8) that is highly expressed in pol-
len. Further, CHX8 co-expressed genes show a GARE enrichment 
as well as the highest expression levels during male gametogenesis 
and pollen tube growth implementing them in functions critical for 
gametophyte development, in particular homoestatic adaptations to 
rapidly changing microenvironments. Finally, we propose that this 
type of integrated application of on-line data mining tools for func-
tional annotation and systems analysis can uncover novel biological 
mechanisms and inform experimental strategies particularly so in 
model systems like Arabidopsis or rice.
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expression-correlated genes were also shown to be implicated 
in protein myristoylation with a significant p-value of 4.43E-03 
while evidence for protein myristoylation in pollen tissues has 
been reported63 and, in particular, an Arabidopsis phosphatase, 
AtPTEN1 was predicted to be myristoylated.63 AtPTEN1 is a 
dual specific enzyme that can act on either phosphotyrosine 
residues or lipid phosphotidylinositol (3,4,5)-triphosphate in 
proteins.64 AtPTEN1 is exclusively expressed in pollen grain 
during the later stages of development and was proven to be 
important for pollen development.64

Since CHX8 was identified as a hub gene within a cGMP 
upregulated gene network, we have set out to discover further links 
between pollen function, CHX8 and co-expressed genes, and 
cGMP upregulated genes, particularly so, since cGMP has been 
shown to mediate NO function in Lily pollen tube, where NO 
levels regulate the rate and orientation of pollen tube growth with 
cGMP as a second messenger.65 In ferns, cGMP and NO have also 
been identified as playing a role in linking the gravity stimulus 
to polarized growth in spores by acting as downstream effectors.66

Promoter analysis of CHX8 and the co-expressed genes showed 
that the genes are enriched in the GARE motif while GA is an 
essential component in pollen tube development, further strength-
ening the association with CHX8 and co-expressed genes. The spy 
mutation 5 (an Arabidopsis mutant which increases GA responses) 
dislays reduced pollen tube growth and a GA biosynthesis inhibi-
tor, uniconazole, also affects pollen tube function implicating the 
hormone in normal pollen tube growth.67 GA signaling alleles 
gar2-1 and rga were also shown to play a role in pollen tube 
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