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 Abbreviations 

 

α- and β-expansins: Alpha and beta expansins 

α-amylase: Alpha amylase 

µg/ml: microgram per milliliter 

µl: microlitre 

µM: micromolar 

µmol: micromole 

8-Br-cGMP: 8-bromoguanosine 3’,5’-cyclic monophosphate 

ABA: abscisic acid 

ACT: Arabidopsis co-expression tool  

ADP:  adenosine diphosphate 

ANP: atrial natriuretic peptide 

anti-α-ANP: anti-alpha- atrial natriuretic peptide 

AQP4: aquaporin 4 water channel 

AtIPK2α: Arabidopsis inositol polyphosphate kinase 

ATP: adenosine 5’-triphosphate  

AtPNP-A: Arabidopsis thaliana plant natriuretic peptide-A 

BNP: brain natriuretic peptide 

Bps: base pairs 

BTH: benzothiadiazole S-methylester 

Ca
2+

: calcium 

cAMP: adenosine 3’,5’-cyclic monophosphate 

CCCP: carbonylcyanide-m-chlorophenylhydrazone 

CDPK: calcium-dependent calmodulin-independent protein kinase  

cGMP: guanosine-3′, 5′- cyclic monophosphate 

CHX: cycloheximide  

CHX8: cation/hydrogen exchanger gene 8 

Cl
-
: chlorine 

CLV1: clavata1 

CLV3: clavata3 

CNGC: cyclic nucleotide-gated channel  

CNP: c-type natriuretic peptide 
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CO2: carbon dioxide 

cpr5: constitutive expresser of pathogenesis related genes 

d1: dwarf1  

DMB: dragon motif builder  

EGTA: ethylene glycol-bis(β-aminoethyl ether)-N,N,N’,N’-tetraacetic acid 

ENODs: early nodulins 

FWER: family wise error rate 

GA: gibberellic acid/ Gibberellin 

GARE: gibberellic acid response element 

GC: guanylyl cyclase 

GCR: guanylyl cyclase receptor 

GID1: GA-insensitive dwarf1 

GMP: guanosine 5’-monophosphate 

GO: gene ontology 

GRF3: general regulatory factor 3 

GRV: gene response viewer 

GTP: guanosine 5’-triphosphate 

H: hour 

H
+
: hydrogen 

H
+
ATPase: hydrogen adenosine 5’-triphosphatases 

H2O: water 

HgCl2: mercuric chloride 

hrs: hours 

IAA: indole-3-acetic acid 

IAM: indole-3-acetamide  

IAOx: indole-3-acetaldoxime 

ICS-1: isochorismate synthase-1  

IPA: indole-3-pyruvic acid
 
indole-3-acetamide  

IRGA: infra-red gas analyzer 

irPNP: immuno-reactant plant natriuretic peptide 

JA: jasmonic acid 

K
+
: potassium 

K
+
-ATPases: potassium adenosine 5’-triphosphatases 
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Kb: kilobases 

kDa: kiloDalton 

LFY : LEAFY 

LRR: leucine rich repeats 

LY83583: 6-(phenylamino)-5,8-quinolinedione 

M: molar 

m
-2

.s
-1

: square metres per second 

MAP kinase: mitogen-activated protein kinase  

MCP: mesophyll cell protoplast 

ME: mercaptoethanol  

miETC: mitochondrial electron transport chain 

MIFE: microelectrode ion flux estimation 

min: minutes 

mm: millimeter 

mM: millimolar 

mRNA: messenger ribonucleic acid  

Na
+
: sodium 

NaCl: sodium Chloride 

NAM: no apical meristem  

NaN3: sodium azide 

nM: nanomolar 

NMR: nuclear magnetic resonance 

NO: nitric Oxide 

NP: natriuretic peptide 

NPCR: natriuretic peptide clearance receptor 

NPR: natriuretic peptide receptor 

NSCC: non-selective cation channels 

ORF: open reading frame 

PDE: phosphodiesterase 

pg/ml: picogram per millilitre 

pGCs: particulate guanylyl cyclases 

Pi: inorganic phosphate 

PIP5K4: phosphatidylinositol-4-monophosphate 5-kinase  

PM: plasma membrane 
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PNP: plant natriuretic peptide 

PPR: pentatricopeptide 

PR: pathogenesis-related 

PR-1, PR-2 and PR-5: pathogenesis-related 1,2 and 5 

PSK: phytosulfokines 

PWM: position weight matrix 

r values: correlation values 

RALF: rapid alkalinisation factor 

rANP: ribosomal atrial natriuretic peptide 

RBS: responsive to biotic stress 

SA: salicylic acid 

SAM: shoot apical meristem 

SAR: systemic acquired resistance 

SCR: secreted Cys-rich protein 

SE: standard error 

sGCs: soluble guanylyl cyclases 

SHI: short internodes 

sly1: sleepy1  

SP11: S-locus protein 11 

Sys: systemin 

TCA: tricarboxylic acid 

TF: transcription factor 

TGF-ß: transformation growth factor-beta 

Trp: tryptophan 

TSS: transcription Start Site 

VIC: voltage independent channels  

WAK1: wall-associated kinase 1 
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Summary 

Plant natriuretic peptides (PNPs) are a novel class of extracellular, systemically 

mobile molecules that elicit a number of plant responses important in homeostasis and 

growth. Natriuretic peptides were first identified in vertebrates where they play a role 

in the regulation of salt and water balance. Subsequent experimental investigations 

have identified the presence of a natriuretic peptide hormone system in plants. While 

PNPs have been implicated in various physiological responses such as stomatal guard 

cell movements and regulation of net water uptake, its biological role has remained 

elusive. Here we have used co-expression and promoter content analysis tools to 

understand the biological role of the Arabidopsis thaliana PNP (AtPNP-A). The 

analysis of AtPNP-A and its co-expressed genes revealed that genes annotated as part 

of the systemic acquired resistance (SAR) pathway were over-represented, thus 

suggesting that AtPNP-A may function as a component of plant defense responses and 

specifically, SAR. The results further show that AtPNP-A shares many characteristics 

with pathogenesis related (PR) proteins in that its transcription is strongly induced in 

response to pathogen challenges, thus implying a newly described role for AtPNP-A 

in pathogen attack. Additional tissue expression analysis also indicated distinct 

localization of PNP activity in sepals and transcriptional meta-analysis showed that 

AtPNP-A may play a role in starch breakdown. Therefore, together with the finding 

that AtPNP-A plays a role in regulating phloem transport, we also hypothesize that 

AtPNP-A may play a role in phloem unloading in sepals to assist processes such as 

seed formation in plants.  

In plants, the second messenger, guanosine 3’,5’-cyclic monophosphate (cGMP) 

mediates a whole range of important processes including salinity tolerance, disease 

resistance, drought tolerance and responses to light. Since PNPs regulate water and 
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salt homeostasis via a cGMP-dependent signaling pathways, it is thus important to 

analyse the transcriptome induced by the second messenger (cGMP) in Arabidopsis 

thaliana to give a better understanding of its mechanism of action. This study was 

also supplemented by the analysis of the gibberellic acid (GA) dependent 

transcriptome, since cGMP also plays a role its transcription pathway. This data 

analysis, together with promoter content investigation, revealed that genes up-

regulated after cGMP treatment and down-regulated in the GA insensitive mutant 

(ga1-3) were enriched with a GA response element (GARE), while no GARE 

enrichment were observed in genes up-regulated in the ga1-3 mutant. These findings 

suggest that GARE is indicative of GA-induced and cGMP-dependent transcriptional 

up-regulation. Gene ontology analysis confirmed previous reports that cGMP is 

involved in ion homeostasis and indicated that the transcriptional cGMP response is 

bi-polar in the sense that both genes up- and down-regulated in response to cGMP is 

involved in cation transport.  Additionally, ab initio analysis of genes transcriptionally 

dependent on cGMP identified CHX8 as a hub gene and promoter content of CHX8 

co-expressed genes show enrichment of the GARE motif. The fact that CHX8 has its 

highest expression levels during male gametogenesis and pollen tube growth, together 

with our findings, suggest that GA-induced and cGMP- dependent genes may play a 

key role in ion and water homeostasis in the male gametophyte. Finally, we propose 

that the type of analysis undertaken here can yield new insights into gene regulation 

networks and inform experimental strategies to unravel complex transcription 

regulatory systems under different developmental and stimulus specific conditions. 
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CHAPTER 1 

 

Literature Review 

 

INTRODUCTION 

Plant Stress Responses - a general out-look 

Plant stress plays a crucial role in the limitation of plant productivity in the case of 

both commercially valuable species and sustainable crop plants. The susceptibility of 

plants to abiotic stress has resulted in the emergence of a massive range of stress- 

resistance and tolerance mechanisms, which determine their capacity to survive 

during environmental extremes[1]. Environmental stresses represent the primary 

cause of crop loss and cold, drought and salt stress, have also lead to extensive 

research to develop crop species with increased abiotic stress tolerance[2, 3]. 

Molecular control mechanisms for abiotic stress tolerance involve the activation and 

regulation of specific stress-related genes. These genes are part of stress response 

systems, including hormone-dependent signaling, transcriptional control and 

protection of membranes and proteins[4]. 

Plant hormones such as abscisic acids (ABA), ethylene and jasmonic acid have been 

shown to play a distinctive role in certain plant stress tolerance by being involved in 

stress signaling and adaptation[5]. More recently, peptidic hormones such as plant 

natriuretic peptides, eg.AtPNP-A, have also been proposed to play a significant role in 

plant stress response[6]. 

 

 

 

 

 

 

 



 13 

PLANT HORMONES AND THEIR ROLE IN GROWTH AND HOMEOSTASIS 

It is essential for multicellular plants to sustain normal physiological processes as well 

as plant growth and development. Plant hormones produced by plants play a crucial 

role in the function of these processes and are described as integrators of external 

signal and internal developmental processes in plants. They are also recognized as 

mediators of physiological and developmental adaptation throughout the plant life 

cycle as well as playing a role in plant stress tolerance (for reviews see[7, 8]). 

 

Past research has revealed how some of these hormones can induce cell division, cell 

elongation and cell differentiation by regulating the expression of transcription factors 

and cell type specific genes[9]. For many years auxins, gibberellins (GA), cytokinins, 

abscisic acid (ABA) and ethylene have been characterised as the five "classical" plant 

hormones[10]. Other classes of molecules which affect plant growth and 

development, include oligosaccharins, brassinosteroids, jasmonates, salicylic acid and 

polyamines and some have been classified as “non-classical hormones”[11]. Some 

recently identified polypeptides form the third class of hormones. This includes 

systemin, the early nodulins (ENODs), phytosulfokines[12] and most recently plant 

natriuretic peptides (PNPs)[13]. It is conceivable that members of these different 

groups of hormones act in concert to control plant processes that range from the 

regulation of gene expression to reproductive development[13, 14].  

 

THE CLASSICAL PLANT HORMONES 

The auxin, indole-3-acetic acid (IAA) is central to diverse plant growth and 

developmental processes. Examples include tropic growth responses, stem elongation, 

lateral branching of roots and vascular development[15]. IAA is synthesized in the 
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plant from
 
tryptophan (Trp) using Trp-dependent pathways and from an indolic

 
Trp 

precursor via Trp-independent pathways. Several routes for Trp pathways have been 

proposed, namely the indole-3-pyruvic acid
 
(IPA) pathway, the indole-3-acetamide 

(IAM) pathway, the tryptamine
 

pathway, and the indole-3-acetaldoxime (IAOx) 

pathway[16]. Gibberellins are a large family of tetracyclic compounds and to date 

more than one hundred Gibberellic acids (GAs) have been identified[17]. GAs affect 

nearly all aspects of higher plant growth and development, including germination, 

hypocotyl elongation, stem growth, reproductive-, organ- and seed development and 

circadian and light regulation[18]. Cytokinins also play a central role during the cell 

cycle and developmental processes and their activity is carefully controlled by 

environmental factors (for review see[19]). They play an essential role in regulating 

leaf senescence[20], phyllotaxis[21] and root proliferation[22]. Cytokinins are also 

involved in the maintenance of meristem function[23, 24] and reproductive 

competence[25]. The phytohormone abscisic acid (ABA) has a key role in the 

adaptation of vegetative tissues to abiotic environmental stresses such as drought and 

high salinity, as well as in seed maturation and dormancy (for review see[26, 27]). 

ABA is also involved in stomatal closure as well as the regulation of storage 

proteins[28]. Ethylene has the potential to both inhibit and stimulate growth. In 

Arabidopsis thaliana, ethylene is implicated in the thickening of the hypocotyl and 

inhibition of hypocotyl and root elongation, while it also mediates rapid shoot 

elongation of semi-aquatic plants (for review see[29]). Ethylene is also implicated in 

the classical triple response in young seedlings[30] and is associated with the ripening 

of fruits (for review see[31]). Environmental stresses such as wounding, pathogen 

attack, and flooding can induce ethylene production and this in turn leads to defence 
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responses such as accelerated senescence, apoptosis and abscission of infected organs 

as well as the induction of specific defence proteins (for review see[32, 33]).   

 

PLANT PEPTIDE HORMONES 

Polypeptide hormones have been recognized for many decades as important 

regulatory molecules in animals and yeast. Until 1991, plants were not known to 

utilize polypeptides as regulatory molecules. However, the discovery of polypeptide 

signals for plant defense, growth and  development over the past decade has heralded 

the beginning of a new and growing field studying polypeptide signaling in plants (for 

review see[34]). Several polypeptide hormones have been isolated and characterized, 

among others systemin[35], ENOD40[36], phytosulfokines[37], rapid alkalinization 

factor (RALF)[38], CLAVATA[39], secreted Cys-rich proteins (SCRs)[40], and most 

recently, the plant natriuretic peptides (PNP)[41].  

The systemin polypeptide was discovered during a search for the systemic wound 

signal that regulates the expression of defensive genes in tomato leaves in response to 

insect attacks or other severe mechanical wounding[35]. Systemin is an 18-amino acid 

polypeptide[42] which consists of an N-terminal region of 14 amino acids (sys, 1-14) 

and a C-terminal region of 4 amino acids (sys, 15-18).  This polypeptide, like animal 

peptide hormones, is synthesised from a larger protein (Fig. 1.1), the C terminus of a 

200-amino acid precursor called prosystemin[43]. 
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Figure 1.1 The process by which systemin is cleaved from its precursor, prosystemin.  

The grey box depicts the location of systemin within prosystemin.  The amino acid 

sequence of the processed systemin is shown below, while numbers indicate the N- 

and C-terminal amino acids of prosystemin and systemin (From[42]).   

 

RALF was identified and isolated while searching for polypeptide wound signals in 

tobacco leaves[38]. RALF is a 49-amino acid polypeptide and exhibits a stronger and 

more rapid alkalinization of the medium of tobacco suspension-cultured cells than do 

the tobacco systemins, thus it is called rapid alkalinization factor. RALF is larger than 

the systemins and does not induce the synthesis of tobacco trypsin inhibitors in leaves 

when supplied to young tobacco plants, suggesting a signalling role other than 

defense. The ubiquity of the RALF polypeptides suggests that they have fundamental 

physiological roles in different organs and tissues of the plant (for review see[34]). 

Two small polypeptide signals were reported to regulate plant cell proliferation in 

dispersed asparagus suspension cultured cells. Later structural analysis studies 

revealed that these small peptides were modified with sulfate groups and they were 

called phytosulfokines[37]. Phytosulfokines (PSKs) are disulphated, pentapeptide 

compounds, which possess mitogenic activities and stimulate proliferation of rice 

protoplasts at concentration ≥10
-8

 M. Since PSK binding is not affected by either 

COOH

 1                                                                                                            200

NH2 PROSYSTEMIN

AVQSKPPSKRDPPKMQTD

179                                         196
SYSTEMIN
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auxin or cytokinin it was suggested that novel signal transduction pathways might be 

involved in PSK-dependent activation of gene induction[34].   

CLAVATA3 (CLV3) is an extracellular signalling polypeptide of 79 amino acid in 

length, involved in the determination of cell fate in the shoot apical meristem (SAM) 

of A. thaliana[39, 44], where a balance between the division of stem cells and the 

differentiating cells must be maintained as the plant grows. CLAVATA1 (CLV1) and 

CLAVATA3 (CLV3) are essential for balanced differentiation in the shoot meristem of 

A. thaliana.  Loss of function mutations in these genes lead to an enlargement of 

shoot apical meristem and the floral meristem[45].  Furthermore it was found that 

CLV1 and CLV3 act in the same pathway, as they are mutually epistatic which 

suggests that CLV3 may regulate CLV1. Both CLV1 and CLV3 are now cloned[46, 47] 

and expressed in different regions of the meristem[47].  The CLV1 sequence suggests 

that it encodes a receptor kinase with an extracellular domain containing leucine rich 

repeats (LRR) and an intracellular region of a serine/threonine kinase[46].  CLV3 was 

shown to encode a 96 amino acid polypeptide with a putative signal peptide of 18 

amino acids[47].  Therefore, CLV3 peptide is indeed likely to be a secreted protein 

that may function as the CLV1 ligand.  

S-locus cysteine-rich (SCR) proteins and S-locus protein 11 (SP11), belong to a 

family of intercellular polypeptides of 47 to 60 amino acids in length[40, 48] and are 

essential for S-locus control of pollen self-compatibility in the Brassicaceae. Small 

SCR proteins have a signal sequence and is secreted from developing microspores 

where they subsequently interacts with a receptor to activate a signal transduction 

system leading to the inhibition of pollen development. Self-recognition between 

pollen and stigma in crucifers was shown to be controlled by multi-allelic, dominant 

self-incompatibility genes at the S-locus. During self-incompatibility, a self-
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recognition occurs that arrests the pollination process. The response leads to 

dehydration of the papilli, with aquaporin playing a major role in water loss (for 

review see[34]). 

ENOD40 is a plant-encoded peptide and its expression has been associated with 

nodule formation in response to nodulation factors and cytokinins[49]. The ENOD40 

gene contains no long open reading frame (ORF,) but it has short highly conserved 

regions called ORF I and II (Fig. 1.2)[50].  

    

Figure 1.2 Short non-overlapping and overlapping small open reading frames (ORFs) 

of alfalfa and soybean ENOD40 genes, respectively (From[12]). 

 

Since the finding that a second short ORF of 24 amino acids overlaps the 12-amino 

acid short ORF of the soybean ENOD40 gene, the search for the role of ENOD40 has 

become more urgent and fascinating[51]. It is proposed that the two ENOD 

polypeptides may serve a regulatory role in unloading sucrose from the phloem, either 

by modulating enzyme activity or by directing the enzyme to specific intracellular 

sites. 

 

VERTEBRATE NATRIURETIC PEPTIDES 

Vertebrate peptide hormones are small, processed and secreted proteins that signal via 

membrane receptors and play critical roles in physiological regulation 

mechanisms[52]. Natriuretic peptides (NPs) are polypeptide hormones that function to 

regulate blood volume, blood pressure and salt transport[53, 54]. NPs are a family of 
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structurally related, but genetically distinct hormones/paracrine factors and in 

mammals the NPs identified include atrial NP, B-type NPs and C-type NPs[55]. 

 

The Vertebrate NP family 

Atrial Natriuretic Peptide (ANP) is primarily expressed and stored in granules in the 

atria, although it is present at lower concentrations in other tissues such as heart 

ventricles and kidneys[55]. All NPs are synthesized as preprohormones. Human 

preproANP is 151 amino acids in length. Cleavage of the amino terminal signal, 

results in the 126 amino acid proANP[55] (Fig. 1.3). Upon secretion, which is 

induced by atrial pressure and stretch, the prohormone is processed by a serine 

protease, called corin, to form the biologically active carboxyterminal 28 amino acid 

peptide[56]. Mice with experimental deletion of the corin gene lack circulating ANP 

and consequently become hypertensive[57]. It has also been demonstrated that an 

unknown protease in the kidney generates a 32-residue peptide called urodilatin 

through alternative processing of proANP. This peptide may also play an important 

role in regulating renal sodium and water excretion[58].  

Although brain natriuretic peptide (BNP) and other B-type natriuretic peptides were 

first isolated from porcine brain extracts[59], the highest concentrations are prevalent 

in the cardiac ventricles[60]. Fully processed BNP length varies between species. 

Unlike ANP and C-type natriuretic peptides (CNP), there is considerable species 

specificity for BNP[56]. Human, pig and dog BNP is 32 amino acids[61], whereas rat 

and mouse BNP is 45 amino acids[62, 63]. Evidence has been presented that plasma 

levels of BNP may serve as an important biochemical marker to detect ventricular 

hypertrophy and heart failure in humans[64].  

 

 

 

 



 20 

   

Figure 1.3 A representation of the gene structure and major processing steps of ANP. 

Small arrows mark the major cleavage sites. ANP (99-126) is the established 

biologically active compound. ANP (1-98) has also been reported to be cleaved 

further into ANP (1-30), ANP (31-67), ANP (68-77) and ANP (79-98) (From[65]). 

 

CNPs lack a C-terminal extension, and are the most highly expressed NP in the brain 

and are found in high concentrations in chondrocytes[66, 67] and vascular endothelial 

cells[68]. Both 22 and 53 amino acid versions of CNP were found to be identical in 

humans, pigs and rats[69]; leading to the conclusion that CNPs are the most 

conserved NP. CNPs have important local paracrine and autocoid actions in 

endochondral ossification, in the vasculature, and in the central nervous system[70]. 

Experimental evidence from two different groups using signal-trap strategies resulted 

in the finding of 2 peptides with some degree of similarity to NPs. One of these 

peptides, osteocrin, was primarily found in bone[71], while the other peptide was 

primarily found in muscle and was called musclin[72]. Data suggest that osteocrin 

increases local CNP levels in the growth plate by blocking binding to NPR-C. 

  

NP Receptors 

Two main classes of Natriuretic Peptide Receptors (NPRs) have been described, one 

is Guanylyl Cyclase (GC) receptors (GCRs), which mediate vascular, renal, 
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osteogenic and lipolytic effects of NPs. The other class, Natriuretic Peptide Clearance 

Receptors (NPCR), have an important role in the removal of NPs from circulation 

and/or a modulatory role in the regulation of their local tissue concentration[73-76]. 

 

There are two forms of GCRs for NPs, named type A (GCA or NPR-A) and type B 

(GCB or NPR-B). NPR-A is highly expressed in kidney, adrenal, vascular smooth 

muscle, adipose, aortic and lung tissues[77-79], while NPR-B is mainly expressed in 

chondrocytes, brain, lung, vascular smooth muscle and uterine tissue[79-81]. NPR-A 

has the highest affinity for ANP and to a lesser extent for BNP, while CNP 

preferentially binds to NPR-B[54, 76]. The NPR-GCs are transmembrane proteins 

that consist of an extracellular ligand binding domain, a single transmembrane 

domain, and a guanylate cyclase intracellular domain. Upon ligand binding, GC 

receptors generate cGMP, the main second messenger of the actions of all NPs[70, 82, 

83]. Cyclic GMP induces natriuresis and diuresis in the kidney and inhibits 

aldosterone production in the adrenal glands[84]. For several ANP responses there is 

evidence that cGMP is the intracellular second messenger of hormone action. The 

activation of secondary signal formation within cytosol is critically dependent on the 

perception of a signal at the plasma membrane by a receptor. Increases in cGMP 

levels in cells have been shown to cause many of the observed physiological effects of 

NPs[85, 86]. 

NPR-C mRNA is found in atrial, mesentry, placenta, lung, kidney and venous 

tissue[81, 87], aortic smooth muscle and aortic epithelial cells[88]. The clearance 

function of NPR-C is due to receptor-mediated endocytosis, with subsequent 

lysosomal hydrolysis of ANP, and rapid and efficient recycling of internalized NPR-C 

to the cell surface[89]. NPR-C, which lacks intrinsic GC, binds to all NPs with equal 
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affinity[76, 82] and does not use cGMP as a second messenger to exert biological 

actions[90], but rather linked to cAMP pathways[84]. 

 

Physiological Significance of Vertebrate NPs  

ANP is the main circulating NP involved in the regulation of renal function and 

plasma volume. Plasma levels of ANP are significantly elevated in response to 

increased plasma volume and consequent arterial or pulmonary blood pressure[56]. 

Volume expansion and hypertension due to atrial stretch or pressure result in ANP 

secretion[91]. ANP maintains blood pressure and volume within normal limits via the 

kidney, vasculature and systemic capillaries and also by inhibiting the renin-

angiotensin-aldosterone system[91]. Additionally, the synthesis and/or effects of other 

hormones or paracrines/autocrines are found to be co-involved in volume-pressure 

homeostasis[56, 92]. 

GC-A receptors and ANP have also been shown to play a major role in blood 

pressure-volume homeostasis and evidence of this comes from ANP, corin or GC-A 

knock-out experiments in mice. Results have shown an increase in blood pressure, 

inability to regulate plasma volume appropriately and inability to excrete salt under 

salt loading conditions[57, 93]. 

The most likely function of BNP is to counteract hypertrophic and remodelling 

stimuli in the heart[94]. BNP was shown to antagonise the effects of TGF-ß 

(transformation growth factor-beta - a major fibrotic and pro-inflammatory growth 

factor in the heart) on cell growth, production of collagen I and fibronectin, as well as 

inhibition of the expression of several genes in cultured cardiac myofibroblasts[95]. 

The most obvious physical effect of CNP is the stimulation of long bone growth. Its 

major target appears to be chondrocyte cell regulation[96]. 
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The role of NPs in ion movements 

In animals, numerous responses to NPs such as muscle contraction and regulation of 

electrolyte homeostasis[59, 97, 98] involve ion transport mechanisms in different 

tissues, for example vascular smooth muscle and cardiac muscle as well as neural 

cells. NPs have been shown to be involved in K
+
 channels, intracellular Ca

2+
 

concentration, Na
+
 and Cl

-
 ion transport, as well as water transport[99]. NPs have also 

been found to modulate cation movements by deactivation of Na
+ 

and K
+
-ATPases 

and inhibition of apical channels in the kidney medulla. K
+ 

excretion is also promoted 

by Na
+
/H

+
 antiporters which are affected by ANP[100, 101]. ANPs facilitate a K

+
 

current in atrial ventricular papillary muscle[102] that activates Ca
2+

-dependent K
+
 

channels in mesangial cells and also increases a K
+
 conductance in rat glomerular 

mesangial cells[103]. ANP is also linked to the maintenance of water and salt 

homeostasis through an additional mechanism which implies a direct and stimulatory 

effect of ANP on water channels[104]. In addition, ANP was also found to regulate 

the activity at the aquaporin 4 water channel (AQP4)[105].  

 

Plant responses to vertebrate NPs 

Radioimmunoassay on tissue extracts from florida beauty (Dracena godseffiana) was 

the initial indication that NP-like molecules are present in plants[106]. Peptides in the 

leaves and stems were recognized by antibodies against the N-terminus (ANP, 1-98), 

the mid-portion (ANP, 31-67) and the C-terminus (ANP, 99-126). Additional 

immunological evidence was displayed by a follow-up study, indicating that NP-like 

proteins were present in various other classes and data from high performance gel 

permeation chromatography also predicted that pro-ANP and NPs from other plants 

share similar molecular masses with vertebrate ANPs[107]. It was also shown, that 
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the rate of transpiration, solute flow and solute uptake in chrysanthemum and 

carnation was rapidly and significantly increased after exogenous application of 

synthetic human ANP (1-30), ANP (31-67) or ANP (79-98) at concentrations of <5.9 

pg/ml[107]. Perhaps surprisingly, ANP (99-126) does not affect these processes at 

equivalent peptide concentrations. 

It was consequently established that synthetic rat ANP (rANP) can induce stomatal 

opening in Tradescantia sp. in a concentration dependant manner albeit at 

concentrations of ≥ 10
–6

 M[6]. In contrast with animal systems, Na
+
 in the medium 

was not required for activity[6], which indicates effects other than on Na
+
 transport. 

This could suggest that K
+
 transport, rather than Na

+
 transport is modulated by rANP. 

Further experiments in stomata where high extracellular Na
+ 

concentration was shown 

to inhibit auxin induced opening was the earliest indication of a NP effect on Na
+ 

in 

plants. This inhibition was, to a certain extent, overcome in the presence of a Na
+
 

channel inhibitor as well as rANP[6], thus further substantiating a link between rANP 

and Na
+
 transport in plants. 

 

The rANP molecule comprises of a six-charged peptide (5 argenines and 1 aspartic 

acid) and a loop created by a disulfide bond between cysteines in positions 7 and 23. 

Reduction of the molecule and irreversibly linearization by an S-carboxymethylation 

step was shown to abolish the biological effects, which suggested that a three 

dimensional structure rather than charge effects are responsible for biological 

activity[108]. Unlike the native circular molecule, the linearized molecule displayed 

no activity in stomatal opening assays, therefore excluding a non-specific charge 

effect residing in the linear peptide structure. This loss of biological activity has 

formerly been demonstrated in animal systems[109] and was accepted as evidence for 
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a receptor mediated effect which requires interaction with a ligand of specific three 

dimensional conformations. 

 

Binding experiments provided further evidence for specific receptor ligand 

interactions, where leaf membranes were exposed to rat (3 - [
125 

I] iodotyrosol
28

) 

ANP[6]. It was shown that by increasing the concentration of unlabelled competitor 

(rANP), the specificity of binding was accessed and showed that 50% of the labelled 

ligand could be displaced by 0.1µM rANP. This indicated that plant membranes 

contain a specific low affinity NP binding site for heterologous ANP. Further studies 

demonstrated that I
125

 -rANP binds to plasma membranes from leaf and stem tissue of 

Tradescantia multiflora and, significantly, unlabelled rANP competitively displaced 

that binding[110].  Moreover, it was demonstrated that tissue section autoradiography 

reveals specific in situ binding of I
125

 – rANP to leaf and stem tissue, and these 

findings are again consistent with the existence of a biologically active NP system in 

plants and suggest that NPs may signal through a dedicated receptor system[110]. 

 

PLANT NATRIURETIC PEPTIDES 

Isolation of immuno-reactant Plant Natriuretic Peptides (irPNPs) 

IrPNPs were first isolated and immuno-affinity purified from ivy (Hedera helix) using 

rabbit anti-α-ANP (1-28) (human, canine) antiserum[41]. Since several different 

molecules were purified by the immuno-affinity column, it was suggested that plants 

can contain more than one type of NP and/or that precursor molecules which also 

contain the epitope(s) have been co-purified[108]. Data from gel electrophoresis, 

electron spray spectroscopy and western analysis has proposed the presence of 

immuno-reactant molecules in the molecular weight range of the vertebrate proANP 
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(approximately 10kDa) and C-terminus (approximately 3kDa)[108]. It was also 

shown that, like ANP, stomatal opening is also induced by irPNP in a concentration 

dependant manner. PNP that was immuno-affinity purified from ivy was shown to 

induce stomatal responses at concentrations of ≤10
-7

 M and, the concentrations were 

markedly smaller than those required to derive a response with rANP[41].  

 

Unlabelled irPNP has also been found to competitively displace the binding of I
125 

rANP to plasma membranes from leaf and stem tissue of Tradescantia multiflora 

which indicates that a NP system is present in plants and proposes that it signals 

through a specific receptor system[111].  

Furthermore, tissue printing and immuno-fluorescent labelling techniques have 

revealed that irPNP is concentrated in the vascular tissues of petioles, stems and 

leaves as well as stomatal guard cells and adjacent apoplastic space. Thus these in situ 

localization studies, are indicative of a systemic role in plant homeostasis[112]. 

 

PNP: Molecular structure and evolutionary history 

Orthologues of irPNP were found in Arabidopsis thaliana and the complete 

nucleotide sequence could be identified[113], since the whole A. thaliana genome has 

been sequenced. These authors found that p12 and irPNP were found to share 

sequence motifs (K[VI]VD and SxxAFxxI). The sequence was also used to align 

AtPNP-A and ANP and showed a significant similarity between the two molecules 

with 9 of the 28 amino acids of ANP being conserved[113]. The authors constructed a 

dendogram that indicated that AtPNPs were indeed related to α- and β-expansins if 

fungal glucanases was chosen as an out-group, but they do form distinct groups of 
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proteins[113]. AtPNP-A is on a different branch to AtPNP-B and p12 which are 

clustered (Fig. 1.4). 

 

Figure 1.4 Phylogenetic tree representing irPNP-like and CjBAp12-like molecules, 

α-expansins and β-expansins. The numbers represent bootstrap values from 1000 

replicates. Indices are clustered EST sequences representing transcripts from one gene 

(or identical copies of one gene). Querying the TIGR database 

(http://www.tigr.org/tdb/tgi.shtml) with the complete AtPNP-A sequence 

(AAD08935) identified the indices. Sequence identification: I, TC29780; II, 

OSM110636; III, OSM11811; IV, OSM11298; V, AU101292; VI, AAD03398; VII, 

CAB79756; VIII, OSM110634; IX, AAD08935; X, TC64839; XI, BE943215; XII, 

AAC96081; XIII, T50660; XIV, AAF17571; XV, AAF62180; XVI, AAF17570; 

XVII, AAF72983; XVIII,  AB61710; XIX, BAB20817 (From[113]). 

 

IrPNPs (irPNP-A and irPNP-B) have been isolated from Solanum tuberosum[114] and 

both peptides showed a significant degree of similarity in the N-terminal region. Since 
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the identification of the PNP genes, the nomenclature of PNP genes has changed, and 

PNP is preceded by the species name, eg. AtPNP for Arabidopsis thaliana PNP. 

AtPNP-A and AtPNP-B have been found to show a high degree of comparability with 

p12, a blight induced protein of unknown function from Citrus jambhiri[115], which 

showed significant homology to expansins[116]. Expansins are extracellular proteins 

that loosen plant cell walls and are encoded by two multigene families, termed α- and 

β- expansins[116]. Expansins promote cell wall loosening but lack hydrolytic 

activity[117, 118]. Expansins, in turn, share structural motifs with glucanases, which 

do not have expansin activity, but do have hydrolytic activity[116]. Furthermore, 

glucanases and expansins have similar structures, both containing a cellulose binding 

domain. Fig. 1.5 shows the domain comparisons between irPNP-like molecules and 

expansins, where it shows that irPNP lack a cellulose binding domain.  

     

Figure 1.5 Domain comparisons of expansins and irPNP-like molecules. The open 

triangles (�) signify introns. The cellulose binding domain acts as a wall anchor. p12 

has a similar structure, but does not have a cell wall binding domain, which suggests 

that p12 has extracellular mobility much like AtPNPs (From[113]).  

 

Interestingly, it was found that the bacterial citrus pathogen Xanthomonas axonopodis 

pv. citri str. 306 also contains a gene encoding a PNP-like protein and it was found 

that the Xanthomonas axonopodis PNP-like protein shares significant sequence 
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similarity and an identical domain organisation with AtPNP[119]. In addition, it has 

also previously been found that a significant excess of conserved residues within the 

domain have been identified as being sufficient to induce biological activity[120].  

No significant similarity between the Xanthomonas axonopodis PNP-like protein and 

other bacterial proteins from GenBank was found. The authors also found similarity 

between the Xanthomonas axonopodis PNP-like molecule and the Arabidopsis 

thaliana PNP (AtPNP-A); the shared domain organisation and the incongruent 

phylogeny suggest that the encoding gene may have been acquired by the bacteria in 

an ancient lateral gene transfer event[119]. 

The structure prediction program, MODELLER [121], was used by[122] to generate a 

model of thaliana PNP (AtPNP-A) (amino acids 27 to 126) and revealed (Z score: > 

5; category: certain) that this molecule has the same fold as the N-terminal domain of 

a Phl P 1[122] (Fig. 1.6). Phl P 1 molecules have a double-psi (ψ) β barrel structure 

where a six-stranded β barrel assumes a pseudo-twofold axes in which the parallel 

strands form two psi structures[123]. In AtPNP-A the first psi loop connects strands 

β1 and β2, whereas the second psi loop connects strands β4 and β5[122]. 

Furthermore, in AtPNP-A, the domain spanning the second and third β strand 

flanking the α-helix (amino acid 33 to 66) was shown to be sufficient and critical for 

conferring homeostatic activity[120]. 

 

 

 

 



 30 

   

Figure 1.6 Predicted structural model of AtPNP-A (amino acids 27 to 126). The 

model shows the six stranded double-psi β barrel structure that assumes a pseudo-two 

fold axes which parallel strands forming two psi structures. The α-helices are in red, 

the 6 β-strands are in yellow. The signal peptide was not included in the model and 

the domain conferring activity is between arrows. (Figure from[122]). 

 

Defining the biological roles and mechanisms of PNPs  

Osmoticum-induced volume changes in Mesophyll Cell Protoplasts (MCP) 

Natriuretic peptides in plants, as in vertebrates, can influence water and solute 

homeostasis. A protoplast system was used to demonstrate that NPs (ANP, irPNPs 

and recombinant AtPNP-A) enhance osmotically-induced swelling. A synthetic 

peptide, identical to c-terminus (amino acid 99-126) of rANP, modulates osmotically-

induced swelling of MCP in a concentration and time-dependent manner[114]. 

Osmotically-induced volume changes in MCP were shown to be enhanced by plant 

extracts with NP immuno-reactivity and this effect was concentration-dependent. The 

authors also showed that isolated irPNP that have been immuno-affinity purified with 

rabbit anti-human ANP (99-126) antiserum, also cause and increase in osmotically-
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induced swelling. cGMP levels in MCP were shown to be increased after treatment 

with rANP and irPNP, but elevated cGMP levels caused an inhibitory effect on 

osmoticum-dependent swelling rather than a stimulatory effect[114]. 

 

Full length recombinant AtPNP-A (1-126) was synthesized and expressed to further 

characterize its function in cell volume regulation. This molecule was shown to 

induce osmoticum-dependent water-uptake into Arabidopsis thaliana protoplasts at 

nanomolar concentrations[120]. Concentration-dependent volume increases were also 

observed on treating of protoplasts with AtPNP-A (26-126), which is a shorter 

recombinant protein that does not contain the N-terminal signal peptide[113] required 

for protein secretion into extracellular space. A short domain AtPNP-A (33-66), 

which is similar to the vertebrate peptide (ANP), also induced significant protoplast 

swelling. These observations suggest that AtPNP-A plays an important and systemic 

role in plant growth and homeostasis[120]. 

 

Radial water movements  

Both rat ANP and irPNP were shown to significantly increase radial water movements 

out of the xylem of shoots of Tradescantia multiflora[125]. Increases in solute 

movements out of xylem cells were found after 10 minutes exposure to 1 µM rat ANP 

and after exposure to 100 µM of irPNP. Increase in exposure time from 10 minutes to 

30 minutes led to a very significant (P≥0.001) increase in water movements. It was 

also reported that radial solute movement significantly increased after 30 minute 

treatment of the cell-permeant cGMP analogue 8-Br-cGMP at 100nM 

concentrations[125]. The aquaporin inhibitor, HgCl2, was shown to inhibit radial 

water movements significantly at 50 µM concentrations, while 10 µM 2-
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hydroxyethyl-mercaptoethanol (ME) prevented the inhibitory effect of the HgCl2. The 

guanylate cyclase (GC) inhibitors LY 83583 and NaN3 were also found to cause a 

reduction in water movements thus suggesting that NPs are involved in controlling 

radial water movements out of the xylem. This effect may be mediated via regulation 

of GCs and water channels. Support for this concept comes from reports that state that 

cGMP-dependant phosphorylation can regulate water channel activity of a seed 

specific aquaporin[126].  

 

PNPs modulate plasma membrane (PM)-H
+
ATPase 

The PM-H
+
ATPase has been found to pump protons out of the cell, thus creating and 

sustaining a transmembrane pH and voltage gradient. The proton-motive force created 

by the PM-H
+
ATPase indirectly provides a driving force for cellular uptake and efflux 

of ions and metabolites across the plasma membrane[127]. The electrical gradient 

across the PM also determines the direction and extent of passive flow through ion 

specific channels[128]. In plant cells, PM-H
+
ATPase can be activated by 

environmental stimuli such as blue light, auxin and the fungal toxin, fusicoccin[129]. 

ATPase can, in contrast, be rapidly and reversibly inhibited by Ca
2+

 in guard cell PM 

vesicles[130], as well as by 8-Br-cGMP in Tradescantia PM vesicles in vitro[111]. 

Since guard cells and radial water movements are at least partly dependent on PM 

ATPase activity, it was investigated whether PNPs exert direct effects on this key 

enzyme and H
+
 gradients dependent on it[131]. Immuno-affinity purified PNP was 

shown to modulate ATP-dependent protein gradients rapidly and significantly in PM 

vesicles isolated from Solanum tuberosum leaf tissue. ATPase-dependent 

transmembrane H
+
 gradients were monitored spectrophotometrically because 

absorbance decrease of acridine orange at (492-540) nm correlates with H
+
 pumping 
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induced pH changes[132, 133]. It was found that addition of K
+-

ATP to PM vesicles 

induced rapid proton pumping, which, in turn was significantly inhibited by 100µM 

vanadate as well as the addition of uncoupler CCCP (carbonylcyanide-m-

chlorophenylhydrazone) caused the rapid collapse of transmembrane H
+
 gradients. 

IrPNP was shown to not reduce ATP-dependent generation of inorganic phosphate, 

which leads to the conclusion that PNP modulates the transmembrane H+ gradients 

by activating H
+
/Cl

-
 symporters, rather than ATPase inhibition[131].  

 

Modulation of H
+
, K

+
 and Na

+ 
Fluxes 

The mechanisms underlying the homeostatic role of PNP-like molecules can be 

elucidated by characterizing the effects of AtPNP-A on ion transport. Net fluxes of 

H
+
, K

+
 and Na

+
 ions were measured from the distinctly differentiated elongation or 

mature zone of A. thaliana roots using non-invasive ion-selecting vibrating 

microelectrodes[134, 135]. It was shown that a recombinant plant natriuretic peptide 

(AtPNP-A) caused rapid H
+
 influx in the elongation zone, but not in the mature 

zone[122]. Significant K
+
 and Na

+
 efflux were exclusively observed in the mature 

zone, by addition of AtPNP-A. MIFE (Microelectrode Ion Flux Estimation) data 

showing the qualitatively similar characteristics of Na
+
 and K

+
 flux changes and a 

relative stoichiometry between Na
+
 and K

+
 flux changes, suggest that non-selective 

cation channels (NSCC) are implicated in the response[136]. NSCC catalyse passive 

fluxes of cations, show little or no discrimination between different cations[137] and 

are central to regulation of cell ionic homeostasis and gated by diverse 

mechanisms[138]. Thus AtPNP-A could be a directly or indirectly acting gating factor 

of a non-selective cation channel[122]. 
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PNP in abiotic stress responses 

PNP-A isolated from Erucastrum strigosum and after abiotic stress induction with 

NaCl or sorbitol led to an increase in PNP levels[139]. Exposure of A. thaliana 

suspension cells to 100 mM NaCl causes a reduction in the growth of cells, but does 

not however lead to increased PNP levels. Increasing NaCl concentrations to 150 

mM, did lead to increased PNP levels, which may suggest a PNP response to 

counteract increasing osmotic stress, rather than to modulate NaCl transport. The fact 

that PNP-A is also up-regulated in response to 300mM sorbitol, which is the osmo-

equivalent to 150 mM NaCl, supports the aforementioned supposition. The up-

regulation of PNP-A is in fact more pronounced in response to 300 mM sorbitol than 

to 150 mM NaCl, which serve as evidence for the importance of PNP-like molecules 

in salinity and drought stress tolerance in plants[139]. 

 

cGMP, A SECOND MESSENGER IN PLANT RESPONSES 

Second messengers are small transient molecules that transmit and/or modulate 

environmental or hormonal signals linking them to complex and often systemic 

physiological responses[140]. Examples of plant second messengers include 

Ca
2+

[141], phospholipids[142] and cyclic nucleotides[143]. They relay information 

and directly or indirectly affect biological processes such as the regulation of 

transcription[144] and gating of ion channels[145]. Cyclic nucleotide research has 

resulted in the identification of cAMP and cGMP as second messengers that play 

important roles in several plant processes including ion channel regulation and 

transport[145-147] as well as plant defense responses[148-150]. Here the role of 

cGMP in plant responses will be discussed. 
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cGMP is a second messenger in NP signalling 

The evidence that cGMP acts as a second messenger for ANP in vertebrates suggested 

the possibility that cGMP has a role in rANP- dependant signalling in stomata and 

also by inferential evidence that cGMP may have a similar role in plant signal 

transduction[143]. While rat ANP increases in stomatal aperture are reversibly 

inhibited by both guanylate cyclase inhibitors, methylene blue and LY 83583, the cell 

permeant cGMP analogue 8-Br-cGMP can mimic the effect of increased stomatal 

aperture when applied alone[151]. In addition, recent studies have demonstrated that 

ANP and PNP analogues induce stomatal opening while also significantly elevating 

cGMP levels in guard cell protoplasts[152]. The effect of cGMP on stomatal opening 

appears to be linked with Ca
2+

 levels, since ANP, irPNP and 8-Br-cGMP-induced 

stomatal opening is inhibited by compounds that lower intracellular free Ca
2+

 levels 

such as EGTA and procaine[152]. The plasma membrane H
+
-ATPase is an important 

enzyme driving stomatal opening[153, 154] and it was postulated that a causal 

relationship exists between cGMP, ANP and proton transport across the guard cell. It 

was shown that the activity of H
+-

ATPase is reduced by 8-Br-cGMP and increased by 

ANP and irPNP[152].  

 

cGMP has also been shown to modulate in radial water movements out of the xylem. 

Determination of tissue water exchange ratios by 2H NMR and measurements of dye 

movement suggested that rANP and irPNP significantly modulate radial water 

movements out of the xylem of shoots of Tradescantia multiflora[111]. Enhanced 

radial movements were also shown to increase in response to 8-Br-cGMP, while the 

water channel inhibitor, mercuric chloride (HgCl2), and the guanylate cyclase 

inhibitor, LY 83583, both significantly inhibited radial water movement. Thus, it is 
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proposed that the regulation of guanylate cyclases and water channels mediates the 

process whereby NPs play an important role in radial water movements[111]. 

 

PNPs causes cGMP transients 

IrPNP fractions rapidly and specifically increase cGMP levels in stele tissue isolated 

from maize roots within 30s. A maximum increase is reached within 10 minutes and 

after 15 minutes the level has returned to basal values[108]. The amplitude and 

velocity of induction, as well as the tissue cGMP elevation are similar to the ANP-

induced cGMP response in erythrocytes[101]. The fact that ANP at 10
–5

 M does not 

alter cGMP levels would indicate, that no unspecific effect can cause the response, 

but that the receptor ligand interaction is highly specific and dependant upon a 

configuration requirement which is not met by ANP[108]. Furthermore, the guanylate 

cyclase inhibitor, LY 83583 has no effect on any of these responses and since LY 

83583 does not always inhibit guanylate cyclase, this information may suggest the 

existence of a membrane bound PNP receptor containing intrinsic guanylate activity 

analogues to animal NP receptors[108]. In further studies non-invasive ion-selective 

vibrating microelectrodes were used to measure net fluxes of K
+
, Na

+
 and H

+
 in Zea 

mays root conductive tissue. It indicated that irPNP caused immediate net H
+
 influx 

and delayed net K
+
 and Na

+
 uptake. In response to 8-Br-cGMP, a delay in net K

+
 

influx was observed, but was not accompanied by significant changes in net H
+
 

influxes[155]. It is also implied that cGMP directly affects cation channels since 8-Br-

cGMP does not stimulate the plasma membrane H
+-

ATPase. This information 

indicates a complex role for NPs in plant homeostasis and the data are also consistent 

with NP and cGMP dependent stimulation of non-selective cation channels with PK 

>PNa[155].  
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irPNP was also found to significantly increase cGMP levels in guard cell protoplasts, 

the same as in the case of kinetin and ANP[152]. Stomata opened by irPNP are 

induced to close in the presence of guanylate cyclase (GC) inhibitors Methylene Blue 

and LY 83583 which indicates that irPNP action is cGMP dependent. The cGMP 

analogue 8-Br-cGMP has also been shown to induce the opening of stomata of Vicia 

faba[152] in a concentration dependent manner. irPNP induced stomatal opening is 

also inhibited by compounds that inhibit ANP and 8-Br-cGMP (eg. EGTA and 

procaine). The activity of H
+-

ATPase is also induced by irPNP (like ANP). However, 

ATP-dependant transmembrane H
+
 gradients are increased only with ANP and not 

irPNP, which can suggest a direct or indirect irPNP dependant activation of the 

enzyme that does not translate into an increase in proton gradient, possibly because 

irPNP affects H
+
 coupled symporters[152].  

 

The aim of the study is to define the systemic function of the novel signalling 

molecule AtPNP-A and its second messenger cGMP through the use of a combination 

of both, computational and experimental tools. 
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CHAPTER 2 

 

Co-expression and promoter content analyses assign a role in biotic 

and abiotic stress responses to plant natriuretic peptides 

  

Abstract 

Plant natriuretic peptides (PNPs) are a class of systemically mobile molecules 

distantly related to expansins. While several physiological responses to PNPs have 

been reported, their biological role has remained elusive. Here we use a combination 

of expression correlation analysis, meta-analysis of gene expression profiles in 

response to specific stimuli and in selected mutants, and promoter content analysis to 

infer the biological role of the Arabidopsis thaliana PNP (AtPNP-A). A gene 

ontology analysis of AtPNP-A and the 25 most expression correlated genes revealed a 

significant over representation of genes annotated as part of the systemic acquired 

resistance (SAR) pathway. Transcription of these genes is strongly induced in 

response to salicylic acid (SA), its functional synthetic analogue benzothiadiazole S-

methylester (BTH), a number of biotic and abiotic stresses including many SA-

mediated SAR-inducing conditions, as well as in the constitutive SAR expressing 

mutants cpr5 and mpk4 which have elevated SA levels. Furthermore, the expression 

of AtPNP-A was determined to be significantly correlated with the SAR annotated 

transcription factor, WRKY 70, and the promoters of AtPNP-A and the correlated 

genes contain an enrichment in the core WRKY binding W-box cis-elements. In 

constitutively expressing WRKY 70 lines the expression of AtPNP-A and the 

correlated genes, including the SAR marker genes, PR-2 and PR-5, were determined 

to be strongly induced.  
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The co-expression analyses, both in wild type and mutants, provides compelling 

evidence that suggests AtPNP-A may function as a component of plant defence 

responses and SAR in particular. The presented evidence also suggests that the 

expression of AtPNP-A is controlled by WRKY transcription factors and WRKY 70 

in particular. AtPNP-A shares many characteristics with PR proteins in that its 

transcription is strongly induced in response to pathogen challenges, it contains an N-

terminal signalling peptide, is secreted into the extracellular space and along with PR-

1, PR-2 and PR-5 proteins it has been isolated from the Arabidopsis apoplast. Based 

on these findings we suggest that AtPNP-A could be classified as a newly identified 

PR protein. 
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Introduction 

Natriuretic peptide (NP) systems have been identified in mammals, fish, amphibians, 

birds and reptiles. NPs and their receptors are commonly associated with organs 

involved in cardiac and osmoregulatory homeostasis. In amphibians, birds and fish, 

NPs have been shown to play a critical role in the regulation of blood fluid volume 

and composition[156].  

Natriuretic peptides have since been identified in plants and have been studied 

extensively in various plant species (refer to Chapter 1 for review). Collectively, the 

studies on plant natriuretic peptides (PNP) indicate that PNP-like molecules may 

function as extracellular signalling molecules that directly affect water and solute 

transport in response to stress. Based on biochemical and physiological data we 

propose mechanisms of action for AtPNP-A at the cellular level as summarised in Fig. 

2.1 (adapted from[13]).  

Despite an increasing body of physiological and biochemical data[13], the biological 

role of this systemically mobile peptide has remained elusive. In order to infer a 

biological role for AtPNP-A, we made use of the large repositories of A. thaliana 

microarray data to study the expression profiles of AtPNP-A and the 25 most 

expression correlated genes in response to various treatments and in mutants. We 

further analysed the promoters of these genes for known regulatory motifs. 

Furthermore, we demonstrate how computational analyses that link regulatory 

potential as encoded by promoter elements and expression data can provide novel 

insights into the function of a specific gene as well as groups of genes. 
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Figure 2.1 Model of AtPNP-A action at the cellular level. The model proposes that 

AtPNP-A can dock to receptor-like molecules that directly act as particulate guanylyl 

cyclases (pGCs) or indirectly activate soluble GCs (sGCs). GCs catalyse the reaction 

from GTP to cGMP. The latter acts as second messenger affecting cytosolic Ca
2+

 

levels, modulating ion channels, activating phosphorylation through kinases and 

influencing the transcriptome. Phosphodiesterases (PDEs) in turn metabolise cGMP to 

GMP (adapted from[13]).  

 

Methods 

Identification of Correlated Genes 

A. thaliana gene expression levels for 1877 experiments were downloaded from the 

NASCArrays database[157], using the bulk data download option. Perl scripts were 

used to calculate non-parametric correlation coefficients (Spearman's rho) between 

the expression of AtPNP-A (At2g18660) and each of the approximately 22,000 genes 
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represented on the Affymetrix array that was used to generate this data set. We ranked 

genes according to the correlation coefficient and reported genes that were most 

positively correlated with At2g18660.  The p-values were calculated using the 

bivariate normal distribution, with the p-value representing the probability of 

observing an equal or larger positive or negative correlation by chance. 

 

Functional Classification and Expression analysis of Correlated Genes 

To characterise the correlated genes the web-based FatiGO+ program[158] was used 

to search for differential distributions of gene ontology (GO) and biological terms 

within this list. The search was conducted using AtPNP-A (At2g18660) and the 25 

most positively correlated genes in Table 2.1 (list 1 used in computation = 26 genes). 

This list was compared to a reference gene list that contained the remaining genes in 

the entire A. thaliana genome (list 2 used in computation = 26147 genes). Statistical 

significance was determined using the Family Wise Error Rate (FWER) to calculate 

the adjusted p-value. 

 

The expression profiles of AtPNP-A and the positively correlated genes (Table 2.1) 

were initially examined using Affymetrix public microarray data in the gene response 

viewer tool (GRV) in Genevestigator[159]. The analysis was performed using the 

ATH1: 22K array chip type and included all of the available 2507 chip sources. For 

better temporal and spatial response resolution we obtained normalised microarray 

data from the following sites: NASCArrays, Ozone-26; P. infestans-123; UV-B 

stress-144; Potassium starvation-105; BTH-392. TAIR (ATGenExpress): Salicylic 

acid-ME00364; E.orontii-ME00354; Salt stress -ME00328; Osmotic stress-ME00327; 

Cold acclimation-ME00369; Cyclohexamide-ME00361. GEO (NCBI): E. 
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cichoracearum-GSE431. 

 

Table 2.1 List of genes that are expression correlated with AtPNP-A (At2g18660) 

Locus r-value Annotation 

At3g57260 
RBS, SAR 

 0.731 Pathogenesis-related protein 2 (PR-2) 

At5g10760  0.681 Aspartyl protease family protein 

At2g04450 
RBS

 0.676 Triphosphatase activity, stress response 

At5g52760  0.661 Heavy-metal-assoc. domain-containing 

At2g17040  0.659 No apical meristem (NAM) family protein 

At5g55450 
RBS

 0.647 Protease inhibitor/lipid transfer protein  

At1g21250 0.645 Wall-associated kinase 1 (WAK1)  

At4g23610 0.641 Hin1 - role in hypersensitive response 

At1g13470 0.634 Mitochondrial protein of unknown function 

At4g14365 0.634 Zinc finger (C3HC4-type RING) family 

At1g73800 0.630 Calmodulin binding protein 

At3g56710 0.629 SigA-binding protein, plastid sigma factor  

At4g04490 0.627 PK family, liposaccharide biosynthesis 

At2g14560 0.626 Protein of unknown function (DUF 567) 

At2g14610 
RBS, SAR

 0.626 Pathogenesis-related protein 1 (PR-1) 

At1g21520  0.626 Expressed protein 

At2g24850 0.626 Aminotransferase, resp. to wounding & JA  

At4g23150 0.625 Protein kinase family protein 

At3g60420  0.622 Phosphohistidine phosphatase activity 

At2g32680  0.620 Disease resistance, leucine rich-repeats   

At1g74440  0.614 Similar to YGL010w-like protein 

At1g02450 
RBS, SAR

 0.613 NPR1/NIM1-interacting prot. 1 (NIMIN1) 

At4g11890 0.606 Protein kinase family protein 

At1g75040 
RBS, SAR

 0.604 Pathogenesis-related protein 5 (PR-5) 

At1g08450 0.602 Calreticulin 3 precursor, Ca
2+

 binding 

SAR: Systemic acquired resistance; RBS: Responsive to biotic stress  
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In order to further reveal the relationship of AtPNP-A expression with that of key 

genes involved in the SAR response, the mutant surveyor in Genevestigator was used 

to compare gene expression in different types of defence related A. thaliana mutants. 

The genes investigated in this study included AtPNP-A, the 25 correlated genes, and 

WRKY 70 and WRKY 46. Normalised array data from the mutant experiments were 

obtained from: TAIR-ME00373 for cpr5/npr1 mutants; NASCarray-52 for the nahG 

mutant and Array express for the mpk4 mutant (E-MEXP-173). For the WRKY 70 

over expresser, data was obtained through personal communication with Gunter 

Brader, Faculty of Biosciences, University of Helsinki. 

 

Promoter analysis 

The web-based Athena[160] and POBO[161] applications were used to analyse the 

promoters (-1 kb upstream of the predicted TSS) of AtPNP- and the 25 top correlated 

genes.  

In POBO[161], the 1 kb promoter sequences were uploaded and the analysis was run 

against A. thaliana background (clean) searching for the TTGAC W-box core motif 

using the default settings (number of sequences to pick-out = 50, number of samples 

to generate = 1000, sequence length = 1000 bps). 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.  

In Athena[160], the analysis was performed with the visualisation tool using the 26 

correlated genes with settings of 1000 bp upstream and do not cut off at adjacent 

genes. The statistical significance of over-represented TF binding sites is 

automatically calculated using a hypergeometric probability model to calculate the p-
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value. A Bonferroni correction was automatically used in Athena to account for 

multiple hypotheses testing (up to 105 different TF binding sites) and determined that 

the p-value threshold for significant enrichment was < 10
-4

. 

 

Results and Discussion 

Expression Correlation and GO Analyses  

In the first step of the analyses we extracted and ranked the 25 genes whose 

expressions are most tightly correlated with AtPNP-A (Table 2.1). The moderate 

correlation (r) values of the listed genes (maximum r = 0.73) may reflect that the 

expression of AtPNP-A is subject to complex combinatorial control via multiple 

promoter motifs with complex inputs from multiple, potentially antagonistic, 

signalling pathways. 

 

In order to identify a functional role of AtPNP-A, the correlated genes were analysed 

in FatiGO+[158, 162, 163] to identify any bias in GO functional annotation terms in 

the correlated list (list 1) compared to the remainder of the A. thaliana genome (Table 

2.2).  
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Table 2.2 FatiGO+ analysis of AtPNP-A (At2g18660)  

Gene Ontology:  
Summary input data: Biological process terms: 1940 

Genes in list 1 used in analysis: 26     

Genes in list 2 used in analysis: 26106  

  

List 1 List 2 
Significance 

 

 

GO term 

 

 

Level No. 

genes 

 

% 

No. 

genes 

 

% 

Adj. 

p value 

Resp. to biotic stim.               3 6 40 294 2.6 1.57e
-03

 

Immune system process 3 4 26.6 108 0.9 5.52e
-03

 

Resp. to other organism 4 6 42.8 289 2.7 1.57e
-03

 

Immune response 4 4 28.5 108 1.0 5.52e
-03

 

Innate immune response 5 4 36.3 104 1.0 2.78e
-03

 

Innate immune response 6 4 44.4 102 1.2 2.23e
-03

 

Defense response, 

incompatible int. 
7 4 50 73 1.1 

1.57e
-03

 

SAR 8 4 100 17 0.4 3.84e
-06

 

No. genes = number of genes in the specified list associated with the GO term at the indicated level. 

% = percentage of  genes in a list with annotation at the indicated level which are associated with a 

particular GO term. For example: in list 1, 4 genes have annotation at level 8 and these are all 

associated with SAR thus the percentage is 100.   

 

Swiss-Prot keyword search  
SwissProt keywords: 387 

Number of genes with annotation in list 1: 7 

Number of genes with annotation in list 2: 3766 

 

 List 1 List 2 Significance 

Swiss-Prot 

keyword 

No. 

genes 

 

% 

No. 

genes 

 

% 

 Adj. 

p value 

PR-protein 3 42.86 15 0.4  2.23e
-03

 

Signal 6 85.71 550 14.6  2.57e
-02

 

Apoplast 3 42.86 53 1.41  3.96e
-02

 

% = percentage of annotated genes associated with the Swiss-prot keywords. 

Adjusted p-value = Family Wise Error Rate (FWER). 

 

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 biotic defence 

responses at a number of levels. The most notable bias being at level 8 with a 
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significant (adjusted p-value 0.0000038) enrichment in genes involved in SAR (Table 

2.2). SAR is an inducible plant defense response against local pathogen infection that 

gives rise to a systemic long lasting resistance to a broad range of virulent 

pathogens[164]. The SAR response is characterised by the accumulation of 

endogenous salicylic acid (SA) in infected tissues and later in distal uninfected tissues 

with a subsequent induction of a select group of pathogenesis-related genes (PR 

genes)[165]. 

The enrichment in SAR annotated genes in our list is particularly striking considering 

that in FatiGO+ the entire A. thaliana genome contains only 21 annotated SAR genes 

and four of these are present in our list of correlated genes. The four correlated SAR 

genes include NIMIN1 (At1g02450; r = 0.61) which is involved in the transcriptional 

regulation of PR genes[165], PR-1 (At2g14610; r = 0.63); PR-2 (At3g57260; r = 

0.73) and PR-5 (At1g75040; 0.61) whose expression is commonly used as diagnostic 

markers of the SA dependent SAR response[166]. An extended correlation analysis 

revealed that an additional 11 SAR annotated genes, including NPR1 (or NIM1; 

At1g64280; r = 0.52), which is an essential key positive regulator of signal 

transduction leading to the SAR response and expression of PR proteins, are 

significantly correlated (9 positive, 2 negative; p < 0.01; bivariate normal distribution) 

with the expression of AtPNP-A [see Appendix file 1 (p.123)]. Other AtPNP-A 

correlated genes, annotated to be involved in plant defence responses and response to 

biotic stimuli, include a disease resistance family protein containing leucine rich-

repeats (At2g32680), a stress responsive gene with triphosphatase activity 

(At2g04450) and a protease inhibitor (At5g55450). The GO analysis for the cellular 

component and molecular function category revealed no significant difference in 

biologically relevant labels between the two lists.  
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The results of the Swiss-Prot keyword search with AtPNP-A correlated genes also 

identified a significant enrichment in genes annotated as PR proteins (adjusted p value 

= 0.002), involved in signalling (adjusted p value = 0.026) and associated with the 

apoplast (adjusted p value = 0.040). It was noted that along with PR-1, PR-2 and PR-

5, AtPNP-A is one of six genes in AtPNP-A correlated list annotated as having 

signalling function.  

  

Microarray Expression Profiles  

The over representation of genes involved in defence responses, and specifically SAR 

is consistent with the observation that AtPNP-A and the correlated genes are most 

highly expressed in microarray experiments where defence responses are elicited. The 

treatments that induce up-regulation of AtPNP-A and the correlated genes more than 

two-fold include SA and other SAR inducing conditions as well as a number of 

abiotic stresses (Fig. 2.2). 

The strong up-regulation of AtPNP-A and correlated genes by SA and 

benzothiadiazole S-methylester (BTH), a synthetic functional SA analogue[167], is a 

key indicator that these genes are involved in plant defence and specifically SAR 

since SA has been shown to be essential and sufficient to induce the SAR response in 

plants[168] (Fig. 2.2B). In addition to AtPNP-A, all of the 25 correlated genes were 

significantly (ANOVA p-value < 0.05) up-regulated by more than two fold after 8 h 

and 24 h treatments with 60 µM BTH (Supplementary Table 3 in[167]) further linking 

these genes to the SAR defense pathway. Expression of AtPNP-A is also significantly 

correlated with the isochorismate synthase-1 (ICS-1) gene (At1g74710; r = 0.50) that 

is critical for SA biosynthesis[168].  
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Figure 2.2 Expression profile of AtPNP-A and correlated genes in response to 

selected treatments. The results presented illustrate the fold change (log2) in 

expression of AtPNP-A, WRKY 70 and WRKY 46 and the average fold change for the 

25 correlated genes in response to abiotic stresses (A) and biotic and chemical 

treatments (B). (A) The treatments were: UV-B shoot for 3 h (n = 2); O3 6 h (n = 3); 

osmotic stress in the shoot after 3 h (n = 2); K
+
 starvation in the shoot after 7 days (n 

= 3); NaCl in the roots after 6 h (n = 2) and cold acclimation after 14 days (n = 3). (B) 

The treatments were: Erysiphe cichoracearum 3 days after inoculation (n = 4); 

Erysiphe orontii 3 days after inoculation (n = 2); Phytophthora infestans 1 day after 

inoculation (n = 3); BTH after 8 h (n = 3); SA after 3 h (n = 2) and cyclohexamide 

after 3 h (n = 2). Error bars represent standard errors of the mean. 

 

The biotic stresses that induced the largest increase in expression of AtPNP-A include 

infection with the biotrophic pathogens Phytophthora infestans, Erysiphe 

cichoracearum and Erysiphe orontii which depend on living host tissue for survival 

(Fig. 2.2B). Activation of AtPNP-A expression and the correlated genes in response to 

these pathogens is in accord with the literature showing that SA-dependent defenses 
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generally act against biotrophs in contrast to jasmonic acid- and ethylene-dependent 

responses that counteract necrotrophs[169]. 

The large increases in gene expression induced by ozone and UV-B (+6.86 log2 and 

+8.09 log2 respectively for AtPNP-A) are consistent with these genes being part of the 

SAR response since both these treatments have previously been shown to stimulate 

SA production and induce the expression of PR genes[170-173].  

The expression of AtPNP-A and the correlated genes is also strongly modulated by a 

number of abiotic stresses including K
+
 starvation, osmotic, and NaCl stress as well as 

cold acclimation (Fig. 2.2A). A common element of abiotic stresses is that they 

decrease water potential[174]. It is noteworthy that the induction of AtPNP-A in 

response to ion and osmotic stresses is tissue specific with the response to high Na
+
 

being specific to root tissue with little change observed in shoots while both low K
+
 

and high osmolarity induced elevated transcription in shoots only[175]. This is of 

interest since the AtPNP-A protein has been shown to affect water movement in 

shoots[125] and protoplasts[114] as well as ion fluxes in roots[122]. It is thus 

tempting to speculate that AtPNP-A may have a role in maintaining plant water and 

ion homeostasis under stress conditions. 

K
+
 is the key inorganic ion required in high quantities by plants while Na

+
 on the 

other hand is toxic at high concentrations[176]. Na
+
 is able to compete with K

+
 ions 

for uptake and binding sites thus maintaining the correct Na
+
/K

+
 ratio in plants is of 

the utmost importance[177]. Decreases in K
+
 might cause the plant to take up more 

Na
+
 in order to maintain adequate osmotic pressure[178]. Therefore either the 

increase in cytosolic Na
+
 or a decrease in osmotic pressure as a consequence of K

+
 

starvation or a combination of both may cause AtPNP-A induction.  
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Elevated expression of AtPNP-A and correlated genes, particularly defence genes and 

SAR annotated genes, caused by abiotic osmotic stresses as well as defence eliciting 

treatments may well reflect that both types of challenges lead to common homeostatic 

disturbances which in turn transcriptionally activate a set the same of  response genes. 

This concept is supported by several studies that recognise a role of SA in abiotic 

stresses such as drought, salinity and temperature[179, 180] and the accumulation of 

PR proteins is in fact a common plant response to both abiotic and biotic stresses 

further highlighting the overlap in biotic and abiotic defence mechanisms[181]. 

The generation of reactive oxygen species and changes in ion fluxes have been 

identified as early responses to both abiotic and biotic stresses, including an influx of 

H
+
 and Ca

2+
 and an efflux of K

+
 and Cl

-
[174]. AtPNP-A has been shown to modulate 

H
+
, Na

+
 and K

+
 fluxes[122] thus further implicating AtPNP-A in plant stress 

responses as do studies which indicate that AtPNP-A signals via the intracellular 

second messenger cGMP[108, 151, 182] since cGMP has been shown to be an 

important signaling molecule in pathogen[148] and osmotic stress responses[183] in 

plants. It seems particularly relevant that the expression of a gene encoding a cyclic 

nucleotide-gated channel (CNGC20; At3g17700), which has been shown to be 

involved in the transport of Ca
2+

 and K
+
, and in some cases Na

+
, across cell 

membranes is also correlated with that of AtPNP-A (r = 0.60) [see Appendix file 1 

(p.123)] since ion conductance in these channels is regulated by cGMP as well as 

Ca
2+

 and calmodulin. These channels have also been implicated in regulating SA-

dependent biotic defense responses[184]. 

AtPNP-A expression is also correlated with a number of Ca
2+

 sensing/binding proteins 

including, the aforementioned CNGC20, calreticulin 3 (At1g08450; r = 0.60), two 

calmodulin-binding proteins (At1g73800; r = 0.63 and At1g73805; r = 0.588) with 

 

 

 

 



 52 

family members involved in the induction of plant defense responses (NCBI sequence 

viewer, pfam07887) and a Ca
2+ 

-binding EF hand domain containing protein 

(At3g47480; r = 0.59). One of the earliest responses to biotic and abiotic stresses is an 

increase in cytosolic free Ca
2+

[185] that in turn plays a role in activating the oxidative 

burst after elicitor treatment[186, 187] and is also linked to signaling SA-induced PR 

gene expression[188]. The expression of Ca
2+ 

sensing molecules is rapidly induced in 

response to biotic and abiotic stresses[189] and functions to decode Ca
2+ 

signatures 

and/or relay signals to downstream targets, including kinases, which further amplify 

the Ca
2+

 signal by inducing downstream phosphorylation cascades[176]. The presence 

of three kinases (At4g04490; r = 0.63, At4g23150; r = 0.63 and At4g11890; r = 0.61) 

in amongst the correlated genes (Table 2.1) is entirely consistent with such a signaling 

cascade. Moreover, the expression correlation of three stress responsive mitogen-

activated protein kinase (MAP kinase) genes MAPKK (At4g26070; r = 0.59), MPK 11 

(At1g01560; r = 0.58) and MAPKK (At4g29810; r = 0.57) to AtPNP-A also ties in 

with the proposed cascades [see Appendix file 1 (p.123)]. Activation of MAPKs has 

indeed been reported after exposure to pathogens[190] as well as a number of abiotic 

stresses[191]. 

While transcriptional responses to some stresses, including the osmotic, salt, UV-B 

and some of the biotic treatments, were measured over multiple time points, the data 

presented here are generally the earliest time point that induced the largest increase in 

AtPNP-A expression. The expression of AtPNP-A in some cases showed induction at 

earlier time points than considered in this study, however, in all cases the expression 

of AtPNP-A generally increased over time and thus high transcript levels were 

sustained for the duration of the stress, e.g. five days for E. orontii and 24 h for 

osmotic, salt and UV-B treatments (data not shown). The UV-B experiment can be 
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distinguished from the other experiments in that the stress was not maintained for the 

duration of the experiment. Rather, plants were irradiated for 15 minutes before being 

returned to the standard phytochamber conditions until harvest. The expression of 

AtPNP-A in shoots was elevated at 30 minutes (1.84log2; data not shown), peaked at 3 

h (8.09log2, > 250 fold) (Fig. 2.2A) and remained elevated (6.46log2; data not shown) at 

24 h after irradiation. This documents that AtPNP-A expression remains very high and 

sustained after the stress has been removed and thus may indicate that the initial 

damage inflicted, and not the actual presence of the stress itself, is the driving force 

for the maintained transcriptional activation. 

The increase in expression of AtPNP-A (4.49log2) in response to the protein synthesis 

inhibitor cycloheximide (CHX) implies that transcription of AtPNP-A can occur 

independently of de novo protein synthesis and that concurs with the definition of 

immediate early response genes[192] which have been proposed to play important 

roles in the early regulation of defence responses[193]. It has been postulated that 

CHX induces gene expression via dual mechanisms; by preventing synthesis or 

activation of a short-lived transcriptional repressor or by removing specific labile 

transcript degrading enzymes[194]. There is evidence that the induced expression of 

genes encoding secreted proteins, such as AtPNP-A does not require de novo protein 

synthesis[195]. The ability to rapidly induce expression of AtPNP-A independently of 

de novo protein synthesis thus implies both an important and early role for this gene 

in response to specific elicitors.  

 

Common Motifs in cis and Transcription Factors  

The common expression profiles of APNP-A and the 25 correlated genes in response 

to both biotic and abiotic stresses suggests that these genes are under common 
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regulatory control and are thus likely to share common cis-elements in their promoter 

regions. To reveal aspects of common transcriptional activation we analyzed promoter 

regions of these genes 1kb upstream of the predicted transcription start site (TSS) for 

the presence of known plant cis-elements. 

The analysis in POBO[161] indicated that the invariant core TTGAC W-box motif 

was present in 25/26 of our correlated genes a total number of 78 times at an average 

of 2.99 copies/promoter compared to the average of 2.24 across all A. thaliana 

promoters (t-test p-value >0.0001) (Fig. 2.3). The analysis in Athena[160] identified 

that the extended and more stringent TTGAC(A/T) W-box motif was present in 22/26 

genes a total of 54 times at an average of 2.08 copies / promoter (p-value = 0.0037; 

data not shown). Although in Athena this p-value does not qualify the W-box motifs 

to be enriched in our correlated genes according to the stringent enrichment threshold 

of <10
-4

 (Bonferroni correction), it does show that a very high percentage of our genes 

contain multiple copies of the stringent W-box. Both these promoter analysis methods 

indicate that multiple copies of the W-box elements are present in a high percentage 

of our correlated genes with the core TTGAC motifs being significantly enriched 

compared to expected frequencies in the A. thaliana genome suggesting that they are 

important regulatory elements in these expression correlated genes. 
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Figure 2.3 Frequency of occurrence of the W-box (TTGAC) core motif in artificial 

clusters generated in POBO for A. thaliana background promoters compared to the 

promoters of AtPNP-A and the 25 most positively expression correlated genes. The 

1kb upstream promoter sequences of the 26 expression correlated genes were 

analysed in POBO to determine the frequency of occurrence of the TTGAC W-box 

core motif. The analysis determined that compared to the A. thaliana background 

(2.24 copies/promoter), there was a significant (t-test: p-value > 0.0001) enrichment 

in the frequency of the TTGAC motif in our dataset (2.99 copies/promoter). 

 

In plants, W-box cis-elements are known to bind WRKY TFs[196] indicating that 

these TFs may be important in regulating the expression of the correlated genes.  This 

is completely consistent with our expression analysis results since the WRKY family 

of TFs[196], have well established roles in regulating disease responses in 

plants[197]. In addition, they have been documented to mediate abiotic plant 

responses to freezing[198], wounding[199], oxidative stress[200], drought, salinity, 

cold, and heat[201-203]. In our study, expression of AtPNP-A is moderately 

correlated with the expression of WRKY 70 (At3g56400; r = 0.60) and WRKY 46 
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(At2g46400; r = 0.56) [see Appendix file 1 (p.123)]. When viewing the expression 

profiles of WRKY 70 and WRKY 46 genes it is apparent that the various treatments 

which induced large increases in the expression of the correlated genes in Table 2.1 

also induced marked changes in the expression of the WRKY genes (Fig. 2.2). This 

links the expression of AtPNP-A and the WRKY genes to common biological 

responses and raises the possibility that WRKY 70 and WRKY 46 may positively 

regulate AtPNP-A transcription. 

While transcription of WRKY 70 and WRKY 46 is generally strongly induced in 

response to SAR eliciting treatments, only WRKY 46 is consistently co-expressed with 

AtPNP-A in response to the abiotic (ion and osmotic) stresses (Fig. 2.2A and B). As 

previously described for AtPNP-A and the correlated genes, the induced expression of 

WRKY 46 is specific to shoots in response to K
+
 starvation and osmotic stress and to 

roots in response to NaCl stress.  

The expression correlation between AtPNP-A and the discussed WRKY genes and the 

overrepresentation of W-boxes in the correlated genes prompted a manual analysis of 

the promoter of AtPNP-A which revealed the presence of four copies of the core 

TTGAC W-box motif and two occurrences of more stringent TTGAC(C/T) motif 

clustered in close proximity (starting at -738 and -775) relative to the predicated TSS. 

The result of the manual inspection coincided with the results returned from Athena 

and POBO. Similar frequencies of these motifs were observed in a study of 26 SAR 

regulated genes (termed PR-1 regulon genes) in which only W-boxes were present in 

the promoters of all 26 genes at an average of 4.3 copies of the core and 2.1 copies of 

the more stringent W-box elements within 1100 bp upstream of the predicated 

TSS[196]. These values represent a significant enrichment in W-boxes since these 

authors determined that the statistical expectation for a randomly distributed pentamer 
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(TTGAC) was 2.1 copies and for the hexamer (TTGAC(C/T)) 1.1 copies per 1100 bp 

of promoter[196].  

In summary, the presented evidence is entirely consistent with transcription of 

AtPNP-A and the correlated genes being positively regulated by WRKY TFs. The 

promoter of AtPNP-A and the correlated genes contain an enrichment of the core W-

box motif and expression of AtPNP-A is correlated with two WRKY genes in 

response to various SAR eliciting and biotic and abiotic stresses. The correlation of 

WRKY 46 in response to ion and osmotic abiotic stresses was both treatment and 

tissue specific. In the light of these facts we suggest that the expression of AtPNP-A 

may be closely regulated by WRKY TFs in response to SAR-inducing and abiotic 

stresses. 

 

Insights from AtPNP-A Expression in Mutants 

The link between AtPNP-A, SA signalling and the WRKY TFs is also supported by 

expression profiles of AtPNP-A and the correlated genes in mutants including a 

WRKY 70 over-expresser and various SAR related mutants present in the mutant 

surveyor in Genevestigator[159].  

WRKY 70 is noted as a SAR TF in FatiGO+ and has been shown to be an essential 

factor in plant defense responses necessary for the induction of PR gene expression in 

A. thaliana[167, 204]. In a microarray study, a constitutive over-expressor of WRKY 

70 was shown to induce constitutive expression of SA induced PR genes and five of 

our correlated genes, including PR-2 and PR-5, which are widely considered SAR 

marker genes, correspond to genes in this study that were up-regulated > 2.5 fold 

compared to controls[204]. While the 8K Affymetrix chip used for this study did not 

contain an AtPNP-A representative sequence, in an unpublished experiment using the 
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24K chip, AtPNP-A was up-regulated over 50 fold in over-expressing WRKY 70 lines 

and was amongst the top 20 genes that are up-regulated in this study (Fig. 2.4; 

Personal communication: Gunter Brader, Faculty of Biosciences, University of 

Helsinki). Additionally, a strong induction in expression of the 25 correlated genes is 

also observed in this experiment providing further evidence that indicates that WRKY 

70 may positively regulate the expression of AtPNP-A and the expression correlated 

genes.  

 

Figure 2.4 Expression profile of AtPNP-A and selected correlated genes in selected A. 

thaliana mutants. The expression profiles of AtPNP-A and the correlated genes were 

examined in a number of SA/SAR related mutants. The expression of AtPNP-A and 

selected genes is greatly elevated in WRKY 70 over-expresser lines and in mutants 

with elevated SA levels such as cpr5 and mpk4. Conversely, in the SA deficient 

mutant nahG, expression of the selected genes is markedly reduced. Error bars 

represent standard errors of the mean. 

 

In the cpr5 (constitutive expresser of pathogenesis related genes) and mpk4 mutants 

that have elevated levels of SA and display constitutive expression of PR genes[205, 

206], the expression of AtPNP-A and the correlated genes was markedly elevated 

(Fig. 2.4). It is of particular interest that the four listed mutants that displayed the 

largest increase in the expression of AtPNP-A in Genevestigator are all cpr5 mutants, 
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being cpr5/scv1, cpr5/npr1, cpr5, cpr5/npr1/svi1 (range +7.55 to +6.21log2) (data not 

shown).  

Conversely, the nahG mutant that is defective in SA production and signalling, is the 

only experiment presented in this study that documents a large reduction in the 

expression of AtPNP-A (-4.6log2) and the correlated genes (Fig. 2.4). This experiment 

was performed in senescing leaves[207] to identify SA-dependent global gene 

expression patterns during developmental senescence since SA has previously been 

shown to be required for expression of some senescence-induced genes[208]. In this 

study, and in the ATGE developmental series of A. thaliana microarray 

experiments[209] transcript levels of AtPNP-A were elevated approximately 2.8 fold 

in senescing leaves compared to adult green leaves (data not shown) indicating that 

AtPNP-A is a senescence enhanced gene. Furthermore, since transcript levels of 

AtPNP-A were reduced beyond detection limits in senescing leaves in the nahG 

mutant this induction appears to be SA-dependent. This pattern is completely 

consistent with other results since premature senescence, including leaf yellowing and 

necrosis can be induced by biotic and abiotic stresses that stimulate SA production, 

including ozone[210] and UV-B[211] which also induce large increases in expression 

of AtPNP-A. Thus, there is evidence documenting induction of AtPNP-A expression 

in SA-mediated natural developmental and stress activated processes which both 

culminate in cell death indicating that AtPNP-A may be involved in these processes. 

The mutant analyses further enforce that the transcriptional regulation of AtPNP-A 

and the correlated genes is largely controlled by SA. 
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The role of a TGA TF in PR gene expression 

Additional evidence for co-regulation of AtPNP-A with SAR annotated genes is 

provided by the observation that expression of another SAR annotated TF, the TGA3 

bZIP TF (At1g22070), is correlated with that of AtPNP-A (r = 0.49). Upon induction 

of SAR, NIMIN1 and NPR1 form a ternary complex with TGA factors in the nucleus 

which enhances their binding to the positive regulatory as-1 (activator sequence 1) or 

as-1-like (TGACG) cis-elements that are present in the promoter of several plant 

genes activated during defense, including A. thaliana PR-1[212-214]. A manual 

inspection of the AtPNP-A promoter identified two occurrences of the TGACG motif 

in close proximity to the TSS (start at -94 and +24). The correlation in expression 

between AtPNP-A, NPR1, NIMIN1 and TGA3 (Table 2.1, and see Appendix file 1 

(p.123)) along with the identification of TGA3 cis-elements in the promoter of 

AtPNP-A is strong evidence that these two factors contribute to the regulation of 

AtPNP-A expression. 

 

AtPNP-A as PR Protein  

Based on the above results we suggest that AtPNP-A could be classified as a PR 

protein since it possesses many of the criteria that define this class of proteins. The 

name “pathogenesis related protein” is a collective term that encompasses all proteins 

that are present at almost undetectable levels in healthy tissue but are induced at the 

protein level following pathogen infection. The classification of these proteins is 

based on their pathogen inducible expression rather than defined functional roles in 

defence[181]. This point is brought into focus when considering PR-1, which is the 

quintessential marker of the SAR response yet its biological role is largely 

unknown[215]. Although AtPNP-A is yet to be proven to be induced at the protein 
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level in response to pathogens, elevated protein levels have been shown as a result of 

abiotic stresses[139]. In addition, transcription of AtPNP-A is low under control 

conditions but strongly induced in response to biotic and abiotic stresses and the 

protein has been identified and isolated from the A. thaliana apoplast together PR-1, 

PR-2 and PR-5 proteins[216]. AtPNP-A has other features characteristic of PR 

proteins including an N-terminal signal peptide [181] that directs the molecule into 

the extracellular space. Further, induction of AtPNP-A at the transcript level appears 

to occur independent of de novo protein synthesis characteristic of genes encoding 

secreted proteins[167]. The evolutionary history of AtPNP-A suggests that PNPs, like 

the related expansins, derived from ancestral family-45 endoglucanases that have lost 

their hydrolytic activity and have sub-functionalized into extracellular, systemically 

mobile signalling molecules[113]. 

 

Future directions 

In order to determine the physiological role of AtPNP-A in A. thaliana a T-DNA 

insertion mutant, that is available from SALK, could be used. Phenotyping this 

mutant in response to SA-inducing abiotic and biotic stresses as well as during 

developmental senescence, will help characterise specific physiological processes in 

which AtPNP-A is involved. If such a mutant demonstrated a compromised SAR 

response, it would greatly strengthen the claim that AtPNP-A is indeed involved in the 

SAR response pathway. Additionally, it will be interesting to look at the expression of 

the correlated genes in an AtPNP-A mutant in response to SAR inducing conditions 

since this may enable us to determine a role for AtPNP-A in the context of a SAR 

response pathway.  
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CHAPTER 3 

 

Promoter content and gene expression analysis reveal novel aspects 

of gibberellic acid and cGMP dependent signalling and 

transcriptional regulation in Arabidopsis thaliana  

 

Abstract 

Ever increasing amounts of genomic and transcriptomic data and analysis tools can 

afford novel insights into the functioning of biological systems. Here we have 

undertaken firstly to, analyse the gibberellic acid (GA) dependent transcriptome as 

well as the transcriptome induced by the second messenger guanosine 3’,5’-cyclic 

monophosphate (cGMP) in Arabidopsis thaliana. Secondly, we have searched 

promoters of GA- and cGMP-responsive genes for statistically enriched motifs. In 

promoters of genes transcriptionally up-regulated in response to cGMP and down-

regulated in the GA insensitive mutant (ga1-3), we have observed an enrichment of 

GA responsive elements (GARE) which binds GAMYB. In contrast, in the genes up-

regulated in the mutant, no enrichment in the GARE is observed suggesting that the 

GARE element is diagnostic for GA-induced and cGMP-dependent transcriptional 

up-regulation.  In addition, a network based on common promoter signatures derived 

from an ab initio analysis of genes transcriptionally dependent on cGMP identifies 

several hub genes. One of these is the GARE containing cation/hydrogen exchanger 

gene (CHX8) which is highly expressed in pollen. Furthermore, CHX8 co-expressed 

genes also show GARE enrichment as well the highest expression levels during male 

gametogenesis and pollen tube growth. We propose GA-induced and cGMP- 
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dependent genes play a key role in ion and water homeostasis in the male 

gametophyte. Finally, we propose that the type of analysis undertaken here can yield 

new insights into gene regulation networks and inform experimental strategies to 

unravel complex biological systems. 
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Introduction 

It is critical for growth and differentiation that plants can rapidly and systemically 

respond to environmental changes such as light, temperature, CO2, water and nutrient 

availability as well as biotic and abiotic stresses. Many of the responses are, at least in 

part, mediated by either the classical amino acid derived hormones[10], peptidic 

hormones[217], plant steroid hormones[218] or nitric oxide (NO)[219]. The link 

between environment and hormones and the physiological response are second 

messengers that form a network of molecular transducers. Second messengers relay 

information and directly or indirectly affect biological processes such as gating of ion 

channels[145] or the regulation of transcription[144]. To do this effectively their 

cellular activities must be transient and specific[220].  

In the last decade, an increasing number of second messengers and signalling 

mechanisms have been discovered which either act on their own or in conjunction 

with Ca
2+

. These include cyclic ADP ribose[221-223], phospholipids such as 

phosphatidic acid[142] as well as cyclic nucleotides, notably adenosine 3’,5’-cyclic 

monophosphate (cAMP) and guanosine 3’,5’-cyclic monophosphate (cGMP) (for 

review see[143]).  

Here we are particularly concerned with cGMP and its role as a second messenger in 

responses to the plant hormone gibberellic acid (GA). GA has been shown to cause 

increases in cytosolic cGMP which in turn have been proven to be essential for α-

amylase synthesis and secretion in barley aleurone[224] thus suggesting the existence 

of a cGMP dependent transcriptome. Experimental evidence for the latter has been 

obtained[144] 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 increases[183] and cGMP in turn was 
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found to modulate influx and efflux of the monovalent cations Na
+
 and K

+
, would 

suggest a regulatory circuit. 

Here we use a sequential analysis of on-line web tools for the inference of gene 

function at the systems level[225] to determine the role of cGMP in GA dependent 

processes in Arabidopsis thaliana. 

 

Methods 

Identification of cGMP and/or GA up-regulated genes  

The 59 cGMP-induced A. thaliana genes analysed come from micro-array data[144] 

which we ranked according to the average ratio of fold change (>2), where the gene 

with the greatest fold change was ranked first, as the most up-regulated gene (Table 

3.1). Down-regulated genes were identified by selecting genes with average fold 

changes between 0 and 0.5 and ranked accordingly. 

Supplementary micro-array data[226] was used to identify genes that were the most 

down-regulated in the ga1-3 mutant in flowers and seeds. GA up-regulated genes 

were identified in seeds (541) and in flower buds (826). Genes up-regulated after GA 

treatment in roots came from microarray data (NASCarray experiment, reference 

number -385) where roots were treated with ± 2µM GA for 2 hours. From this data, 

the 50 most up-regulated genes were analysed. 
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Table 3.1 Genes that are transcriptionally up-regulated after cGMP treatment (top 25) 

Locus:  p-value: Annotation: 

 

At2g36570  5.63  Leucine-rich repeat transmembrane protein kinase 

At1g33440  4.22  Nitrate transporter, NPL1 

At1g75380  3.66  Wound-responsive protein 

At4g13770  3.54  Cytochrome p450 protein 

At5g13900  3.46  Putative protein 

At5g38480  3.43  14-3-3 protein, GF14 psi (grf3/RCI1) 

At1g79770  3.38  Expressed protein 

At5g43520  3.33  CHP-rich, zinc-finger protein 

At3g59930  3.33  Putative protein 

At2g02650  3.29  Putative reverse transcriptase 

At5g64750  3.28  Putative protein 

At2g38800  3.26  Calmodulin binding protein 

At5g35420  3.17  Putative protein  

At5g20090  3.15  Putative protein 

At4g23170  3.15  Putative protein 

At2g15780  3.09  Expressed protein 

At2g29170  3.07  Putative tropinone reductase 

At5g01360  3.05  Putative protein 

At1g35230  3.05  Arabino-galactan protein (AGP5) 

At5g22520  3.05  Unknown protein 

At1g76640  3.05  Putative calmodulin 

At1g80180  3.02  Expressed protein 

At5g40260  2.95  Putative protein 

At5g45340  2.95  Cytochrome p450 family 

At5g46740  2.90  Ubiquitin-specific protease 21(UBP21) 

 

Functional classification and expression analysis genes  

To ontologically characterise groups of genes the web-based FatiGO+ program[158] 

was employed. It searches for differential distributions of gene ontology (GO) terms 

and biological terms within lists and compares them to the entire A. thaliana genome. 
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Statistical significance was determined using the family wise error rate (FWER) to 

calculate the adjusted p-value. 

 

Promoter content analyses  

The web-based Athena[160] and POBO[161] applications were used to analyse the 

promoters (1 kb upstream of the predicted TSS) of 59 cGMP up-regulated genes.  

In Athena[160], the analysis was performed with the visualisation tool using the 59 

up-regulated genes with settings of 1000 bp upstream and do not cut off at adjacent 

genes. The statistical significance of over-represented TF binding sites is 

automatically calculated using a hyper-geometric probability model to calculate the p-

value. A Bonferroni correction was automatically used in Athena to account for 

multiple hypotheses testing (up to 105 different TF binding sites) and determined that 

the p-value threshold for significant enrichment was < 10
-4

. 

In POBO[161], the 1 kb promoter sequences (1 kb upstream of the predicted TSS) 

were uploaded and the analysis was run against A. thaliana background (clean) 

searching for the TAACAAR (GARE) motif using the default settings (number of 

sequences to pick-out = 50, number of samples to generate = 1000, sequence length = 

1000 bps). 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. The promoter content of cGMP 

down-regulated genes was also analysed. 

 

Analysis of expression in an Arabidopsis thaliana mutant 

In order to reveal the relationship of cGMP up-regulated genes and GA, the mutant 

surveyor in Genevestigator[159] was used to compare gene expression of the 59 up-

 

 

 

 



 68 

regulated genes in a GA-deficient mutant. The original normalised array data for ga1-

3 mutants is available as supplementary data[227].  

 

Ab initio determination of promoter motifs and the generation of hypothetical 

regulatory network 

We used 59 up-regulated gene promoters of a length 2200 nucleotides covering 2000 

nucleotides upstream and 200 nucleotides downstream of the 5’ end of the respective 

genes. We applied Dragon Motif Builder (DMB) tool 

(http://apps.sanbi.ac.za/MotifBuilder/index.php)[228] to find families of similar 

motifs in these promoter sequences. DMB was used with the following parameters: 

algorithm EM2, motif length 9, threshold 0.9, no background, number of motif 

families 30. We determined 30 motif families in these sequences. Each of the motif 

families was also characterized with the position weight matrix (PWM).  

Further, we used all Arabidopsis promoters, and mapped to them all determined motif 

families using the PWMs determined for each of the family and the same threshold 

under which PWMs were determined. After that, we compared each of the 59 cGMP 

promoters with the set of all Arabidopsis promoters to determine those that are most 

similar to the cGMP promoters. To make the analysis manageable, we limited 

consideration of promoters/genes to the top three promoters that shared the highest 

number of common promoter motifs with the cGMP promoter. We also restricted 

consideration to cases where at least 13 common motif instances were found. In cases 

where it was not possible to limit the number of matched promoters to three, we 

extended the set of associated promoters to include all those promoters that had the 

highest number of promoter elements. These associations were then used to generate a 

transcriptional regulatory network associated with the cGMP promoters. 
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Results  

The point of departure for the analysis was the identification of genes that were up-

regulated in response to cGMP treatment. We used supplementary microarray 

data[144], where A. thaliana root tissue were 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 of cGMP on transcription. Fifty nine 

genes with average ratios ≥2 from replicate arrays were considered.  

 

This group of genes was analysed in FatiGO+[158, 162, 163] in order to identify the 

possibility of bias in distribution that might indicate a common functional role. 

FatiGO+ identified a bias in GO functional annotation terms in the cGMP up-

regulated 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 was found at level 7 with a 

significant (adjusted p-value-3.8E
-02

 +0.0000038) enrichment in genes involved in 

monovalent inorganic cation transport as well as cellular metal ion homeostasis 

(Table 3.2). 

 

The GO analysis for the cellular component and molecular function category revealed 

no significant difference in biologically relevant labels between the two lists. The 

results of the Swiss-Prot keyword search identified a significant 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 up-regulated genes.  
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Table 3.2 FatiGO+ analysis of cGMP up-regulated genes 

A. Gene Ontology:  

Genes in list 1 used in analysis: 59    

Genes in list 2 used in analysis: 28751  

List 1 List 2 Significance  

 

GO term 

 

 

Level 
No. 

genes 

 

% 

 

% 

Adj. 

p value 

Chemical homeostasis 3 4 12.12 0.52 1.68E-02 

Establishment of localization 3 14 42.42 13.71 1.85E-02 

Cellular metabolic process 3 9 27.27 64.42 1.97E-02 

Ion homeostasis 4 4 12.50 0.47 1.40E-02 

Transport 4 14 43.75 14.19 1.85E-02 

Ion transport 5 7 25 3.63 1.85E-02 

Cation transport 6 6 25 3.60 3.81E-02 

Cellular metal ion homeostasis 7 3 20 0.72 3.81E-02 

Monovalent inorganic cation 

transport 

7 4 26.67 1.97 3.81E-02 

No. genes = number of genes in the specified list associated with the GO term at the indicated level. 

% = the percentage of genes in a list with annotation at the indicated level which are associated with a 

particular GO term.  

 

 

B. Swiss-Prot keyword search  

Number of genes with annotation in list1: 17 

Number of genes with annotation in list2: 2750 

List 1 List 2 Significance  

 
Swiss-Prot keyword 

No.  

genes 

 

% 

No. 

genes 

 

% 

Adj. 

p value 

Ionic channel 6 32.29 46 1.67 8.17E-04 

Ion transport 8 47.09 126 4.58 8.17E-04 

Membrane 14 82.35 794 28.87 7.94E-03 

Transmembrane 12 70.59 651 23.67 1.85E-02 

Transport 10 58.82 477 17.35 3.62E-02 

% = percentage of annotated genes associated with the Swiss-prot keywords. 

Adjusted p-value = Family wise error rate (FWER) 
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In the 59 most down-regulated genes 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 (results not shown).  

 

Since transcription factors are a key to the regulation of gene expression[229] the 

identification of common transcription factors in the cGMP up-regulated gene set, is 

likely to indicate collective functional features within this set of genes. Hence we 

searched promoter regions of the cGMP up-regulated 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 was used to detect common transcription 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

 which indicates that a high 

percentage of our cGMP up-regulated genes contain multiple copies of the 

TAACAA(A/G) motif. 

The subsequent POBO analysis[161] of the cGMP up-regulated 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. 3.1).  
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Figure 3.1 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 genes up-regulated after cGMP treatment. The 1kb upstream 

promoter sequences of the cGMP up-regulated genes were analysed in POBO (see 

methods) to determine the frequency of occurrence of the TAACAAR, GARE core 

motif. The analysis determined that compared to the A. thaliana 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). 

 

Together these promoter analysis methods show that multiple copies of the GARE 

element are present in a high percentage of the cGMP up-regulated genes with the 

TAACAAR motifs being significantly enriched compared to expected frequencies in 

the A. thaliana genome. Promoter analysis of the cGMP down-regulated genes 

showed no significant enrichment of the TAACAAR motif. 

 

In order to elucidate the role of the GARE motif in cGMP- and GA-dependent 

transcription, we examined responses in GA mutants in Arabidopsis thaliana. 

Expression data were extracted from the mutant surveyor in Genevestigator[159]. The 
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GA mutant used for the analysis was ga1-3, a null mutant that is severely GA 

deficient because GA1 encodes ent-copalyl diphosphate synthase, an enzyme that 

catalyzes the first committed step in GA biosynthesis[227]. Mutant plants show 

extreme dwarfism with delayed flowering and male sterility. The mutant expression 

profile of ga1-3 shows that of the 59 cGMP up-regulated, 26 genes were up-regulated 

and 24 were down-regulated (a selection is represented in Fig. 3.2). FatiGO+ analysis 

of cGMP genes up-regulated in ga1-3 mutant showed enrichment in K
+
 ion transport 

proteins (level 8; p-value=1.2E-02), while genes that were down-regulated in the 

mutant, showed enrichment in proteins with a role in ion homeostasis (level 6; p-

value=2.52E-02).   

 

Figure 3.2: Expression profile of selected cGMP up-regulated genes in ga1-3 mutant. 

The expression of cGMP up-regulated genes in the mutant, shows a similar number of 

the genes were either up- or down-regulated in the mutant. (1: At1g17950- MYB52 

(myb domain protein 52); 2: At4g13770- CYP83A1 (CYTOCHROME P450 83A1); 

3: At2g22860- ATPSK2 (PHYTOSULFOKINE 2 PRECURSOR); 4: At5g01360- 

hypothetical protein; 5: At5g45950- GDSL-motif lipase/hydrolase family protein; 6: 

At1g80180- hypothetical protein; 7: At3g43970- hypothetical protein; 8: At1g76640- 

calmodulin-related protein, putative; 9: At1g27730- STZ (SALT TOLERANCE 

ZINC FINGER); zinc ion binding; 10: At1g35230- AGP5 (ARABINOGALACTAN-

PROTEIN 5) 
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To find out whether GARE motif (TAACAAR), is present in both the up- and down-

regulated genes we analysed the distribution in POBO. The results showed that the 

genes down-regulated in the mutant, had multiple copies of the GARE element (1.33 

copies/promoter) with the TAACAAR motifs being significantly enriched compared 

to expected frequencies in the A. thaliana genome (0.78 copies/promoter) (Fig. 3.3a). 

This frequency of GARE occurrence is even higher than in the entire selection of 

cGMP up-regulated genes (1.08 copies/promoter) . 

 

Figure 3.3 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 up-regulated genes that were down-regulated (a) or up-regulated 

(b) in the ga1-3 mutant. (a) The 1kb upstream promoter sequences of the selected genes 

were analysed in POBO (see methods) to determine the frequency of occurrence of the 

GARE core motif. The analysis determined that compared to the A. thaliana 

background (0.78 copies/promoter), there was a significant (t-test: p-value > 0.0001) 

enrichment in the frequency of the GARE motif in our dataset (1.33 copies/promoter). 

(b) The 1kb upstream promoter sequences of the selected genes were analysed in POBO 

(see methods) to determine the frequency of occurrence of the GARE core motif. The 

analysis determined that compared to the A. thaliana background (0.78 

copies/promoter), there was no significant enrichment in the frequency of the GARE 

motif in our dataset (0.77 copies/promoter). 
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POBO analysis further showed that the TAACAAR motif was not enriched in the 

genes up-regulated (0.77 copies/promoter) in the ga1-3 mutant compared to the 

expected frequencies in the A. thaliana genome (0.78 copies/promoter) (Fig. 3.3b). 

 

Furthermore the 50 most significantly up-regulated genes in A. thaliana root tissue 

treated with 2µM GA for 2 hours (NASCarray experiment: -385) analysed in Athena 

showed no enrichment in the GARE motif and no enrichment in any ontology 

category. There were also no genes shared between the cGMP and the cGMP up-

regulated data set and no overlap between the cGMP up-regulated genes and the 

entire set of GA up-regulated genes.  

In a further step of the analysis we looked at expression in the ga1-3 mutant in seeds 

and flower buds. Firstly, 541 genes up-regulated in seeds and 828 genes up-regulated 

in flower buds were extracted and the 60 genes that had the highest average ratios 

(log2 values) were subjected to promoter analysis in Athena[160]. In seeds, the 

GARE motif was present in 43/60 GA up-regulated genes in a number of 64 times at 

an average of 1.06 times copies/promoter (p-value<10e
-4

). This p-value indicates a 

significant enrichment of the GARE motif in the GA up-regulated genes in seeds. GA 

up-regulated genes in flower buds did not show an enrichment of the GARE motif.  

The GA up-regulated genes containing the GARE motif were 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 with a 

significant (adjusted p-value-3.81E
-02

).  

 

Distribution of the GARE motif was also identified across the entire A. thaliana 

genome. The results showed that the TAACAAR motif was present in 55% of the 
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promoters in the genome. FatiGO+ analysis was performed with genes where the 

GARE motif was present 5 or more times within these genes. The result yielded no 

significant distribution of any GO annotation.  

In addition, the promoter content of 59 cGMP up-regulated genes were analysed using 

an ab initio method and then a putative transcription regulatory network was built.  

In the network, a hub gene with 24 common edges, CHX8 (Cation Hydrogen 

Exchanger 8), was identified (Fig. 3.4). 

  

Figure 3.4: Transcriptional regulatory network diagram of cGMP up-regulated genes 

generated by promoter analysis in order to predict A. thaliana co-expressed genes. 

The red dot denotes a hub gene (AtCHX8) and signifies the cGMP up-regulated 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 only shares notable common motifs with 

a single gene. 

 

 CHX8 is a cation/hydrogen exchanger gene that belongs to the putative monovalent 

cation:proton antiporter family 2 (CPA2) [230]. Expression correlation analyses of the 

top co-expressed 100 genes shows very high r-values ranging from 0.999611 to 

0.973635 and the FatiGO+ analysis reveals that highly significant enrichment (2.94E
-
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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 role in signalling and regulation of this 

hub 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 3.3).  

Table 3.3: 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  11E-08 

Lipoprot. Metabolic Process 6  7  4  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 

Lipoprot. Biosynthetic 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   

 

For 16 out of the 24 hub group genes co-expression coefficients could be determined, 

three genes, a DNA repair protein RAD54 (At3g19210, r = 0.806444), 

pentatricopeptide (PPR) repeat-containing protein with strong similarity to PCMP-H2 
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(At3g61170, r = 0.750457) and an 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 the gene is very highly 

expressed (log2 value=15.59 (Standard Error=0.01)) in pollen[231]. Supplementary 

microarray data of A. thaliana genes expressed in pollen, leaves, seedlings and 

siliques[232], verified the fact that CHX8 is enriched in pollen expression compared 

to other tissues. In addition, genes that were identified the ACT database 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 Genevestigator[159] analysis using the anatomy 

tool for CHX8 and the co-expressed genes.  

The promoter analysis of CHX8 and the most highly correlated genes also revealed an 

enrichment in the CARGW8GAT 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) (Table X). The CARGW8GAT motif was present in 70/100 genes a total 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 At1g67060 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 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 that latter show a less varied response pattern which is consistent 
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with the higher numbers of common elements shared by the node members (Fig. 3.4). 

As a control we used a gene belonging to the K+ channel AtTPK/KCO family of 

proteins (At4g18160), which only had 13 common elements shared by the node 

members. Analysis of its node genes also showed a more varied response pattern than 

in the case of CCHC-type family protein node genes (Fig. 3.5). 

 

Figure 3.5: Genevestigator analysis in GA mutant genes. Expression of zinc knuckle 

(CCHC-type) family protein (At5g36240) node members, show a less varied response 

pattern (a) than in the case of AtCHX8 linked genes (b & c). As a control, genes 

linked to At4g18160, K+ channel AtTPK/KCO family of proteins were used, since all 

its node members only shared 13 common motifs (d). The results also showed a 

response pattern that was more varied than the zinc knuckle (CCHC-type) family 

protein. 

(a) zinc knuckle (CCHC-

type) family protein 

(At5g36240) linked genes 

(b) AtCHX8 linked genes-

selection 1 

(c) AtCHX8 linked genes-

selection 2 

(d) K
+
 channel AtTPK/KCO 

family protein (At4g18160)  

- CONTROL 
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Discussion 

Gibberellins (GAs) are a large family of tetracyclic diterpenoid plant hormones that 

affect a wide range of plant growth, development, and environmental responses. 

These processes include seed development and germination, leaf expansion, stem 

elongation and flowering (For review[233]). Isolated GA-related mutants have helped 

to determine the physiological role of GA and to elucidate its biosynthetic pathways. 

Several negative regulators of GA signalling have been isolated by characterization of 

the recessive slender mutants and the dominant GA-unresponsive dwarf mutants. 

These mutants include the spindly (spy) and SHORT INTERNODES (SHI) in A. 

thaliana. GA-unresponsive dwarf mutants have been used to identify a number of 

positive regulators of GA signalling, these include the dwarf1 (d1) mutant in rice and 

the sleepy1 (sly1) mutant in Arabidopsis (For review see[234]). GID1 (GA-insensitive 

dwarf1), a receptor that shows similarity to hormone-sensitive lipases, has been 

shown to mediate GA perception. The GID1 receptor 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 (For review see[235]). 

Early attempts to characterise GA transcriptional responses include the discovery of a 

promoter element for GA-driven expression in barley α-amylase and this element was 

termed GARE (Gibberellic Acid Response Element)[236]. Here a promoter analysis 

of cGMP up-regulated genes showed a significant enrichment of these elements 

GARE (TAACAAR) suggesting firstly, that they are important regulatory elements in 

the expression of these genes and, secondly, that there may be a causal link between 

strong GA and cGMP dependent transcriptional regulation. Analysis of the GA 

signalling pathway in cereal aleurone also revealed that a MYB gene, GAMYB, binds 

specifically to the TAACAAA motif and activates the transcription of a high-pI α-
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amylase promoter, which showed that GAMYB is part of the GA signalling pathway 

that leads to α-amylase gene expression in aleurone cells[237]. There is compelling 

evidence that cGMP is required for barley aleurone layers to act in response to 

GA[224]. 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 α-amylase and 

GAMYB mRNA accumulation as well as α-amylase secretion. Dibutyryl-cGMP, a 

membrane permeant cGMP analogue, almost restored α-amylase secretion to control 

levels with LY 83583 present[224]. Taken together, these indicate that cGMP is a 

second messenger in GA signalling in the aleurone.  

GAMYB-like genes have also been shown to function in tissues other than the 

aleurone and in different plant species. In barley, HvGAMYB, which is involved in 

GA signalling the aleurone, also plays a role in endosperm development[238] and was 

found to be strongly expressed in anthers[239]. GAMYB has also been implicated in 

the elongation of the first internode of Triticum aestivum (wheat)[240] and flowering 

in Lolium temulentum[241]. 

MYB33, a GAMYB-like gene has been identified in A. thaliana[242] and was 

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 flowering[242] and expression at the shoot apex also led to an increase in 

LFY expression. LFY is a LEAFY gene that is a potential inducer of flowering in 

dicots[243], including A. thaliana and is activated by GA application[244, 245]. The 

LFY promoter contains a putative GA-responsive element (GARE)[241], that could 

serve as binding site for MYB33[242]. The GARE motif is necessary for GA 

induction of LEAFY[242, 246] to promote flowering thus hinting at a role for GARE 
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as factor in GA-regulated signalling pathways that depend on cGMP as second 

messenger. 

In promoters of genes transcriptionally up-regulated in response to cGMP and down-

regulated in the GA insensitive mutant (ga1-3), we have observed an enrichment in 

GARE. In contrast, in the genes up-regulated in the mutant, there was no enrichment 

in the GARE motif and we argue that this is consistent with a role for GARE and 

hence GAMYB in GA-induced cGMP-dependent transcriptional up-regulation. 

Interestingly, the GARE enrichment was seen only in the GA up-regulated genes in 

seeds and flower buds and not in root tissue which is the tissue used for the cGMP 

analysis presented here. In addition, we identified all GARE motifs across promoters 

of the entire A. thaliana genome, and genes where the motif is present in more that 

one copy were analysed in FatiGO+. The result (not shown) has no significant 

enrichment for any GO category. This is insufficient for GA regulation and may also 

be an indication that the presence of the GARE motif does not necessarily have a 

dosage effect. 

The finding that the cGMP up-regulated genes were significantly enriched in 

monovalent inorganic cation transport as well as cellular metal ion homeostasis in the 

FatiGO+ analysis is consistent with previous reports of the role of cGMP in ion 

homeostasis. This enrichment is also corroborated by the fact that the Swiss-Prot 

keyword search also identified a significant enrichment of genes involved in ionic 

channels and ion transport. A previous electro-physiological investigation 

demonstrated that cGMP can play a direct role in ion channel properties and hence 

homeostasis[145]. Cyclic GMP binding modulates the voltage/current relationship in 

plant voltage gated K
+
 channels by inducing a shift of the current-voltage curve to 

more negative voltages by application of cGMP to the intracellular region in a 
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concentration-dependent manner[145]. Furthermore, it was also reported that plants 

contain cyclic-nucleotide gated low affinity cation channels where binding of cAMP 

and cGMP to the intracellular portion leads to direct gating[247]. 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[248]. Short-term unidirectional Na
+
 influx is reduced in the 

presence of cyclic nucleotides. Essentially, membrane permeable cyclic nucleotides 

can reduce net Na
+
 uptake and thereby, improve salinity tolerance. 

GO analysis of cGMP down-regulated 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 

regulation is also affected through the reduction of channels involved in monovalent 

inorganic cation transport. This finding may also be an indication that transcriptional 

regulation of channel encoding genes may serve as a long-term adaptation.  

We also used an ab initio method to analyse promoter content of the cGMP up-

regulated genes and generated a transcriptional regulatory network based on numbers 

of shared motifs families (Fig. 3.4). Analysis of the regulatory network of the cGMP 

up-regulated genes revealed a hub gene that was linked to more genes. This hub gene 

was identified as CHX8 which encodes cation/hydrogen exchangers belonging to the 

putative monovalent cation:proton antiporter family 2 (CPA2)[230].  

A number of CHX genes, including CHX8 are specifically expressed during male 

gametophyte development and tissue expression pattern analysis of CHX8 also 

indicated a higher expression in pollen than in other plant tissues[231]. It is safe to 

conclude CHX genes have a role in male gametogenesis[231]. Pollen development 

 

 

 

 



 84 

and tube growth are associated with a number of actions involving transport which 

include: vacuole formation, ion and metabolite transport and osmotic adjustments 

during dehydration and rehydration as well as vesicular trafficking[249]. Since 

dehydration sets in as male gametophytes reach maturity, several genes up-regulated 

in vegetative tissues by salt or dehydration stress are also expressed in the pollen of 

unstressed plants, suggesting a need to make osmotic adjustments during 

microgametogenesis[250]. CHX8 peaks in the tricellular or mature pollen suggest an 

association in osmotic adjustment during dehydration and/or pollen germination 

following rehydration[231].  

Using the Arabidopsis Co-Expression Tool (ACT) the top 100 genes with the highest 

co-expression co-efficient with CHX8 was identified. Microarray data[232] where A. 

thaliana genes were expressed in various plant tissues were analysed and showed that 

CHX8 and all of the highly co-expressed genes were much more enriched in 

expression in pollen than any other plant tissue. Further analysis using the anatomy 

tool from Genevestigator[159] was consistent in showing that expression of CHX8 

and the co-expressed genes in pollen tissue was much higher over a number of 

microarrays than to the expression of these genes in other tissue types.   

CHX8 is a target gene of MIKC* proteins that  are expressed exclusively in pollen 

and predominantly from the tricellular stage onwards[251] and are proposed to play 

an important role in the regulation of transcription during late pollen 

development[252]. MIKC* proteins especially bind to MEF2 type CArG motifs with 

motif sequence, C(A/T)8G, and these motifs are over-represented in late pollen 

specific promoters[252], coinciding with MIKC* expression. Athena analysis of 

CHX8 promoter showed the presence of a CARGW8GAT motif, also referred to as 

the MEF2 type CArG motifs, and confirmed that CHX8 is a target for MIKC* 
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proteins. Promoter analysis of the CHX8 co-expressed genes using Athena also 

indicated a significant enrichment of the CARGW8GAT motif within this set of 

genes. The motif was found in 70 of the genes a total of 252 times. These findings 

show that CHX8 and its most highly expression correlated genes are most likely 

involved the latter stages of pollen development since they are predominantly 

expressed in pollen tissue and are contain the over-represented MEF2 type CArG 

motifs diagnostic for late pollen specific promoters.  

Activation of protein kinases that modify the phosphorylation 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[253, 254]. In Brassica, 

activation of protein synthesis during hydration of pollen is accompanied by protein 

phosphorylation[255]. A maize pollen specific calcium-dependent calmodulin-

independent protein kinase (CDPK) also implicates the presence of post-translational 

control mechanisms involving phosphorylation[253]. In A. thaliana, several protein 

kinases have been shown to be involved in pollen germination and tube growth. These 

kinases include Arabidopsis Inositol Polyphosphate Kinase, AtIPK2α[256], where 

AtIPK2α was shown to regulate pollen germination and tube growth. Also an 

Arabidopsis Phosphatidylinositol-4-monophosphate 5-kinase (PIP5K4) has been 

implicated in regulating pollen tube growth and polarity[257]. The fact that protein 

phosphorylation is 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 phosphorylation, 

where 21 genes were implicated in this GO annotation with a highly significant p-

value of 3.54E-10. These CHX8 expression-correlated genes were also shown to be 
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implicated in protein myristoylation with a significant p-value of 4.43E-03 while 

evidence for protein myristoylation in pollen tissues has been reported[258]. A 

prediction model for N-myristoylation sites in plants predicts plant proteins with N-

terminal myristoylation signals. In A. thaliana, a phosphatase, AtPTEN1 was 

predicted to be myristoylated[258]. AtPTEN1 is a dual specific enzyme that can act 

on either phosphotyrosine residues or lipid phosphotidylinositol (3,4,5)-triphosphate 

in proteins[259]. AtPTEN1 is exclusively expressed in the pollen grain during the 

later stages of development and was proven to be important for pollen 

development[259].  

Since CHX8 was identified as a hub gene within a cGMP up-regulated gene network, 

we set out to establish a link between pollen function, which was already 

demonstrated for CHX8 and its co-expressed genes, and cGMP up-regulated genes. 

Cyclic GMP has been shown to mediate NO function in the Lily pollen tube, where 

NO levels regulate the rate and orientation of pollen tube growth with cGMP as a 

second messenger in the signalling pathway that affects this growth regulation 

mechanism[260]. 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[261].  

In view of the fact that cGMP up-regulated genes also were shown to be enriched in 

GARE motifs, a link was made between the CHX8 and co-expressed genes and 

gibberellic acid. Promoter analysis of CHX8 and the co-expressed genes showed that 

the genes were enriched in the GARE motif and GA is indeed involved in pollen tube 

development, further establishing a link with CHX8 and co-expressed genes. The spy-

5 (an A. thaliana mutant which increases GA response) mutation in A. thaliana shows 

reduced pollen tube growth and a GA biosynthesis inhibitor, uniconazole, also affects 

 

 

 

 



 87 

pollen tube treatment suggesting that the hormone has a role in normal pollen tube 

growth[262]. GA signalling alleles gar2-1 and rga were also shown to play a role in 

pollen tube elongation in GA-deficient pollen tubes in A. thaliana[263]. Further 

evidence of a critical role for GA in pollen is found in rice, where studying either GA-

deficient or GA-insensitive mutants, gibberellin was confirmed as regulator of pollen 

viability and pollen tube growth[264]. Expression of GA signalling genes occur at the 

premeiosis stage of the pollen developmental process, while GA synthesis genes are 

expressed after meiosis. Therefore it was predicted that GA signalling genes are 

transmitted in a sporophytic manner and transmission of GA synthesis genes in a 

gametophytic manner[264].  

 

In summary, we propose GA-induced and cGMP- dependent genes play a key role in 

ion and water homeostasis in the male gametophyte and we propose that the type of 

analysis undertaken here can yield new insights into gene regulation and inform 

experimental approaches to unravel complex transcription regulatory systems under 

different developmental and stimulus specific conditions. 
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CHAPTER 4 

 

The Arabidopsis thaliana natriuretic peptide AtPNP-A as a long 

distance regulator of plant homeostasis 

 

Abstract 

Since PNPs have been shown to affect cellular homeostasis we were interested to 

study the effect of PNP in whole plants. To this end we measured the effect of 

AtPNP-A on the respiration and net H2O transport rate, to give an indication of 

whether AtPNP-A does indeed have an effect on phloem transport. Results indicated 

that AtPNP-A does play a role in regulating phloem transport by increasing both the 

respiration rate and net H20 uptake after application. Furthermore, a transcriptional 

meta-analysis showed that AtPNP-A expression is steadily increased during the 

daytime and is decreased at night, indicating that AtPNP-A could play a role in 

breaking down starch which has the highest rate of formation during the day. Also, 

tissue expression analysis showed that AtPNP-A has the highest expression in sepals, 

which together with phloem transport results could support the hypothesis that 

AtPNP-A plays a role in phloem unloading in sepals to assist processes such as seed 

formation in plants.  
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Introduction 

Plant growth and development as well as the ability of plants to adapt in response to 

environmental stresses are largely dependent on cell-to-cell communication within the 

plant. Plants have evolved different strategies to allow an efficient intercellular 

exchange of information molecules[265]. The plasmodesmata allow the formation of 

a continuous network of the cytoplasm and the endomembrane system throughout the 

plant body[266] and allow selective and directed transport of molecules over short 

distances[265]. For long distance signalling and transport, higher plants have evolved 

a specialized system, in which phloem plays an essential role in communication 

between organs to facilitate a fast and directed systemic information transfer as well 

as provides an ideal route for translocation of various molecules[265, 267]. Phloem is 

a major transport route for carbohydrates and other nutrients as well as hormones, 

RNAs and proteins, to coordinate development, defense and nutrient allocation within 

the plant[268]. It plays a role in communication between organs, including floral 

induction[269], resource allocation[270], branching[271] and the regulation of 

nodulation[272]. Phloem-mobile molecules have additionally been shown to be 

involved in defense-related signalling which, in turn, leads to the activation of the 

systemic defense responses such as systemic acquired resistance (SAR)[164, 273].  

Since the phloem transports hormones and plant regulators, it is viable that PNPs 

(plant natriuretic peptides) could possibly be transported via the phloem or the 

systemic role of PNP may be interlinked with phloem transport. Evidence has 

previously shown AtPNP-A to be systemically mobile[122, 216], and AtPNP-A 

transcripts are found in all tissues except in the embryo and the primary root (see 

Genevestigator[159]). AtPNP-A has also been implicated in cellular homeostasis[114, 

122] and has been shown to play a role in abiotic and biotic stress responses in A. 
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thaliana[274, 275]. 

Here experimental tools to measure respiration and net H20 transport rate as well 

computational tools for transcriptional meta-analysis are used to detect whether 

AtPNP-A could be implicated in regulating phloem transport and, if so, a function for 

AtPNP-A within the phloem transport pathway can be proposed from the analysis.  

 

Materials and Methods 

Source and Type of Plant Material 

Eight months old Plectranthus ecklonii Benth (South African perennial forest sages,) 

were used to carry out assays to detect respiration rates in leaves. The P. ecklonii 

Benth is best grown under shady conditions and has fairly large leaves (74-190 x 35-

115 mm) that are always arranged in opposite pairs on square stems[276].  Plants for 

the assays were provided by the Department of Biodiversity and Conservation 

Biology, University of the Western Cape in well-watered potting soils and were kept 

under atmosphere-controlled green house conditions for 8 months.  Assays were 

carried out during the day under laboratory-controlled conditions. 

 

Respiratory Response Assays 

Induction of leaf respiration by recombinant AtPNP-A at high light intensities in P. 

ecklonii  

Recombinant AtPNP-A was first evaluated for its ability to induce leaf respiration at 

the photosynthetic saturating light intensity level of P. ecklonii (1300 µmol photons 

m
-2

.s
-1

). The photosynthetic saturating light intensity level for P. ecklonii was 

determined by constructing a photosynthetic light response curve. Respiratory 

responses were measured in 6 different P. ecklonii plants using a portable infra-red 
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gas analyzer (IRGA) (LCpro+, ADC Bioscientific Ltd, Herts, England). 

Measurements were taken during day time (0900 to 1600 hrs) under shady conditions 

at 24
o
C on a single pair of young fully-expanded leaves of each plant. One leaf of the 

selected pair of leaves was treated with 50 µl of a 100 µg/ml recombinant AtPNP-A 

sample while the corresponding leaf was treated with 50 µl sterile distilled H2O to act 

as a control.  Leaf treatments were done by applying either 25 µl of the protein sample 

or H2O to the abaxial surface and another 25 µl of the same sample (or H2O for the 

control) to the adaxial surface followed by an even distribution of the samples across 

both surfaces through gentle spreading with a sterile pipette tip.  Each treated leaf was 

then immediately closed into the leaf chamber of the IRGA which was set to take 

respiratory readings at a light intensity level of 1300 µmol photons m
-2

.s
-1

 while 

keeping all other environmental factors at ambient states according to LCi 

Photosynthetic system guide and Getting started with LCPro manual.  Readings were 

recorded at 30-seconds intervals for 120 seconds.  All initial readings (0 seconds) for 

the leaves were taken before the leaves were treated with either the recombinant 

AtPNP-A, or sterile distilled H2O.   

As a control for this assay, another experiment was also similarly set as described 

above with an exception that the IRGA was set to take respiratory readings at 0 µmol 

photons m
-2

.s
-1

 light intensity level.  This control assay measured leaf dark respiration 

and to facilitate its effectiveness, the leaf was always covered with a piece of black 

cloth during the assaying period. 
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Assessment of the Systemic Nature of the AtPNP-A-induced Respiratory Responses in 

P. ecklonii 

The assays were carried out during day time (0900 to 1600 hrs) under shady 

conditions at 24
o
C in 6 different P. ecklonii plants. For each plant, 3 adjacent pairs of 

young fully-expanded leaves were selected and 4 leaves on these 3 pairs marked 1 to 

4 as is shown in Fig. 4.1.  An IRGA was set to take respiratory readings at 1300 µmol 

photons m
-2

.s
-1

 light intensity level while keeping all other environmental factors at 

ambient states according to LCi Photosynthetic System Guide and Getting started 

with LCPro manual and was then used to measure the basal respiratory responses of 

each of the 4 marked leaves by trapping each one of them into the leaf chamber 

followed by the recording of the corresponding respiratory readings. One leaf of the 

middle pair (leaf 1) was then treated with 50 µl of a 100 µg/ml recombinant AtPNP-A 

sample by applying 25 µl of the protein sample to its abaxial surface and another 25 

µl of the same sample to its adaxial surface followed by an even distribution of the 

samples across both surfaces with a sterile pipette tip.  This treatment was made to 

induce leaf respiration in the leaf.  The treated leaf was then immediately closed into 

the leaf chamber of an IRGA which was set to take respiratory readings at 1300 µmol 

photons m
-2

·s
-1

 light intensity level while keeping all other environmental factors at 

ambient states (according to LCi Photosynthetic system guide and Getting started 

with LCPro manual).  Similar measurements were then taken from one leaf on the 

lower pair (leaf 2), the other leaf on the middle pair (leaf 3) and one leaf on the upper 

pair (leaf 4) at 5 minute intervals for 20 minutes.  These measurements were taken to 

check if the respiratory response initiated in leaf 1 was being transmitted to leaves 2, 3 

or 4 and if so, whether such a transmission was time-dependent.  The overall leaf 

respiration response for each individual leaf at each time point was finally calculated 
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as the difference between the respiratory reading at that particular time point and the 

basal respiratory reading of that leaf. 

 

 

Figure 4.1 Assaying scheme used to assess the systemic action of AtPNP-A in P. 

ecklonii.  Leaf 1 was evenly treated with 50 µl of a 100 µg/ml recombinant AtPNP-A 

sample to initiate a respiratory response signal.  The possible transmission of this 

respiratory response signal was then assessed by monitoring the induction of 

respiratory responses in leaves 2, 3, and 4.  All respiratory response measurements 

were taken with an IRGA set to take readings at 1300 µmol photons m
-2

.s
-1

 light 

intensity level. 

 

The Effects of Petiole Chilling on the Transmission of AtPNP-A-induced Respiratory 

Responses in P. ecklonii 

The assays for systemic action were repeated as previously described except that part 

of the petiole segments of leaves 2, 3 and 4 (points marked A, B and C respectively in 

Fig. 4.2) were chilled down with ice-cold rings during the entire assaying period.  The 

chilling was done using a small 3-way peristaltic pump (Pharmacia Fine Chemicals) 

that circulated ice-cold H2O around each leaf petiole in 1 mm internal diameter, 0.8 

mm wall plastic tubing (Pharmacia Fine Chemicals) at a flow rate of 1 ml/min during 

the assaying period.  Overall leaf respiration responses for leaves 2, 3 and 4 in this 

assay were then calculated as described previously. The relative strengths and rates of 

these responses were then analyzed by comparing them with the relative strengths and 
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rates of the respiratory responses obtained for the systemic response without chilling 

(previous section) for the same leaves (2, 3 and 4). 

 

 

Figure 4.2 Assaying regime used to determine the effect of petiole chilling on the 

transmission of AtPNP-A-induced respiratory response signals in P. ecklonii.  The 

assaying scheme described in Fig. 4.1 above was repeated while part of the petiole 

segments of leaves 2, 3 and 4 (marked A, B and C respectively) were chilled down 

with ice-cold rings during the entire assaying period. The respiratory responses 

obtained in leaves 2, 3 and 4 under this chilling effect were then analyzed by 

comparing them with the respiratory responses obtained for the same leaves (2, 3, and 

4) without chilling (Fig. 4.1). 

 

 Net Water Transport Response Assays 

Measurement of net water transport in P. ecklonii 

Net water transport was determined in 6 different P. ecklonii plants on a single pair of 

young fully-expanded leaves of each plant.  The two leaves of each selected pair of 

leaves per plant were first detached from their plant by cutting them off with a sterile 

blade ensuring that their petioles were of the same length followed by measurement of 

their relative fresh weights on an analytical balance (Cape Scientific Services, Cape 

Town, RSA).  The petiole of one leaf was then immersed into an Eppendorf tube 

containing pre-weighed H2O that was pre-treated with recombinant AtPNP-A to a 
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final protein concentration of 100 µg/ml while the petiole of the other leaf was 

immersed into an Eppendorf tube containing untreated pre-weighed H2O (control).  

The settings were then left to stand for 2 hours at room temperature (24
o
C).  At the 

end of the 2 hours, both leaves were then carefully removed from their respective 

tubes and their relative new fresh weights measured.  Similarly, the relative new 

weights of their tube water were also re-measured.  The relative net water transport 

for each leaf was then determined as the calculated difference between its initial and 

final tube water weights expressed in ml/g fresh leaf weight. 

As a control for this assay, another experiment was also similarly set as described 

above except that no protein was added into the tube water.  Instead, one leaf was 

evenly treated on its surfaces with 50 µl of a 100 µg/ml recombinant AtPNP-A 

sample by applying 25 µl of the protein sample to its abaxial surface and another 25 

µl of the same sample to its adaxial surface followed by a gentle distribution of the 

samples with a sterile pipette tip while the other leaf was also similarly treated with a 

total of 50 µl sterile distilled H2O to act as a control.  The relative net water transport 

capacities of the two leaves in these control experiments were similarly calculated and 

determined. 

 

The Effects of Petiole Chilling on AtPNP-A-induced Net Water Transport in P. 

ecklonii 

The experimental assay to determine net water transport (described above) was 

repeated with parts of the leaf petioles chilled down as described previously. The 

relative net water transport capacities of the leaves in this assay were then determined 

and their levels compared to those obtained from net water uptake without chilling. 
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Statistical Analysis 

Results of all assayed physiological processes were based on the means of the six 

replicates where corresponding responses for each process were subjected to analysis 

of variance (ANOVA) (Super-Anova, Statsgraphics Version 7, 1993, Statsgraphics 

Corporation, USA).  Where the ANOVA revealed significant differences between 

treatments, the means (n = 6) were separated using a post hoc Student Newman 

Kuehls (SNK), multiple range test (p ≤ 0.05).   

 

Diurnal and circadian gene expression of AtPNP-A  

To find the diurnal and circadian gene expression profile of AtPNP-A, the Diurnal 

project web tool[277] was used. The data used for the analysis were obtained from a 

microarray dataset[278] where A. thaliana was grown in soil at 22°C and conditions 

included a 12 hour light (130uE) and 12 hour dark cycle for 35 days, at which time 

flowering had not commenced. Typically, five replicate samples, each containing 

three rosettes, were collected at 4 hour intervals. Three independent biological 

experiments were performed at 2-month intervals. The plant tissue used for the 

subsequent experimental analysis, were rosette leaves. 

 

AtPNP-A expression in plant tissues  

In order to reveal the expression patterns of AtPNP-A (At2g18660) in different plant 

tissues, the anatomy tool in Genevestigator[159] was used, which calculates how 

strongly a gene is expressed in different anatomy parts. The data used for the 

expression analysis was obtained from various microarray experiments and the 

average signal intensity value was calculated for each type of plant tissue.   
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Results 

Effect of light intensity in AtPNP-A response 

Recombinant AtPNP-A was assessed for its ability to promote leaf respiration in P. 

ecklonii leaves both in the absence and presence of light. Treatment with AtPNP-A in 

the dark (light intensity: 0 µmol photons m
-2

.s
-1

) showed an increase in leaf 

respiration measured over a time period of 120 seconds at 30 second intervals, that is 

much higher than the control (Fig. 4.3a). Addition of AtPNP-A to leaves under light 

conditions (light intensity: 1 300 µmol photons m
-2

.s
-1

) also showed an increase in 

leaf respiration over the 120 seconds measured with respect to the control (Fig. 4.3b). 

From the graphs it can be observed that AtPNP-A plays a role in promoting leaf 

respiration and that this response is more pronounced under dark conditions as 

opposed high light.  

 
Figure 4.3 Effect of recombinant AtPNP-A on leaf respiration in P. ecklonii under 

different light conditions.  P. ecklonii leaves were evenly treated on both surfaces 

with 50 µl of 100 µg/ml recombinant AtPNP-A (50 µl of H2O for control leaves) 

followed by measurement of their respiratory rates at 0 µmol photons m
-2

.s
-1

 (a) and 

1300 µmol photons m
-2

.s
-1

 (b) light intensity levels with an infra-red gas analyzer 

(IRGA) for 120 seconds at 30-second intervals.  Error bars represent the standard 

errors (SE) of the means (n = 6) of the obtained respiratory responses as analyzed by 

ANOVA.   
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Role of AtPNP-A in respiration rate 

The protein’s ability to induce leaf respiration at high light levels of 1300 µmol 

photons m
-2

.s
-1

, was then exploited as a response signal to assess for a possible role in 

regulation of transport in the P. ecklonii plant. 

In order to check if the respiratory response induced by the recombinant AtPNP-A at 

1300 µmol photons m
-2

.s
-1

 light intensity level in the P. ecklonii could be transmitted 

up or down the plant, one leaf on the plant was treated with the recombinant protein at 

1300 µmol photons m
-2

.s
-1

 light intensity level to initiate a respiratory response 

followed by an assessment for the induction of respiratory responses in other leaves 

surrounding the treated leaf (refer to Fig. 4.1) with an IRGA set to take readings at 

1300 µmol photons m
-2

.s
-1

 light intensity level. After 5 minutes, addition of AtPNP-A 

to the leaf showed that respiration does take place at a rate of 0.4 µmol CO2.m
-2

.s
-1

 in 

the leaf that is located in the lower position with respect to the treated leaf. In upper 

leaf, no respiration was shown to occur (respiration rate <0) and the same lack of 

respiration was evident in the leaf positioned opposite to the treated leaf (Fig. 4.4a). 

After 10 minutes of AtPNP-A treatment, the respiration rate has increased in the leaf 

located lower than the treated leaf to a rate of 3.2 µmol CO2.m
-2

.s
-1

, while in the upper 

leaf, it could be observed that respiration does occur at a rate of 1.1 µmol CO2.m
-2

.s
-1

 

(Fig. 4.4b). The leaf opposite the treated leaf still showed no sign of respiration. 

AtPNP-A treatment after 15 minutes indicated that respiration is still evident in the 

lower and upper leaf, at the rate of 3.1 µmol CO2.m
-2

.s
-1

 for the lower leaf and 1.0 

µmol CO2.m
-2

.s
-1

for the leaf located above the treated leaf, while the leaf opposite the 

treated leaf, now also demonstrated respiration taking place at a rate of 0.5 µmol 

CO2.m
-2

.s
-1

 (Fig. 4.4c).  
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Figure 4.4 Assessment of the systemic action of recombinant AtPNP-A in P. ecklonii.  

A respiratory response signal was initiated in one P. ecklonii leaf by evenly treating 

its abaxial and adaxial surfaces with 50 µl of 100 µg/ml recombinant AtPNP-A 

followed by measurement of the transferred respiratory response signals in leaves 

below, above and opposite the treated leaf . All measurements were taken at 5 min. 

intervals for 20 min. with an IRGA set to take readings at 1300 µmol photons m
-2

.s
-1

 

light intensity level.  The bars represent the mean ± SE (n = 6) of the respiratory 

response signals detected after 5 min. (a), 10 min. (b) and 15 min. (c) in the three 

neighbouring leaves of the treated leaf as analyzed by ANOVA.  

 

The fact that the respiratory response signals from the treated leaf to the other three 

neighbouring leaves in the P. ecklonii are shown to induce respiration in leaves up 

and down the plant, suggests that the signal could be propagated along the conductive 

tissues since plant transport and signalling are achieved via the phloem and/or xylem 

systems[279, 280].  

 

Effect of petiole chilling on AtPNP-A-induced plant respiration 

Phloem transport is an active process that is also susceptible to metabolic inhibitors 

such as inadequate O2 or low temperatures[281-283].  To check if the respiratory 

response signals detected in the lower, upper and opposite leaves were being 

transmitted along the phloem system of the P. ecklonii, the same experiment 

described above was repeated, while part of the petiole segments of the three 
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neighbouring leaves were chilled down with ice-cold rings. Leaf respiration after 

AtPNP-A treatment and chilling of the petiole and thus lower leaf temperature, 

showed that the lower leaf had a decrease in the respiration rate after 5 minutes, as 

opposed to the control where there was no temperature decrease (Fig. 4.5a). After 20 

minutes the respiration rate was still lower than in the control. Assessment of the 

upper leaf after petiole chilling also indicated a decrease in the respiration rate after 5 

minutes, which can also still be observed after 20 minutes (Fig. 4.5b). These results is 

indicative of the fact that low temperature does indeed affect the respiration rate and 

thus it can be proposed that transport regulated by AtPNP-A does take place through 

the phloem system in plants.  

 

Figure 4.5 Effect of low temperature on transmission of recombinant AtPNP-A-

induced respiratory response signals in P. ecklonii.  The assay described in Fig. 4.4 

was repeated while parts of the leaf petiole segments between the treated leaf and its 

neighbouring leaves were chilled by placing ice cold rings around them (refer to Fig. 

4.2).  The respiratory responses for the lower (a) and upper (b) leaves were then 

recorded and the effect of chilling assessed by comparing their values to those 

obtained without chilling.  Error bars represent the standard errors (SE) of the means 

(n = 6) of the obtained respiratory response signals as analyzed by ANOVA. 

 

Role of AtPNP-A in net H2O transport  

Net water transport experiments to find out whether AtPNP-A affects the rate of water 

uptake were also performed. The results indicated that petioles immersed in water for 
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2 hours after leaf surfaces were treated with AtPNP-A showed an increase in net H2O 

uptake (Fig. 4.6). Analysis of petioles immersed in water pre-treated with AtPNP-A 

for 2 hours also showed an increase in the uptake of H2O (Fig. 4.6). This shows that 

AtPNP-A can also induce H2O uptake in leaves via a signaling system. 

 

Figure 4.6 Assessment of the AtPNP-A’s ability to induce net water transport in P. 

ecklonii.  The petiole of one leaf was immersed into water pre-treated with 

recombinant AtPNP-A to a final protein concentration of 100 µg/ml. The other leaf 

surface was evenly treated on both surfaces with 50 µl of 100 µg/ml recombinant 

AtPNP-A followed by the immersing of its petioles into water. Both samples were 

allowed to stand for 2 hours at room temperature. Differences between their initial 

and final tube water weights were then considered as their relative net water transport 

capacities expressed in ml/g fresh leaf weight.  The bars represent the mean ± SE (n = 

6) of the relative net water transport capacities for the different P. ecklonii leaves as 

analyzed by ANOVA.  

 

Effect of petiole chilling on H2O uptake 

The net water transport response generated by the recombinant AtPNP-A when 

applied from the leaf petiole was checked to see if it could be affected by chilling part 

of the leaf petiole segment with ice-cold H2O. The results showed that petiole chilling 

did indeed have an effect on the rate of net H2O transport. The rate of water uptake in 
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leaves treated with AtPNP-A over a time period of 2 hours is less after a decrease in 

temperature, than in the case of the same treatment without chilling (Fig. 4.7).  

 

Figure 4.7 Effect of petiole chilling on the induction of net water transport by 

recombinant AtPNP-A in P. ecklonii.  The assay described for the first pair of leaves 

in Fig. 4.6 was repeated while parts of the petiole segments of the leaves were chilled 

down with some ice-cold rings. The relative net water transport capacities for the 

leaves were then calculated and the effect of chilling assessed by comparing their 

values to those achieved without chilling.  The bars represent the mean ± SE (n = 6) 

of the relative net water transport capacities for the different P. ecklonii leaves as 

analyzed by ANOVA. 

 

These results further support the suggestion that AtPNP-A could play a role in 

regulating transport via the phloem, since the immersion of the petiole (for 2 hours) in 

AtPNP-A treated water resulted in opening of the stomata to allow net H2O uptake in 

the leaf and chilling of the petiole during the 2-hour immersion, did in fact cause a 

decrease in the rate of net H2O transport which is consistent with transport in the 

phloem since it has been shown to be active process that is also susceptible to low 

temperatures[281, 282, 284].  
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Diurnal and circadian expression 

A web based tool, The Diurnal Project[277] was used to find out how AtPNP-A was 

expressed during the diurnal cycle. A. thaliana was exposed to a 12h light and 12h 

dark cycle and AtPNP-A expression was detected in rosette leaves of the plant. The 

analysis of the results showed that AtPNP-A expression was steadily increased during 

the 12h light cycle, which is then followed be a consistent decrease in AtPNP-A 

expression during the 12h dark cycle (Fig. 4.8). This observation was again readily 

detected during the next 24h light/dark cycle, which can lead to the conclusion that 

AtPNP-A expression is higher during daytime and decreases in darkness. 

 
 

Figure 4.8 AtPNP-A expression in the diurnal cycle. Expression of AtPNP-A during 

the light cycle showed a steady increase in expression while AtPNP-A expression 

during the dark cycle indicated a decrease in the expression profile (data obtained 

from[278]). 

 

Tissue Expression Patterns of AtPNP-A 

Genevestigator[159] analysis of AtPNP-A using the anatomy tool showed that AtPNP-

A was expressed in many plant tissues which included stamen, petiole, hypocotyls and 

leaves. There was however, an immensely elevated expression of AtPNP-A in the 
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sepal (Fig. 4.9). This indicated that AtPNP-A has a much higher level of expression in 

sepals than in any other plant tissue investigated.  

 

Figure 4.9 Expression profile of AtPNP-A in different plant tissues. AtPNP-A showed 

a considerably elevated expression in the sepals of the plant (data obtained from 

Genevestigator[159]).  

 

Discussion 

Plant natriuretic peptides (PNPs) can elicit a number of plant responses that are 

essential in homeostasis and growth[13]. These responses include tissue specific ion 

movements and the regulation of stomatal guard cell movements and thus plant gas 

exchange. While a number of biological responses to PNPs have been reported, the 

biological role of the PNP system in plants has remained elusive. However, inspection 

of expression data in the public domain of Genevestigator[159] does suggest 

transcriptional up-regulation under conditions of both biotic and abiotic stress. In 

addition, an Arabidopsis PNP has recently been identified in a proteomics study of 

proteins in the apoplastic fluid[216] reaffirming extracellular location.  
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A recombinant AtPNP-A has been shown to promote plant respiration in P. ecklonii 

(Fig. 4.3) and a decrease in temperature had a reducing effect in the respiration rate 

(Fig. 4.5). Respiration plays a pivotal role in determining the growth and survival of 

all photosynthetic plants by forming the central part of plant intermediary 

metabolism[285, 286]. The organization and control of plant respiratory metabolism 

is dependent on many distinct and interacting factors. The significant flexibility of 

plant respiration has been suggested to have evolved as an essential adaptation that 

helps plants to acclimatise to unavoidable stresses that they are exposed to in their 

natural environment (for review see[287]). Plants utilize sucrose and starch as the 

principle substrates for respiration, and can fully oxidize these fuels to CO2 and H2O 

via the standard pathways of glycolysis, the tricarboxylic acid (TCA) cycle, and the 

mitochondrial electron transport chain (miETC)[287]. Diurnal and circadian 

expression patterns of AtPNP-A also show that AtPNP-A expression steadily 

increases during the light cycle and that the expression decreases at night (Fig. 4.8). 

Since photosynthesis and thus starch formation is higher during the day, this could be 

an indication that AtPNP-A plays a role in aiding the breakdown of starch and sugars 

to CO2 and H2O for utilization during respiration. This breakdown of starch and 

sugars as a result of AtPNP-A, has also be demonstrated by experiments where starch 

and soluble sugars (glucose, fructose and sucrose) concentrations were measured in P. 

ecklonii (sage) after AtPNP-A treatment (Gavin George, Institute of Plant 

Biotechnology, University of Stellenbosch, personal communication). The results 

showed that leaves treated with AtPNP-A and incubated for 5 minutes, caused a 

steady decrease in starch and sugar concentration for the first 15 minutes compared to 

the control, which is an indication that AtPNP-A might influence the breakdown of 

starch and sugars. Plant respiration has been implicated in a number of functions, 
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which include ATP production, carbon-nitrogen interactions, optimizing 

photosynthesis and thermogenesis. Respiration also plays a role in stress 

acclimatisation by helping plants adapt to cope with a wide variety of stresses 

including, wounding, low temperature, salinity and water stress, oxidative stress and 

pathogen infection (for review see[287]). Respiration has furthermore been shown to 

be implicated in fruit ripening, where the initiation of fruit ripening is frequently 

associated with a marked and rapid increase in respiratory CO2 evolution, termed the 

respiratory climacteric, which is closely followed by the breakdown of starch to 

produce sucrose, where a percentage is lost as CO2 in respiration[288].  

 

AtPNP-A induced respiration in leaves has been shown to be affected by change in 

temperature, where chilling of petioles indicated that these responses are reduced at 

lower temperatures (Fig. 4.5). This is an indication that the transmission of AtPNP-A-

induced respiratory signalling could probably take place along conductive tissues, 

since plant transport signalling takes place through xylem and/or phloem[279, 280]. 

Owning to the fact that temperature decrease plays a role in decreasing the AtPNP-A 

induced response, it is viable to suggest that the phloem system is involved, since 

phloem transport is an active process that is susceptible to metabolic inhibitors such 

as low temperatures, while xylem transport is a passive process[281, 282, 284]. The 

finding that AtPNP-A could possibly function via the phloem system and thus 

facilitate long-distance transport can also be demonstrated by the effect of AtPNP-A 

on net H2O transport. Recombinant AtPNP-A was shown to increase the rate of H2O 

uptake when leaves were treated with AtPNP-A and when petioles were immersed in 

H2O pre-treated with AtPNP-A (Fig. 4.6). The finding that the immersed petioles also 

increased the rate of net H2O uptake is an indication that AtPNP-A could act as a 
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signaling molecule via phloem to cause stomatal opening and thus H2O uptake in the 

leaf. Petiole chilling also showed a decrease in the rate of H2O uptake after treatment 

with AtPNP-A (Fig. 4.7), which further supports the outcome that AtPNP-A could 

regulate transport via the phloem network given its susceptibility to temperature 

changes. 

 

Expression studies of AtPNP-A in the entire plant showed that AtPNP-A had the 

highest expression in sepal tissues (Fig. 4.9). The expression of AtPNP-A in sepals 

was also found to be significantly higher than in any other plant tissue. This fact, 

together with the information that AtPNP-A is implicated in phloem transport could 

be an indication that AtPNP-A has a role in seed formation in plants by facilitating 

phloem unloading. Unloading takes place either through plasmodesmata into vascular 

parenchyma elements (symplasmic unloading) or directly across the plasmalemma 

into the apoplast (apoplasmic unloading)[289]. 
14

C-autoradiography experiments in 

developing walnut fruit showed that the phloem of sepal bundles was functional for 

unloading and that a predominant symplasmic phloem unloading pathway is present 

in the seed pericarp, while the fleshy pericarp indicated the presence of an apoplasmic 

phloem unloading pathway[290]. Evidence for phloem unloading through the 

apoplasmic pathway, have also been documented during apple fruit development 

using 
14

C-autoradiography and structural investigation showed that the sieve element-

companion cell of the sepal bundles feeding fruit flesh is symplasmically isolated 

during fruit development[291]. Phloem unloading during fruit development has also 

been characterized during fruit development and ripening of the grape berry[292].  
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In summary, the reported findings point to a role for AtPNP-A in regulating long-

distance transport, carbohydrate partitioning, carbohydrate utilization and 

carbohydrate source-sink relationships. In addition, it is conceivable that either 

AtPNP-A or an AtPNP-A-dependant signal travel in the phloem acting as long-

distance messengers of plant homeostasis. To prove this concept, we are planning to 

use fluorescently-labeled AtPNP-A and trace its movements in planta. 
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APPENDIX 1        

EXTENDED LIST OF GENES EXPRESSION CORRELATED WITH AtPNP-A (At2g18660) 
          
         SAR annotated genes 

RANK gene id r value pvalue GENE DESCRIPTION     

 At2g18660   expansin family prot (EXPR3) identical to Expansin-related prot 3 precursor 

          

1 At3g57260 0.7305112 p<0.01  glycosyl hydrolase family 17 prot     

2 At5g10760  0.6819997 p<0.01  aspartyl protease family protein    

3 At2g04450  0.6764386 p<0.01  MutT/nudix family protein     

4 At5g52760 0.6617368 p<0.01  heavy-metal-associated domain-containing protein   

5 At2g17040 0.6585132 p<0.01  no apical meristem (NAM) family protein    

6 At5g55450 0.6472189 p<0.01  protease inhibitor/seed storage/lipid transfer protein (LTP) family protein  

7 At1g21250 0.6445777 p<0.01  wall-associated kinase 1 (WAK1)  

8 At4g23610 0.6413327 p<0.01  50S ribosomal protein-related     

9 At1g13470 0.6364724 p<0.01  expressed protein     

10 At4g14365 0.6335512 p<0.01  zinc finger (C3HC4-type RING finger) family prot / ankyrin repeat family prot  

11 At1g73800 0.6300384 p<0.01  calmodulin-binding protein     

12 At3g56710 0.6296932 p<0.01  sigA-binding protein [Arabidopsis thaliana]  

13 AT4G04490 0.6277141 p<0.01  protein kinase family protein     

14 At2g14560 0.6266058 p<0.01  expressed protein      

15 At2g14610 0.6262979 p<0.01  pathogenesis-related protein 1 (PR-1)    

16 At1g21520 0.6262364 p<0.01  expressed protein     

17 At2g24850 0.6260987 p<0.01  aminotransferase, putative similar to nicotianamine aminotransferase  

18 At4g23150 0.6251141 p<0.01  protein kinase family protein     

19 At3g60420 0.6225143 p<0.01  expressed protein     

20 At2g32680 0.6208907 p<0.01  disease resistance family prot. contains leucine rich-repeat (LRR) domains  

21 At1g74440 0.6148962 p<0.01  expressed protein similar to YGL010w-like protein   

22 At1g02450 0.6138445 p<0.01  NPR1/NIM1-interacting protein 1 (NIMIN-1)  

23 At4g11890 0.6063014 p<0.01  protein kinase family protein contains protein kinase domain  

24 At1g75040 0.6048445 p<0.01  pathogenesis-related protein 5 (PR-5)    

25 At1g08450 0.6028875 p<0.01  calreticulin 3 (CRT3)      

          

26 At3g17700 0.5989832 p<0.01  cyclic nucleotide-binding transporter 1 / CNBT1 (CNGC20)   

27 At3g56400 0.5989274 p<0.01  WRKY70 family transcription factor DNA-binding protein 4 WRKY4 

28 At3g57460 0.5946306 p<0.01  expressed protein      

29 At5g60900 0.592015 p<0.01  lectin protein kinase family protein     

30 At3g47480 0.5917782 p<0.01  calcium-binding EF hand family protein    

31 At4g26070 0.5895912 p<0.01  mitogen-activated protein kinase kinase (MAPKK) (MKK1) (MEK1) 

32 At1g78410 0.5880865 p<0.01  VQ motif-containing protein     

33 At1g73805 0.5874974 p<0.01  calmodulin-binding protein     

34 At1g01560 0.5843669 p<0.01  mitogen-activated protein kinase, putative   

35 At1g21240 0.5805731 p<0.01 wall-associated kinase, putative similar to wall-associated kinase 1 

36 At1g35710 0.5796688 p<0.01  leucine-rich repeat transmembrane protein kinase, putative   

37 At3g25010 0.5745522 p<0.01  leucine-rich repeat family protein     

38 At5g52750 0.5733013 p<0.01  heavy-metal-associated domain-containing protein    

39 At1g11330 0.5729701 p<0.01  S-locus lectin protein kinase family protein    

40 At4g29810 0.5713687 p<0.01  mitogen-activated protein kinase kinase (MAPKK) (MKK2)   

41 At2g40600 0.5694188 p<0.01  appr-1-p processing enzyme family protein    

42 At3g05650 0.5691792 p<0.01  disease resistance family prot. contains leucine rich-repeat (LRR) domains  

43 At1g35230 0.5674926 p<0.01  arabinogalactan-protein (AGP5)     

44 At2g46400 0.5556137 p<0.01 WRKY46, WRKY family transcription factor    

45 At2g40750 0.5547275 p<0.01 WRKY54  WRKY family transcription factor    

46 At2g29350 0.5534096 p<0.01  tropinone reductase, putative / tropine dehydrogenase  

47 At2g31880 0.5528538 p<0.01 leucine-rich repeat transmembrane protein kinase, putative   

48 At4g04500 0.5490404 p<0.01 protein kinase family protein     

49 At3g28480 0.5481906 p<0.01 oxidoreductase, 2OG-Fe(II) oxygenase family    

50 At1g56150 0.5470684 p<0.01 auxin-responsive family protein     
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 Below is the list of the remaining Fatigo annotated SAR genes that are not present in the above list 

          

 At1g64280 0.5167527 p<0.01 regulatory protein (NPR1)    

 At1g74710 0.4987441 p<0.01 isochorismate synthase 1 (ICS1)    

 At1g22070  0.4939712 p<0.01 bZIP family transcription factor (TGA3)    

 At3g48090 0.4917218 p<0.01 disease resistance protein (EDS1)     

 At4g16890  0.4477474 p<0.01 disease resistance protein (TIR-NBS-LRR class), putative   

 At4g01370 0.4084714 p<0.01 mitogen-activated protein kinase, putative / MAPK   

 At3g52430 0.3927739 p<0.01 phytoalexin-deficient 4 protein (PAD4)    

 At1g59870 0.3440236 p<0.01 ABC transporter family protein    

 At5g60600 0.1388386 p<0.05 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase, GcpE family prot  

 At3g12250  0.0428809 ns bZIP family transcription factor     

 At5g64930  -0.005075 ns CPR5 protein, putative Constitutive expressor of cpr5  

 At4g20380  -0.0861 ns zinc finger protein (LSD1)    

 At5g06950  -0.094883 ns bZIP transcription factor HBP-1b homolog    

 At4g18470  -0.103191 ns negative regulator of systemic acquired resistance (SNI1)  

 At1g55490  -0.169716 p<0.01 RuBisCO subunit binding-protein beta subunit, chloroplast   

 At4g33680 -0.297275 p<0.01 aminotransferase class I and II family protein    
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