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Preface 
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including a literature review (Chapter 1), plant materials and methods (Chapter 2), and four 

experimental chapters (Chapter 3 to Chapter 6). Chapter 4 describes modified methods for 
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explains the benefits of using specific cell types. This thesis finishes with a general discussion 

that covers the main findings from this research. The study was designed by my supervisory 

panel: Associate Professor Zhonghua Chen, Professor Paul Holford and Dr. Tony Haigh. I have 

undertaken the experimental work; analysed the data; and written the chapters, with input and 

feedbacks by my supervisory panel and external collaborators. Here is the structure of this thesis.  

 

Chapter 1: Literature review- roles of chloroplast retrograde signals and ion transport in 

plant drought tolerance 

 

Chapter 2: Plant materials and methods 

 

Chapter 3: Chloroplast retrograde signal PAP modulates plant drought tolerance 

through the regulation of stomatal closure in Arabidopsis 

 

Chapter 4: Isolation of high purity guard cell protoplasts for cell-type specific 

transcriptome analysis in Arabidopsis   

 

Chapter 5: Cell type specific transcriptome reveals distinct PAP signalling components 

in Arabidopsis guard cells and mesophyll cells  

 

Chapter 6:  Evolution of chloroplast retrograde signalling facilitates green plant 
adaptation to land 

 

Chapter 7: General conclusions and discussion 
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Abstract 
 

Stomata are the pores on leaves that are responsible for transpiration and exchange 

of gases with the surrounding atmosphere. In agriculture, about 90% of transpirational 

water loss is via these tiny pores of various crops. Therefore, understanding the 

mechanisms involved in stomatal closure will potentially provide important clues for 

breeding crops with high water use efficiency and drought tolerance. This thesis aimed 

to understand mechanisms from both physiological and molecular aspects of a 

chloroplast retrograde signal [3’-phosphoadenosine-5’-phosphate (PAP) and 3’,5’-

bisphosphate nucleotidase 1 (SAL1)] that enhances plant drought tolerance by 

regulating stomatal closure. 

Stomatal closure is modulated by stress (e.g. drought) signalling and downstream 

transport of ions and solutes mediated by various active ion transporters or channels. 

To some extent, ion transporters and channels contribute to plant drought tolerance. 

However, there is limited information regarding the interactions among retrograde 

signals, membrane transporters and plant drought tolerance. In Chapter 1, information 

regarding chloroplast-initiated signals, in particular those associated with PAP, and 

related to ion channels in relation to plant drought tolerance is summarised. I also 

proposed the following questions. How does this sulfate metabolism-related signal 

regulate stomatal closure? Does the PAP signalling pathway join abscisic acid (ABA)-

induced stomatal signalling or does it form a separate signalling pathway?   

A range of cell physiological experiments were conducted to measure guard cell 

responses to PAP treatment in Arabidopsis thaliana. Three secondary messengers, 

reactive oxygen species (ROS), nitric oxide (NO) and Ca2+ are important components 

of ABA-induced stomatal closure. Results suggested that PAP strongly induces ROS, 

NO and Ca2+ accumulation in guard cells. Microelectrode ion flux measurement 

(MIFE) was also employed to measure PAP-induced ion fluxes from guard cell, and it 

was found that PAP increases K+ and Cl- efflux from and Ca2+ influx to guard cells. 

Voltage clamp experiments produced evidence that PAP activates Ca2+, anion and K+ 

channel activities in guard cells. In situ PCR indicated that inwardly rectifying K+ 

channel 2 (KAT2) is significantly downregulated while guard cell outwardly rectifying 

K+ channel (GORK) and slow anion channel 1 (SLAC1) are significantly induced by 

PAP in guard cells. Using multiple Arabidopsis mutants, including an ABA insensitive 
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mutant open stomata 1 (ost1-2), it was found that stomatal activity in ost1-2 can be 

rescued by PAP application. All the evidences suggest that PAP plays an important 

role in regulating key ion channels and stomatal closure. 

In order to further explore the cellular mechanisms of PAP signalling in stomatal 

regulation, a modified method for isolating and purifying guard cell protoplasts (GCPs) 

was developed. Chloroplast numbers and cell sizes between GCPs and mesophyll cell 

protoplasts (MCPs) were compared. GCPs had a stable number (between 8-10) of 

chloroplasts in contrast to a variable number of chloroplasts in MCPs. It was found 

that Arabidopsis MCPs have a larger range size (6.5–43.5 µm) while GCPs show a 

smaller range of size (from 2.5–9.1 µm). This big difference showed the possibility for 

separating GCPs from MCPs by using a small size nylon mesh. However, a small 

overlap in size between GCPs and MCPs (from 6.5 to 9.1 µm) indicated that a blending 

and filtering method using whole leaves, as used in previous studies, may not be able 

to avoid contamination from MCPs. This led to the exploration of using detached 

epidermal peels and filtering method to extract GCPs for RNA-sequencing. 

To further characterise the PAP-induced signalling pathway in guard cells, global 

transcriptome profiling was conducted to compare gene expression in two specific cell 

types: the mesophyll cells and guard cells of Arabidopsis. There were significant 

differences in gene expression between the GCPs and MCPs as well as between the 

four genotypes. Exogenous PAP application rescued large scale regulation of genes in 

mutant ost1-2 GCPs, which includes core ABA signalling components. PAP 

significantly regulated SNF-type protein kinases (SnRKs), ABA receptors pyrabactin 

resistance 1 (PYR1) like (PYLs), type 2C protein phosphatases (PP2Cs) and 

Cytochrome P (CYPs) in ost1-2 GCPs. Further evidence suggested that PAP 

differently regulates ROS, NO and Ca2+ signalling related gene expression in mutant 

ost1-2. A clear signalling pathway for PAP induced stomatal closure was proposed, 

suggesting that PAP may function downstream of ABA receptor PYLs and bypass 

OST1 to regulate stomatal closure.  

Stomata and chloroplast retrograde signalling are vital for the transition from aqutic 

lifestyle to terrestrial living of plants. Thus, PAP-induced signalling in guard cells may 

have been evolutionarily conserved in the early lineages of plant species. ABA 

signalling in stomatal guard cells has been well-studied and found to be conserved 

during evolution of plants as early as ferns and mosses. Bioinformatics analysis of core 

PAP metabolism-related proteins revealed that, from algae to land plants, PAP-
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producing tyrosylprotein sulfotransferases (TPSTs) and PAP-degrading SALs are 

conserved during evolution. While most of the sulphotransferases (SOTs) are not 

conserved in some lower plant species, such as streptophyte algae representative 

species, liverworts, mosses, lycophytes and ferns, some key SOTs (SOT19 -SOT21) 

related to TPST are still conserved during evolution. Moreover, stomatal assay of 9 

plant species representing important plant lineages suggested a broad role of PAP in 

mediating stomatal closure. Furthermore, gene cloning and protein purifications of 

SAL1 from a fern species, Ceratopteris richardii (CrSAL1), and a moss species, 

Physcomitrella patens (PpSAL1), demonstrated that CrSAL1 and PpSAL1 have 

similar protein structures, functions and enzyme activities to the eudicot Arabidopsis. 

Similarly, PAP induced ROS and NO accumulation in guard cells and guard cell K+, 

Cl- efflux and Ca2+ influx from four key plant species including a monocot, a eudicot, 

a fern and a moss. Thus, PAP-SAL1 signalling intersects with ABA signalling to 

regulate stomatal closure during evolution, which may have benefited plant adaptation 

to terrestrial habitats. 

In summary, it is proposed that PAP-SAL1 is a novel, evolutionarily-conserved, 

chloroplast retrograde signalling pathway that may have contributed to plant evolution 

by interacting with ABA, ROS, NO and Ca2+ signalling and ion transport. Also, the 

discovery of PAP-SAL1 chloroplast retrograde signalling associated with molecular 

evolution and regulation of stomata increases our understanding of the crucial 

functions of chloroplasts in relation to plant drought tolerance. This thesis adds new 

knowledge about the links between chloroplast retrograde signalling and land plant 

evolution and provides new insights and perspectives for breeding drought-tolerant 

crops.  
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Chapter 1 Literature Review- Roles of Chloroplast 

Retrograde Signals and Ion Transport in Plant Drought 

Tolerance 
 

1.1 Summary 

Worldwide, drought affects crop yields, and understanding strategies for plants to 

adapt to drought is critical. Chloroplasts are key regulators of plant responses and 

signals from chloroplasts also regulate nuclear gene expression under drought. 

However, the interactions between chloroplast initiated signals (retrograde signals) 

and ion channels under stress are still not clear. In this review, the retrograde signals 

that participate in regulating plant stress tolerance were summarised. Also, I compared 

chloroplastic transporters that modulate retrograde signalling through retrograde 

biosynthesis or as critical components in retrograde signalling. The roles of important 

plasma membrane and tonoplast ion transporters that are involved in regulating 

stomatal movement were also discussed. It is proposed that how retrograde signals and 

their potential way to interact with ion transporters under stress.  

 

1.2 Introduction 

The world will need to feed more than 9 billion people by 2050 (Evans, 2009), thus 

food production needs to increase by at least 70% (FAO, 2009). However, due to a 

decreasing area of land available for agriculture and the consequences of climate 

change, this will be a substantial challenge (Zhang and Cai, 2011). To meet this 

challenge, better crop agronomy and physiology is needed together with the 

development of new germplasm allowing sustainable crop production to occur under 

adverse environmental conditions, for instance, drought. About half of earth’s land 

area is susceptible to drought (Kogan, 1997), which is a substantial threat to global 

food security (Schmidhuber and Tubiello, 2007). During evolution, plants have 

adapted many mechanisms to be less drought affected, and one significant mechanism 

is stomata regulation. Highly responsive stomata have been viewed as a key factor for 

the success of grasses in surviving through adverse environments (Chen et al., 2017). 

During drought, plants close their stomata thereby reducing water uptake, affecting 

normal physiological functions and nutrient uptake from the soil and reducing growth 
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and yield (Hetherington and Woodward, 2003). Plants protect themselves using 

drought avoidance in the short-term by closing stomata (Mak et al., 2014) and in the 

long-term by increasing the root: shoot ratio (Sharp et al., 2004), root hydraulic 

conductance (Kudoyarova et al., 2011), the thickness of leaf cuticle (Kosma et al., 

2009), stomatal development (Cai et al., 2017b) and cuticular waxes (Xue et al., 2017). 

If these avoidance mechanisms are not successful, mechanisms to tolerate dehydration 

may be switched on. These mechanisms include ways of maintaining cell water 

content through ion accumulation (Mak et al., 2014), cell wall stiffening (Tenhaken, 

2015), the production of protective compounds (Streeter et al., 2001), metabolic 

changes and the detoxification of reactive oxygen species (ROS) (Chan et al., 2016b). 

However, to respond to drought, a plant must perceive the stress first and then 

transduce the recognition events throughout the plant via signalling networks. As a 

result of the recognition event, the transcription of specific drought stress response 

genes occurs resulting in changes in physiological processes as well as systemically 

transducing further signals throughout the plant.  

Apart from a dominant function of photosynthesis, chloroplasts also function as 

sensors of environmental stimuli, such as drought stress and initiate signals that induce 

nuclear gene expression (NGE) across a range of evolutionarily important plant 

species (Chan et al., 2016b). The endosymbiotic theory suggests that a plant cell is the 

result of hundreds of millions of year’s co-evolution between cyanobacteria and early 

eukaryotic cells (Martin et al., 2015). From this stable endosymbiotic relationship, 

cyanobacteria evolved into modern chloroplasts and large numbers of cyanobacterial 

genes were transferred to the host nucleus during evolution (McFadden, 2001). 

However, around 100 genes with products involved in photosynthesis have been 

retained in chloroplasts (Raven and Allen, 2003). A detailed review (Sato et al., 1999) 

indicates that at least 19 proteins have been clearly located in plastid envelope 

membranes that play various roles in plastid differentiation, partitioning, replication 

and transcription, which directly affect photosynthesis. Therefore, there is a need for 

close cooperation between nuclear and chloroplast gene expression to maintain the 

stable and efficient functioning of cells (Bobik and Burch-Smith, 2015). Nucleus to 

plastid signalling is termed as anterograde signals (Bräutigam et al., 2007) and plastid 

derived signals that target the regulation nuclear gene expression are called retrograde 

signals (Chi et al., 2013). In addition to coordinating chloroplast functioning, there is 

also evidence for retrograde signalling having a role in adaptation to stress (Fig. 1.1). 
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The progenitors of plastids would have contained functions helping plants respond to 

the environment through the expression of stress-response genes (Xiao et al., 2012).  

 

 

 

Fig. 1.1 A schematic presentation of retrograde and anterograde signalling in plant cells. 
Environmental stimuli can be perceived by chloroplasts and nuclei, and communicated 
between plastids (chloroplasts and mitochondria) and nuclei (retrograde signalling: shown as 
the blue arrow; anterograde signalling: shown as the red arrow). 

 

 

Stomata, evolved in early land plant species like mosses, function in regulating 

water potential and CO2 fixation and regulating drought tolerance (Raven, 2002). A 

chloroplast-initiated retrograde signalling pathway has been identified as having a 

significant role in regulating stomatal movement, which greatly affects plant drought 

tolerance (Estavillo et al., 2011; Pornsiriwong et al., 2017). Plants have a complex 

signalling system to control stomatal opening that is driven by uptake and intracellular 

generation of solutes, which decreases guard cell water potential and creates a driving 

force for water uptake into the guard cells. In contrast, during stomatal closure, a 

reduction of solutes regulated by membrane transport system in guard cells leads to 

cell deflation and a narrowing of the stomatal aperture (Jezek and Blatt, 2017). Stomata 
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have evolved an ABA-dependent network from the last common ancestor of mosses 

and vascular plants for drought response (Lind et al., 2015; Cai et al., 2017a). The 

ABA signal transduction system consists of PYR/PYL/RCAR-type ABA receptors, 

group A 2C-type protein phosphatases (PP2C), and the SNF1-related protein kinase 2 

(SnRK2) family of proteins, which are key negative regulators of ABA signalling 

(Umezawa et al., 2010). Once bound to ABA, the receptor complex inactivates PP2C 

thereby activating the protein kinase SnRK2 (Cutler et al., 2010), which induces the 

production of ROS (Zhang et al., 2001) and NO (Garcia-Mata et al., 2003). H2O2 can 

activate Ca2+ channels in the plasma membrane (PM) of Arabidopsis guard cells and 

inhibit inward K+ channels (Kohler et al., 2003; Kwak et al., 2003). Nitric oxide also 

regulates K+ and Cl- channels through a subset of the ABA-evoked signalling pathway 

in guard cells (Garcia-Mata et al., 2003). Guard cell anion channels are activated by 

Ca2+ and become permeable allowing the efflux of anions (Chen et al., 2010) and K+ 

outwardly rectifying channels (GORK) are activated for K+ loss (Hosy et al., 2003), 

leading to stomatal closure.  

Despite the advancements in understanding retrograde signals and plant 

membrane transport (Chi et al., 2013; Jezek and Blatt, 2017), the interaction of ion 

transport across the plasma membrane, the tonoplast, and the chloroplast membranes 

with retrograde signalling pathways is poorly understood. Chloroplasts are also 

involved in other signalling networks such as sulfate metabolism and signalling. For 

instance, sulfate transporters in plants play important roles in plant drought and salinity 

tolerance (Gallardo et al., 2014). Accumulation of sufhate in leaves enhances ABA 

biosynthesis; ABA then causes stomatal closure (Ernst et al., 2010). Newly 

synthesised ABA is then transported to roots for signal transduction and the expression 

of drought stress-responsive genes (Christmann et al., 2013). Therefore, sufhate and 

its transporters are suggested as important components in long-distance signalling 

under drought (Ernst et al., 2010; Gallardo et al., 2014). 3’-phosphoadnenosine 5’-

phosphate (PAP), a compound associated with sulfate metabolism, is thought to act as 

a typical retrograde signal. PAP is produced in chloroplasts under drought stress to 

induce the expression of nuclear-encoded stress response genes, leading to stomatal 

closure (Estavillo et al., 2011; Pornsiriwong et al., 2017). Whether the PAP signal joins 

ABA signalling pathway or whether PAP is part of a separate pathway from ABA is 

still unclear. In this review, I summarise the progress towards a better understanding 

of relationships between retrograde signals and ion transport under adverse 
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environments. I also illustrate the possible roles for retrograde signalling in plant stress 

response using the recently discovered PAP signalling pathway. We propose a 

potential interaction that chloroplasts sense drought and produce signals (such as PAP) 

which regulate stomatal movement to maintain water potential in plant cells and to 

maintain a stable photosynthesis rate under drought 

 

1.3 Typical chloroplast retrograde signals 

Retrograde signalling refers to communications from organelles to the nucleus (Fig. 

1.1). As a sophisticated plastid, the chloroplast, whose primary function is 

photosynthesis, is also critical for other aspects of plant development and physiology 

including the synthesis of amino acids, nucleotides and fatty acids, production of 

phytohormones, as well as sulfur assimilation (Chan et al., 2016b). Several 

chloroplastic secondary metabolites also function as retrograde signals that are 

responsible for plant defence against pathogens and plant adaptation to heat, drought 

and high light (Bobik and Burch-Smith, 2015). Some abiotic stress responses in plants 

are likely to share common underlying signalling mechanisms or components (Rossel 

et al., 2006). For example, 69% of drought-induced genes are also induced by high 

light stress, suggesting a strong interconnection between the responses to these two 

stresses (Kimura et al., 2003). In plants, this interconnection makes abiotic stress 

defence systems more efficient, because genes induced by one stress would be 

available for another stress signal. Tremendous progress has been made in identifying 

retrograde signalling components and corresponding pathways in chloroplasts. 

Retrograde molecules include carotenoid oxidation products (Ramel et al., 2012), 

reactive oxygen species (ROS) such as hydrogen peroxide (Møller and Sweetlove, 

2010), tetrapyrroles (Strand et al., 2003), phosphoadenosines (Estavillo et al., 2011), 

carbohydrate metabolites (Häusler et al., 2014; Vogel et al., 2014) and the isoprenoid 

precursor methylerythritol cyclodiphosphate (MEcPP) (Xiao et al., 2012). Retrograde 

signals include metabolite by-products (Woodson et al., 2011), transcription factors 

(Dietz et al., 2010), plastid gene expression (Dietz et al., 2010), and thylakoid redox 

state (Apel and Hirt, 2004) (Table 1.1).  
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Table 1.1. Source of typical retrograde signals in plants. 

 

Group Typical member References 

ROS 1O2 (Apel and Hirt, 2004)  

 H2O2 (Baier and Dietz, 2005)  

Methylerythritol isoprenoid  MecPP (Xiao et al., 2012)  

Sulfation  PAP (Estavillo et al., 2011)  

Transcription factors AP2 (Dietz et al., 2010)  

Whirly1 (Isemer et al., 2012)  

Kinases MAPK6 (Vogel et al., 2014)  

Tetrapyrrole  Mg-ProtoIX (Kindgren et al., 2011)  

HEME (von Gromoff et al., 2008)  

Chloroplast envelop proteins PTM/PHD (Sun et al., 2011)  

Plastid gene expression  PRIN2 (Kindgren et al., 2012)  

SIG2, SIG6 (Woodson et al., 2013)  

β-Carotene Β-cyclocitral (Ramel et al., 2012)  

 

 

1.3.1 Reactive oxygen species 

Plastid ROS molecules can regulate specific proteins and plastid redox-associated 

nuclear genes (PRANGs) (Chan et al., 2016b) and usually cause oxidation of 

biomolecules and act as signal molecules in plants (Ramel et al., 2012). ROS occur as 

either singlet oxygen (1O2), the superoxide anion (O2·-), hydrogen peroxide (H2O2) 

and/or the hydroxyl radical (OH-). Excessive ROS can lead to programmed cell death 

(PCD) and plants have developed efficient and versatile scavenging systems to keep 

ROS under control. Compared with other ROS, H2O2 appears to be a most likely 

retrograde signal, because of its small size, lower toxicity, longer half-life, relatively 

high concentration in cells, its ability to cross cell membranes and move between cell 

compartments (Møller and Sweetlove, 2010).  

During plant evolution, ROS have developed many functions associated with 

plant development and stress tolerance. For instance, H2O2 is involved in ABA-

induced stomatal closure by regulating Ca2+, K+ and Cl- channels (Chen et al., 2010; 

Wang et al., 2013b). H2O2 regulates the mitogen activated protein kinase-like enzyme 

(MAPK) in Arabidopsis thaliana (Desikan et al., 1999), indicating a role for H2O2 in 

retrograde signalling. The MAPK gene family has been found to co-operate with ABA 
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in plant abiotic stress responses (Danquah et al., 2014). Experimental evidence 

suggests a role for 1O2 in addition to H2O2 in retrograde signalling. The transient nature 

of singlet oxygen and its localised production suggest that it may act via more stable 

second messengers (op den Camp et al., 2003). Accumulation of 1O2 occurred in the 

fluorescent (flu) mutant during a shift from dark to light, resulting into differential 

expression of 70 nuclear genes in Arabidopsis (op den Camp et al., 2003). FLU is a 

negative regulator of tetrapyrrole metabolism which over accumulates the 

photosensitiser protochlorophyllide in the dark and consequently generates 1O2 in the 

light (op den Camp et al., 2003). Over accumulation of singlet oxygen leads to PCD 

in flu leaves but it does not occur in double mutant ex1 flu (execute 1) (Wagner et al., 

2004). Interestingly, 1O2 still over-accumulates in ex1 flu but stopped PCD in leaves, 

indicating that 1O2 and EX1 have roles in a retrograde pathway that regulate 

programmed cell death.  

 

1.3.2 Tetrapyrrole and Mg-protoporphyrin 

Due to different structures, along with a variety of ring substitutions, tetrapyrroles 

have different functions (Larkin, 2016). In Arabidopsis, a role for tetrapyrrole in 

retrograde signalling was first identified in studies of genomes uncoupled mutants (gun) 

(Susek et al., 1993). Tetrapyrrole-controlled gene expression is evolutionarily 

conserved in many plant species (Kindgren et al., 2011). GUN1 is located in 

chloroplasts and functions to mediate impaired plastid gene expression (Susek et al., 

1993). Mg-protoporphyrin (Mg-ProtoIX) acts between the chloroplast and nucleus in 

the tetrapyrrole signalling pathway (Strand et al., 2003). Accumulation of Mg-protoIX 

regulates the expression of many nuclear genes encoding photosynthesis-associated 

chloroplast proteins such as heat shock protein HSP81-2 (Strand et al., 2003). The heat 

shock protein gene HSP70 can be induced by either exogenous hemin (an oxidized 

form of heme that is reduced to heme in vivo) and Mg-ProtoIX treatment or light 

incubation, suggesting that these chemicals may converge in the same pathway (von 

Gromoff et al., 2008). Further evidence shows that heme was produced by plastid 

ferrochelatase 1 (FC1) in chloroplasts from which heme is exported to regulate gene 

expression of photosynthesis related nuclear genes (PhANGs) (von Gromoff et al., 

2008; Woodson et al., 2011).  



   

21 

1.3.3 Transcription factors 

Transcription factors also have roles in retrograde signalling. The APETALA 

2/ethylene response element binding protein (AP2/EREBP) family of transcription 

factors has been implicated in hormone, sugar and redox signalling in relation to 

abiotic stresses (Feng et al., 2005). Members of the Ethylene-Responsive Factor (ERF) 

subfamily, the largest group of transcription factors among the AP2/EREBP family, 

were first identified through their regulation of ethylene responses (Fujimoto et al., 

2000). Among the ERF group, the AP2-like transcription factor, Abscisic Acid 

Insensitive 4 (ABI4), functions in three retrograde signalling processes (Koussevitzky 

et al., 2007): tetapyrrole synthesis (Strand et al., 2003), plastid gene expression (PGE) 

(León et al., 2013) and photosynthesis electron transfer chain (PET), affecting both 

photosynthesis- and stress-related genes (Kerchev et al., 2011; León et al., 2013). The 

pathways associated with ABI4 also involve a PHD type transcription factor with 

transmembrane domains (PTM), which are located in the chloroplast envelope. In 

response to retrograde signals, the accumulated mature form of PTM modifies histones 

thereby regulating ABI4 transcription (Sun et al., 2011; de Dios Barajas-López et al., 

2013). Moreover, the AP2/EREBP family has also been implicated in retrograde 

signalling by interacting with redox signalling in abiotic stresses such as cold and 

drought (Dietz et al., 2010). A typical example is plastid redox insensitive 2 (PRIN2), 

which is a chloroplast component located in the nucleus and which functions in redox-

mediated retrograde signalling, specifically by interacting with plastid-encoded RNA 

polymerase (PEP). PEP functions as a retrograde signal synchronizing nuclear and 

plastid genomes for the expression of photosynthesis- associated nuclear genes 

(PhANGs) (Kindgren et al., 2011).  

WHIRLY (WHY) proteins are activators of nuclear gene transcription (Desveaux 

et al., 2002) and are required for plastid genome stability (Maréchal et al., 2009). 

WHY1 proteins have been found in both chloroplasts and the nucleus of the same cell 

with the same molecular weight (Grabowski et al., 2008). This suggests that the mature 

form is intracellularly mobile (Isemer et al., 2012). Salicylic acid (SA) is a phenolic 

compound that is involved in plant responses to stresses (Miura and Tada, 2014). 

WHY1 in Arabidopsis participates in both SA-dependent disease resistance and SA-

induced expression of systemic acquired resistance (SAR) responsive genes 

(Desveaux et al., 2004), which suggests that WHY1 may act as a retrograde signal. It 

was proposed that WHY1 may be sensitive to the redox state of the chloroplast that 
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may cause changes in the polymerisation of WHY1 allowing monomers to translocate 

to the nucleus to trigger NGE (Foyer et al., 2014). 

 

1.3.4 3’-phosphoadenosine 5’-phosphate  

PAP is produced in secondary sulfur assimilation as a by-product of the transfer of 

sulfate from 3’-phosphoadenosine 5’-phosphosulfate (PAPS) to acceptor molecules in 

a reaction catalysed by SOTs (Klein and Papenbrock, 2004). It was reported that there 

is a 20-fold increase of PAP levels in Arabidopsis under drought stress and a PAP-

accumulating mutant, altered expression of APX2 (alx8) shows considerably improved 

drought tolerance (Wilson et al., 2009). Contrasting results were shown about the 

location of a phosphatase SAL1, which functions in dephosphorylating PAP to AMP 

to reduce PAP concentrations (Estavillo et al., 2011). Cellular SAL1 has been localized 

to the chloroplast (Rodríguez et al., 2010), cytosol (Zhang et al., 2011a), and nucleus 

(Kim and Von Arnim, 2009); however, detailed and more convincing data has 

confirmed that SAL1 accumulates in mitochondria and chloroplasts and that PAP is 

present in chloroplast (Estavillo et al., 2011), which suggests that PAP is transported 

to the cytosol by a thylakoid ADP/ATP carrier, PAPST1 (Gigolashvili et al., 2012). 

Once in the nucleus, PAP regulates drought stress responsive gene expression (such as 

APX2, ZAT10, DREB2A) (Estavillo et al., 2011). All this evidence suggests there is a 

SAL1-PAP retrograde pathway that alters nuclear gene expression during drought 

stress.  

 

1.3.5 Methylerythritol cyclodiphosphate  

In plants, isoprenoids such as methylerythritol cyclodiphosphate (MEcPP) are 

synthesised via two different pathways: the cytosolic mevalonate pathway and the 

plasticidal 2-C-methyl-D-erythritol 4-phosphate pathway (Chang et al., 2013), and 

regulate a specific set of stress-responsive nuclear-encoded plastidial proteins (Xiao et 

al., 2012). Hydroperoxide lyase (HPL) is a stress-inducible nuclear gene encoding a 

plastid-localised protein in the oxylipin pathway that produces compounds for plants’ 

response to biotic and abiotic stresses (Sharma and Laxmi, 2016). SA has broad roles 

in regulating important plant physiological processes such as photosynthesis (Janda et 

al., 2014), antioxidant defence systems (Khan et al., 2010) and water maintenance 

under drought stress (Miura and Tada, 2014). MEcPP causes high levels of SA and 
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expression of HPL such that plants under stress had higher levels of MEcPP. Thus, 

MEcPP acts as a retrograde signalling molecule that induces expression of stress-

related genes (Xiao et al., 2012).  

 

1.4 Linking retrograde signals to chloroplastic ion transporters under 

stress  

Since chloroplast-initiated retrograde signals are involved in signalling various 

environmental stresses and chloroplastic ion transporters are significant in regulating 

chloroplast status (Pottosin and Shabala, 2016); do chloroplast ion transporters affect 

the generation of retrograde signals? Three general categories of proteins have been 

classified for ions transport, which are channels/porins, primary transporters/pumps 

and secondary transporters (Saier et al., 2009); these have been shown to have 

important roles in photosynthesis. Here, we focus on the chloroplastic ion transporters 

that are involved in retrograde signalling (Fig. 1.2). For details of channels or 

transporters related to photosynthesis, readers are directed to two excellent reviews 

(Carraretto et al., 2016; Pottosin and Shabala, 2016).  
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Fig. 1.2 A schematic diagram of typical retrograde signalling pathways in plant cells. 
High light stress could induce ·O2 accumulation which induces the accumulation of β-
cyclocitral in the chloroplast. β-cyclocitral is imported to nuclear to regulate defense genes 
expression (Ramel et al., 2012). Elements in the tetrapyrrole pathways act as retrograde signals. 
Mg-ProtoIX and heme can both be regulated by FC1 and then transported from chloroplasts 
to nuclear to regulate photosynthesis related genes (von Gromoff et al., 2008; Woodson et al., 
2011). MEP pathways also participate in retrograde signalling pathways, high light can also 
induce MEcPP production in chloroplasts and then regulate nuclear HPL gene expression 
(Xiao et al., 2012). 3’-phosphoadnenosine 5’-phosphate PAP, induced by drought and high 
light, can be transferred from chloroplasts to nuclei and regulates a set of genes expression 
(Estavillo et al., 2011). Abbreviations: Protop IX, ProtoporphyrinIX; FC1, ferrochelatase 1; 
TPK3, Tandem-pore K+ selective channel3; KEA 3, Cation/proton antiporter 3; CLC, anion 
channel of CLC family; ROS, reactive oxygen species; PSI and PSII, Reaction centres of 
photosystem I and II; HMA, P-type ATPase of Arabidopsis/Heavy-metal-associated; bf6, 
cytochrome b6f complex; PC, plastocyanin; LHCII, Light harvesting complex; SULTR, 
phloem-localized sulfate transporter; ATPs, ATP sulfurylase; APS, Adenosine 5’-
phosphosulfate; APK, APS kinase (EC 2.7.1.25); PAPS, 3’phosphoadnosine 5’-
phosphosulfate; SOT, Sulfotransferase; PAP, 3’-Phosphoadnenosine 5’phosphate; APX, 
Ascorbate peroxidase 2; DREB2A, Drought responsive element binding 2A; ZAT10, Salt 
tolerance Zinc Finger. 
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1.4.1 Ion transport, retrograde signalling and ROS-regulated photosynthesis in 

chloroplasts 

Chloroplastic ion transporters may participate in retrograde signalling via the 

synthesis of retrograde signals or intermediates, for example, ROS. The dominant role 

of chloroplasts is photosynthesis and it is the source and target of cellular redox 

regulation (Jung et al., 2013). Many chloroplastic transporters affect the chloroplast 

redox status and, therefore, determine photosynthetic rates. ROS production from 

chloroplasts has been regarded as a key retrograde signal, affecting NGE (Chan et al., 

2010; Kopczewski and Kuźniak, 2013; Chan et al., 2016b). It was suggested that 

accumulation of H2O2, specifically in the chloroplasts induces expression of nuclear-

encoded genes, such as cytoplasmic ascorbate peroxidase 2 (APX2) (Yabuta et al., 

2004). Silencing a thylakoid membrane-bound APX (tAPX) gene regulates H2O2, 

resulting in increased levels of oxidized proteins in chloroplasts. However, expression 

of ROS-responsive genes was negatively regulated in a tAPX silenced mutant, which 

suggests H2O2 triggered retrograde signalling from chloroplasts under stress (Maruta 

et al., 2012). Indeed, photosynthetic redox state and ROS production have been 

proposed to be modulated by the status of plastoquinol (PQH2) and plastoquinone (PQ) 

in chloroplasts (Bräutigam et al., 2009) as well as by chloroplastic ion transporters 

(Pottosin and Shabala, 2016).  

The natural light environment of plants changes rapidly, which has driven to 

the evolution of sensing mechanisms that allow efficient acclimation of plants to light 

conditions (Dietz, 2015). In chloroplasts, thylakoids are packed to occupy a small 

volume with a large surface area and thylakoid membranes also have the highest 

known protein to lipid ratio of any membranes. They contain six major protein 

complexes:  light harvesting complex I (LHCI) and II (LHCII), photosystem I (PSI) 

and II (PSII), cytochrome b6f, and ATP synthase CF0F1 (Pribil et al., 2014). Electron 

transport should be balanced among the two photosystems (PSI and PSII) for NADPH 

and ATP production; an imbalance in electron flow could occur during stress 

conditions. An imbalance can lead to excess electron excitation, photoinhibition, and 

an elevation of ROS. Under high light, induced adaptive structural changes such as the 

swelling of thylakoids and an increase in the partition gaps between the thylakoids can 

occur (Yoshioka-Nishimura et al., 2014). Therefore, the chloroplastic ion channels and 

transporters located in thylakoids become important, as these transporters are 
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responsible for preventing membrane depolarization or hyperpolarization from the 

excessive accumulation of cations and anions via ion transporters (Spetea and Schoefs, 

2010). The ATP synthase in the thylakoid membrane dissipates the proton gradient to 

power ATP synthesis, which is necessary for ion and solute transport during 

photosynthesis (Merchant and Sawaya, 2005). However, the H+ concentration of in the 

different compartments of chloroplasts needs to be well regulated, for example, 

stromal pH is maintained at pH 8.0 while the luminal pH is around pH 5.5-6.2 

(Takizawa et al., 2007). The luminal acidification is necessary to activate non-

photochemical quenching (NPQ), which alters the antenna (LHCII) and allows part of 

the excitation energy to be dissipated to prevent ROS production (Pottosin and Shabala, 

2016). All these processes are likely to require ion and solute homeostasis regulated 

by ion channels, pumps and co-transporters to maintain the balance between 

chloroplasts and the rest of the cell (Fig. 1.2). 

 

1.4.2 Direct modulation of ion transporters on chloroplastic retrograde signalling 

Some ion transporters have roles in regulating ion homeostasis and balancing ROS 

production, but their direct interaction with retrograde signals is still unclear. In 

Arabidopsis, a thylakoid membrane two-pore potassium channel, TPK3, was shown 

to regulate H+ concentration through ion counterbalancing (Carraretto et al., 2013). 

TPK3-silenced plants display impaired CO2 assimilation and reduced non-

photochemical dissipation of excess absorbed light (Carraretto et al., 2013). The K+/H+ 

antiporter, KEA3, is responsible for recuperation of luminal K+ concentration during 

the night (Finazzi et al., 2015) and for optimizing photosynthesis (Wang et al., 2017). 

A member of the Cl- channel (CLCs) family, CLCe, has been identified in thylakoid 

membranes for ion counterbalancing in chloroplasts during light-driven proton transfer 

across the thylakoid (Marmagne et al., 2007). However, under environmental stresses 

such as drought, the balance is disrupted, resulting in high ROS production in 

chloroplasts. Photosynthetic electron transport generated redox signals in chloroplast 

also control PhANGs (Surpin et al., 2002) (Fig. 1.2).  
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1.4.3 Indirect regulation of ion transporters on chloroplastic retrograde signalling  

Other chloroplast-located ion transporters are responsible for transporting specific 

ions for the biosynthesis of retrograde signals and proteomic studies have identified 

specific transporters in the chloroplast and its sub-compartments (Froehlich et al., 

2003). Since Cu is critical for electron transport and ROS scavenging in chloroplasts, 

undoubtedly chloroplast located Cu transporters play critical roles in reducing ROS 

production. Copper in chloroplasts has two forms: reduced and oxidized forms of Cu2+. 

Cu2+ is the redox cofactor of plastocyanin (PC), the protein required for transferring 

electrons from the cytochrome b6f complex to PSI (Redinbo et al., 1994), leading to 

lower ROS production in chloroplasts. Cu is also one of the components of Cu/Zn 

superoxide dismutase (Cu/Zn-SOD), which functions in scavenging ROS produced 

during photosynthesis under stress conditions (Finazzi et al., 2015). In Arabidopsis, 

three proteins (HMA1, HMA6 and HMA8) are involved in Cu homeostasis. HMA1 

and tHMA6 are located in the chloroplast envelope for importing Cu into the 

chloroplast for Cu/Zn-SOD synthesis (Seigneurin-Berny et al., 2006; Boutigny et al., 

2014) while HMA8 is found in the non-appressed fractions of thylakoid membrane 

required for PC biosynthesis (Tomizioli et al., 2014) (Fig. 1.2). The Arabidopsis 

mutant, hma1, has a lower chloroplast copper content and a diminution of the total 

chloroplast SOD activity, which is essential for ROS reduction under stress 

(Seigneurin-Berny et al., 2006).  

Being a component involved in all photosystems and an important redox active 

metal ion critical for photosynthetic electron flow, Fe is involved in various chelation 

and oxidation/reduction steps that affect ROS production (Briat et al., 2007). However, 

Fe homeostasis must be fine-tuned because excessive free iron promotes the formation 

of free radicals via the Fenton reaction in plants. Ferritins are ion-storage proteins, 

responsible for either sequestering or releasing iron upon demand (Theil, 1987). 

Transgenic plants overexpressing a wheat ferritin gene TaFER-5B exhibited enhanced 

themotolerance, drought, oxidative and iron stress tolerance associated with the ROS 

scavenging (Zang et al., 2017). Most importantly, chloroplastic Fe transporters may 

participate in retrograde signalling by importing Fe into chloroplasts for the 

biosynthesis of a key retrograde signal heme (von Gromoff et al., 2008; Woodson et 

al., 2011) (Table 1.1 and Fig. 1.2). Biosynthesis of heme needs ferrochelatse I (FC I), 

which catalyses the insertion of Fe2+ into protoporphyrin IX (ProtoP IX) to form heme 

(Smith et al., 1994). The Arabidopsis Permease Chloroplasts 1 (PIC1), which contains 
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four predicted α-helices targeted to the inner envelope, is involved in iron transport in 

chloroplasts (Duy et al., 2007). Moreover, Multiple Antibiotic Resistance 1 (MAR1) 

which is a homolog of the ferroportin efflux transporters, was also identified as 

mediator of the transport of Fe or Fe-chelating polyamines such as nicotianamine (Fe-

NA) into chloroplasts (Conte et al., 2009).  

Magnesium (Mg) is also another element essential for heme retrograde signalling 

via Mg2+ insertion into ProtoP IX by Mg-chelatase from Mg-protoporphyrin, the 

precursor of chlorophyll and heme biosynthesis (von Gromoff et al., 2008). In 

Arabidopsis, a putative magnesium transporter MRS2-11 is located in the chloroplast 

envelop and is responsible for Mg transport (Drummond et al., 2006). Mg-

protoporphyrin can also be regarded as a retrograde signal, regulating expression of 

PhANGs (Zhang et al., 2011b). Moreover, sulfate transporters are also likely to 

participate in the biosynthesis of retrograde signals by importing ions into chloroplasts. 

The sulfate transporter SULTR3;1 located in the chloroplast membrane and is 

responsible for sulfate uptake into chloroplasts (Cao et al., 2013). Another retrograde 

signal PAP is synthesised from sulfate (Klein and Papenbrock, 2004; Mugford et al., 

2009) and is capable of moving between chloroplasts and cytosol to upregulate APX2 

and drought responsive element binding 2A (DREB2A) under high light and drought 

stress (Rossel et al., 2006; Wilson et al., 2009; Estavillo et al., 2011).  

In summary, chloroplastic ion transporters coordinate in concert to maintain 

normal ion fluxes and electron transport between all the photosystems in chloroplasts. 

These transporters may also participate in retrograde signalling pathways either 

through affecting ROS production or through delivering required components for 

synthesising and regulating the retrograde molecules. As a balanced electron flux 

needs to be maintained in chloroplasts, I propose that chloroplast-derived retrograde 

signals are potential feedback signals that regulate chloroplastic ion transporters. 

However, few studies have addressed whether retrograde signals like ROS regulate 

ion transporters in chloroplast membranes. Patch clamp measurements using 

chloroplasts and membrane patches will be essential to explore the interactions 

between retrograde signals and membrane transport. 
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1.5 Linking retrograde signals to ion transport for stomatal regulation  

The retrograde signal PAP regulates stomatal closure, enhancing drought tolerance. 

Drought tolerance is also partially controlled by activities of pumps, ion channels and 

cotransporters located in the plasma membrane and tonoplast of guard cells, generating 

ion gradients in regulating stomatal opening and closure (Chen et al., 2017) (Fig. 1.3). 

Are there any links between retrograde signals and these membrane transporters? 

Published reports showing direct links between retrograde signals and ion transporters 

at plasma membrane and tonoplast are still limited. Here, I focus on a key component 

of drought tolerance-membrane transporters that regulate stomatal opening and closure. 

I illustrate the potential interactions between retrograde signals and ion transport in the 

context of stomatal guard cell and drought tolerance (Fig. 1.3). 
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Fig. 1.3. A schematic diagram of chloroplast and guard cell located ion channels, their 
roles in regulating stomatal movement and retrograde signal 3’-phosphoadnenosine 5’-
phosphate (PAP)-regulated stomatal closure. PHOT1 and PHOT2 sense blue light, which 
activates plasma membrane proton pump AHAs, and this leads to the efflux of H+ from cytosol 
(Kinoshita et al., 2001). The accumulated electrons on the cytosolic side lead to activation of 
plasma membrane located potassium inward-rectifying channels (Kwak et al., 2001), leading 
to K+ influx. However, these potassium inward-rectifying channels can be inhibited by 
cytosolic Ca2+accumulation (Blatt, 2000). CNGCs and CAXs are responsible for cytosolic 
Ca2+ accumulation (Chen et al., 2010) and CAX can be inactivated by ABA, which increases 
cytosolic Ca2+ accumulation (Conn et al., 2011). ABA also inhibits blue-light induced H+-
ATPase activation, which leads to stomatal closure (Kinoshita et al., 1995). Sulfate can be 
transported into the chloroplast by SULTR for biosynthesis of PAP (Mugford et al., 2009; Cao 
et al., 2013). PAP is degraded by SAL1/ALX8 to AMP (Estavillo et al., 2011). Under drought 
stress, ROS production in chloroplast reduces SAL1 activity which leads to PAP accumulation 
in protoplast (Dietz et al., 2010). Movable PAP is then transported into cytosol by PAP 
transporter PAPST1 (Gigolashvili et al., 2012), and from where it moves to nuclear to bind 
with stress response genes XRNs, which potentially leads to CDPKs expression (Pornsiriwong 
et al., 2017). CDPKs activate SLAC1 channels which leads to anion efflux (Pornsiriwong et 
al., 2017). Cytosolic Ca2+ also has a role in regulating CDPKs (Kim et al., 2010). Besides, 
CDPKs and protein 14-3-3 all have a role in regulating vacuole potassium channels activity 
(Latz et al., 2007; Latz et al., 2013). ABA induced stomatal closure depends on OST1 activity. 
OST1 has a role in activating anion efflux and inhibits water aquaporin channel PIP2;1 activity 
(Geiger et al., 2009; Grondin et al., 2015), which leads to stomatal closure. Abbreviations: 
PHOT, phototropins; AHA, Plasma membrane H+-ATPase; ATP, adenosine triphosphate; 
ADP, Adenosine diphosphate; KAT1, K+ channel 1 in Arabidopsis; KAT2, K+ channel in 
Arabidopsis 2; AKT, Arabidopsis Thaliana Rectifying channel ; ACA, Ca2+-ATPase; CNGC, 
Arabidopsis Cyclic nucleotide-gated ion channels; NRT1.1, Nitrate Transporter 1.1; STP1, 
Sugar Transporter 1; ABA, Abscisic acid; ALMT,  Aluminium-activated malate transporter; 
VHA, vacuolar H+-ATPase; AVP, vacuolar H+/K+-PPase; TIPs, Tonoplast Intrinsic Proteins; 
CAX, Cation Exchanger; CLCa, Chloride Channel a; NHX, Na+,K+/H+ antiporters; AMP, 
Adenosine Monophosphate;  SAL1, Altered expression of APX2; PAP, 3’-phosphoadnenosine 
5’-phosphate;  SULTR, phloem-localized sulfate transporter; PAPST1, 3’-Phosphoadenosine 
5’-Phosphosulfate Transporter 1;ABI, ABA Insensitive; OST1, Open Stomata 1;  TPC, Two-
pore Ca2+ channel; TPK, Two-pore K+ channel; CDPK, Ca2+ dependent protein kinase; SLAC1, 
Slow Anion channel-associated 1; PIP2;1, Plasma Membrane Intrinsic Protein 2; GORK, 
Gated Outwardly Rectifying K+ channel. 

 

1.5.1 Plasma membrane transport in stomatal guard cells  

Plasma membrane pumps: The plasma membrane H+-ATPase (AHAs) protein 

family has many members in different plant species (Chen et al., 2017) and these 

proteins are responsible for H+ movement by coupling with ATP hydrolysis, which is 

the primary motive force for stomatal movement (Falhof et al., 2016). In guard cells, 

blue light, ABA, auxin and exogenous Ca2+ play roles in H+-ATPase regulation 

(Kinoshita and Shimazaki, 1999; Takahashi et al., 2012; Planes et al., 2014). For 

instance, the blue light receptor phototropins (PHOT1 and PHOT2) (Christie, 2007) 

sense blue light and activate plasma membrane H+-ATPases, which results in an efflux 

of H+ from the cytosol (Kinoshita et al., 2001). The activated H+-ATPase induces 



   

31 

hyperpolarization which in turn induces K+ uptake via inward-rectifying K+ channels 

(Kwak et al., 2001). Conversely, ABA strongly inhibits blue-light induced H+-

ATPases activation, which leads to stomatal closure. ABA-induced Ca2+ accumulation 

in the cytosol also inhibits H+ pumping and ATP hydrolysis in guard cells (Kinoshita 

et al., 1995). For example, Mg-chelatase H subunit (CHLH), which was found to 

mediate chlorophyll biosynthesis, regulates stomatal closure in part through 

dephosphorylating/inhibiting guard cell H+-ATPase (Tsuzuki et al., 2013). Ca2+-

ATPases (ACAs) regulate Ca2+ homeostasis on different membranes of a range of 

plant cell types in response to stress (Schiøtt et al., 2004; Schiøtt and Palmgren, 2005; 

Wang et al., 2016b; Yang et al., 2017). Expression of Ca2+-ATPases ACA8 and 

ACA10, were found to be targeted to guard cells in Arabidopsis. The expression of 

ACA8 was found to be upregulated while that of ACA10 was downregulated by cold 

treatment, and the promoter of ACA8 has been shown to contain cold responsive C-

repeat/dehydration-responsive element motif (Schiøtt and Palmgren, 2005). 

BONZAI1 (BON1) interacts with the autoinhibitory domains of ACA10, ACA8, 

ACA10/8 and BON1 physically interact on plasma membrane and functions in the 

generation of cytosol calcium signatures that are critical for stomatal movement (Yang 

et al., 2017). 

Plasma membrane ion channels: Potassium participates in plant growth and 

development (Chen et al., 2016) and also affects homeostasis of other elements (Chen 

et al., 2007). Potassium channels located in guard cell plasma membranes play a 

critical role in K+ uptake and release thus modulating guard cell turgor and volume 

(Véry and Sentenac, 2003). In Arabidopsis, inward K+ channels (such as KAT1, KAT2, 

AKT1, AKT2) and outward K+ channels (such as GORK) were identified as 

responsible for the K+ fluxes during stomatal movement (Pilot et al., 2003). For 

example, the Arabidopsis mutant gork, that has a non-functional gated outward 

rectifying K+ channel, showed impaired stomatal closure (Hosy et al., 2003). In 

addition, overexpressing KAT1 impaired stomatal movement in Arabidopsis (Ichida et 

al., 1997), but stomatal behaviour of a knockout mutant kat1 was little affected 

(Szyroki et al., 2001). Guard cell K+ channels can be regulated by ABA, cytosolic Ca2+, 

pH, protein kinase and phosphatases (Blatt, 2000; Pilot et al., 2003; Ivashikina et al., 

2005). All these results suggest that potassium channels are downstream in guard cell 

signalling pathways and directly affect stomatal movement by changing cell turgor.  
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 Ca2+ accumulation in the cytosol is one of the most important processes in 

ABA-induced stomatal closure and many voltage-dependent Ca2+-permeable channels 

have been identified in the plasma membrane of different types of plant cells (White 

et al., 2002; Chen et al., 2017). Cyclic nucleotide-gated ion channels (CNGC)-

mediated cytosolic Ca2+ rise contributes to the dynamic regulation of guard cell anion 

channels and stomatal closure (Chen et al., 2010; Chen et al., 2012b). Arabidopsis 

CNGC5 and CNGC6 have been identified as plasma membrane Ca2+ channels that are 

highly expressed in guard cells. Guard cells in the cngc5cngc6 double mutant exhibited 

dramatically impaired cGMP-activated currents. Moreover, guard cells of the double 

mutant exhibited functional ABA-activated hyperpolarization-dependent Ca2+-

permeable cation channel currents, intact ABA-induced stomatal closing responses, 

and whole-plant stomatal conductance responses to darkness and changes in CO2 

concentration (Wang et al., 2013a). It has been reported that Ca2+ functions 

downstream of ROS, for instance, the induced-Ca2+ current in ABA-induced stomatal 

closure is activated by ROS (Hamilton et al., 2000).   

There are two major types of anion channels located in the plasma membrane, 

the rapid (R-type) and slow (S-type) anion channels (Roberts, 2006; Chen et al., 2012b; 

Chen et al., 2017). An anion efflux is essential for stomatal closure through both R-

type (Meyer et al., 2010) and S-type (Negi et al., 2008; Vahisalu et al., 2008) anion 

channels. Both types of anion channels can be activated by cytosolic Ca2+ and are 

permeable to a range of anions, including Cl-, malate2- and NO3- (Jezek and Blatt, 

2017). Plasma membrane Aluminium activated malate transporter (ALMT12) is highly 

expressed in Arabidopsis guard cells and plants lacking ALMT12 are impaired in 

ABA-induced stomatal closure. ALMT12 is capable of transiently depolarising guard 

cells to trigger membrane potential oscillations and initiate long-term anion and K+ 

efflux via slow anion channel 1 (SLAC1) and GORK, respectively (Meyer et al., 2010).  

Water channels or aquaporins have various functions in stomatal regulation 

and transport of H2O, CO2, and H2O2 (Maurel et al., 2016). For instance, knocking out 

the plasma membrane Intrinsic Protein (PIP) PIP2;1 in Arabidopsis lead to a defect in 

ABA-induced stomatal closure in pip2;1 plants. In addition, work using Xenopus 

laevis oocytes has shown that PIP2;1 water transport activity is increased when open 

stomata 1 (OST1) phosphorylates a cytosolic PIP2;1 peptide at Ser-121. ABA-

triggered stomatal closure requires an increase in guard cell permeability to water and 
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possibly hydrogen peroxide, through OST1-dependent phosphorylation of PIP2;1 

(Grondin et al., 2015). 

Plasma membrane cotransporters: Many plasma membrane cotransporters 

regulate stomatal movement and play a role in stress tolerance (Amtmann and Blatt, 

2009; Chen et al., 2017). Here I only present three key examples of cotransporters. 

Firstly, the dual-affinity nitrate transporter gene, NRT1.1 (CHL1), is expressed in 

Arabidopsis guard cells, and the chl1 mutant shows enhanced drought tolerance. chl1 

mutants showed reduced nitrate accumulation in guard cells during stomatal opening 

and failed to show nitrate-induced depolarization of guard cells. Therefore, CHL1 

demonstrates its role in stomatal function in the presence of nitrate (Guo et al., 2003). 

Secondly, guard cells of several plant species have been shown to accumulate sucrose 

as an osmoticum that drives water influx to increase stomatal aperture and an 

Arabidopsis H+-monosacharide symporter STP1 was identified in guard cells. A 

transient increase in STP1 expression correlates in time with the described guard cell-

specific accumulation of sucrose and function of STP1 in monosaccharide import into 

guard cells has been reported (Stadler et al., 2003). Lastly, an ATP-binding cassette 

(ABC) transporter, MRP4, is highly expressed in stomata, and the protein is localized 

to the plasma membrane in Arabidopsis. Stomatal aperture in three independent mrp4 

mutant alleles was larger than in wild-type plants, indicating the involvement of MRP4 

in the complex regulation of stomatal aperture (Klein et al., 2004).  

 

1.5.2 Tonoplast transport in stomatal guard cells  

Vacuolar pumps: On the tonoplast, vacuolar acidification requires the combined 

activity of vacuolar type H+-ATPase (V-ATPase) and tonoplast inorganic 

pyrophosphatase (V-PPase), both of which are key determinants for stomatal 

regulation and stress response (Rea and Poole, 1993; Chen et al., 2012b; Kriegel et al., 

2015). V-ATPase maintains a proton electrochemical gradient across endomembrane 

compartments, including the vacuole (Dettmer et al., 2006; Chen et al., 2012b). V-

ATPase is highly abundant, making up 6.5-35% of the total tonoplast protein in 

different species (Ratajczak, 2000). This enzyme is composed of several polypeptide 

subunits that are located in two major domains, a membrane peripheral domain (V1) 

and a membrane integral domain (V0) (Ratajczak, 2000). The expression of all V-

ATPase subunits can be increased in response to salt stress (Ratajczak, 2000) and 

expressing Arabidopsis VHA-C in Hordeum vulgare improved plant performance 
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under saline condition (Adem et al., 2017). Further evidence showed that ABA 

significantly increases V-ATPase H+-transport activity (Kasai et al., 1993). This 

suggests an important role of V-ATPase in regulating plant stress tolerance. V-PPase 

activity in guard cells showed its involvement in stomatal regulation (Darley et al., 

1998). Guard cell protoplasts of Vicia faba exhibited hydrolytic activity characteristic 

of tonoplast localized V-PPase. Activity was inhibited by the specific V-PPase 

inhibitor amino methylenedi phosphonate, cytosolic Ca2+ and stimulated by K+. V-

PPase AVP1 controls auxin transport and, consequently, auxin-dependent 

development (Rea and Poole, 1993; Li et al., 2005). Expression of an Arabidopsis 

AVP1 in cotton improves drought and salt tolerance (Pasapula et al., 2011); however, 

the role of Ca2+-ATPases in stomatal regulation is still elusive.  

Vacuolar ion channels: Stomatal closure requires large amounts of K+ to be 

released from guard cells and mostly from the vacuole (Ward and Schroeder, 1994). 

Therefore, vacuolar K+ channels are key components in regulating stomatal closure. 

The Arabidopsis genome contains five genes that encode two-pore K+ channels (TPK) 

and TPK1 is located in vacuolar membrane where it mediates K+-selective currents 

between cytosol and vacuolar compartments. TPK1 plays a role in intracellular K+ 

homeostasis, slows stomatal closure kinetics (Gobert et al., 2007) and is activated by 

14-3-3 proteins (Latz et al., 2007) and calcium-dependent protein kinases (CDPKs) 

(Latz et al., 2013). In vacuoles, the Arabidopsis Two-pore channel 1 (TPC1) gene 

encodes slow vacuolar channel with high affinity for Ca2+ permeation (Furuichi et al., 

2001). A tpc1 knockout mutant was shown to lack functional slow vacuolar channel 

activity and is defective in ABA induced stomatal closure due to a poor Ca2+ efflux 

from guard cell vacuoles, which suggests a critical role for intracellular Ca2+ -release 

channels in the physiological processes of plants (Peiter et al., 2005; Guo et al., 2016b). 

Aluminum-activated malate transporters (ALMTs) are malate channels involved in 

vacuolar malate accumulation and also tolerance to aluminum (Liu et al., 2009; 

Eisenach and De Angeli, 2017). In Arabidopsis, ALMT9 is a malate-activated vacuolar 

chloride channel required for stomatal opening (De Angeli et al., 2013). ABA Induced 

stomatal closure involves a phosphorylation-dependent vacuolar anion channel 

ALMT4 (Eisenach et al., 2017) and a vacuolar malate channel, ALMT6 in guard cells, 

both of which are subject to multiple regulation processes (Meyer et al., 2011). The 

Arabidopsis nitrate transporter CLCa is localized in the tonoplast and is able to 

accumulate nitrate in the vacuole to regulate stomatal movement (De Angeli et al., 
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2006). While much effort has substantiated the importance of water channel PIPs, 

comparably little is known about the function of intracellular aquaporins such as 

tonoplast intrinsic proteins (TIPs) (Wudick et al., 2009). For instance, sunflower 

SunTIP7 and SunTIP20 are guard cell-localized aquaporins and their expression in 

Xenopus oocytes caused a marked increase in water permeability. Transcript levels of 

SunTIP7 were markedly and systematically increased during drought-induced 

stomatal closure, suggesting that SunTIP7 regulates guard cell volume and stomatal 

aperture (Sarda et al., 1997). 

Vacuolar cotransporters: Many vacuolar cotransporters regulate stomatal 

movement and play a role in stress tolerance (Maeshima, 2001; Reguera et al., 2014; 

Chen et al., 2017). Here I only present a couple of key examples: Na+, K+/H+ 

antiporters (NHXs) and vacuolar cation exchangers. NHXs are involved in K+ 

homeostasis, pH regulation, and salt tolerance (Reguera et al., 2014). Tonoplast-

localized NHX1 and NHX2 are highly expressed in guard cells, but nhx1/nhx2 mutant 

plants showed defective stomatal function and had reduced ability to maintain the 

vacuolar K+ pools. Thus, NHX proteins are essential for active K+ uptake into the 

tonoplast, for turgor regulation, and for stomatal function (Barragán et al., 2012; 

Andrés et al., 2014). Vacuolar cation exchangers CAX1 and CAX3 are involved in 

mediating calcium transport from the cytosol to the vacuole using the proton gradient 

across the tonoplast (Conn et al., 2011). Inhibition of abscisic acid (ABA)-induced 

stomatal closure by indole-3-acetic acid (IAA) is impaired in the cax1/cax3 double 

mutant. The cax1/cax3 mutant exhibited constitutive hypopolarisation of the plasma 

membrane with a higher apoplastic pH than the wild type. Lower extracellular pH fully 

restored IAA inhibition of ABA-induced stomatal closure in cax1/cax3 (Cho et al., 

2012).  

 

1.5.3 Retrograde signals and ion transport in drought-induced stomatal closure 

Stomatal guard cell turgor is regulated by cell solute concentration, thus ion 

channels or transporters in cells determine stomatal movement. Each membrane is 

equipped with a unique set of ion channels and transporters that enable transport of 

nutrients, solutes, and metabolites (Pottosin and Shabala, 2016). Furthermore, 

retrograde signals are regulators that enable plants to survive adverse environments. 

The abundant knowledge of ion transport in stomatal guard cells and deep 

understanding of many retrograde signals summarised above have enabled the 



   

36 

dissection of these two groups of processes to allow the identification of complex 

interaction along the cellular signalling pathways (e.g. ABA signalling). Here I present 

some emergent evidence for these potential interactions.  

In a recent report, chloroplast-derived PAP accumulation was found to induce 

stomatal closure in Arabidopsis (Pornsiriwong et al., 2017). PAP increased K+ and Cl- 

efflux from stomatal guard cells, suggesting a role of potassium and anion channels in 

PAP-induced stomatal closure (Pornsiriwong et al., 2017). Therefore, potential 

interactions may occur between a drought-related retrograde signal PAP and plasma 

membrane located ion transporters. The SAL1-PAP signalling pathway has been 

identified as a typical retrograde signal with multiple roles, such as regulating 

programmed cell death (Bruggeman et al., 2016) and also functions in drought and 

high light signalling (Estavillo et al., 2011). Drought-induced ROS production in 

chloroplasts inhibits SAL1 activity (Chan et al., 2013), which leads to PAP 

accumulation and transport to nuclear. PAP accumulation could activate downstream 

signalling through binding nuclear exoribonucleases (XRNs) to transcriptionally up-

regulate multiple signalling proteins. These proteins include four CDPKs that activate 

SLAC1 activity for stomatal closure under drought (Pornsiriwong et al., 2017) (Fig. 

1.3). This discovery opens the door for future research on retrograde signals and 

membrane transport in plant stress tolerance.  
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Fig. 1.4. A schematic diagram of retrograde signals and potential mechanisms in 
regulating plant drought tolerance. Drought can be perceived by chloroplasts. Chloroplast 
located ion channels participate in biosynthetic processes of retrograde signals, such as Protop 
IX (Strand et al., 2003), heme (Woodson et al., 2011), ROS (Finazzi et al., 2015) and PAP 
(Cao et al., 2013), which either target nuclear genes expression (NGE) (Møller and Sweetlove, 
2010; Woodson et al., 2011; Zhang et al., 2011b) or target secondary messengers (Wang et al., 
2013b). Secondary messengers and NGE, regulate plasma membrane or tonoplast ion 
transporters (Peiter et al., 2005), triggering the root and shoot response to drought. Solid blue 
arrow: by research; Doted blue arrow: potential interaction.  
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1.6 Concluding remarks  

This review highlights some significant questions that need to be addressed. How 

do plant cells achieve the interactions between retrograde signals and ion transporters 

at the plasma membrane and tonoplast? How does retrograde PAP participate in 

regulating stomatal closure to further decides plant drought tolerance? The following 

chapters answer some questions and also suggested some clues about a retrograde 

signal in increasing plant drought tolerance through regulating stomatal activities (Fig. 

1.5).  
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Fig. 1.5 The proposed role of PAP in regulating stomatal closure. PAP accumulation in 
plants increases drought tolerance. How does regulate stomatal closure in plants—through ion 
channels/transporters? Or by interacting with ABA signalling pathway?   
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1.7 Research objectives and hypothesis 

To be able to inform about appropriate clues to breed drought tolerant crop varieties, 

it is necessary to understand more about the mechanisms associated with drought 

tolerance. As detailed above, the normal functioning of chloroplasts is controlled by 

antegrade and retrograde signalling between nuclei and chloroplasts (Surpin et al., 

2002; Singh et al., 2015). This thesis will contribute new knowledge of how 

chloroplast initiated PAP-SAL1 retrograde signalling functions in regulating plant 

stomatal closure which leads to the enhancement of plant drought tolerance (Fig. 1.6). 

Therefore, my overall aim is to determine the role of PAP in drought signalling in 

guard cells. Given the important roles of secondary messengers (e.g. ROS, NO and 

Ca2+) and ion channels in ABA signalling of stomatal guard cells, research questions 

and hypotheses in Chapter 3 are:  

1) Will PAP accumulation in plants close stomata and enhance drought tolerance?  

My hypothesis was that PAP accumulation mutant alx8 has more dynamic 

stomatal activities and exogenous PAP application significantly induces stomatal 

closure. This study shows evidence that PAP affects stomatal activities, which 

leads to drought tolerance in PAP accumulation mutant alx8.  

2) Will exogenous PAP application induce ROS, NO, and Ca2+ changes in guard 

cells? My hypothesis was that exogenous PAP application increases ROS, NO 

and Ca2+ accumulations in guard cells. This study demonstrates evidence about 

the effect of PAP on guard cell ROS, NO and Ca2+ changes.  

3) Will PAP-induced stomatal closure involve regulations of critical K+, Ca2+ and 

anion channel activities as well as the expression of genes encoding these ion 

channels? My hypothesis was that exogenous PAP application activates K+, 

anion and Ca2+ channels, induces K+, Ca2+ and Cl- fluxes from guard cells, and 

regulates ion channel genes. This study indicates PAP induced stomatal closure 

requires regulation of major ion channels.  

PAP is produced in chloroplasts has functions in guard cells but mesophyll cells 

are the largest sources producing PAP due to the fact that mesophyll cells contain the 

majority of chloroplasts. Does PAP play different roles in regulating global 

transcriptome gene expressions between guard cells and mesophyll cells? To answer 

these questions, a reliable method for isolating and purifying guard cells and 

mesophyll cells was developed. Therefore, in Chapter 4: 
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1) A method producing high purity and quantity of guard cell protoplasts (GCPs) is 

presented. 

2) GCPs and mesophyll cell protoplasts (MCPs) extractions using this method 

produced reliable quality RNA for RNA sequencing.  

Using the method developed in Chapter 4, RNA-sequencing was conducted on 

GCPs and MCPs of the Arabidopsis thaliana wild-type ColLer, a drought tolerant 

mutant alx8, a drought sensitive and ABA insensitive mutant ost1-2, and the double 

mutant ost1-2/alx8 in response to PAP treatment. Thus, research questions and 

hypotheses in Chapter 5 are: 

1) Does PAP induce significantly different global gene expression patterns between 

GCPs and MCPs?  My hypothesis was that: (a) PAP significantly regulates more 

genes in MCPs but less genes in GCPs; (b) PAP significantly regulates more 

genes in wild type plant ColLer but less genes expression in mutants alx8 and 

ost1-2/alx8; and (c) PAP significantly regulates more gene expression in ost1-2 

than other Arabidopsis lines.  

2) Does PAP specifically regulate ion channel gene families in GCPs? My 

hypothesis was that PAP highly differently regulates K+ channel gene families, 

(e.g. KATs and GORK) and anion channel gene families (e.g. SLACs and NRTs).  

3) Does PAP play a role in regulating ROS, NO and Ca2+ related gene families?  My 

hypothesis was that PAP specially upregulate ROS (e.g. RBOHs), NO (e.g. NIAs, 

NOAs) and Ca2+ signalling related genes (e.g. CRKs, CDPKs), especially in 

mutant ost1-2. 

4) Does PAP play a role in regulating other critical ABA signalling components 

such as PYR/PYL/RCAR, PP2Cs and SnRKs? My hypothesis was that PAP plays 

roles in rescuing ABA signalling-related gene expressions in ost1-2 GCPs.  

The above results suggested that guard cell may be a suitable model for studying 

evolutionarily conserved cellular signalling. Therefore, research questions and 

hypotheses in Chapter 6 are: 

1) Is PAP-SAL1 signalling evolutionally conserved in land plants? My hypothesis 

was that protein sequences of critical components of PAP-SAL1 signalling are 

conserved in representative plant species and SAL1 proteins from early-divergent 

land plant species have similar functions to SAL1 of Arabidopsis thaliana. 

2) Will exogenous PAP application induce stomatal closure and ion flux changes in 

representative plant species? My hypothesis was that PAP significantly results in 
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stomatal closure in all tested plant species and PAP induces K+ and Cl- efflux but 

Ca2+ influx from guard cells of different plant species.  

3) Will PAP increase ROS and NO accumulations in guard cells of different 

evolutionarily important plant species? My hypothesis was that PAP significantly 

induced ROS and NO production in guard cells of different plant species.  

Overall, in Chapter 7, the main findings on chloroplast PAP-SAL1 retrograde 

signalling, stomatal evolution, and plant drought tolerance were summarized and 

discussed (Fig. 1.6).
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Fig. 1.6 Schematic of chapters for this thesis. This thesis is structured in a traditional way composed by mainly three parts, designated by different 
coloured boxes. A literature review about retrograde signals, ion channels and stomatal closure is indicated in Chapter 1. Chapter 2 describes general 
methods and plant materials. Chapter 3, Chapter 5 and Chapter 6 are research chapters describing exogenous PAP application on physiological and 
molecular response at plant, tissue and cell levels. Chapter 4 described a modified method for isolating and purifying guard cell protoplasts (GCPs) 
and mesophyll protoplasts (MCPs). Chapter 7 is a general discussion concluded from above chapters. Chapter 2 and Chapter 7 are not indicated in this 
schematic.
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Chapter 2 Plant Materials and Methods 

 

2.1 Plant materials and growth conditions 

 

2.1.1 Arabidopsis thaliana 

In this project, four Arabidopsis thaliana genotypes were used. These are the 

Arabidopsis thaliana wild-type ColLer (cross of Columbia and Lansberg ecotypes), a 

drought tolerant mutant alx8 (Columbia background), a drought-sensitive and ABA-

insensitive mutant ost1-2 (Landsberg background), and the double mutant ost1-2/alx8 

(a cross of ost1-2 and alx8). The alx8 mutation results in an amino acid change of 

glycine to aspartic acid at the 217th amino acid of the SLA1 protein (Tair accession: 

4010745380) (Wilson et al., 2009).  It should be noted that the mutant, sal1-8, contains 

a different mutation within the same gene that results in the same phenotype as alx8 

(Pornsiriwong et al., 2017).  Arabidopsis seeds were sterilized with 10% bleach and 

then washed thoroughly with autoclaved Milli-Q water. Subsequently, the seeds were 

germinated in autoclaved, potting mix (compost: perlite: vermiculite = 3:1:1 by 

volume) and kept at 4 °C for three days to synchronize germination and vernalisation. 

Seedlings of Arabidopsis thaliana were grown under ~120 µmol photons m-2 s-2, 16 h 

photoperiod, 22 °C (night) and 24 °C (day) and 70% humidity in a growth chamber. 

Four to five weeks old plants were used to prepare epidermal peels for stomatal assays, 

electrophysiology, in situ PCR, confocal imaging, protoplast isolation and RNA-

sequencing. 

 

2.1.2 Plant species used for stomatal assays 

Apart from Arabidopsis thaliana, important plant species representing key linages 

of plant evolution were also used in this project. Hordeum vulgare (Angiospermae, 

Monocotyledoneae) seeds were from Prof. Meixue Zhou (University of Tasmania, 

Tasmania, Australia). Plants of Nephrolepis exaltata (Polypodiopsida, 

Nephrolepidaceae) and Selaginella apoda (Lycopodiopsida, Selaginellaceae) were 

purchased from a plant nursery (Bunnings, Penrith, Australia). Marchantia 

polymorpha (Marchantiophyta) was a gift by Dr. Suvi Honkanen (University of 

Western Australia, Perth, Australia), Sphagnum fallax (Bryophyta), Cycas revoluta 
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(Cycadophyta), Lagarostrobos franklinii (Coniferae, Podocarpaceae), and Ginkgo 

biloba (Ginkgophyta) were collected from Western Sydney University (Hawkesbury 

Campus, Richmond, NSW, Australia) from October to November 2017.  

Hordeum vulgare seeds were sowed in soil and were grown under 25 ˚C for 16 h 

photoperiod and plant reach four or five true leaves were used for stomatal assay. 

Nephrolepis exaltata (fern), Selaginella apoda (lycophyte), Marchantia polymorpha 

(liverwort), Sphagum fallax (moss) were cultured in the growth room under 25˚C with 

16 h/8 h photoperiod for at least one week before stomatal assay. For Sphagum fallax, 

the sporophyte was used for stomatal assay. Leaves from tree plants, Cycas revoluta 

(Cycadophyta), Lagarostrobos franklinii (Coniferae, Podocarpaceae), and Ginkgo 

biloba (Ginkgophyta) were collected between 11:30 am to 2:00 pm for stomatal assays.  

 

2.1.3 Drought treatment in Arabidopsis 

For drought treatment on Arabidopsis thaliana, all plants were grown under a strict, 

consistent watering regime from the initial establishment of the seedling. For the 

subsequent two weeks of growth after seedling establishment, seedlings were watered 

every two days with 300 mL of water per tray of 8 pots. The amount of water was 

increased to 500 mL per tray until the plants are 4 weeks old when they had reached 

the 4–6 true leaf stage. Plants were removed to keep only one plant per pot before 

applying drought stress. At the start of drought (‘Day 0’), excess water was removed 

using tissue paper. No more water was given and plant responses to drought were 

monitored by visual assessment, assessment of relative water content and final biomass. 

Well-watered plants were also grown as controls. 

 

2.2 Stomatal bioassays 

 

2.2.1 Confocal microscopy for ROS, NO and Ca2+ measurement in stomata 

For measurement of ABA- and PAP-induced production of ROS and NO and Ca2+ 

accumulation in guard cells, plant leaf epidermal peels were attached into a 35-mm 

glass bottom petri dish (MatTek corporation, MA, USA) using silicone adhesive (B-

521, Factor II, InC Lakeside, AZ 85929). Leaf epidermal strips were stained using 

2’,7’-dichlorodifluorescein diacetate (H2DCFDA, Life Technologies, Melbourne, 

Australia), 4,5-diaminofluorescein diacetate (DAF-2DA; Calbiochem, Nottingham, 
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UK) or Fura-2 (Thermofisher, USA) according to Wang et al., (2013), Chen et al., 

(2010 and 2016). After 2 h incubation in the opening buffer (OB) [50 mM KCl and 5 

mM 2-(N-morpholino) propanesulfonic acid (MES) at pH 6.1 with KOH], the peels 

were incubated with 50 µM dye dissolved in measuring buffer (MB) [10 mM KCl and 

5 mM MES at pH 6.1 adjusted with Ca(OH)2] for 20 min, and then rinsed three times 

with MB within 10 min. Epidermal peels were then incubated in MB for 10 min as 

control before treatment with 100 µM ABA or 100 µM PAP. Fluorescence images 

were taken every 5 min over a 60-min period using a Leica inverted confocal 

microscope controlled by LAS AF software (Leica Microsystems, Germany). 

H2DCFDA fluorescence images were collected with an excitation wavelength of 488 

nm with emission detected at 505 to 525 nm. DAF-2DA fluorescence images were 

obtained with excitation at 496 nm and emission detected at 525 to 560 nm. Fura-2 

fluorescence images were obtained with excitation at 380 nm and emission detected at 

495 to 530 nm. Images were quantified with ImageJ software (National Institutes of 

Health, USA) according to Wang et al., (2013b). The background signal was measured 

from an empty region of a similar size and subtracted from the stomatal signal to obtain 

corrected total stomatal fluorescence (CTSF) values. Each stoma was considered to 

represent a single sample and a treatment fluorescence values were averaged across all 

stomata at each time point. For biological measurements of ROS, NO and Ca2+ 

accumulation in guard cells from drought-stressed plants, peeled epidermis was 

directly stained in OB and MB and imaged as described above. 

 

2.2.2 Stomatal apertures assays 

The method for measuring ABA- or PAP-induced stomatal aperture changes 

followed Chen et al., (2016). Peels from the lower epidermis were placed in the glass 

bottom petri dishes and were incubated in OB for 2 h then rinsed with MB three times 

within 10 min. The incubations in OB then MB and the stomatal measurements were 

made under 100 µmol m-2s-1 photosynthetically active radiation (PAR), similar to the 

light intensity where plants were grown and also to avoid dark-induced stomatal 

closure. Epidermal peels were imaged in MB for 10 min as a control under a Nikon 

microscope attached with a Nikon NIS-F1 CCD camera and a Nikon DS-U3 controller 

(Nikon, Tokyo, Japan). Then, 100 µM ABA or PAP treatments were applied and the 

peels measured for another 50 min. Control experiments were also performed by 
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measuring stomatal apertures in MB for 60 min. Images were taken every 5 min and 

stomatal apertures were measured and analysed with ImageJ software. To assess the 

effect of channel blockers on stomatal activity, after 10 min measurement in MB to 

establish a base measurement, channel blockers with and without 100 µM PAP were 

added and the peels were measured for another 50 min. Specifically, 500 µM niflumic 

acid (NA, Sigma Aldrich, USA) as anion channel blocker, 10 mM 

tetraethylammonium chloride (TAE-Cl, Abcam, Sydney, Australia) as a non-selective 

K+ channel blocker, and 5 mM lanthanum (III) chloride (LaCl3, Sigma Aldrich, USA) 

as Ca2+ channel blocker were used in the experiments. For measuring stomatal aperture 

under continuous drought treatment, epidermal peels from the control and drought-

stressed plants were placed into the same glass bottom petri dish and were directly 

incubated in MB and then imaged. 

 

2.3 Microelectrode ion flux measurement 

 

2.3.1 Guard cell ion flux measurement 

For guard cell ion flux measurements, preparation of epidermal peels was identical 

to the stomatal bioassay (described in 2.2.2). Net fluxes of K+, Cl– and Ca2+ were 

measured using non-invasive, ion-selective, vibrating microelectrodes (MIFE) on 

guard cells of four different plant species. Specific details related to the MIFE theory, 

electrode fabrication and calibration are described in Newman, (2001) and Chen et al., 

(2005). Epidermal peels were pre-treated with OB for 2 h before PAP and PAP plus 

channel blocker treatments. The peels were fixed on a coverslip coated with silicone 

adhesive and then placed in a long and flat 5 mL measuring chamber containing MB. 

Three electrodes with fine tips (Resistance = 4 to 6 GΩ) were filled with ion-selective 

ionophore cocktails (Sigma, Buchs, Swithzerland) and their tips were moved towards 

and away from the sample in a slow (5 s cycle, 80 µm amplitude) square-wave by a 

computer-driven micromanipulator. Net fluxes of ions from guard cells were 

calculated from the measured differences in electrochemical potential for these ions 

between two positions. Net K+, Ca2+, and Cl– fluxes from guard cells were measured 

for 10 min as a control to ensure initial, steady values before adding 100 µM PAP, 100 

µM ABA or 100 µM PAP + channel blockers and measurement was made for another 
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50 min. Concentrations of channel blockers utilized for measuring ion fluxes were the 

same as used in the experiments of stomata assays.  

 

2.3.2 Mesophyll ion flux measurement 

Mesophyll ion flux measurement was mainly conducted for four Arabidopsis lines 

in this project. For mesophyll cell ion flux measurements under drought stress, leaves 

from all four types plants stressed for three and six days as well as from control, well-

watered plants were selected. Selected leaves were cut into segments and one selected 

segment was vertically placed in a 5-mL measuring chamber. The segments were 

incubated for 2 h in OB then incubated in MB for 20 min after which the leaf segments 

were measured for 20-40 min to ensure a steady flux was obtained. 

 

2.4 Guard cell voltage clamp 

Electrophysiological recordings from individual guard cells using double-barrelled 

microelectrodes followed the methods as described in Chen et al., (2012a and 2016). 

For anion channel current (Ianion) measurements, the electrodes were filled with 200 

mM CsCl (pH 7.5) and the bathing solution consisted of standard buffer (SB1) 

containing 15 mM CsCl, 15 mM (tetraethylammonium) TEA-Cl, 5 mM Ca2+-MES at 

pH 6.1. For measurements of Ca2+ channel current, the electrode barrels were filled 

with 150 mM Ba(Ac)2 (pH 7.5), and the tissue was perfused with another standard 

buffer (SB2) containing 5 mM MES titrated to pH 6.1 with Ba(OH)2 (1 mM Ba2+). 

Additional Ba2+ was added as BaCl2. 100 μM PAP was added to the standard buffers 

or electrodes. Surface area and volume of impaled guard cells were calculated 

assuming a spheroid geometry using Henry’s EP suite software (Y-Science, University 

of Glasgow, Glasgow UK). Current kinetics and current-voltage analyses were carried 

out using Henry’s EP software. 

 

2.5 Isolation of two cell types from Arabidopsis thaliana  

 

2.5.1 Isolation of guard cell protoplasts (GCPs) from Arabidopsis thaliana 

The protocol for GCPs isolation was modified from Kruse et al., (1989) and Pandey 

et al., (2002). Instead of blending whole leaves, about 200 abaxial epidermal peels 

were detached from 100 healthy, mature leaves; Young (not fully expanded) and old 
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leaves were not used because of the difficulty in obtaining sufficient areas of epidermal 

peels and low GCP yields, respectively. A three step procedure was used for peeling 

the leaves avoiding the major veins. A pair of forceps with fine tips was used to pierce 

the leaf and to form a small (5 × 3 mm) convex opening. Then, the forceps were used 

to gently peel the epidermis to produce a long strip. Any visible green parts of the 

peeled epidermal strips were cut off before immersing them into cold Opening Buffer 

(OB, 50 mM KCl, 5 mM MES, 50 µM CaCl2, 0.1% PVP-40, pH 6.1 adjusted with 

KOH) with the inner side of epidermal peels facing the solution to avoid guard cell 

dehydration.  

Three digestion solutions were then used for GCP extraction: (1) Basic Solution 

(BS): 5 mM MES, 0.5 mM CaCl2, 0.5 mM MgCl2, 10 µM KH2PO4, 0.5 mM ascorbic 

acid, and 0.55 M sorbitol (pH adjusted to 5.5 with HCl, 515 mOsm); (2) Enzyme 

Solution I (ESI): 0.7% (w/v) cellulysin, 0.1% (w/v) polyvinyl pyrrolidone 4000 (PVP-

40), 0.25% (w/v) bovine serum albumin (BSA), 0.5 mM L-ascorbic acid prepared in 

55% BS and 45% (v/v) Milli-Q water, 320 mOsm; and (3) Enzyme Solution II (ESII): 

1.3% (w/v) Onozuka RS cellulose, 0.0075% (w/v) pectolyase Y-23, 0.25% BSA, 0.5 

mM L-ascorbic acid (prepared in BS, 600 mOsm). The pH of ESII was reduced to 3.5 

with HCl to inactivate contaminating proteases existing in commercial cell wall 

digestion enzymes. The pH was then adjusted back to 5.5 with KOH before filtering 

through 0.22 µm filters (SFCA, Thermofisher Scientific, USA) to purify the solution.  

The peels were then dip-rinsed with cold Milli-Q water to wash off the OB buffer 

and then transferred into a 50 mL flask and immersed in 10 mL ESI. The flask was 

then kept dark in a temperature-controlled shaker (Ratek Instruments Pty Ltd, Victoria, 

Australia) at 28 °C and 90 rpm for 20 min. After this time and at subsequent 5 min 

intervals, the peels were examined using a microscope to check their digestion status. 

Compared with pre-digested epidermal peels (Fig. 2.1 A), ideal digestion in ESI results 

in more transparent peels with thinner guard cell walls and the disappearance of 

epidermal cell walls (Fig. 2.1 B). This was usually achieved after a total of 25 min in 

ESI, and all the guard cells were intact after the digestion (Fig. 2.1). 

In order to reduce sudden changes in osmolality that may damage guard cells, 30 

mL of BS was added to the suspension and the suspension gently shaken for 5 min at 

90 rpm. The digested peels were then collected by filtering the suspension through a 

200 µm nylon mesh (Thomas Scientific, USA) and then transferred to a 50 mL flask 

containing 10 mL of ESII. The flask containing ESII and peels was incubated at 20 °C 
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and 40 rpm in the dark for 40 min. After 40 min digestion in ESII and then at 

subsequent 5 min intervals, checks were conducted until most of the guard cell 

protoplasts were released from the peels (Fig. 2.1 C); this typically occurred after 10 

min in ESII. After sufficient digestion, the flask was gently shaken by hand to release 

remaining GCPs from the epidermal peels until few guard cells were visible on the 

epidermal peels under the microscope (Fig. 2.1 D). Then, the mixture was filtered 

through a 20 µm nylon mesh, and the residue on the mesh gently rinsed by 30 mL BS. 

The filtrate was placed in 50 mL Falcon tubes (Sigma-Aldrich, NSW, Australia) and 

centrifuged for 5 min at 200 × g at 4 °C. The supernatant was carefully removed after 

which 10 mL aliquots of the remaining filtrate were transferred into 15 mL Falcon 

tubes (Sigma-Aldrich, NSW, Australia) and centrifuged for another 5 min at 200 × g 

at 4 °C. The pellets were then resuspended in 1 mL of BS. Usually, during the second 

centrifuging process, the suspension is largely composed of GCPs but is contaminated 

with a small number of MCPs and chloroplasts. To further purify the GCPs, 500 µL 

Histopaque (No.1077, Sigma, Castle Hill, Australia) was placed into each of two 1.5 

mL Eppendorf tubes. Then, 500 µL of GCP suspension was carefully transferred on 

top of the Histopaque and centrifuged at 200 × g for 15 min at 4 °C. After centrifuging, 

an opaque layer of GCPs was concentrated at the interfaces of the two solutions (Fig. 

2.2 C). These layers were carefully collected using a pipette and the volume adjusted 

to 1 mL with BS before centrifuging for 5 min at 200 × g at 4 °C. The supernatants 

were carefully removed, and the pellets were slowly resuspended with 500 µL BS. The 

GCPs were incubated on ice for 1 h in the dark to allow the recovery of the protoplast 

membranes (Pandey et al., 2002). The quality of GCPs suspension was checked using 

a microscope (Fig. 2.1 E and H).  

  

  



   

51 

 

 
 
Fig. 2.1. Representative images of isolation process of guard cell protoplasts (GCPs) and 
mesophyll cell protoplasts (MCPs) of Arabidopsis thaliana.  
(A). Representative detached peels immersed in OB buffer clearly exhibiting epidermal cell 
walls and intact and healthy guard cells, open stomata indicates less physical damage after 
peeling from leaves. (B). Representative peels after digestion with ES I indicating intact and 
healthy guard cells and well digested epidermal cells, showing a more transparent epidermal 
peels. (C). During incubation with ESII for 40 min, most of the guard cell protoplasts are 
detaching from stomata and only leaving stomata residues (D). (E). Round and healthy guard 
cell protoplasts floating in basic solution and (F) round and green mesophyll protoplasts 
floating in the maintain solution. (G) A representative normal deep green mesophyll protoplast 
and (H) small pale green guard cell protoplast. Scale bars from A to F represent 20 µm while 
in G and H, scale bars represent 10 µm. 
 
 
 
 

 

 

Fig. 2.2. Representative pictures during GCPs isolation of Arabidopsis thaliana. (A), 
represents gathered epidermal peels soaked in ESI and ready for digestion; (B), indicates that 
after filtering through a 20 µm nylon mesh and during concentration, a slightly green ‘dust’ 
was seen; (C) during final purification process, a fury layer happened in the layer between two 
solutions.   
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2.5.2 Isolation of mesophyll protoplasts in Arabidopsis thaliana 

The protocol for MCP extraction was modified from Bonales-Alatorre et al., (2013). 

Four solutions were used for MCP isolation: (1) Wash Solution (WS): 10 mM KCl, 10 

mM CaCl2, 2 mM MES, 20 mM glucose and 20 mM sucrose (the osmolality was 

adjusted to 750–800 mOsm with sorbitol and the pH to 5.7 with KOH); (2) Release 

Solution (RS): 10 mM KCl, 2 mM MgCl2, 2 mM MES (the osmolality was adjusted 

to 380 mOsm with sorbitol and the pH to 5.7 with KOH); (3) Maintaining Solution 

(MS): 2 mM CaCl2, 5 mM KCl, 2 mM MES (the osmolality adjusted between 500–

570 mOsm with sorbitol and the pH to 7.4 with KOH); and (4) Enzyme Solution (ES): 

2% (w/v) cellulase (Onozuka RS, Yakult Pharmaceutical, Tokyo, Japan), 1.2% (w/v) 

cellulysin (Calbiochem, San Siego, USA), 0.1% (w/v) pectolyase Y-23 (Kyowa 

Chemical Industry, Sakaide, Japan) and 0.1% (w/v) BSA (Sigma-Aldrich, USA), 

prepared with wash solution (osmolality was adjusted to 750–800 mOsm with sorbitol).  

To obtain MCPs, the abaxial epidermis was peeled from ten leaves and then the 

remaining leaf segments were cut into 3 mm × 10 mm pieces avoiding the main veins. 

The leaf segments were placed in 1.5 mL of ES in a glass-bottomed Petri dish (MatTek 

corporation, 200 Homer Avenue Ashland, MA 31721, USA) with the exposed 

mesophyll cells facing the solution. The Petri dishes were kept in the dark and 

incubated for 40 min at 28 °C in a rotary shaker at 90 rpm. After 30 min incubation, it 

is important to check that the leaf segments are neither hard nor plasmolysed to ensure 

a high yield and quality of MCPs. The leaf tissue can then be incubated for a further 

10 min. Digested leaf segments were picked up using forceps and gently washed in 

WS and subsequently incubated in RS at 25 °C for 10 min during which time the 

solution turns pale green. Leaf segment residues were then separated by gently 

spinning the Petri dish; this concentrates the MCPs at the centre of the Petri dish due 

to the centripetal force. Excess liquid was carefully removed using a pipette avoiding 

the areas with MCPs. The suspension was then transferred to a 1.5 mL Eppendorf tube 

and centrifuged for 5 min at 300 × g. Finally, the pellets were resuspended in 500 µL 

MS and were incubated on ice in the dark for 1 h for the MCPs to recover (Fig. 2.1 F 

and G). 

 

2.5.3 Size and chloroplast distribution in GCPs and MCPs  

Images were taken using a microscope with a NIS-F1 CCD camera and a DS-U3 

controller (Nikon, Tokyo, Japan), and were processed and analysed using ImageJ 
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software (NIH, USA). GCPs and MCPs from three biological replicates were analysed 

to determine their diameters and chloroplast numbers. Diameters data of protoplasts 

(both GCPs and MCPs) were analysed by SPSS (IBM SPSS statistics 25, USA) using 

a One-Sample Kolmogorov-Smirnov Test nonparametric test for normality. Sizes of 

GCPs and MCPs were separated into 8 groups by introducing a 0.8 µm interval and a 

4.6 µm interval, respectively. To estimate chloroplast numbers in protoplasts, 

chloroplasts were manually counted in a single plane of view using ImageJ. Box plots 

of chloroplast numbers were generated using R Studio (v1.1.1456) and the ggplot2 

package (Wickham and Chang, 2008).  

 

2.5.4 Protoplast yield and RNA quality 

Protoplast yields were estimated from representative images taken using an 

inverted microscope. The purity of GCPs and MCPs and estimated protoplasts yields 

were calculated based on counts in ImageJ. GCPs from MCPs were identified on the 

basis of their sizes, chloroplast numbers and colour. For similar sized MCPs and GCPs, 

MCPs were in dark green due to their large number of chloroplasts. This was 

considered when calculating protoplast purity. At least three microscopic fields of 

three separate protoplast isolations from different days were examined. For RNA 

extraction, protoplasts were centrifuged for 5 min at 200 × g. After removing excess 

liquid, samples were snap-frozen with liquid nitrogen. RNA was extracted using an 

RNeasy Plant Mini Kit (Qiagen, CA, USA). RNA quality was determined using an 

Agilent Bioanalyzer 2100 and an Agilent RNA 600 Pico Kit at the NGS Facility, 

Western Sydney University, Australia. 

  

2.5.5 Library construction 

Library construction and sequencing were performed as described in Dai et al., 

(2014). The Illumina TruSeq™ RNA Sample Preparation Kit (Illumina, San Diego, 

CA, USA) was used to construct the library following the manufacturer’s instructions. 

The raw data obtained from Illumina HiSeq 2500 were cleaned by trimming and 

removing empty reads, low quality bases (Q<30 and length<50 bp) and adaptor 

sequences at the 3’ ends. BWA (Burrows-Wheeler Aligner, software package, 

http://bio-bwa.sourceforge.net/bwa.shtml) was used to map clean reads following 

standard protocols (Li and Durbin, 2009, 2010) to the genome reference of Arabidopsis 
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thaliana (http://plants.ensembl.org/) and Bowtie (sequence analysis packages, 

http://bowtie-bio.sourceforge.net/index.shtml) for aligning short reads (Langmead, 

2010). The mapped reads were assembled, abundance estimation made and 

differentially expressed genes (DEGs) identified using Cuffdiff of Cufflinks v2.1.1 

(http://cole-trapnell-lab.github.io/cufflinks/releases/v2.1.1/). 

 

2.6 Global transcript analyses 

Analysis of the changes in transcript abundance between GCPs and MCPs from 

ColLer, alx8, ost1-2 and ost1-2/alx8 in the presence or absence of PAP was performed 

by using Rstudio (v1.1.1456). To make scatter plots, fragments per kilo-base of 

transcript, per million mapped reads (FPKM) values were normalized using log2 

transformations. X-axis coordinates were obtained by normalizing values of FPKM 

without PAP treatment, and corresponding Y-axis coordinates were obtained by 

normalizing values of FPKM after 100 µM PAP incubation, based on the same genes 

and scatter plots generated using, ggplot2, in R (Wickham and Chang, 2008). 

Differences in gene expression between the control and PAP-treated protoplasts were 

determined from Log2(FPKMPAP/FPKMcontrol), positive values indicate genes that are 

up-regulated, negative values indicate down-regulated genes. Fold change values were 

used to draw heat maps and also were used for making box plots. Box plots were also 

generated by using ggplot2 in R.  

Genes differentially regulated by more than one-fold change were selected to 

generate Venn diagrams and their IDs submitted to an online tool 

(http://bioinfogp.cnb.csic.es/tools/venny/) to determine overlaps in expression among 

the four Arabidopsis lines. This process was performed for expression in both GCPs 

and MCPs. This data was also used for the generation of circos plots. Also, those genes 

regulated by more than one-fold change were also counted, including details of 

overlapping between different Arabidopsis genotypes. Various overlapping gene 

numbers and details were calculated. Circos graphs were based on those calculated 

gene numbers between GCPs and MCPs. Data were further analysed using Online 

resources (http://mkweb.bcgsc.ca/tableviewer/), where circus plot graphs were 

generated.  
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2.7 Evolutionary bioinformatics analyses 

Protein sequences of selected species in the major lineages were also used for 

alignment and Logo analysis. Multiple sequence alignments and sequence logo of 

SAL1s, SOT15s  and TPSTs Pfam domains in representative green plant species, 

created by MAFFT (https://mafft.cbrc.jp/alignment/server) and Jalview 

(http://www.jalview.org/Download), respectively. Logo analysis was conducted using 

WebLogo (https://weblogo.berkeley.edu/logo.cgi). 

The One Thousand Plant Transcriptome (1KP) database (Matasci et al., 2014) was 

used to retrieve the mRNA sequences of SAL1s, SOT15s, and TPSTs in 1,286 species 

of 23 clades. Amino acid sequences of Arabidopsis thaliana AtSAL1, AtTPST, and 

AtSOT15 were employed as the query sequences to access the transcriptome data with 

the criterion of E-value<10-7 using BLASTP.  
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2.8 Molecular biology 

 

2.8.1 Gene cloning, protein purification and proteomic assays 

The mature cDNA of CrSAL1 of Ceratopteris richardii and PpSAL1 of 

Physcomitrella patens were amplified using proofreading polymerase and cloned into 

pHUE (Catanzariti et al., 2004) using the SacII and KpnI sites (CrSAL1) and XhoITEV 

and HindIII sites (PpSAL1) (Table 2.1), respectively. These were then re-sequenced to 

verify in-frame insertion and sequence fidelity, and recombinant proteins were purified. 

The mature full length CrSAL1 and PpSAL1 cDNA were expressed as CrSAL1- and 

PpSAL1-Ubiquitin fusion proteins in the pHUE expression vector in Escherichia coli 

BL21 DE3 cells (New England BioLabs, USA). The protein was purified using Ni-

NTA His-Bind Resin (Novagen, USA). SAL1-Ubiquitin was then digested with the 

deubiquitinylating enzyme Usp2 and re-purified through the Ni-NTA resin to yield the 

mature CrSAL1 and PpSAL1 proteins of 95% purity as assayed by SDS-PAGE. 

CrSAL1 and PpSAL1 proteins were further concentrated and quantified using the 

Bradford assay (Bradford, 1976). Recombinant protein activity against PAP was 

assayed by incubating protein at 25°C in degassed Activity Buffer (50 mM Tris-MES 

pH 7.5) in the presence or absence of 0.5 mM Mg acetate, 0.5 mM LiCl, 5 mM reduced 

DTT, 5mM oxidized DTT, or combinations with PAP added at 25 and 200 µM. AMP 

produced from degradation of PAP was quantified using the method for derivatization 

and detection of adenosines via High Performance Liquid Chromatography (Estavillo 

et al., 2011; Chan et al., 2016a). 

 

 

Table 2.1. Primers for SAL1 cloning from Ceratopteris richardii and Physcomitrella 

paten. 

Primer name Primers sequences 

CrSAL1_SacIIgly_F CTCCGCGGTGGTATGTCTAGTTCATCGTAT 

CrSAL1_KpnI_R CGGGGTACCTTTATAAACCTTGAGTGCTGC 

PpSAL1_XhoITEV_F CCGCTCGAGCGAAAATCTGTATTTTCAGGGTATGGC  

TAGTTATCAT 

PpSAL1_HindIII_R CCCAAGCTTTCAGTGTTTGGCAGGTAT 
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2.8.2 In situ PCR 

The in situ PCR was essentially as described in Koltai and Bird, (2000) and Munns 

et al., (2012). Peels of lower epidermis of Arabidopsis thaliana wild-type ColLer were 

collected and genomic DNA was removed by RNase-free DNase, followed by addition 

of EDTA and heat inactivation. cDNA synthesis was made using Thermoscript RT 

(Invitrogen, Scoresby, Australia) with gene-specific primers (Table 2.2) used for 

reverse transcription and PCRs. Peels were then washed, incubated alkaline 

phosphatase-conjugated anti-digoxigenin Fab fragments and developed in the dark 

with BM Purple AP-substrate (Roche, Sydney, Australia). The stomatal images were 

then taken with a Nikon microscope and analysed with ImageJ software to quantify 

the relative expression from stomatal images by subtracting the background. 

 

Table 2.2. Primers details of guard cell transporter genes of in situ PCR in Arabidopsis 

thaliana  

Primers Primer sequences 

AtKAT1_InSitu_F AATCCGACTTCCGACACT 

AtKAT1_InSitu_R TCTTTCCACTTTGGCTCT 

AtKAT2_InSitu_F ACCAATCAACTAAGCTCCGTAA 

AtKAT2_InSitu_R CCAGCCACATCTCCCATC 

AtGORK_InSitu_F GATATGGTTCTCGGTGCT 

AtGORK_InSitu_R TCTGGCTACGAAGGTCTC 

AtSLAC1_InSitu_F AGAGTTTACCGAGGAGTG 

AtSLAC1_InSitu_R TGCTGAGCGTTGATTTAG 

 

 

2.8.3 Voltage clamp in Xenopus laevis oocytes  

Gene cloning and cRNA synthesis for two electrode voltage clamp (TEVC) on 

Xenopus laevis oocytes were described in Honsbein et al., (2009), Grefen et al., (2010) 

and Pornsiriwong et al., (2017). Arabidopsis thaliana KAT1 KAT2, SLAC1 and OST1 

were amplified from cDNA made from mRNA extracted using standard PCR 

conditions. The amplified products were cloned into pENTR TOPO® vector using a 

pENTR Directional TOPO® Cloning Kit, transformed into chemically competent 

Escherichia coli One shot® TOPO10 cells (Invitrogen, USA). cDNAs were 

recombined by gateway LR recombination reactions using LR ClonaseTM into 



   

58 

pGEMHE5 DEST. Plasmid DNA was extracted using a Sigma Genelute Plasmid 

Purification Kit. pGEMHE DEST plasmid DNA containing the genes of interest were 

linearized with the restriction enzyme Nhe I or Sph I. cRNA was synthesized and 

purified using the mMESSAGE mMACHINE T7 kit (Ambion, USA).  

TEVC on Xenopus laevis oocytes was described in Honsbein et al., (2009) and 

Grefen et al., (2010). Oocytes were injected with RNAse-free water or cRNA of 

Arabidopsis thaliana KAT1 KAT2, and SLAC1+OST1 using a Nanoject II micro-

injector (Drummond Scientific, USA). TEVC was performed on oocytes between 24 

and 72 h post injection. Voltage clamp experiments were performed with an Oocyte 

Clamp OC-725C (Warner Instruments, USA) with a Digidata 1440A data acquisition 

system interface (Axon Instruments, USA). Recordings were made using Clampex 

10.0 software (pClamp 10.0 Molecular Devices, CA, USA).  

 

 

Table 2.3. Gateway cloning of genes for voltage clamp in Xenopus laevis oocytes. 

Primers Primer sequences 

AtKAT1-GWSo ggggacaagtttgtacaaaaaagcaggctTAATGTCGATCTCTTGGACTCG 

AtKAT1-GWA-wo ggggaccactttgtacaagaaagctgggtGATTTGATGAAAAATACAAATGATCACC 

AtKAT2-GWS ggggacaagtttgtacaaaaaagcaggctTAATGTCAATCTCTTGTACCAGAAACT 

AtKAT2-GWA-wo ggggaccactttgtacaagaaagctgggtGAGAGTTTTCATTGATGAGAATATACA 

AtSLAC1-GWS ggggacaagtttgtacaaaaaagcaggcttaATGGAGAGGAAACAGTCAAATG 

AtSLAC1-GWA-wo ggggaccactttgtacaagaaagctgggtCGTGATGCGACTCTTCCTCTGC 

AtOST1-GWS ggggacaagtttgtacaaaaaagcaggctTAATGGATCGACCAGCAGTG 

AtOST1-GWA-w ggggaccactttgtacaagaaagctgggtATCACATTGCGTACACAATC 

 

 

2.9 Statistical analysis 

For the biochemical and physiological experiments, analyses of variance (ANOVA) 

were used to test for significant differences (P < 0.05) between three or more sample 

groups for a particular treatment or time point. In some cases, where only two sample 

groups of interest were compared, the two sample student’s t-test assuming equal 

variance was used and examined using SPSS 20 (IBM, New York, USA). For 

measuring ion fluxes or stomata changes with three time points, a statistical analysis 

of variance using one-way ANOVA or student’s t-test is done within a genotype.  

  



   

59 

Chapter 3 Chloroplast Retrograde Signal PAP Modulates Plant 

Drought Tolerance through the Regulation of Stomatal Closure 

in Arabidopsis 

 

3.1 Summary 

Efficient stomatal regulation is required for plant drought tolerance. 3’-

phosphoadenosine-5’-phosphate (PAP) is a retrograde signal produced by chloroplasts 

to regulate drought tolerance in plants. In this chapter, the PAP signalling pathway was 

found to function in guard cell signalling transduction using four Arabidopsis 

genotypes ColLer, ost1-2, alx8, and ost1-2/alx8. Endogenous PAP accumulation in the 

alx8 mutant maintained high level of leaf relative water content, indicating a high 

drought tolerance. Further evidence showed that PAP-induced stomatal closure 

involves ROS, NO and Ca2+ regulation networks in guard cells of the four lines. Non-

invasive ion flux measurements showed that PAP increases K+ and Cl- efflux but Ca2+ 

influx from guard cells. PAP induced ion fluxes are either decreased (K+ and Cl-) or 

reversed (Ca2+) by adding channel blockers, which significantly inhibited PAP-

induced stomatal closure. Moreover, voltage clamp studies demonstrated that PAP 

enhances the activities of guard cell Ca2+ and anion channels regardless the genetic 

background of the single and double knockout mutants. In summary, PAP-SAL1 

signalling may participate into the regulation ion channels and core ABA signalling 

elements (Ca2+, ROS and NO) in Arabidopsis guard cells under drought stress.  

 

3.2 Introduction 

Guard cells are specialized cells forming structures called stomata whose primary 

role is to regulate gas exchange and transpiration. Through evolving for millions of 

years, plants have developed a comprehensive set of endogenous signals that have 

allowed them to adapt to life on land (Chen et al., 2017; Pornsiriwong et al., 2017). 

Researchers have studied the mechanisms of ion channels that are involved in 

signalling pathways (Ache et al., 2000). Because of the guard cell’s specific roles in 

gas exchange and transpiration, stomatal regulation determines a plant’s water status, 

especially when plants are under abiotic stresses such as drought. Guard cells regulate 

plant water relations via the specific signalling pathways, affecting plant stress 
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tolerance. One of such signalling pathway involves PAP, which has been identified as 

a typical stress response chloroplast retrograde signal that accumulates in Arabidopsis 

thaliana under drought and high light stress (Estavillo et al., 2011). PAP can be 

dephosphorylated into adenosine monophosphate (AMP) by SAL1, a phosphatase that 

plays a role in regulating plant drought tolerance (Wilson et al., 2009). PAP is 

produced in chloroplasts, but is also found in mitochondria and nuclei (Estavillo et al., 

2011), suggesting it is a retrograde signal molecule (Estavillo et al., 2011). Retrograde 

signalling refers to organelle-to-nucleus communication (Pfannschmidt, 2010), in this 

instance, chloroplast-initiated signals transported to the nucleus to activate or repress 

the expression of nuclear genes involved in stress responses in plant leaves (Lepisto et 

al., 2012). 

It was suggested that PAP has a role in regulating stomatal closure. In the 

Arabidopsis mutant, alx8 (a PAP accumulating mutant), PAP accumulates to be 20-

fold or higher than in the wild-type, resulting in alx8 plants being more than 50% 

drought tolerant than wild-type plants (Estavillo et al., 2011). Drought triggers ABA 

accumulation in plants, thus reducing water loss (Raghavendra et al., 2010). OST1 was 

identified as an ABA-activated protein kinase related to the Vicia faba ABA-activated 

protein kinase (AAPK), which acts in the interval between ABA perception and ROS) 

production (Mustilli et al., 2002). This is evidenced by research showing that ABA-

induced ROS production was disrupted in ost1 guard cells, whereas applied H2O2 or 

calcium elicited the same degree of stomatal closure in ost1 as in the wild type (Mustilli 

et al., 2002). Production of ROS, typically H2O2 and NO, have been shown to play 

roles in ABA-induced stomatal closure. It has been shown that H2O2 is required for 

ABA-induced NO generation for stomatal closure (Bright et al., 2006). However, PAP 

can restore stomatal activity in the open stomata mutant (an ABA insensitive mutant), 

ost1 (Pornsiriwong et al., 2017), suggesting that PAP acts like or interacts with a 

secondary messenger in ABA-induced stomatal closure. K+ and Cl- fluxes across the 

guard cell plasma membrane are regulated by the GORK, KATs, SLAC1, respectively 

(Kim et al., 2010; Jezek and Blatt, 2017). Ca2+ was reported to play important roles in 

activating K+ channels in the control of stomatal closure (Ward and Schroeder, 1994). 

Moreover, it was shown that there are complex interactions between ROS production 

and cytosolic Ca2+ accumulation in regulating K+, and Cl- channels for stomatal closure 

(Wang et al., 2013b). Exogenous application of H2O2 efficiently activates Ca2+ 



   

61 

channels, which further regulates K+ and Cl- channels and, thereby, leading to stomatal 

closure in the ABA-insensitive mutant, pyr1/pyl1/pyl2/pyl4 (Wang et al., 2013b).  

Although exogenous PAP accumulation in plants increases drought tolerance and 

has been well investigated (Wilson et al., 2009; Estavillo et al., 2011; Pornsiriwong et 

al., 2017), there are few studies linking PAP-SAL1 signalling to stomatal morphology 

and in plants. An ability to control ion concentrations is a reflection in the ability of 

plants to maintain their water status under drought stress (Bartels and Sunkar, 2005; 

Zhao et al., 2018). Moreover, both PAP and ABA are involved in the signalling 

mechanisms associated with drought stress, so PAP may merge or intersect with the 

ABA signalling pathway. However, it is unknown how PAP interacts with the different 

intracellular signals, and how PAP regulates ion channels to induce stomatal closure. 

To fill these knowledge gaps, four Arabidopsis genotypes, the wild-type, ColLer, the 

PAP accumulator, alx8, the open stomata mutant ost1-2 and the double mutant ost1-

2/alx8 were used to study the morphological and physiological responses of stomata 

to drought and to exogenous applications of ABA and PAP. Changes in the 

concentrations of ROS, NO and Ca2+ were investigated, and guard cell ion flux 

measurements and ion channel activities using microelectrode ion flux estimation 

(MIFE), voltage clamp and patch clamp were also conducted.  

 

3.3 Results 

 

3.3.1 Differences of phenotypes among four Arabidopsis genotypes 

 

3.3.1.1 Mutation in SAL1 leads to efficient guard cell regulation and enhanced 

drought tolerance 

The morphology, stomatal behaviour and leaf relative water contents (RWC) of the 

four Arabidopsis genotypes, ColLer, alx8, ost1-2 and ost1-2/alx8, subjected to drought 

treatment are shown in Fig. 3.1. Both ColLer and ost1-2 showed obvious drought 

sensitivity 13 days after the commencement of the treatment, while alx8 and ost1-

2/alx8 both showed similar tolerances of drought and survived for approximately three 

weeks (Fig. 3.1 A). After drought stress, alx8 and ost1-2/alx8 both had turgid and 

photosynthetically active leaves (Fig. 3.1 A). The leaf RWC of the four genotypes was 

assessed after 6 days of drought. alx8 and ost1-2/alx8 showed little difference from 
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the control; however, ost1-2 had the lowest RWC (34%) and ColLer was intermediate 

with a RWC of 60% (Fig. 3.1 D).  

With the exception of ost1-2, the stomatal apertures of the Arabidopsis genotypes 

reduced during drought application. The stomatal aperture of ost1-2 exhibited no 

statistically significant closure (from 4.2 µm to 3.9 µm) after 3 or 6 days of drought, 

while the stomatal aperture of alx8 reduced from 4.0 µm to 1.9 µm (dropped by 53%) 

after 3 days of drought and then closed further to 1.3 µm (decreased by 68%) after 6 

days (Fig. 3.1 B and C). ColLer showed an intermediate phenotype; stomatal aperture 

decreased by 49% from 4.1 µm to 2.1 µm after 3 days of drought with not further 

decrease after 6 days (Fig. 3.1 B and C). ost1-2/alx8 initially had a stomatal aperture 

of 2.2 µm, smaller than the other varieties (Fig. 3.1 B and C) then the stomatal aperture 

decreased by 19% to 1.8 µm and further 45% to 1.2 µm after 3 and 6 days of drought, 

respectively, at which times the aperture was similar in size to that of alx8 (Fig. 3.1 B 

and C). 
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Fig. 3.1. Appearance of plants, stomatal apertures and relative water contents of ColLer 
and the two single mutants (alx8, drought tolerant; ost1-2, drought sensitive) and the 
double mutant ost1-2/alx8 of Arabidopsis subjected to continuous drought. (A) Plants 
before and after 13 days of drought when morphological changes had become obvious, and 
(B) images of stomata after 0, 3 and 6 days of drought during the period of early symptom 
development. (C) Changes in mean stomatal aperture ± SEs after continuous drought. (D) 
Average (n=4) leaf relative water contents after 6 days of drought. Statistical analysis was 
performed within each genotype (C) and among four genotypes (D) using single factor 
ANOVA and LSD tests at P=0.05. Bars annotated with the same letters are not significantly 
different from each other.  
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3.3.1.2 The drought sensitive mutant, ost1-2, was not capable of maintaining 

mesophyll cell ions under drought stress 

Mesophyll ion flux measurements were conducted on 0 day of drought, and after 

3 and 6 days of drought. There were no statistically significant differences in K+ fluxes 

among the four genotypes before applying the drought treatment (Fig. 3.2 A). ost1-2 

showed an increase in K+ efflux after 6 days of continuous drought, the remainder of 

the genotypes showed no statistically significant difference at this time (Fig. 3.2 A). 

With the exception of alx8 at 6 days, the other three genotypes showed no changes in 

Cl- effluxes (Fig. 3.2 B). alx8 showed a significantly decreased Cl- efflux after 6 days 

of drought. For ColLer, an initial influx of Ca2+ was reversed to an efflux by drought. 

Before the commencement of the drought treatment, ost1-2 showed large efflux of 

Ca2+, this reduced as the drought treatment progressed (Fig. 3.2 C). For alx8, the initial 

influx of Ca2+ gradually reduced during drought and there was no change in the influx 

of Ca2+ in ost1-2/alx8 during the treatment. 
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Fig. 3.2. Ion flux measurements from mesophyll cells of ColLer, alx8, ost1-2 and ost1-
2/alx8 using microelectrode ion flux estimation. Fluxes of (A) K+, (B) Cl- and (C) Ca2+ from 
mesophyll cells of four week old plants detected using MIFE. Error bars are standard errors of 
the means. Within each genotype, data were subjected to Student’s t-tests relative to 0 day of 
drought, * significant difference at P<0.05; ** significant difference at P<0.01. 
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3.3.2 Stomatal bioassays using confocal microscopy 

 

3.3.2.1 Comparisons of stomatal ROS accumulation under well-watered conditions 

and in response to PAP treatment  

PAP-induced ROS regulation in guard cells was investigated in the four 

Arabidopsis lines to assess their drought tolerance (Fig. 3.3). The data show that under 

well-watered conditions, significantly less (26% less) ROS production occurred in 

ost1-2 guard cells (Fig. 3.3). alx8, ost1-2/alx8 and ColLer showed similar ROS 

accumulation in guard cells under well-watered conditions.  

 

 

 

 

 

Fig. 3.3. Guard cell ROS production in wild type ColLer, the drought tolerant mutant, 
alx8, the drought sensitive mutant, ost1-2, and double mutant ost1-2/alx8 under well-
watered conditions. Fluorescence images were collected with an excitation wavelength of 
488 nm with emission detected at 505 to 525 nm. Error bars are the standard errors of the 
means. Bars annotated with the same letters are not significantly different from each other 
according to single factor ANOVA and LSD tests at P=0.05. 
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CoLer               alx8                 ost1‐2        ost1‐2/alx8 

ROS production in guard cells in response to PAP was also investigated using 

leaves from well-watered plants. Application of exogenous PAP significantly 

increased ROS production of approximately 3-fold in all four genotypes compared to 

the control (Fig. 3.4).  

 

 

 

 

 

Fig. 3.4. Relative H2DCFDA florescence in guard cells from well-watered plants of the 
four Arabidopsis genotypes, ColLer, alx8, ost1-2, ost1-2/alx8, after exogenous treatment 
with 100 µM PAP. (A) shows representative stomata in response to 100 µM PAP. (B) shows 
relative ROS concentrations in response to 100 µM PAP. Relative expression is based on 
stomatal fluorescence before PAP treatment (3–5 plants from which 30-50 stomata were 
assessed). Error bars are the standard errors of the means. Data were subjected to Student’s t-
tests relative to pre-treatment concentrations.  ** P<0.01. Scale bar represents 10 µm.  

A 

B 
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3.3.2.2 Comparisons of stomatal NO accumulation under water-watered conditions 

and in response to PAP treatment  

NO accumulation in guard cells was measured in the four genotypes under well-

watered conditions (Fig. 3.5) and in response to PAP treatment (Fig. 3.6). Under well-

watered conditions, least NO production was accumulated in ost1-2 and ColLer and 

alx8 had similar intermediate NO concentration while ost1-2/alx8 had the highest NO 

concentration (Fig. 3.5). Compared with the wild type ColLer, ost1-2 produced 61% 

less NO and ost1-2/alx8 accumulated 70.1% higher NO in guard cells (Fig. 3.5).  

 

 

 

 

 

 

Fig. 3.5. NO production in guard cells of ColLer, alx8, ost1-2, and ost1-2/alx8 under well-
watered conditions. Error bars are the standard errors of the means (3–5 plants from which 
~10 stomata were assessed). Bars annotated with the same letters are not significantly different 
from each other according to a single factor ANOVA and Tukey’s LSD tests at P = 0.05.  
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CoLer               alx8                 ost1-2        ost1-2/alx8 

Differences were also found between PAP-induced guard cell NO production. 

Exogenously applied PAP increased NO production in all four genotypes, but the 

increase appeared to be greater in ost1-2 and the double mutant ost1-2/alx8 (Fig. 3.6 

B).  

 

 
 
 
Fig. 3.6. Relative NO florescence in guard cells from well-watered plants of the 
Arabidopsis genotypes, ColLer, alx8, ost1-2, ost1-2/alx8, after exogenous treatment with 
100 µM PAP. (A) shows the representative stomata in response to 100 µM PAP. (B) shows 
the relative concentrations of NO in response to 100 µM PAP. Error bars are the standard 
errors of the means. Relative expression is based on stomata fluorescence before PAP 
treatment (3–5 plants from which ~10 stomata were assessed). Data were subjected to 
Student’s t-tests relative to concentrations measured before treatment. * P<0.05 and ** P<0.01. 
Scale bar represents 10 µm. 
   

A 

B 
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3.3.2.3 Comparisons of stomatal Ca2+ accumulation under well-watered conditions 

and in response to PAP and ABA treatment.  

Ca2+ accumulation was measured in guard cells of the four genotypes (Fig. 3.7) 

under well-watered conditions. ColLer and ost1-2/alx8 accumulated the highest Ca2+ 

concentrations with no significant difference (P=0.14). alx8 accumulated significantly 

less Ca2+ (27% less) than ColLer and ost1-2 55% less Ca2+ than ColLer. 

 

 

 

 

 

Fig. 3.7. Ca2+ fluorescence of guard cells of the four Arabidopsis genotypes, ColLer, alx8, 
ost1-2, ost1-2/alx8, under well-watered conditions. Error bars are the standard errors of the 
means (3–5 plants from which 30-50 stomata were assessed). Bars annotated with the same 
letters are not significantly different from each other according to a single ANOVA factor and 
Tukey’s LSD tests at P = 0.05. 
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Ca2+ concentrations in guard cells of the genotypes in response to ABA and PAP 

treatment showed different patterns of response to these treatments (Fig. 3.8). Ca2+ 

significantly (P=0.016) accumulated in ColLer, ost1-2 and the double mutant ost1-

2/alx8 after the addition of PAP; no change was seen in alx8. ABA treatment 

significantly increased Ca2+ accumulation in all genotypes with the exception of ost1-

2 (Fig. 3.8 D).  

 

 

 

 

 

Fig. 3.8. Ca2+ concentrations in guard cells of four Arabidopsis genotypes before and after 
exogenous treatment with either 100 µM PAP or 100 µM ABA. (A) & (B), representative 
stomata before and in response to PAP and ABA, respectively. (C) & (D) show the relative 
concentrations of Ca2+ in response to 100 µM PAP and 100 µM ABA in relation to pre-
treatment levels. Error bars are the standard errors of the means and 3–5 plants from which 
30-50 stomata were assessed. Data were subjected to Student’s t-tests relative to 
concentrations measured before treatment. * P<0.05; ** P<0.01. Scale bar represents 10 µm.  

A B 

C D 



   

72 

3.3.3 Electrophysiological analysis of guard cell ion fluxes and ion channels in 

response to PAP 

 

3.3.3.1 PAP restores guard cell ion fluxes in open stomata mutant ost1-2, an ABA 

insensitive mutant 

K+ and Cl- fluxes in guard cells of the four genotypes were measured in response 

to 500 µM ABA and 500 µM PAP treatments using ion-selective microelectrodes. It 

was revealed that exogenous application of PAP stimulated K+ and Cl- effluxes and 

Ca2+ uptake from guard cells of the four Arabidopsis genotypes (Fig. 3.9 B, D and F). 

In contrast, ABA failed to induce flux changes in K+, Cl- and Ca2+ in ost1-2 (Fig. 3.9 

A, C and E). However, ion fluxes in ost1-2/alx8 were of the same magnitudes found 

in ColLer and alx8, with K+ and Cl- both highly regulated by ABA treatment (Fig. 3.9 

B and D).  
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Fig. 3.9. Non-invasive ion flux measurements from guard cells of the four 
genotypes after 500 µM ABA or 500 µM PAP treatment. Effects of 500 µM PAP (A, 
C and E) or 500 µM ABA (B, D and F) on potassium and chloride effluxes and calcium 
uptake of guard cells in leaf epidermal peels of four-week old Arabidopsis plants. Bar graphs 
represent average net ion fluxes 0, 10 and 50 min after ABA or PAP treatment. Data are means 
± SE (1 stoma from each of 5–7 plants was assessed). Data were subjected to Student’s t-tests 
relative to pre-treatment levels, * P<0.05.  
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3.3.3.2 PAP-induced stomatal closure was reversed by channel blockers 

To examine whether PAP-induced stomatal closure was mediated by ion transport, 

stomatal assays on ColLer were conducted using 100 µM ABA and 100 µM PAP for 

50 min. Results showed that PAP treatment had a similar effects as exogenous ABA 

application, significantly inducing stomatal closure (Fig. 3.10). Exogenous ABA 

reduced stomatal apertures by 20% and PAP caused stomatal closure by 25%. 

However, PAP-induced stomatal closure did not occur if channel blockers were used 

(Fig. 3.10). Moreover, both an anion channel blocker (NA) and a Ca2+ channel 

inhibitor (LaCl3) completely inhibited PAP-induced stomatal closure. The K+ channel 

blocker (TAE-Cl) significantly reduced the PAP-induced stomatal closure (Fig. 3.10).  

 

 

 

 

Fig. 3.10. PAP-induced stomatal closure involves ion channels activities. Bar graph 
showing relative changes in stomatal aperture compared to pre-treatment values, after 
incubation with 100 µM ABA or 100 µM PAP for 50 min and incubation with 100 µM PAP 
+ channel blockers. Data are means ± SE (n = 3 to 5 separate peels with 30-50 stomata). Data 
were subjected to Student’s t-tests relative to measurements before treatment. ** P<0.01.  
  



   

75 

3.3.3.3 PAP induced ion fluxes were inhibited by using channel blockers 

Ion flux measurement of ColLer guard cells suggests that under control conditions, 

stomata have a stable influxes of K+ and Cl- (Fig. 3.11). Exogenous application of PAP 

to guard cells significantly induced large K+ and Cl- effluxes (Fig. 3.11). Furthermore, 

the PAP-induced K+ and Cl- effluxes were significantly reduced by 76% and 69% in 

response to the TEA-Cl and NA, respectively. PAP-induced Ca2+ influx was 

significantly reversed to an efflux by the Ca2+ channel inhibitor, LaCl3 (Fig. 3.11). 
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Fig. 3.11. PAP-induced ion fluxes from guard cells are inhibited by ion channel blockers. 
Bar graph showing ion flux measurements of (A) K+, (B) Cl- and (C) Ca2+ under control 
conditions and after incubation with 100 µM PAP and 100 µM PAP + channel blockers. Three 
channel blockers were employed here, which are 10 mM non-selective K+ channel blocker 
TAE-Cl (tetraethylammonium chloride), 500 µM anion channel blocker NA (niflumic acid) 
and 5 mM Ca2+ channel blocker LaCl3 (lanthanum chloride). Data are means ± SE (1 stoma 
from each of 5–7 plants was assessed). Data were subjected to Student’s t-tests relative to pre-
treatment values, ** P<0.01.  
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3.3.3.4 PAP induced guard cell plasma membrane Ca2+ and anion channel activities 

among four Arabidopsis lines 

To validate the roles of plasma membrane Ca2+ and anion channels (responsible 

for Cl- exchange) in PAP signalling, voltage clamp was utilized to measure channel 

currents of guard cells of ColLer, ost1-2, alx8, and ost1-2/alx8 (Fig. 3.12). It was found 

that the activities of both Ca2+ and anion channels are stable under control conditions 

(Fig. 3.12 G and H). With PAP in the bathing solution, ColLer showed smaller changes 

in ICa and Ianion channel activities compared to the other genotypes, though a significant 

difference before and after PAP incubation was also observed in ColLer (Fig. 3.12 A 

and B). In all genotypes, addition of PAP to the bathing solution (Figure.3.12 A) for 

15 min led to significant increases in ICa averaging at 99%. ost1-2 showed a 

significantly lower ICa under control conditions, but adding PAP to the bathing solution 

significantly increased ICa by 214% (Figure.3.12 A). PAP in the bathing solution 

(Figure.3.12 B) for 15 min also resulted in a significant increase in Ianion of 83% in ost 

1-2. Compared with PAP incubation in bath solution (Fig. 3.12 C and D), PAP 

application in electrodes more rapidly activated channel activities (Fig. 3.12 E and F).  
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Fig. 3.12. PAP activates plasma membrane Ca2+ and anion channels in guard cells of 
Arabidopsis. (A), Average steady-state Ca2+ channel currents at -100 mV before and 15 min 
after adding 100 μM PAP to the bathing solution. (B), Average steady-state anion channel 
currents at -200 mV before and 15 min after adding 100 μM PAP to the bathing solution in 
four Arabidopsis genotypes. (C), Representative I/V curves and current traces of Ca2+ channels 
from one guard cell of ColLer before and 15 min after adding PAP to the bathing solution and 
(E) in the electrode. (D), Representative I/V curves and current traces of anion channels from 
one guard cell of ColLer before and 15 min after adding PAP to the bathing solution and (F) 
in the electrodes. (G), Representative I/V curve and current traces of Ca2+ channels from 
ColLer without treatment. Scale bars: 100 µA cm-2 (vertical) and 1 s (horizontal). (H), 
Representative I/V curve and current traces of anion channels from ColLer without treatment. 
Scale bars: 100 µA cm-2 (vertical) and 2 s (horizontal). Data are means ± SE (n=4–10 guard 
cells each from a separate plant).   
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3.3.3.5 PAP also regulates K+ channel activities in ColLer  

The K+ and Cl- channel genes, KAT1, KAT2 and SLAC1, were expressed in Xenopus 

laevis oocytes and channel activities were measured with or without PAP treatment 

(Fig. 3.13 A). The data show no significant changes in KAT1 or SLAC1 activity after 

30 min incubation with PAP in the bathing solution (Fig. 3.13 A). A slight inhibition 

was shown in KAT2 after 30 min incubation with PAP.  
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Fig. 3.13. Functional analysis of the effect of PAP on K+ channels and SLAC1 channel 
using Oocyte patch clamp. (A) Effect of PAP on ion channels expressed in Xenopus laevis 
oocytes. Steady-state current of K+ inwardly rectifying channels (KAT1 and KAT2) at -160 
mV and the slow anion channel, SLAC1, co-expressed with OST1 at -120 mV were measured 
before and 30 min after 100 μM PAP treatment. Data are means ± SE (n=4–10 oocytes). 
Representative traces from 0 min, 10 min and 30 min were selected for generating curves lines 
for KAT1 (B) and KAT2 (C) under control and after 100 µM PAP treatment.  
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3.3.3.6 In situ PCR analysis of expression of channel genes 

 in situ PCR was conducted on guard cells of ColLer to investigate channel gene 

expression in response to PAP treatment. The data show that exogenous application of 

PAP significantly upregulated the K+ outward channel gene, GORK by 60%, and the 

slow anion channel, SLAC1 (Fig. 3.14 B). For K+ inward channel genes, KAT1 and 

KAT2, it was found that KAT2 is highly down-regulated by over 25% in guard cells 

while no obvious change is observed in KAT1 expression (Fig. 3.14 B).  

 

 

 

 

Fig. 3.14. In situ PCR analysis of ion channel gene expression in response to PAP 
treatment. Effect of PAP on in situ expression of ion channel genes in stomatal guard cells of 
the lower epidermis of Arabidopsis leaves. Raw and modified stomatal images obtained from 
in situ PCR from either before (‘-’) or after 50 min 100 μM PAP treatment (‘+’). Images were 
modified using the binary function in Image J and stomatal images showing a preponderance 
white colour indicate high expression levels. K+ inwardly rectifying channel 1, KAT1; K+ 
inwardly rectifying channel 2, KAT2; slow anion channel 1, SLAC1; guard cell outwardly 
rectifying channel, GORK. Data are means ± SE (3–5 plants from which 30-50 stomata were 
assessed). Data were subjected to Student’s t-tests relative to control (before treatment), * 
significant difference at P<0.05  
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3.4. Discussion  

PAP accumulation in plants increases plant drought tolerance, which have been 

reported in several studies (Wilson et al., 2009; Estavillo et al., 2011; Pornsiriwong et 

al., 2017). However, more research on how PAP influences stomatal physiology is 

needed to understand its actions, in particular how PAP and ABA are involved in the 

signalling mechanisms associated with drought stress and whether PAP joins the ABA 

stomatal signalling pathway involved in drought tolerance. To fill this knowledge gap 

and confirm whether the behaviour of the genotypes used in this study conform with 

previous studies, the growth, physiology and stomatal behaviour of these genotypes in 

response to drought treatment were firstly examined. Chloroplast retrograde signalling 

involving PAP-SAL1 regulates stomatal signalling elements including ROS, NO and 

Ca2+ in guard cells during stomatal closure. These are also ABA inducible elements in 

stomatal signalling and suggests that PAP has potential interactions with ABA 

stomatal signalling. PAP also affects guard cell ion fluxes and changes in these ion 

fluxes which were examined in the four genotypes as well changes in the expression 

of ion channel genes.  

 

3.4.1 Linking drought tolerant Arabidopsis phenotype to the PAP accumulating 

mutants  

The improved drought tolerance in alx8 was reported to be due to PAP 

accumulation caused by a point mutation in SAL1 (Wilson et al. 2009), a phosphatase 

protein that continuously degrades PAP to AMP thereby reducing PAP accumulation 

(Estavillo et al., 2011). Correspondingly, alx8 has a significantly higher relative water 

content (RWC) than ColLer after drought and a drought tolerant phenotype (Estavillo 

et al., 2011).  Assays of RWC of the mutants at the vegetative stage also indicate that 

the different drought tolerance phenotypes seem not to be affected by developmental 

stage as Estavillo et al. (2011) found that differeces in RWCs were established early 

in development before bolting. Similar results were also found by Wilson et al., (2009), 

who showed a higher survival of alx8 than the wild-type controls after 18 days of 

drought treatment. On the contrary, ost1-2 was found to be drought sensitive due to a 

disruption in ABA-induced stomatal closure (Mustilli et al., 2002; Pornsiriwong et al., 

2017). After prolonged drought treatment, ost1-2 shows a more drought sensitive 

phenotype and a significantly lower survival rate than the wild-type (Pornsiriwong et 
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al., 2017). Therefore, it will be of importance to test the drought tolerance on a double 

mutant with knockouts in both SAL1 and OST1. A double mutant, ost1-2/sal1-8 

similar to ost1-2/alx8 (for details, refer to 2.1.1), was found to be more drought tolerant 

than the wild-type with a higher survival rate after prolonged drought treatment 

(Pornsiriwong et al., 2017). However, these studies did not examine stomatal changes 

along with drought treatment nor indicate the differences in stomatal morphologies of 

the four genotypes.  

The present study confirms that the leaves of ost1-2 plants are heavily wilted after 

a thirteen-day drought while those of alx8 and ost1-2/alx8 still were turgid and green 

at the end of drought treatment (Fig. 3.1 A). The stomatal aperture of alx8 significantly 

decreased while the stomatal aperture of ost1-2 showed no significant closure after 

drought, further suggesting highly dynamic stomatal activities in alx8 but impaired 

stomatal function in ost1-2. Interestingly, even under well-watered conditions, ost1-

2/alx8 had a significantly smaller stomatal aperture compared to those of the other 

genotypes (Fig. 3.1 C). This may suggest that endogenous PAP accumulation in this 

mutant compensates for the loss of OST1 and over-rescues stomatal aperture. 

Therefore, a clear link between stomatal activities and drought tolerance was observed 

among the four genotypes (Fig. 3.1). The higher endogenous PAP accumulation in 

alx8 and ost1-2/alx8 which leads to enhanced drought tolerance, implicating that PAP 

regulates plant drought tolerance through stomatal regulation.  

 

3.4.2 PAP regulates ion fluxes for stomatal closure 

Solutes are important for maintaining cell osmolality and plant water status. 

Solutes also affect a plant’s ability to tolerate drought and high light stresses (Spetea 

and Schoefs, 2010). Ion leakage has been shown to be an indicator of plant drought 

tolerance (Masoumi et al., 2010). Drought tolerant alx8 mutant had low ion leakage 

under a manipulated drought treatment (Wilson et al., 2009). However, studies of ion 

leakage are mostly conducted at tissue level and few are from specific cell types under 

drought conditions. In guard cells, certain ion channels are responsible for ion uptake 

or efflux, which maintains normal plant physiology (Zhao et al., 2018). It has been 

also shown that K+ efflux and early Ca2+ efflux from leaf mesophyll cells are likely to 

serve as significant indicators of drought stress (Mak et al., 2014). Under severe 

drought conditions, soybean plants showed significantly increased K+ and Ca2+ 
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effluxes from mesophyll cells (Mak et al., 2014). However, no evidence was found to 

indicate a role for Cl- in plant drought tolerance. Therefore, the plants’ abilities to 

prevent ion loss under continuous drought was tested using MIFE.  

 ost1-2 had larger mesophyll cell effluxes of K+ after 6 days of drought treatment, 

which may suggest a poor ability to retain this crucial macronutrient during drought 

(Fig. 3.2 A & B). In contrast, the drought tolerant mutants, alx8 and ost1-2/alx8, 

showed little changes in K+ fluxes after drought treatment (Fig. 3.2 A). ColLer showed 

significantly increased Cl- efflux after three days of drought treatment (Fig. 3.2 A), but 

drought did not cause a significant effect on Cl- efflux from the double mutant (Fig. 

3.2 B). Interestingly, alx8 showed a significant decrease in Cl- efflux after 6 days of 

drought while ost1-2 had a higher Cl- efflux than other three genotypes (Fig. 3.2 B). 

All these results confirmed significant differences in the ability of the drought sensitive 

mutant, ost1-2, and drought tolerant mutants, alx8 and ost1-2/alx8 to maintain ions 

under drought stress (Mak et al., 2014). 

A stable Ca2+ flux from mesophyll cells was found in soybean plants under well-

watered conditions (Mak et al., 2014). Drought stressed plants tend to have large Ca2+ 

effluxes from mesophyll cells, and more severe drought conditions induced 

significantly increased Ca2+ effluxes (Mak et al., 2014). Unexpectedly, under well-

watered conditions, ost1-2 mesophyll cells had large Ca2+ effluxes while other three 

genotypes showed a small influx of Ca2+ (Fig. 3.2 C). After 6 days of drought, alx8 

and ost1-2/alx8 both exhibited Ca2+ influxes while mesophyll cells from ColLer and 

ost1-2 exhibited Ca2+ effluxes (Fig. 3.2 C). This is consistent with Ca2+ as a potential 

indicator reflecting plant drought tolerance (Mak et al., 2014). Considering that 

cytosolic accumulation of Ca2+ is necessary for guard cell closure (Brandt et al., 2015) 

and that alx8 and ost1-2/alx8 have more active stomatal activities, it is presumed that 

the accumulation of Ca2+ in alx8 and ost1-2/alx8 mesophyll cells may potentially serve 

as Ca2+ sources for rapid stomatal closure in these drought tolerant mutants.  

 

3.4.3 PAP modulate ROS, NO and Ca2+ differentially for stomatal closure in 

Arabidopsis lines contrasting in drought tolerance 

ABA-induced stomatal closure needs OST1 protein kinase to function as a switch, 

which mediates ROS production (Mustilli et al., 2002), which in turn have been shown 

to be important components in regulating stomatal closure (Zhang et al., 2001; Cruz 
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de Carvalho, 2008). An increase in ROS was found in response to ABA in guard cells 

of ColLer and ost1-2/sal1-8 but not in ost1-2 (Pornsiriwong et al., 2017). This also 

suggests that OST1 is necessary for producing ROS in ABA-induced stomatal 

signalling. However, previous studies suggest that exogenous PAP application rescues 

ROS production in ost1-2 and, within 10 min, ROS production in ost1-2 guard cells 

was increased by 45% in response to PAP (Pornsiriwong et al., 2017). PAP also 

increased ROS accumulation in ColLer and ost1-2/sal1-8 (analogous to ost1-2/alx8) 

within 10 min (Pornsiriwong et al., 2017). ROS production in alx8 guard cells was not 

investigated in previous studies, though evidence shows that leaves of alx8 contain 

lower concentrations of ROS (Gigolashvili et al., 2012). In this study, ost1-2 had 

significantly lower ROS accumulation in guard cells under normal conditions than the 

other three genotypes (Fig. 3.3). This matches with the view that a certain amount of 

ROS in plants is necessary for normal guard cell activities (Mittler, 2017), however, 

the significantly lower concentration of ROS in ost1-2 guard cells may be associated 

with its impaired stomatal activities (Fig. 3.1 B). The results showed that PAP has a 

role in rapid regulating ROS production in these four genotypes (Fig. 3.4). This 

evidence suggests that ROS restoration in ost1-2 guard cells may restore stomatal 

activity.  

NO has been identified as an essential element in ABA-induced stomatal closure 

(Neill et al., 2002). Studies show that exogenous NO induces stomatal closure and that 

ABA plays a role in increasing NO production in pea guard cells (Neill et al., 2002). 

Similar results were also found in the guard cells of the Arabidopsis wild-type, Col-0, 

incubated with exogenous ABA (Chen et al., 2016). Although the importance of NO 

in stomatal signalling has been illustrated (Neill et al., 2008), there is no research on 

NO in the drought tolerant mutants (alx8 and ost1-2/alx8) tested in this study. Here, 

similar to ROS, ost1-2 guard cells produced significantly less NO under well-watered 

conditions while ost1-2/alx8 had much higher NO production (Fig. 3.5); ColLer and 

alx8 had intermediate NO production (Fig. 3.5). However, exogenous PAP 

significantly increased NO production in all genotypes, especially in ost1-2 by two-

fold (Fig. 3.6). Given that NO is a necessary element in stomatal signalling (Neill et 

al., 2008), PAP’s function in elevating NO production in ost1-2 guard cells may restore 

its stomatal closure.  

Cytosolic Ca2+ is another important element in guard cell signalling (Chen et al., 

2010) that is primed by ABA and then activates downstream S-type anion channels 
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and K+ channels during stomatal closure (Siegel et al., 2009; Brandt et al., 2015). Ca2+ 

is important in ABA stomatal signalling; however, no research has investigated Ca2+ 

accumulation in guard cells in response to either ABA or PAP in alx8 and ost1-2/alx8. 

It was indicated that, under well-watered conditions, ost1-2 guard cells contain 

significantly lower Ca2+ concentrations compared to the other genotypes (Fig. 3.7). 

This may be correlated to the lower accumulation of ROS and NO in ost1-2 guard cells 

(Fig. 3.3 and Fig. 3.5), since Ca2+ was found to be downstream of ROS and NO (Wang 

et al., 2011b). In addition, ost1-2/alx8 had similar Ca2+ accumulation in guard cells as 

ColLer but a higher concentration than in alx8 (Fig. 3.7). This may also suggest 

endogenous PAP compensates the loss of OST1 in ost1-2/alx8, which rescues ROS 

and NO production and Ca2+ accumulation thereby rescuing stomatal activity. It was 

also found that significant Ca2+ increases in guard cells in ColLer, ost1-2 and ost1-

2/alx8 in response to PAP (Fig. 3.8). However, there seems to be no effect of PAP on 

Ca2+ accumulation in the guard cells of alx8 (Fig. 3.8). This may be because alx8 

accumulates high Ca2+ concentrations under normal conditions (Wilson et al., 2009). 

Exogenous ABA application significantly increased Ca2+ accumulation in guard cells 

of ColLer, alx8, ost1-2/alx8 but not in ost1-2 (Fig. 3.8). This perhaps is due to the 

impaired ROS production in ost1-2 due to loss of OST1, which leads to ABA 

insensitivity (Mustilli et al., 2002). However, this was reversed by either genetically 

or exogenously PAP manipulations. 

ROS, NO and Ca2+ have been reported to be components of networks regulating 

ABA-induced stomatal closure and are important elements in ABA signalling (Bright 

et al., 2006; Wang et al., 2013b). It has been reported that NO functions downstream 

of H2O2 (Bright et al., 2006). Direct evidence supporting this is that H2O2-induced 

stomatal closure is inhibited by the removal of NO with a NO scavenger, conversely, 

NO-induced stomatal closure does not require H2O2 synthesis nor did NO treatment 

induce H2O2 production in guard cells (Bright et al., 2006). Evidence also indicates a 

direct role for NO in selectively regulating Ca2+-sensitive ion channels of Vicia guard 

cells (Garcia-Mata et al., 2003). By promoting Ca2+ release from intracellular stores to 

raise cytosolic-free Ca2+, K+ and Cl- channels are activated and induce stomatal closure 

(Garcia-Mata et al., 2003). Therefore, one of the most important findings of this thesis 

is that PAP was capable of restoring ROS and NO production and Ca2+ accumulation 

in the ABA-insensitive ost1-2 (Fig. 3.4, Fig. 3.6 and Fig. 3.8). 
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3.4.4 PAP induce K+, Ca2+ and anion channels for stomatal closure  

Membrane transporters are responsible for ion transportation and, therefore, have 

roles in biological functions; the role of transporters and channels in chloroplasts has 

been reviewed by Finazzi et al., (2015). Ion transporters also form part of the 

regulatory networks involved in regulating plant drought tolerance (Zhao et al., 2018). 

In this thesis, ABA failed to induce changes in K+, Cl- and Ca2+ fluxes in ost1-2 while 

PAP induced K+, Cl- effluxes and Ca2+ influx in all four genotypes (Fig. 3.9). This 

suggests that PAP may have a role in restoring ion channel activities which causes flux 

changes in guard cells (Fig. 3.9). To confirm this, stomatal changes in ColLer after 

PAP treatment with or without channel blockers were conducted. The results indicated 

that PAP-induced stomatal closure in ColLer can be reversed by applying these 

channel blockers (Fig. 3.10) as TEA-Cl application abolished the PAP-induced K+ 

efflux from guard cells (Fig. 3.11), and NA decreased Cl- efflux (Fig. 3.11). Calcium 

has specific roles in plant signalling (Hirschi, 2004) including stomatal closure (Mori 

et al., 2006), and cytosolic Ca2+ accumulation in guard cells is necessary for regulating 

stomatal closure (Chen et al., 2010). Unexpectedly, PAP-induced Ca2+ uptake was 

reversed by feeding guard cells with LaCl3 (Fig. 3.11).  

Using the voltage clamp technique, this study has shown that PAP affects ion 

channel activities in guard cells of the four genotypes (Fig. 3.12). Ca2+ channel activity 

was initially low in ost1-2 guard cells (Fig. 3.12 A). The lower Ca2+ accumulation in 

ost1-2 guard cells under well-watered conditions suggests a low Ca2+ channel activity 

could be responsible for the stomatal impairment in ost1-2. This increase in Ca2+ 

channel activities was found by placing PAP in the bathing solution, and a rapid 

increase in Ca2+ channel activity was also obtained by feeding PAP via electrodes (Fig. 

3.12 C and E). Similarly, anion channel activities were also significantly increased 

after feeding guard cells of all genotypes with PAP and also slightly higher activity 

was seen by feeding PAP via electrodes (Fig. 3.12 D and F). Channel activities were 

further measured using oocyte clamp (Fig. 3.13) to examine whether PAP directly 

interacts with these channels. The results suggest that PAP does not inhibit KAT2, 

KAT1 and SLAC1 channel activities in oocytes (Fig. 3.13). All the evidences 

suggested a function for PAP to indirectly regulate of ion channels for stomatal closure.  
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3.5 Conclusions 

In this chapter, it was firstly illustrated that the different levels of drought tolerance 

among four Arabidopsis genotypes is evident by plant phenotypes under continuous 

drought. PAP-induced stomatal closure involved ROS, NO and Ca2+ accumulations in 

guard cells, which maybe the interlinks that overlapped with guard cell ABA signalling 

pathway and downstream ion channels. Although a general schematic about PAP-

SAL1 signalling was drawn, but this raises a few questions related to ost1-2. 1). Does 

PAP join ABA biosynthesis to restore ROS production in ost1-2 guard cells? 2). Does 

PAP interact with other OST1 analogies which compensates loss of OST1 in ost1-2 

guard cells? 3). Does PAP play roles in directly regulating Ca2+ sensors, transports 

which bypasses ROS accumulation in guard cells? Answers to the two latter questions 

are outside the scope of this thesis, which are thus required to be addressed in the future. 

Further, as a typical retrograde signal, PAP is produced in chloroplasts, which 

suggests that mesophyll cells are the dominate sources for PAP production due to the 

fact that mesophyll cells contain the largest amount of chloroplasts. Since PAP showed 

specific physiological functions in guard cells, it was of interest to decipher the 

differences in the transcriptome between mesophyll cells and guard cells that relate 

PAP to drought tolerance. To address this key issue, isolating and purifying guard cells 

and mesophyll cells is inevitably important.  

In Chapter 4, methods for separating guard cell protoplasts (GCPs) and mesophyll 

protoplasts (MCPs) were optimised, respectively. By comparing protoplast sizes 

between MCPs and GCPs, contaminations of MCPs during GCPs extraction seems to 

be inevitable if an initial blending process was involved of GCPs extraction. Also, I 

proposed an accurate way for calculating protoplasts purity based on the significant 

difference in chloroplast numbers from similar size MCPs and GCPs, which better 

reflects a true purity. Employing detached epidermal peels instead of using blending 

process, this method appeared to be better suited for GCPs extraction to preserve the 

integrity of GCPs. RNA-sequencing was conducted by using isolated and purified 

GCPs and MCPs following this revised method in Chapter 5. 
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Chapter 4 Isolation of High Purity Guard Cell Protoplasts for 

Cell Type Specific Transcriptome Analysis in Arabidopsis   

 

4.1 Summary 

Stomata are unique plant structures responsible for photosynthesis, transpiration 

and innate immunity to pathogens, and the guard cells are one of the most studied cell 

types for plant cell functioning, signalling, and stress responses. The ability to easily 

purify large quantities of high purity guard cell protoplasts (GCPs) would facilitate 

further studies, as current methods for GCP isolation are barely sufficient for omics 

research. Here, a new procedure for isolating high purity GCPs was reported. For the 

isolation of GCPs, detached epidermal peels were used to extract GCPs instead of 

whole leaves. Sizes of GCPs and mesophyll cell protoplasts (MCPs) were found to 

have diameters of 2.5-9.1 µm and 6.5-43.5 µm, respectively. The overlap in sizes of 

GCPs and MCPs suggests that blending and filtering of whole leaves used previous 

methods may not necessarily avoid contamination with MCPs during GCP extraction. 

There were, on average, 8.4 ± 0.18 chloroplasts in GCPs and 34.6 ± 1.5 in MCPs. For 

MCPs and GCPs with similar sizes, there were four-fold more chloroplasts in MCPs, 

which made MCPs readily distinguishable from GCPs by microscopic inspection. The 

protocol enabled the isolation of over 1.44×106 GCPs from about 150 cm2 Arabidopsis 

abaxial epidermis with over 97% purity. These protocols provide an advance in 

isolating sufficient, high purity, and viable protoplasts for RNA extraction and 

transcriptomic analysis. The application of this protocol to other plant species may 

accelerate the research and development of plant cell-type specific omics. 

 

4.2 Introduction  

Stomatal guard cells regulate gaseous fluxes, plant water status and photosynthesis 

by closing or opening stomata, which makes this unique cell type significant to 

terrestrial ecosystems and agriculture (Misra et al., 2015; Zhao et al., 2018). Stomatal 

guard cells are a key plant evolutionary innovation, facilitating specialized signalling 

networks that have enabled plants to colonise land and adapt to terrestrial 

environments (Cai et al., 2017b; Chen et al., 2017). In addition, stomata also have 

significant roles associated with plant tolerance to abiotic stresses such as drought, 

salinity, high light, and cold (Zhu, 2016; Hedrich and Shabala, 2018). Drought stress-
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induced stomatal closure involves the regulation of abscisic acid (ABA) signalling, 

secondary messengers such as reactive oxygen species (ROS) and nitric oxide (NO), 

and ion channels and transporters in guard cells (Ward and Schroeder, 1994; Guo et 

al., 2003; Vahisalu et al., 2008; Lind et al., 2015; Chen et al., 2018; Zhao et al., 2018). 

For instance, overexpressing Epidermal Patterning Factors (EPFs) reduces stomatal 

density resulting in improved drought tolerance and improved instantaneous and long-

term water use efficiency without altering plant photosynthetic capacity in Arabidopsis 

(Franks et al., 2015) and barley (Hughes et al., 2017). Many pathogens access the 

internal tissues of plants through open stomata, so plants have evolved mechanisms to 

induce stomatal closure as an important innate immune response, involving complex 

signalling pathways that regulate stomatal closure (Melotto et al., 2006; Gudesblat et 

al., 2009; Zeng et al., 2010).  

Rapid progress in single cell-based studies in mammals, especially in humans, has 

enabled researchers to focus on cell-specific diseases, responses and functions 

(Quintana et al., 2008; Brennecke et al., 2013; Petropoulos et al., 2016). In plants, 

guard cells are important models for studying cell-specific traits and functions due to 

their measurable molecular, cellular and physiological responses to abiotic and biotic 

stresses (Mäser et al., 2003; Chen et al., 2012a), resulting in the development of guard 

cell-specific research tools that are especially useful for omics (Yang et al., 2008; 

Robaina-Estévez et al., 2017). The integration of omics from multiple approaches 

represents a key aspect towards a high level of understanding of biological activities 

in a specific plant cell-type. For instance, combining epigenomic and transcriptomic 

data sets can reveal the influence of cell-specific DNA modifications on gene activity. 

The integration of transcriptomes, proteomes, and metabolomes of single cell types 

provides better access to the relationship of RNAs and their downstream products (Wu 

et al., 2013; Hetzel et al., 2016; Wang et al., 2016c; Libault et al., 2017). However, the 

applications of these technologies in plant cells are limited due to the accessibility of 

large quantities of high purity protoplasts, and potential contamination with other cell 

types during isolation procedures. 

The isolation of guard cell protoplasts (GCPs) was pioneered using Allium cepa 

and Nicotiana tabacum (Zeiger and Hepler, 1976). Protocols for extracting GCPs from 

Vicia faba were also developed to study the starch content of GCPs (Schnabl et al., 

1978; Kruse et al., 1989). Later, GCP isolation protocols were developed for numerous 

species such as Paphiopedilum harrisianum (Zeiger, 1981), Commelina communis 
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(Fitzsimons and Weyers, 1983), Zea mays (Fairley-Grenot and Assmann, 1992), Beta 

vulgaris (Hall et al., 1996), Arabidopsis thaliana (Pandey et al., 2002), and Solanum 

lycopersicum (Yao et al., 2018). Apart from enzyme digestion-based protoplast 

isolation, methodologies such as laser-capture microdissection have been developed 

for ion channel activities of single guard cell using patch clamp techniques (Henriksen 

and Assmann, 1997) and were later used for studying guard cell transcriptome 

profiling (Aubry et al., 2016).  

Guard cells are derived from meristemoids that also give rise to leaf epidermal cells 

(Palevitz, 1981; Zhao and Sack, 1999). Therefore, it is difficult to physically isolate 

intact guard cells without damaging their cell walls and associated components. In 

many cases, researchers have studied guard cell biology using guard cells in epidermal 

peels (Chen et al., 2012a; Wang et al., 2013b; Jezek and Blatt, 2017) or using isolated 

guard cell protoplasts (Allen and Sanders, 1994; Allen et al., 1999). However, current 

techniques for isolating and purifying large quantities of guard cell protoplasts need to 

be improved. Compared to mesophyll cell protoplast (MCPs), GCPs are more fragile 

and sensitive to light and other stresses (Lahav et al., 2004). The long duration of the 

enzyme digestion processes used during extraction decreases GCP yields and may lead 

to RNA degradation (Obulareddy et al., 2013). In Arabidopsis, blending 50 to 80 

leaves and a two-step enzyme digestion have shortened the process to 2–3 h (Pandey 

et al., 2002). Although this method can reduce RNA decay, the high speed blending 

may induce stress-related genes (Hara et al., 2000; Reymond et al., 2000; Chung et al., 

2008). In contrast, leaf epidermal peels can preserve guard cell activities up to five 

hours, enabling many dynamic stomatal assays on epidermal peels (Hedrich et al., 

1990; Chen et al., 2010; Meyer et al., 2010; Jin et al., 2013; Chen et al., 2016; Yang et 

al., 2017). Therefore, minimising mechanical damage with a gentle extraction 

procedure starting from epidermal peels may better preserve GCP integrity for 

studying their cellular signalling networks and omics. Here, a practical method for 

extracting and purifying Arabidopsis GCPs from abaxial epidermal peels to avoid the 

destructive blending process was developed. Optimised enzyme digestion times, 

temperatures, and other procedures were also presented. The method provides high 

purity Arabidopsis GCPs for high quality RNA sequencing experiments. 
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4.3 Results 

 

4.3.1 Distribution of sizes of GCPs and MCPs in Arabidopsis thaliana 

The diameters of GCPs and MCPs ranged from 2.5 to 9.1 µm and from 6.5 to 43.5 

µm, respectively (Fig. 4.1 A and B). However, 70.9% of GCPs were within the range 

5.8–9.1 µm (Fig. 4.1 B). The MCPs were, in general, larger than GCPs, with the 

majority of MCPs being between 15 µm and 35 µm in diameter (Fig. 4.1 B). Thus, the 

data indicated that there is a size overlap between GCPs and MCPs.  
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Fig. 4.1. Distribution of cell diameters of guard cell protoplasts (GCPs) and 
mesophyll cell protoplasts (MCPs) of Arabidopsis thaliana. (A) Representative GCPs 
and MCPs showing differences in size. GCPs appear pale green while MCPs appear dark green. 
Scale bar represents 20 µm. (B) Distribution of diameters of Arabidopsis GCPs and MCPs. 
Diameters of more than 200 protoplasts (from three microscope views) were measured.  
  

A 

B 
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4.3.2 Chloroplast numbers distinguish GCPs from MCPs in Arabidopsis thaliana 

The numbers of chloroplasts per protoplast were counted based on images in a 

single plane of view. The GCPs contained a small number of chloroplasts (8.4 ± 0.18 

per protoplast) (Fig. 4.2 B and C), and there was a significant correlation between GCP 

diameter and chloroplast numbers (y = 0.43 x + 5.67, R2=0.32, P<0.01) (Fig. 4.2 A). 

In contrast, MCPs contained a greater number of chloroplasts at 34.6 ± 1.5 per 

protoplast (Fig. 4.2 B), and there was a highly significant, linear correlation (y = 1.69 

x + 2.71, R2=0.91, P<0.01) between MCP diameters and chloroplast numbers (Fig. 4.2 

A). There was no overlap in numbers of chloroplasts between GCPs and MCPs. For 

MCPs and GCPs with overlapping sizes (6.6–9.1 µm) (Fig. 4.2 A), the protoplast sizes 

showed no statistical difference (P = 0.07) but chloroplast numbers of MCPs were 

significantly higher than that of GCPs (P = 2.07 × 10-17) (Fig. 4.2 C).  
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Fig. 4.2 Estimated numbers of chloroplasts in guard cell protoplasts (GCPs) and 
mesophyll cell protoplasts (MCPs) of Arabidopsis thaliana. (A) Scatter plot showing 
the relationship between protoplast sizes (X-axis) and chloroplast numbers (Y-axis). There is 

no correlation in GCPs data set but a clear linear correlation (y=1.69*x + 2.71, R2=0.9078) 
was indicated in MCPs data set. (B) Box plot of chloroplasts numbers in GCPs and MCPs. 
Black dots represent outlying values. Data analysis is based on cell by cell analysis. At least 
three microscope views from two biological replicates were checked and more than 250 
separated protoplasts were investigated in MCPs and GCPs, respectively. (C) Comparison of 
protoplast size and contained chloroplast numbers in overlapped protoplast (Size overlapped) 
of GCPs and MCPs. Error bars are the standard errors of the means. Data were subjected to 
Student’s t-tests relative to GCPs, ** significant difference at P<0.01. 
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4.3.3 Protoplasts purity, yield and RNA qualities in GCPs and MCPs 

The purity of the extracted protoplasts was assessed based on their size and colour. 

Extracts of GCPs had a purity of 97.4% (Fig. 4.3 A); the contaminating cells were less 

than 20 µm in size and were dark green. The MCPs had a higher purity of 98.5% (Fig. 

4.3 A); the contaminating cells were less than 20 µm in diameter and were pale green. 

Based on microscopic observation and calculation, approximately 1.44×106 GCPs 

were extracted from 150 cm2 of Arabidopsis leaf (Fig. 4.3 B) and about 7×106 MCPs 

from ten Arabidopsis leaves (Fig. 4.3 B). Using these protoplasts for RNA extraction, 

GCPs yielded 1.5 ± 0.16 µg of total RNA from about 150 cm2 of abaxial peels and 

MCPs produced 2.5 ± 0.66 µg from about 10 leaves (Fig. 4.3 C).  

RNA quality assessment showed clear 18S and 28S bands in the gel and high RNA 

integrity number (RIN) values (Fig. 4.4 D and E). All of the RNA sequencing runs 

yielded reliable quality sequence data with >85% clean reads averaged at 16.43 million 

from GCPs and >80% clean reads averaged at 19.2 million from MCPs, respectively 

(Table 4.1). RNA sequencing data from GCPs and MCPs both yielded large numbers 

of raw and clean reads and low numbers (less than 5%, mean) of unmapped reads 

(Table 4.2). For both GCPs and MCPs, 95% of total reads were successfully mapped 

to the Arabidopsis genome (Table 4.2). 
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Fig. 4.3 Purity, cell yield and total RNA yield from guard cell protoplasts (GCPs) and 
mesophyll cell protoplasts (MCPs) of Arabidopsis thaliana. (A) Bar graphs of purity of 
target protoplast in GCPs extraction and MCPs extraction. (B) GCPs yield from approx.150 
cm2 Arabidopsis abaxial epidermal peels and MCPs yield from approx.10 Arabidopsis leaves. 
(C) Comparison of total RNA yield extracted from GCPs (from approx. 150 cm2 Arabidopsis 
abaxial epidermal peels) and RNA yield from MCPs (from approx. 10 leaves). For A, values 
of GCPs extraction were calculated from three microscope views from two independent 
extractions ± standard error and values of MCPs are from three independent extractions ± 
standard error. For B, yield of GCPs were calculated from three microscope views from two 
independent extractions ± standard error and yield of MCPs were calculated from three 
independent extractions ± standard error. For C, results are means from three biological 
replicates ± standard error. 

A 

B 
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Fig. 4.4. GCPs total RNA gel and representative sample quality checked by Agilent bioanalyzer. (A) Gel-like images from Agilent Bioanalyzer 
for analysing GCPs total RNA quality. Three replicates of GCPs were analysed and distinctive 18S and 28S ribosomal RNA bands were observed in 
all samples. (B) Representative Bioanalyzer result for total RNA extracted from GCPs1, two peaks are the 18s and 28s ribosomal RNAs. EL represents 
electropherogram ladder, nt represents RNA unit nucleotide. 
  

1

2
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Table 4.1. Read numbers and length information of guard cell protoplasts (GCPs) and 

mesophyll cell protoplasts (MCPs) of Arabidopsis thaliana 

 

Sample Raw base 

(M bases) 

Raw reads (M) Clean Base 

(M bases) 

Clean 

Reads (M) 

% of >= 

Q30 

Bases 

Read 

length 

GC(%) rRNA (%) 

GCPs rep1 

 

2443.46 

 

19.46 

 

2195.53 

 

17.72 

 

89.95 

 

126 

 

48.03 

 

36.45 

 

GCPs rep2 

 

2037.61 

 

16.23 

 

1829.24 

 

14.8 

 

89.77 

 

126 

 

47.52 

 

31.23 

 

GCPs rep3 

 

2319.14 

 

18.47 

 

2076.05 

 

16.77 

 

89.52 

 

126 

 

48.49 

 

41.82 

 

MCPs rep1 

 

2850.61 

 

22.8 

 

2366.05 

 

19.4 

 

83 

 

125 

 

45.63 

 

0.28 

 

MCPs rep2 

 

2849.78 

 

22.8 

 

2357.71 

 

19.32 

 

82.73 

 

125 

 

45.49 

 

0.36 

 

MCPs rep3 2820.29 22.56 2333.6 19.14 82.74 125 45.19 0.1 

         

 

 

 

 

 

Table 4.2. Read mapping information of guard cell protoplasts (GCPs) and mesophyll 

cell protoplasts (MCPs) of Arabidopsis thaliana 

 

Sample Total reads Unmapped reads Unique Map Non-Unique Map Splice reads 

 

GCPs rep1 

 

18,577,784 

 

1005061(5.41 %) 

 

13035179 (70.2 %) 

 

4537544 (24.42 %) 

 

3459440 (18.62 %) 

 

GCPs rep2 

 

15521,374 

 

514296 (3.31 %) 

 

11493017 (74.0 %) 

 

3514061(22.64 %) 

 

297433 (19.16 %) 

 

GCPs rep3 

 

17579406 

 

592267 (3.37 %) 

 

11899845 (67.7 %) 

 

5087294 (28.94 %) 

 

2911096 (16.56 %) 

 

MCPs rep1 

 

20338278 

 

865484 (4.26 %) 

 

19183727 (94.3 %) 

 

289067(1.42 %) 

 

6769271 (33.28 %) 

 

MCPs rep2 

 

20255296 

 

842658 (4.16 %) 

 

19106891 (94.3 %) 

 

305747(1.51 %) 

 

6150641 (30.37 %) 

 

MCPs rep3 20066022 752709 (3.75 %) 19057323 (95.0 %) 255990 (1.28 %) 6532161 (32.55 %) 
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4.3.4 Comparison of recovery rate from GCPs extraction between this revised 

method and a reported method 

The recovery rate (RR) of GCPs was calculated using the following formula: RR 

= (GCP yield) ÷ (total number of stomata × 2) × 100%]. In this study, only abaxial 

epidermal peels of ColLer were used for GCP extraction, and GCP yield in this study 

was 1.44 × 106 from 150 cm2 of peels. ColLer had an average abaxial stomatal density 

180 stomata per mm2. Therefore, the total number of guard cells used in the extraction 

was 5.43 × 106 (150 × 106 × 100 × 180 × 2) resulting in a RR of 26.5%. The GCP yield 

in Pandey et al., (2002) was 2.2 × 106 from 80 Col-0 leaves. For the method of Pandey 

et al., (2002), mature leaf size was estimated at π × 0.5 × 1.5 = 2.355 cm2 assuming 

the leaves are elliptical in shape and the stomatal density on the epidermal sides are 

190 stomata per mm2 for the abaxial side and 150 stomata per mm2 for the adaxial side 

for Col-0 (Lake and Wade, 2009). Thus, the number of guard cells in Pandey et al., 

(2002) was 1.28 × 107 [80 × 106 × 2.355 × 100 × (190 + 150) × 2], which gives an RR 

of 17.2%.  
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4.4 Discussion 

To reveal the unique gene expression characteristics of different plant cell-types, 

single-cell-type transcriptomes have been examined in different plant species using 

RNA-sequencing and microarray technologies. Transcriptomic studies of different 

cell-types usually share common biological functions could be compared to reveal the 

conserved genes associated with a specific biological function (Leonhardt et al., 2004; 

Libault et al., 2010; Deal and Henikoff, 2011; Liu et al., 2013; Libault et al., 2017). 

Unlike pollen and root hairs that can be isolated in large quantities without digestion 

of cell wall (Liu et al., 2013; He et al., 2015), guard cells are tightly connected to 

epidermal cells and require enzymatic methods to obtain GCPs (Pandey et al., 2002; 

Leonhardt et al., 2004). This study has developed a promising protocol for producing 

suspensions of GCPs with a high yield and purity using relatively fast and mild 

extraction conditions.  

 

4.4.1 This revised mild extraction method introduces less stress and expected intact 

protoplasts 

Buffer solutions mimicking normal intracellular pH, ionic conditions and 

osmolality are used in many studies for maintaining stomatal activity for at least a few 

hours after peeling the epidermis from leaves (Chen et al., 2012a; Wang et al., 2013b; 

Jezek and Blatt, 2017). Therefore, in the GCP protocol reported here, it is likely that 

normal guard cell activities can be maintained and minimal physical damage is caused 

on these epidermal peels in comparison to tissue blending methods that, essentially, 

break down all leaf tissues to obtain a suspension containing millions of dead, wound, 

and live cells including both GCPs and MCPs. Even for those live cells, there may 

have been a certain level of mechanical damage, potentially affecting the isolation and 

purification of GCPs and their quality for omics research. The recovery rate of GCPs 

after extraction and shorter extraction time suggests that the revised protocol causes 

less stress, thus improving the yield of GCPs. A recovery rate of 17% was calculated 

for the protocol of Pandey et al., (2002), which may suggest that many guard cells 

were damaged during the blending process. 

An appropriate digestion time is critical for protoplast isolation, because a short 

digestion may not yield enough protoplasts while over digestion during extraction 

decreases GCP yields and leads to RNA degradation (Obulareddy et al., 2013). 
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Epidermal peels contain a single layer of cells, and the cell walls can be digested from 

both sides. After incubation in ESI, epidermal cell walls are digested and epidermal 

cell protoplasts burst due to the low solution osmolality of ESI (Pandey et al., 2002); 

however, guard cells remain intact (Fig. 2.1 B). During the second digestion in ESII, 

guard cell walls are further digested, and the increased solution osmolality leads to the 

release of guard cell protoplasts (Fig. 2.1 C). Compared with the existing protocols 

(Kruse et al., 1989; Pandey et al., 2002; Yao et al., 2018), our protocol using detached 

epidermis requires 15% less digestion time. However, the use of microscopic 

observations during incubation in both ESI and ESII is recommended to secure an 

optimal digestion time (Fig. 2.1 B and 1 C).  

 

4.4.2 This revised method also supplies high purity protoplasts 

Filtering procedures have been included in most GCPs extraction protocols (Kruse 

et al., 1989; Pandey et al., 2002; Yao et al., 2018) on the assumption that differences 

in protoplast sizes between GCPs and other leaf protoplasts are large enough allow 

separation by filtration. Measurement of the Vicia faba GCPs sizes showed that most 

of the GCPs were less than 20 µm in diameter (Kruse et al., 1989), leading to the choice 

of 20 µm nylon mesh as a final filtering process (Pandey et al., 2002). However, few 

studies have compared the sizes of protoplasts from different cell types. In our study, 

the diameters of GCPs were between 2.6–9.1 µm while the sizes of MCPs were 

between 6.5–43.5 µm (Fig. 4.1 B). Therefore, there is an overlap in size between GCPs 

and MCPs, and 28.6% of MCPs were found to be less than 20 µm in diameter and 9.5% 

of MCPs were smaller than 15 µm (Fig. 4.1 B). Given that protoplasts are highly 

flexible, a large number of MCPs can be expected to go through a 20 µm or 15 µm 

nylon mesh as used by Pandey et al., (2002) and Yao et al., (2018). This suggests that 

contamination with MCPs during GCPs extraction using mechanical blending cannot 

be avoided by filtering alone. To overcome this problem, a smaller size mesh (10 µm) 

has been suggested for use. However, it is difficult to filter protoplast suspensions 

through such a small mesh due to surface tension, which will lead to a low protoplast 

yields. An alternative approach is to reduce the number of small mesophyll cells from 

the start of the extraction process. This protocol minimises the numbers of mesophyll 

cells by employing detached epidermal peels and by removing visible, green patches 

of mesophyll cells that remain attached to the peels (Fig. 2.1). As a result, a GCP purity 

of more than 97% was obtained (Fig. 4.3 A). There was less than 3% contamination 
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with MCPs, which was perhaps due to the small number of mesophyll cells that may 

still remain attached to the epidermal peels.  

In an earlier report, a higher purity of GCPs at 98–99.5% was reported without 

clarifying the process for calculating purity or the cause of contamination (Pandey et 

al., 2002). Due to the overlap in protoplast size, it is possible that an overestimation in 

GCP purity was obtained. When determining purity, it is important to consider whether 

MCPs and GCPs in the overlapping size classes are distinguishable from each other. 

This study investigated chloroplast numbers in both MCPs and GCPs. In general, 

MCPs have a higher number of chloroplasts than GCPs and it seems that GCPs have 

tight genetic control of chloroplast numbers. The differences in chloroplast numbers 

may be due to the fact that in GCPs chloroplast are not predominantly used for 

photosynthesis but for other purposes such as the generation of signals for stomatal 

closure (Lawson, 2009). For GCPs and MCPs of overlapping sizes, chloroplast 

numbers in MCPs are also significantly (P<0.001) higher than those in GCPs (Fig. 4.2 

C). Thus, it is easy to distinguish MCPs from GCPs from each other based on their 

appearance, and this difference can be used in calculating protoplast purity.  

 

4.4.3 This revised method yields reliable RNA suitable for RNA sequencing 

This method yields about 1.4 ×106 GCPs from approx.150cm2 Arabidopsis leaf 

area and 7.1×107 MCPs from ten Arabidopsis leaves (Fig. 4.3 B), respectively. These 

extracted protoplasts yield about 1.5 µg RNA in GCPs and about 2.4 µg RNA in MCPs 

(Fig. 4.3 C). Given the complicated procedures for extracting GCPs, I am more 

concerned about the RNA quality from GCPs extracts. Thus three RNA samples 

extracted from GCPs were sent for quality check using Agilent Bioanalyzer 2100 (HIE, 

WSU, NSW, Australia). It was suggested that reliable RNA quality was obtained from 

this revised method, indicated by the clear band of 18S and 28S in the gel-like images 

(Fig. 4.4 A). Also, a representative fluorescence image from bioanalyzer also suggest 

distinctive peaks of 18S and 28S (Fig. 4.4 B). RIN (RNA integrity number) reflects 

the quality of RNA, more details can be referred to (Schroeder et al., 2006). Samples 

from this method all indicated a RIN value from 6 to 7, which is capable for processing 

the RNA sequencing. RNA quality of GCPs was also indicated by the reads yield from 

RNAseq (Table 4.1). RNAseq from GCPs and MCPs all yield large amount of raw 

reads, though MCPs produced more reads base (Table 4.1). After being processed, 
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about 15 million clean reads were obtained while about 19 million clean reads were 

obtained (Table 4.1). However, GCPs and MCPs all indicated similar amount (less 

than 5%, averaged) of un mapped reads, which indicates that about 95% of the reads 

were successfully mapped into genes, though in GCPs a 70% unique mapping was 

obtained while in MCPs unique mapping reached 90% (Table 4.2). All this evidence 

suggests that RNA extracts following this revised method yield reliable reads, which 

also inflects reliable RNA quality extracted from GCPs and MCPs.  

 

4.4.4 GCPs and MCPs are different cells which facilitate single cell type based 

studies.  

Primary function of mesophyll cells is photosynthesis thus a large number of 

chloroplasts will aid this process while guard cells function in regulating water 

transportation and gas exchanges (Schulze and Hall, 1982). This result indicates a 

linear correlation between MCP sizes and contained chloroplast numbers (Fig. 4.2 A). 

It seems like that large mesophyll cells are coated with more chloroplasts, which 

further evidences the dominate function of mesophyll in photosynthesis. Although 

mesophyll cells contain the majority of chloroplasts found in plant leaves, chloroplasts 

are also important in guard cells (Lawson, 2009). My results indicate that, on average, 

GCPs and MCPs have 8 and 42 chloroplasts, respectively (Fig. 4.2 B). However, there 

is no linear correlation between cell sizes and contained chloroplast numbers (Fig. 4.2 

A). Small MCPs have smaller, more chloroplasts that were deeper shade of green than 

those of GCPs, making it possible to distinguish readily such cells from GCPs (Kruse 

et al., 1989) and this difference in chloroplast number also provides another checkpoint 

for GCP purity. This may suggest that, guard cells became highly conserved and 

specialised with fixed number of chloroplasts during plant evolution (Cai et al., 2017a). 

Although guard cell chloroplasts are capable for photosynthesis (Lawson, 2009), it 

seems to be redundant to have chloroplasts in guard cells, since mesophyll cells have 

specialised to be the main site of photosynthesis. So what are the functions for guard 

cell chloroplasts? Plant stomata are structured, formed and developed during plant 

evolution for specific functions, such as adapting to drought. During this process, 

intercellular molecular networks were also developed in plant stomata (Chen et al., 

2017). Guard cell chloroplasts regulate guard cell osmolality thereby regulating 

stomatal closure and can also sense environmental stresses (Lawson, 2009). They 

coordinate their function with the cell’s nucleus via retrograde signalling (Kleine and 
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Leister, 2016), and retrograde signals play important roles in regulating plant drought 

tolerance by regulating critical ion transporters (Zhao et al., 2018). Guard cell 

protoplasts are excellent materials for studying evolutionary conservation such as is 

found in retrograde signalling.  

 

4.5 Conclusions 

In summary, this protocol provides evidence showing the high quality of RNA that 

can be extracted and transcribed from protoplasts from the two cell types using the 

procedures. These methods provide alternative choices for researchers to conduct cell-

specific studies, particularly using guard cells, and can also be adapted to isolate tissue-

specific protoplast from other plant species. The higher purity of GCPs and the reduced 

stress imposed on the protoplasts during isolation may facilitate more accurate single-

cell-type omics studies. Future studies could also compare the transcriptome or micro-

RNAs of Arabidopsis GCPs prepared using the various methods of protoplast isolation 

to determine differences in gene expression. In addition, the use of flow cytometry 

could be explored to remove MCPs, especially if the purity of GCPs is lower than 90%. 

Also, the stable chloroplasts numbers in GCPs strongly suggests that plant guard cells 

became highly conserved during evolution. Therefore, guard cells could be a good 

material for studying plant evolution processes and isolated guard cells with less 

contamination from other cell types would facilitate this process.  

  

  



   

106 

Chapter 5 Cell Type Specific Transcriptome Reveals Distinct 

PAP Signalling Components in Arabidopsis Guard Cells and 

Mesophyll cells 

5.1 Summary 

The chloroplast retrograde signal PAP plays important roles in regulating plant 

drought tolerance. In Chapter 3, it was found that PAP regulates the signalling pathway 

in guard cells for stomatal closure. In most plant species, the majority of chloroplasts 

are located in mesophyll cells, which makes this cell type the primary centre for PAP 

synthesis under drought and high light stress. However, it is still not known whether 

there is functional difference for PAP in mesophyll cells and guard cells. RNA 

sequencing technology (RNA-seq) was employed for transcriptome analysis on 

isolated mesophyll and guard cell protoplasts among the Arabidopsis wild-type, 

ColLer, the drought tolerant mutant, alx8, the drought sensitive (ABA insensitive) 

mutant, ost1-2, and double mutant, ost1-2/alx8. There were significant differences in 

gene expression between the GCPs and MCPs as well as between the four genotypes. 

Exogenous PAP application rescued large scale regulation of genes in mutant ost1-2 

GCPs, which includes core ABA signalling components. PAP significantly regulated 

SNF-type protein kinases (SnRKs), ABA receptors pyrabactin resistance 1 (PYR1) 

like (PYLs), type 2C protein phosphatases (PP2Cs) and Cytochrome P (CYPs) in ost1-

2 GCPs. Further evidence suggested that PAP differently regulates ROS, NO and Ca2+ 

signalling related gene expression in mutant ost1-2. A clear signalling pathway for 

PAP induced stomatal closure was proposed, suggesting that PAP may function 

downstream of ABA receptor PYLs and bypass OST1 to regulate stomatal closure. 

 

5.2 Introduction 

Guard cells are specialized cells that evolved for over 400 million year ago, and 

have developed a comprehensive set of endogenous signals that have allowed plants 

to adapt to terrestrial life (Chen et al., 2017). In recent years, researchers have 

developed models based on stomatal properties to study individual mechanisms that 

are involved in stomatal signalling (Jezek and Blatt, 2017). ABA is a key plant 

hormone in stomatal regulation (Umezawa et al., 2010; Weiner et al., 2010). Drought-

induced plant stress responses start from the recognition of ABA by the 
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PYR/PYL/RCAR ABA receptor protein family (Raghavendra et al., 2010), and the 

binding of ABA to its receptors inactivates PP2Cs such as ABA insensitive 1 and 2 

(ABI1 and ABI2) (Ma et al., 2009). Inactivation of PP2Cs activates SnRK that induce 

ABA-specific gene expression for key cellular responses (Raghavendra et al., 2010) 

such as the production of ROS and NO, which have been shown to be required for the 

ABA-induced stomatal closure (Bright et al., 2006; Chen et al., 2016). Further 

evidence shows complicated interactions between ROS production and cytosolic Ca2+ 

accumulation in regulating K+, and Cl- channels that determine stomatal closure (Wang 

et al., 2013b). ost1-2 is insensitive to ABA due to a mutation in SnRK and fails to 

transduce the ABA signal to downstream elements. Although evidence for PAP’s role 

in regulating stomatal movement has been identified, it is still unclear whether PAP 

has multiple roles that are specific to either mesophyll or guard cells. Previous research 

on SAL1/PAP signalling has focused on whole leaves and tissues, but not on specific 

cell types, which have been found to differ significantly in their gene expression and 

cellular functions (Jiao et al., 2009).  

During drought stress, ABA is produced and triggers the expression of various sets 

of genes, including those associated with stomatal closure (Leonhardt et al., 2004; 

Wang et al., 2011a; Bates et al., 2012). Identifying specific signalling pathways at a 

transcritopmic level would greatly facilitate our understanding of the intercellular 

signalling networks related to a plant’s resistance to environmental stresses, such as 

drought (Zhu, 2016). However, due to the difficulty of producing a large amounts of 

pure, specific cell types from Arabidopsis, few recent studies have looked at the sets 

of genes expressed in specific plant cell types. Due to such limitations, some 

transcriptomic studies of guard cell signalling have been carried using whole leaves 

(Estavillo et al., 2011). Since guard cells contain specific transduction signals and 

specific groups of proteins, such as mesophyll-absent transporters or channels, it 

would be more appropriate if research focused on separated and purified guard cells 

instead of on whole leaves. 

Although many aspects of ABA signalling and the PAP-SAL1 pathway have been 

studied, some questions remain to be addressed. How does the PAP signalling pathway 

operate in Arabidopsis guard cells? What are the differences in gene expression 

between mesophyll cells and guard cells in relation to PAP and drought tolerance? 

Will the ABA and SAL1/PAP signalling mutants respond differently to PAP in 
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mesophyll cells and guard cells? It was hypothesised that PAP rescues stomatal 

responses to ABA in ABA-insensitive mutant ost1-2 by regulating the expression of 

large numbers of genes in guard cells. In this study, purified guard cells and mesophyll 

cells from four Arabidopsis genotypes: the wild-type ColLer, the PAP accumulator 

alx8, the open stomata mutant ost1-2, and double mutant ost1-2/alx8 were used to 

address these questions. It was investigated: (1) guard cell- and mesophyll cell-specific 

transcriptome responses to PAP treatment, (2) potential PAP-SAL1 signalling 

pathway components specifically located in guard cells; and (3) potential mechanisms 

that PAP-SAL1 employs in signals transmitted during ABA signalling and drought. 

Here, it is reported that PAP rescues stomatal response in the transcriptome in ost1-2, 

suggesting that PAP-SAL1 pathway may merge into the ABA signalling pathway 

bypassing the core ABA signalling component -SnRK. 

 

Fig. 5.1 Diagram showing the sulfate metabolism pathway where PAP is produced and 
dephosphorylated. This schematic is modified from Gigolashvili et al., (2012) and Chan et 
al., (2013). Sulfate is transported by SULTR into cells, from where is then complexed to ATPs 
to form APS. APS can then be fed into the red arrow line to produce sulfite by APRs or the 
green line to be phosphorylated by the kinase, APK, which lead to PAPS production. PAPS 
can be then catalysed by SOT which produces PAP, from where PAP is then dephosphorylated 
into AMP decreasing PAP concentration. Green arrow line means PAP enhancement while 
red arrow line means PAP reduction. SO4

2-, sulfate; SULTR, sulfate transporter; ATPs, ATP 
sulfurylase; APS, adenosine phosphosulfate; APR, APS reductase; SO3

2-, sulfide; APK, APS 
kinase; PAPS,  3’-phosphoadenosine 5’-phosphosulfate; SOT,  sulfotransferase; PAP, 5’-
phosphoadenosine 3’-phosphate; SAL1, altered expression of APX2 8; AMP, adenosine 
monophosphate 
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5.3 Results 

 

5.3.1 PAP regulates large number of genes expression in ost1-2 GCPs and ColLer 

MCPs 

Using RNA-seq, transcriptome data were generated to investigate gene regulatory 

networks in isolated guard cell protoplasts (GCPs) and mesophyll protoplasts (MCPs) 

from the four Arabidopsis genotypes. The similarity in the sizes of the sixteen 

segments of the Circos diagram show that there are similar numbers of detectable 

genes in the GCPs and MCPs from both control and PAP-treated material from the 

four genotypes with more than 20,000 genes overlapping between MCPs and GCPs in 

each Arabidopsis line (Fig. 5.2 A).  

Numbers of genes regulated to specific levels in specific genotypes or cell types 

were further calculated. First, a log2 fold change equal to or greater than one in 

response to PAP treatment was used as a threshold value to investigate gene expression 

between the two cell types and among the four genotypes (Fig. 5.2 B). The greatest 

number of differentially expressed genes (DEGs) were found in guard cells from ost1-

2 (13,152 genes) and mesophyll cells from ColLer (11,982 genes) (Fig. 5.2 B); the 

majority of these genes were unique to these two genotype/cell type combinations. The 

lowest numbers of DEGs were found in GCPs of the other three Arabidopsis genotypes: 

ColLer (4,589), alx8 (5,375) and ost1-2/alx8 (4,539) (Fig. 5.2 B). As suggested by the 

greater number and larger size of the cross lines radiating from ost1-2, a greater 

proportion of DEGs overlapped between ost1-2 GCPs and the other genotype/cell type 

combinations (Fig. 5.2 B). The threshold value was then increased to a two-fold 

difference in gene expression among the four genotypes in either MCPs (Fig. 5.2 C) 

or GCPs (Fig. 5.2 D), which showed contrasting patterns of gene expression. In MCPs, 

the greatest number of DEGs were found in ColLer and ost1-2/alx8 (Fig. 5.2 C), and 

the number of DEGs that overlapped between one genotype and the other three was in 

proportion to the number of DEGs expressed in that genotype. In contrast, the greatest 

number of DEGs was found in GCPs of ost1-2, and this accounted for approximately 

half of all DEGs in GCPs (Fig. 5.2 D). The numbers of DEGs in the other three 

genotypes were approximately equal with an average of 1,965 (Fig. 5.2 D). In MCPs, 

ColLer showed more overlapping DEGs with ost1-2/alx8 and ost1-2 but less with alx8 

(Fig. 5.2 C). alx8 showed the least number of overlapping genes in MCPs compared 
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with the other Arabidopsis genotypes, which also shows the least number of genes 

regulated by more than two fold changes (Fig. 5.2 C).  

 

 

 

 

 

Fig. 5.2. Transcriptomic analysis using Circos plotting of genes in MCPs and GCPs 
among four Arabidopsis genotypes. Circos plot of (A) detectable transcripts/DEGs and (B) 
transcripts/DEGs whose expression is regulated at least one-fold change in MCPs and GCPs 
in response to PAP treatment. Circos plots of transcripts/DEGs whose regulation shows more 
than a two-fold change in MCPs (C) or GCPs (D) in response to PAP treatment. The belts 
shared by two groups represent the number of shared genes within compared groups, more 
shared genes were indicated by wider ripple bands.  
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5.3.2 Different gene expression patterns between GCPs and MCPs  

To further investigate transcription patterns, scatter plots of normalised gene 

expression values [represented by FPKM (fragments per kilobase of transcript per 

million mapped reads) values] before and after PAP treatment were generated. 

Generally, MCPs showed similar gene expression patterns among the four Arabidopsis 

genotypes (Fig. 5.3). For example, gene distribution patterns in ost1-2 MCPs and ost1-

2/alx8 MCPs were similar, as shown by the similar numbers of up- or down-regulated 

genes (Fig. 5.3 E and G); however, ost1-2/alx8 MCPs showed slightly more up-

regulated genes after PAP treatment (Fig. 5.3 G). In GCPs, lower gene expression 

scales were seen in GCPs in ColLer, alx8, and ost1-2/alx8 than in MCPs. Expression 

in ost1-2 GCPs showed more up- or down-regulated genes, and expression was clearly 

increased in response to PAP compared with MCPs in ost1-2/alx8 (Fig. 5.3 F, G and 

H). The greater dispersal of the data for ost1-2 GCPs suggests that the magnitude of 

gene expression in ost1-2 was increased more in response to PAP than in the other 

genotypes (Fig. 5.3 F).  
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Fig. 5.3 Gene expression distributions among GCPs and MCPs in response to PAP 
treatment. For generating scatter plots, gene expression values as fragments per kilobase of 
transcript per million mapped reads (FPKM) were used. The X axis uses normalized data by 
employing log2(FPKM) values in the control and the Y axis represents log2(FPKM) of the 
same DEGs after PAP treatment. For more details for normalizing data and generating figures 
please refer to Chapter 2 Plant Materials and Methods. The red dots represent genes that are 
down-regulated by at least one-fold change, the green dots represent genes that are up-
regulated by at least one-fold change and the blue dots represent genes that are regulated by 
less than one-fold change in response to PAP. MC represents mesophyll cells and GC 
represents guard cells. Two isolated cell types from Arabidopsis wild-type ColLer, drought 
tolerant mutant alx8, drought sensitive mutant ost1-2 and double mutant ost1-2/alx8 were used. 
(A), (C), (E) and (G) are scatter plots from MCPs of ColLer, alx8, ost1-2 and ost1-2/alx8, 
respectively. (B), (D), (F) and (H) are scatter plots from GCPs of ColLer, alx8, ost1-2 and 
ost1-2/alx8, respectively.  
 

5.3.3 Comparisons of relative gene expression among two cell types among the four 

genotypes 

Further analysis was conducted on gene expression patterns in response to PAP 

treatment by arranging the expression of each gene showing a log2 fold change after 

PAP treatment greater than 1 or less than -1 from lowest to highest for each 

Arabidopsis line and cell type (Fig. 5.4); the numbers of DEGs by at least one-fold 

change are indicated in each graph. Fold change of DEGs were significantly smaller 

in GCPs from ColLer and ost1-2/alx8 (Fig. 5.4 A) than that of alx8 and ost1-2. 

Compared with the other Arabidopsis genotypes, more DEGs were significantly 

regulated in ost1-2 GCPs, with this genotype/cell type combination showing largest 

gene expression range from -11.6 to 9.1, while alx8 GCPs showed a greater range of 

upregulated gene expression (-4.3 to 9.25) compared to ColLer (-3.9 to 4.13) and ost1-

2/alx8 (-4.3614 to 3.8539). In MCPs, gene expression ranges were, in general, greater 

than those for GCPs: ColLer -8.4 to 10.3; alx8, -6.09 to 7.162; ost1-2, -9.62 to 6.385; 

and ost1-2/alx8, -7.86 to 8.61 (Fig. 5.4 B).  

The numbers of DEGs showed different trends between GCPs and MCPs. In GCPs, 

the largest number (7,159) of DEGs in response to PAP treatment were in ost1-2 GCPs, 

which is three times more than ColLer (1,993), alx8 (2,073) and ost1-2/alx8 (1,829) 

(Fig. 5.4 A). In contrast, ColLer showed the greatest number of DEGs regulated by 

PAP in MCPs, followed by ost1-2 and ost1-2/alx8 (Fig. 5.4 B). Not surprisingly, alx8 

MCPs had the lowest number of genes that reached one-fold change in response to 

PAP treatment (Fig. 5.4). In addition, ost1-2 GCPs had more down-regulated DEGs in 

response to PAP treatment while ost1-2/alx8 shows more upregulated DEGs in MCPs 

after PAP treatment (Fig. 5.4).  
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Fig. 5.4 Relative gene expression in response to PAP among four Arabidopsis genotypes. 
(A) the gene expression patterns of GCPs for each Arabidopsis line and (B) expression patterns 
for MCPs. Fold change = log2(PAP/Control) greater than 1 or less than -1 were used. These 
values reflect gene expression in the PAP treatment relative to the control. Number of genes 
are also shown. The red broken line shows an expression value of one log2 fold change 
(logFC>1) while the blue broken line represents down-regulated by at least one fold-change 
(logFC<-1).  
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5.3.4 Expression patterns of shared DEGs in GCPs and MCPs in response to PAP 

To understand whether gene expression is shared between MCPs and GCPs and 

between genotypes, Venn diagrams were generated based on genes regulated by more 

than one-fold change (Fig. 5.5). These diagrams indicated that 75 DEGs regulated by 

PAP (Fig. 5.5 A) were shared in GCPs of the four genotypes while 247 genes (Fig. 5.5 

B) were common in MCPs of the four genotypes. However, in ost1-2/alx8 MCPs, PAP 

successfully and specifically induced 1,479 genes regulation (Fig. 5.5 B). Also, the 

ratio (54.3%) of the ost1-2 GCPs specific genes is much higher than the ratio of 

specifically expressed genes in ColLer MCPs (Fig. 5.5 A), which is only 22% but 

represents the highest ratio among MCPs in four Arabidopsis genotypes (Fig. 5.5 B).  
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Fig. 5.5. Venn diagrams showing the overlapping genes in GCPs or MCPs among four 
Arabidopsis genotypes that were regulated in response to PAP. Venn diagrams of genes 
regulated by at least one log2 fold change. The numbers of genes regulated in each genotype 
are also indicated. Genes from the different genotypes were input into Venny 2.1 
(http://bioinfogp.cnb.csic.es/tools/venny/index.html) following the authors’ instructions. (A) 
genes that show overlaps in expression among GCPs of the four Arabidopsis genotypes and 
(B) genes in MCPs showing overlaps in expression.  
   

A 
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Analysis was conducted to explore the shared DEGs in MCPs and GCPs by plotting 

heat maps with DEGs over one fold-change in response to PAP (Fig. 5.6). The heat 

maps of the shared DEGs in MCPs show that 64% of genes were down-regulated in 

ColLer while more than half of genes showed up-regulation in response to PAP 

treatment in alx8 and ost1-2/alx8 (Fig. 5.6 C). In ost1-2/alx8, 80% of genes were up-

regulated (Fig. 5.6 A and C). However, in GCPs, less than half of the shared DEGs in 

ColLer (47%) and ost1-2/alx8 (41%) were down-regulated (Fig. 5.6 B and E). In alx8 

and ost1-2, more DEGs were down-regulated (Fig. 5.6 B and E), especially in ost1-2 

where 72% of genes were down-regulated by more than two-fold (Fig. 5.6 B and E). 

Only five DEGs were found to be shared in both GCPs and MCPs in response to PAP 

treatment: the function of one gene is unknown (AT3G51540) while four genes are 

identified as a histone H2B.9 (AT5G02570), amino acid transporter (AT1G44800), a 

DNA repair gene (AT5G20850) and a VQ (valine-glutamine) motif (AT5G65170). 

Details of the five shared genes are given in Table 5.1. 

 

 

 
 
Fig. 5.6. Expression of shared genes in GCPs or MCPs in response to PAP treatment. 
Heat map of genes shared by all in four Arabidopsis genotypes in (A) MCPs (247 genes) or 
(B) GCPs, (75 genes) after PAP treatment. Values were normalized using log2(PAP/Control) 
and only genes showing a log2 fold change >1 or <-1 were selected for analysis. (C) The 
percentage of either down-regulated (red bars) or up-regulated genes (green bars) among the 
247 genes shared in MCPs in response to PAP treatment and (D) the percentage of up- and 
down-regulated genes in both GCPs and MCPs after PAP treatment. (E) The percentage of 
either down-regulated (red bars) or up-regulated genes (green bars) shared in GCPs among 
four Arabidopsis genotypes after PAP treatment. Scale bars (-2 to -1 and 1 to 2) are shown at 
the right corner of the figure.  



   

118 

Regardless of the threshold value, all detectable genes shared among the four 

Arabidopsis genotypes were investigated (Fig. 5.7). The Venn diagrams suggest that 

9,451 expressed genes are shared among the genotypes in GCPs and 8,724 genes in 

MCPs (Fig. 5.7 A and B). In each Arabidopsis line, MCPs specific genes and GCPs 

specific genes indicate similar numbers (Fig. 5.7 A and B). Further analysis indicates 

that 4,647 detectable genes were shared by MCPs and GCPs in all Arabidopsis 

genotypes (Fig. 5.7 C).    

 

 

 

 

Fig. 5.7. Venn diagrams of detectable genes shared among four Arabidopsis genotypes in 
response to PAP treatment. Venn diagram of detectable genes (not DEGs) in (A) GCPs and 
(B) MCPs after PAP treatment. 9,451 genes were detected in GCPs and 8,724 in MCPs from 
the four Arabidopsis genotypes. (C) The overlap between shared genes in MCPs and shared 
genes in GCPs. 4,647 genes were detected in all cell types among all Arabidopsis genotypes.  
 

 

Gene expression patterns were further investigated by looking at the shared genes 

in separate Arabidopsis genotypes. The heat maps (Fig. 5.8 A) show a similar number 

of genes were differentially regulated in ColLer MCPs and ost1-2. GCPs, which is also 
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shown in the bar graphs (Fig. 5.8 D). Gene regulation patterns were also similar in 

ColLer GCPs, alx8 MCPs, alx8 GCPs and ost1-2/alx8 GCPs, indicating fewer 

regulated genes (Fig. 5.8 D). Interestingly, in genotype ost1-2/alx8, a greater number 

of genes were up-regulated in MCPs than GCPs (Fig. 5.8 D). The proportion of DEGs 

regulated by more than one-fold change (either up- or down-regulated) in response to 

PAP among these shared detectable genes are shown in the pie chart (Fig. 5.8 B). 

Among these 4,647 shared genes, PAP successfully and significantly regulated 49% 

of these genes in ost1-2 GCPs and 43% in ColLer MCPs (Fig. 5.8 B). More details of 

expression are shown in the boxplot graphs (Fig. 5.8 C). More outlying values, 

represented by the black dots, are found for ost1-2/alx8 MCP and ost1-2 GCP, which 

show that these specific cell types strongly responded to PAP treatment (Fig. 5.8 C). 

In contrast, GCPs from the other three Arabidopsis genotypes showed no outlying 

values (Fig. 5.8 C).  

 

 

Fig. 5.8. Expression analysis of detectable genes shared by both MCPs and GCPs in all 
Arabidopsis lines. (A) Heat maps representing expression of genes shared by GCPs and MCPs 
from the four Arabidopsis genotypes after PAP treatment; 4,647 genes were detected. (B) Pie 
chart representing percentages of genes regulated by more than one-fold change [log2FC >1 
or <-1] among these 4,647 shared genes from the two cell types and four genotypes. (C) 
Boxplots of genes whose regulation shows more than a one-fold change [Log2(FC) >1 or <-1] 
among these 4,647 shared genes in both MCPs and GCPs from the four genotypes. (D) Bar 
graphs showing the percentage of genes regulated by more than one-fold change [absolute 
Log2(FC) >=1], red bars represent genes down-regulated [log2FC<-1] in response to PAP 
treatment among these 4,647 genes within two cell types among four Arabidopsis genotypes 
while green bars represent up-regulated genes [log2(FC)>1]. 
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5.3.5 PAP regulates ROS-, NO- and Ca2+-related gene expressions in guard cells 

ROS, NO and Ca2+ have been identified as critical elements in regulating ABA-

induced stomatal closure (Sanders et al., 2002; Bright et al., 2006; Møller and 

Sweetlove, 2010), and previous confocal experiments (Chapter 3) showed that PAP 

regulates ROS, NO and Ca2+ accumulation in guard cells. Therefore, it is interesting 

to find whether genes related to the accumulation of these secondary signalling 

molecules are regulated by PAP. Respiratory burst oxidase homologues (RBOHs) are 

plasma membrane NADPH oxidases that play a prominent role in ROS production and, 

therefore, control plant developmental and stress-induced responses (Suzuki et al., 

2011). Eight RBOH genes were detected and exogenous PAP application regulated 

most of the members in this gene family, especially in alx8 GCPs, ost1-2 GCPs and 

ost1-2 MCPs. Significantly more genes were up-regulated in ColLer MCPs (4 out of 

5) and ost1-2/alx8 MCPs (6 of 8) (Fig. 5.9 A). Gene expression of RBOHD and 

RBOHF were regulated by more than two-fold in ColLer MCPs, and RBOHA to 

RBOHC and RBOHI were regulated by over two-fold in ost1-2/alx8 GCPs. RBOHE 

was upregulated by 2.7-fold in ost1-2 GCPs after PAP application. 75% of RBOHs in 

ost1-2/alx8 MCPs were up-regulated; this was different from most of the Arabidopsis 

genotypes. 50% genes were down-regulated in ost1-2 GCPs and 37.5% up-regulated 

MCPs (Fig. 5.9 A).  

Impairment of nitrate reductases (NIA1 and NIA2) has been reported to affect NO 

signalling and ABA-induced stomatal closure (Chen et al., 2016; Zhao et al., 2016). 

After PAP treatment, NIAs were down-regulated in MCPs of alx8 and ost1-2 (Fig. 5.9 

B). Interestingly, PAP treatment caused NIAs to be up-regulated in ost1-2 GCPs with 

a 1.79-fold up-regulation of NIA2 (Fig. 5.9 B). NIA1 expression was decreased by over 

one-fold in ColLer MCPs in response to PAP application (Fig. 5.9 B). PAP also 

slightly up-regulated the expression of NIAs in ost1-2/alx8 GCPs (Fig. 5.9 B). The 

dual-affinity nitrate transporter genes (NRTs) are expressed in guard cells (Guo et al., 

2003) and in this study, PAP differently regulated members of the NRT gene family. 

PAP down-regulated all the detectable NRTs in ost1-2 GCPs except NRT2.7 (Fig. 5.9 

B). PAP induced more than a 1.5-fold change in NRT2.3, NRT2.6, NRT3.1 and ZIFL2, 

were PAP decreased gene expression by 5.6-fold (Fig. 5.9 B). Conversely, PAP 

induced more (4 of 6 NRTs) genes to be up-regulated in ost1-2 MCPs (Fig. 5.9 B), a 

3.7-fold increase occurring in NRT2.5 in response to PAP application. Similar to ost1-

2 MCPs, in ColLer MCPs, PAP up-regulated more than 50% of NRTs and increased 
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gene expression in NRT2.5 by 8.9-fold (Fig. 5.9 B). ost1-2/alx8 GCPs and MCPs 

showed different gene expression patterns; ost1-2/alx8 MCPs had more gene members 

up-regulated while in ost1-2/alx8 GCPs, more genes were down-regulated, with 

NRT2.1 and NRT2.3 showing a 2.1- and 1.8-fold change, respectively (Fig. 5.9 B).  

Ca2+ serves as an important second messenger and has role in plant responses to 

abiotic stresses and development (Sanders et al., 2002; Song et al., 2008). Two distinct 

Ca2+-ATPases have been identified based on their protein sequences: the ER-type 

Ca2+-ATPases (ECAs) and the auto inhibited Ca2+-ATPases (ACAs) (Geisler et al., 

2000; Axelsen and Palmgren, 2001). The results revealed PAP differently regulated 

the expression of Ca2+ pump gene families, and significant changes occurred in ost1-

2/alx8 MCPs, ost1-2 GCPs and ColLer MCPs (Fig. 5.9 C). The magnitude of gene 

expression was slightly changed in response to PAP is in ECAs among GCPs from the 

four Arabidopsis genotypes (Fig. 5.9 C). For the ACAs, PAP induced more DEGs in 

ost1-2 GCPs and ColLer MCPs (6 out of 10) (Fig. 5.9 C). ACAs were highly down-

regulated in ColLer MCPs while 6 out of 9 ACAs were highly up-regulated in ost1-2 

GCPs (Fig. 5.9 C). In particular, ACA1 and ACA2 showed up-regulation by one-fold 

in ColLer MCPs and ost1-2 GCPs. On the contrary, ACA1 and ACA2 were highly 

down-regulated in ost1-2/alx8 GCPs (Fig. 5.9 C). Calcium-dependent protein kinases 

(CPKs) have been reported to play roles in ABA-induced stomatal closure by 

regulating anion channels (Mori et al., 2006). PAP generally increased gene expression 

of CPKs among all Arabidopsis genotypes in both GCPs and MCPs (Fig. 5.9 D CPKs 

Bar graphs at the top). Increased magnitudes of gene expression occurred in ColLer 

GCPs, alx8 GCPs, ost1-2 GCPs and ost1-2/alx8 GCPs (Fig. 5.9 D). Ca2+-sensing 

receptor (CAS) was also highly up-regulated in response to PAP in ost1-2 GCPs (Fig. 

5.9 D). 
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Fig. 5.9. Gene family analysis of ROS, NO and Ca2+ signalling in MCPs (mesophyll protoplasts) and GCPs (guard cell protoplasts) after PAP 
treatment among four genotypes. For generating heat maps, values were normalized using log2(PAP/Control). Red color in the heat maps represents 
down-regulation while green represents up-regulation. Bar graphs at the top show the percentage of genes (up-regulated, log2FC >0; down-regulated, 
log2FC <0) in each gene family among the four Arabidopsis genotypes, while the bar graphs at the bottom show the percentage of the total number of 
up- or down-regulated genes (logFC >0.5 or logFC <-0.5) out of all the selected genes (RBOHs, NIAs, NRTs, ECAs, ACAs, CPKs and CAS) in each 
genotype after PAP treatment. Percentage of genes in each type of cells of Arabidopsis genotypes out of a gene family was indicated by three lines 
The red line in the top bar graphs represents 25%, purple line represents 50% and green line represents 75%. (A) represent gene family RBOH; (B) 
and (F) represent nitrate-related gene families, mainly including NRTs and NIAs; (C), (D) and (G) represent Ca2+-related gene families. Heat maps in 
between show gene expression from a specific gene family, indicated by a red colour (down-regulation) and a green (up-regulation). RBOH: respiratory 
burst oxidase; NIA: nitrate reductase; NRTs: nitrate transporter; ECA: ER-type calcium ATPase; ACA: auto inhibited calcium ATPase; CPK: calcium-
dependent protein kinase; CAS: calcium sensing receptor.
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5.3.6 PAP-induced stomatal closure involves regulations of membrane transport 

genes expression 

K+ flux across the guard cell plasma membrane is regulated by outwardly rectifying 

K+ channels (GORKs) (Ache et al., 2000), shaker-type inwardly rectifying K+ channels 

(KAT1, KAT2) (Ördög et al., 2008) and slow anion channels (SLAC1) (Vahisalu et 

al., 2008). The expression of shaker family potassium ion (K+) genes was highly 

regulated in response to PAP treatment (Fig. 5.10 A). Six KAT/AKT were detected in 

ost1-2 GCPs of which four gene family members were significantly down-regulated 

(Fig. 5.10 A KATs). Moreover, expression of GORK and SKOR was significantly 

increased in response to PAP treatment in ost1-2 GCPs (Fig. 5.10 A K+
out). Tandem 

pore K+ channels (TPKs) have roles in K+ homeostasis and the Arabidopsis thaliana 

genome contains five genes encoding TPK channels (Gobert et al., 2007). Four TPKs 

were detected in ost1-2 GCPs and expression of TPK2 was increased while that of 

TPK3 and TPK5 was highly reduced (Fig. 5.10 B TPKs). PAP also up-regulated TPK2 

and TPK4 in ColLer MCPs and ost1-2 MCPs (Fig. 5.10 B TPKs). Potassium 

Transporters (POT) regulate K+ homeostasis in guard cells (Zhao et al., 2018). 

Exogenous application of PAP led to significant gene expression changes in the POT 

gene family among the four genotypes (Fig. 5.10 B). For instance, gene POT5 was 

significantly induced by PAP among all lines with at least a fold change (except ost1-

2/alx8 GCPs, the fold change value is 0.89), especially in ColLer MCPs and ost1-2 

MCPs, PAP induced 3.4 and 5.9 fold changes respectively (Table 5.1). 

The key S-type guard cell anion channel (SLAC1) plays a core role in ABA-

induced stomatal closure (Geiger et al., 2009). After PAP application, SLAC1 and 

SLAH3 (SLAC1 homologue 3) were highly up-regulated in GCPs of ost1-2 while 

SLAC1 and SLAH2 (SLAC1 homologue 2) were highly down-regulated in MCPs of 

ColLer; however, SLAH3 showed little response to PAP application (Fig. 5.10 C 

SLACs). The aluminium-activated malate transporter family (ALMTs) is reported to 

regulate Arabidopsis stomatal movement (Kollist et al., 2011). PAP significantly 

regulated gene expression of ALMTs (Fig. 5.10 C ALMTs). PAP induced up-regulation 

of ALMT5, ALMT11 and ALMT12 in ost1-2 GCPs while significant down-regulation 

was observed for ALMT4, ALMT9 and ALMT10 (Fig. 5.10 C ALMTs heat maps). 

Chloride channels (CLCs) mediate nitrate accumulation in plant vacuoles and, 

therefore, affect stomatal behaviour (De Angeli et al., 2006). The results reveals PAP’s 
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role in generally up-regulating CLCs in GCPs of the four genotypes, especially in ost1-

2 GCPs; up-regulation induced by PAP reached over one-fold change in CLCa, CLCb 

and CLCc (Fig. 5.10 C CLCs heat maps).    

Cyclic nucleotide gated channel (CNGCs) and glutamate receptor family (GLR) 

are Ca2+ channels. Evidence suggests that CNCGs are permeable to cations, such as 

K+ and Ca2+ and also can be regulated by cyclic nucleotides and calmodulin (Pandey 

et al., 2007). PAP strongly induced CNGCs experssion in ColLer MCPs, ost1-2 MCPs 

and ost1-2 GCPs (Fig. 5.10 D). A large number of genes were up-regulated in ColLer 

MCPs but down-regulated in ost1-2/alx8 MCPs (Fig. 5.10 D). PAP application caused 

more than half (13 out of 18) of the CNGCs to be down-regulated in ost1-2 GCPs (Fig. 

5.10 D). GLRs have been identified to play important roles in Glu (amino acid 

glutamate) -induced stomatal signalling (Yoshida et al., 2016). Similarity, for GLRs 

(glutamate receptor-like channels) in ost1-2 MCPs more than half the genes of this 

family were up-regulated (Fig. 5.9 E). Also, similar to ColLer MCPs, PAP also 

increased the number of genes that were up-regulated in ColLer MCPs, same trend can 

be also seen in ost1-2/axl8 MCPs (Fig. 5.10 E). In contrast, PAP led to more than half 

of the genes of this family to be down-regulated in ost1-2 MCPs and GCPs (Fig. 5.10 

E). Generally, more DEGs of GLRs were expressed in ost1-2/alx8 MCPs, ColLer 

MCPs and ost1-2 GCPs (Fig. 5.10 E).  

The tonoplast intrinsic protein (TIP) family and plasma membrane intrinsic 

proteins (PIPs) belong to the acquaporin families which also affect stomata activities 

(Grondin et al., 2015; Eisenach and De Angeli, 2017). In this study, PAP down-

regulated genes of these families in ost1-2 GCPs, especially in PIP2-2 and PIP2-4 for 

which PAP caused 5.1-fold and 4.3-fold changes, respectively (Fig. 5.10 F, G and I). 
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Fig. 5.10. Analysis of differential regulation of transporter and pump gene families after 
PAP treatment in MCPs and GCPs of the four Arabidopsis genotypes. For generating heat 
maps, values were normalized following log2(PAP/Control). Red color in the heatmaps 
represents downregulation while green represents upregulation. Bar graphs at the top show the 
percentage of up-regulated genes (LogFC>0) and down-regulated genes (LogFC<0) in each 
gene family among four Arabidopsis genotypes while the bar graph (H) at the bottom show 
percentage of total up or down-regulated genes (logFC>0.5 or logFC <-0.5) out of all the 
checked genes including (Shaker K+ genes, TPKs, POTs, Anion channel genes, CNGCs, GLRs) 
in each genotype after PAP treatment. Bar graph (I) at the bottom show percentage of total up 
or down-regulated genes (logFC>0.5 or logFC <-0.5) out of all the checked genes including 
(TIPs and PIPs). Percentage of genes in each type of cells of Arabidopsis genotypes out of a 
gene family was indicated by three lines The red line indicated in the top bar graphs represents 
25%, purple line represents 50% and green line represents 75%. (A), (B), (C), (D) and (E) 
represent gene expressions in channel families; (F), (G) represent gene expressions acquaporin 
gene familie. KAT: Arabidopsis (Shaker type) K+ channel; TPK: two pore K+ channel; SLAC: 
S-type anion channels; ALMT: Al3+-activated malate transporters; CLC: chloride channel; 
CNGC: cyclic nucleotide–gated ion channel; GLR: glutamate receptor-like genes; TIPs: 
tonoplast intrinsic aquaporin; PIPs: plasma membrane intrinsic protein aquaporin PIPs  
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5.3.7 PAP regulates gene expression of proton pumps and co-transporters among 

four Arabidopsis phenotypes  

ABC transporters constitute one of the largest protein families in plants. They act 

as exporters as well as importers and are driven by ATP hydrolysis (Theodoulou, 2000). 

ABC transporters in Arabidopsis such as AtABCG25, are involved in ABA transport 

for stomatal regulation (Kuromori et al., 2010). In this study, after PAP treatment, 

ost1-2 GCPs had the highest expression of ABCG25 among the Arabidopsis genotypes 

(Table 5.1). Here, exogenous PAP application led to significant gene expression 

changes in the ABC gene family in the four Arabidopsis genotypes, especially in 

ColLer GCPs, ost1-2/alx8 MCPs, ost1-2/alx8 GCPs and ost1-2 GCPs (Fig. 5.11 A). 

Generally, PAP up-regulated ABC transporter genes in the three genotypes, except 

alx8 GCPs, where PAP caused more down-regulated DEGs (Fig. 5.11 A, bar graphs 

of ABCs).  

Na+(K+)/H+ exchangers (NHXs) control K+ and Na+ homeostasis and regulate 

stomatal movement (Barragán et al., 2012). Evidence has shown that NHX1 and NHX2 

are highly expressed in guard cells, and stomatal function was defective in a double 

mutant because of the reduced ability of K+ accumulation (Barragán et al., 2012). PAP 

induced up-regulation of NHX1 and NHX2 in ost1-2 GCPs, especially for NHX2, 

where PAP caused an up-regulation by over one-fold change (Fig. 5.11 B). However, 

PAP application did not significantly induce NHXs expression changes in all lines, not 

in ost1-2 MCPs, NHX2 gene expression was significantly down-regulated by 1.7-fold 

change (Table 5.1). Moreover, PAP unexpectedly induced NHX4 up-regulation in 

ost1-2 GCPs by 3.5-fold change (Table 5.1).  

Cation exchangers (CAXs) are vacuolar ion transporters involved in ion 

homeostasis in plants, and are responsible for calcium transport from the cytosol to the 

vacuole lumen using the proton gradient across the tonoplast. Evidence has shown that 

CAX1 and CAX3 play roles in ABA-induced stomatal closure by inhibiting indole-3-

acetic acid (IAA) signalling pathways (Cho et al., 2012). The results evidenced this by 

showing that PAP significantly up-regulated CAX1 and CAX3 by about one-fold 

change. Moreover, five CAXs were detected in line ost1-2 and PAP significantly up-

regulated four CAXs members though seems no regulations of CAX5 in ost1-2 GCPs 

(Table 5.1; Fig. 5.11 C). Interestingly, PAP induced total opposite expression trend in 

each family member in ost1-2 MCPs comparing to ost1-2 GCPs, indicating four genes 
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down-regulation but one gene up-regulations, though with a smaller expression scale. 

This may suggest specific and different gene regulation networks in different cell types.    

Evidence suggested that SUCs (Sucrose-H+ symporters) are responsible for 

transporting sucrose across the plasma membranes in an energy-dependent manner 

(Daloso et al., 2016), which drives water influx to increase stomatal aperture; therefore, 

sugar transporters (SUCs) are also regarded as important elements regulating stomatal 

activities (Stadler et al., 2003). It was suggested that exogenous sucrose application 

increased sucrose accumulation in the apoplastic space, which seems to negatively 

induced sucrose transportation related genes, such as SUC1, reducing the flux of 

sucrose into guard cells and therefore lead to stomatal closure (Bates et al., 2012; 

Daloso et al., 2016). In this research (Fig. 5.11 D), seven SUCs family members were 

detected in ColLer GCPs and exogenous PAP application induced down-regulations 

of all these family members, though with a fold change value less than one except 

SUC7 (Table 5.1). Further results suggest that PAP induced higher gene expression 

changes in ost1-2 GCPs and ost1-2/alx8 MCPs but with a different regulation trend 

(Table 5.1). PAP significantly down-regulated SUC1 and SUC2 gene expression by 

1.7- and 3.6- fold change respectively in ost1-2 GCPs while up regulated SUC1 and 

SUC2 respectively by 0.26- and 1.2- fold change in ost1-2/alx8 MCPs (Table 5.1).  

Proton pumps (H+-ATPases) located in the plasma membrane are responsible for 

generating a proton electrochemical gradient, which forms the driving force for ion 

uptake (Sze et al., 1999) and Arabididopsis H+-ATPases (AHAs) are key proteins for 

stomatal opening and closure (Chen et al., 2012b; Haruta et al., 2015). In the VHA 

gene families, PAP induced a clear down-regulation pattern in ost1-2 MCPs while 

didn’t induce obvious expression patterns in other genotypes (Fig. 5.11 E). In the AHA 

gene family, PAP induced a significant number of these genes to be up-regulated in 

alx8 MCPs while more down-regulated genes occurred in ost1-2 MCPs and ColLer 

MCPs (Fig. 5.11 F,). However, PAP more effectively induced AHAs in ost1-2/alx8 

MCPs and ost1-2 GCPs, shown by more genes being up-regulated (Fig. 5.11 F). PAP 

significantly down-regulated AHA3 and AHA4 in ost1-2 GCPs by 6.3- and 1.3-fold, 

respectively (Fig. 5.11 F). To summarise, PAP treatment caused down-regulation in 

proton pump gene families among ColLer MCPs and ost1-2 MCPs, but a greater 

number of these genes to be up-regulated in alx8 MCP, ost1-2 GCPs and ost1-2/alx8 

MCPs and ost1-2/alx8 GCPs (Fig. 5.11 E and F).  
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In summary, generally, PAP induced cotransporter up-regulation in ost1-2 GCPs 

but induced more proton pump genes to be up-regulated (Fig. 5.11 G and H).  
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Fig. 5.11. Analysis of differential regulation of cotransporters and aquaporin gene families after treatment with PAP in mesophyll protoplasts 
and guard cell protoplasts among four Arabidopsis genotypes. For generating heat maps, values were normalized following log2(PAP/Control). 
Red color in the heatmaps represents downregulation while green represents upregulation. Bar graphs at the top show the percentage of up-regulated 
genes (LogFC>0) and down-regulated genes (LogFC<0) in each gene family among four Arabidopsis genotypes while the bar graphs. (G) at the right 
bottom side show percentage of total up or down-regulated genes (logFC>0.5 or logFC <-0.5) in gene family cotransporters out of all the checked 
genes (ABC transporters, NHXs, CAXs and SUCs) in each line after PAP treatment. (H) at the right side show percentage of total up- or down-
regulated genes (LogFC>0.5 or LogFC <-0.5) in gene family proton pumps out of all checked genes (TIPs and PIPs). Percentage of genes in each type 
of cells of Arabidopsis lines out of a gene family was indicated by three lines The red line indicated in the top bar graphs represents 25%, purple line 
represents 50% and green line represents 75%. (A), (B), (C), (D) represent gene expressions in cotransporter families; (E) and (F) represent gene 
expressions in pump families. ABCs: ABC transporters; NHXs: Na+/H+ exchanger; CAX: Ca2+/H+ exchanger; SUCs: Sugar transporter; VHA: vacuolar 
H+-ATPase; AVP: vacuolar H+ pyrophosphate; AHA: plasma membrane H+-ATPase 
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5.3.8 PAP plays a role in regulating core ABA signalling elements 

Signalling associated with ABA-induced stress responses requires the activation of 

SNF-type kinases, which target ABA-dependent gene expression and ion channels 

activities (Raghavendra et al., 2010). It was shown that PAP up-regulates ABA 

receptor genes and ABIs in ost1-2 GCPs, which suggest a different signalling pathway 

from ABA networks (Fig. 5.12 A, PYLs). PAP also highly increased GTG2 gene 

expression in ost1-2 GCPs. Similarly, PAP induced more up-regulation of ABA 

responsive elements (ABFs) in ost1-2 GCPs (Fig. 5.12 B, ABFs). After exogenous PAP 

application, more PP2Cs were up-regulated in both GCPs and MCPs in all Arabidopsis 

genotypes except in alx8 GCPs, where more PP2Cs were down-regulated (Fig. 5.12 

C, dark color bar graphs of PP2Cs). A significantly higher number of genes were up-

regulated in ost1-2 GCPs but more down-regulation of genes was seen in ColLer 

MCPs (Fig. 5.12 D). PAP caused significant up-regulation of core ABA signalling 

elements amongst ost1-2 GCPs, especially in PYLs and PP2Cs (Fig. 5.12 C). In this 

experiment, exogenous application of PAP successfully induced significant up-

regulation of SnRKs in ColLer MCPs, ost1-2 GCPs (Fig. 5.12 E), which suggests PAP 

has broad roles in mediating SNF1-protein kinases (Fig. 5.12 F).  

Cytochrome P (CYPs) have been reported to play roles in balancing ABA 

biosynthesis and catabolism. For example, CYP707A is a key enzyme in ABA 

catabolism (Kushiro et al., 2004). This experiment suggests that PAP regulated 

CYP707 differently in MCPs and GCPs, MCPs responses more strongly than GCPs 

among four genotypes (Table 5.1), which may suggest CYP707 plays different roles 

in ABA-induced mesophyll and guard cell signalling. This result also suggested that 

PAP induced similar number of up-regulated and down-regulated genes amongst these 

Arabidopsis genotypes except genes in ost1-2 GCPs, ost1-2/alx8 MCPs (Fig. 5.12 G). 

Moreover, further examination of regulated genes (|LogFC| > 0.5), ost1-2 GCPs 

showed significantly more genes been downregulated while significantly more CYPs 

been up regulated in ost1-2/alx8 MCPs (Fig. 5.12 H). Bar graph for CYPs further 

indicates more down regulation genes and PAP shows a clear down regulation pattern 

in ost1-2 GCPs. For instance, PAP induced large scale downregulation in gene 

CYP79F1, CYP79F2, CYP79B3, CYP83A1 with 10.5-, 8.7-, 7.3- and 9.5-fold change, 

separately in ost1-2 GCPs (Fig. 5.12 G and Table 5.1). 
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Fig. 5.12. Gene family analysis of ABA signalling in mesophyll protoplasts and guard cell protoplasts after PAP treatment among four 
Arabidopsis genotypes. For generating heat maps, values were normalized following log2(PAP/Control). Red color in the heatmaps represents 
downregulation while green represents upregulation. Bar graphs (dark colour ones) at the top show the percentage of up-regulated genes (LogFC>0) 
and down-regulated genes (LogFC<0) in each gene family among four Arabidopsis genotypes while the bar graphs (D) show percentage of total up- 
or down-regulated genes (logFC>0.5 or logFC <-0.5) in gene families (including PYLs, GTGs, ABFs, CHLHs, PP2Cs). (F) shows percentage of total 
up- or down-regulated genes (LogFC>0.5 or LogFC<-0.5) in gene family SnRKs. (H) shows percentage of total up- or down- regulated genes 
(LogFC>0.5 or LogFC<-0.5) in gene family CYPs. The red line indicated in the top bar graphs represents 25% and purple line represents 50%. (A) 
represents gene expression from ABA receptor gene families, (B) represents gene expression from ABA insensitive factor gene families, (C) represents 
gene expression from protein kinases gene families, (E) represents gene from SnRK related protein kinases gene families, (G) represents gene 
expression from Cytochrome P gene families. PYL: Pyrabactin resistance 1; GTG: GPCR-type G protein; ABI: ABA insensitive; ABF: ABA 
responsive element-binding factor; CHLH: Mg-chelatase H subunit ; PP2Cs: Protein phosphatase 2C; SnRK: SNF1-related protein kinases; CYP: 
Cytochrome P.  
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5.3.9 PAP also plays a role in regulating sulfur metabolism 

Since the retrograde signal, PAP, is a sulfate by-product from chloroplasts which 

functions in stomatal closure (Mugford et al., 2009), I therefore investigated gene 

families which have roles in PAP biosynthesis and degradation. A brief schematic of 

the sulfate matabolic pathways is given in Fig. 5.1. By grouping the sulfate metabolism 

related genes into two categories, those that increase PAP concentrations and those 

that reduce concentrations, different expression between GCPs and MCPs can be seen 

in these two categories. PAP application induced the expression of a greater number 

of genes in both categories in MCPs than in GCPs within a genotype except for ost1-

2, where more genes were regulated in GCPs than MCPs (Fig. 5.13 B and C). For the 

PAP enhancement category, PAP application clearly down-regulated more genes than 

up-regulated genes in GCPs within a genotype from the four genotypes except for ost1-

2/alx8 GCPs (Fig. 5.13 B). However, in PAP reduction catergory, PAP application 

clearly up-regulated more genes in GCPs of the four genotypes, and in ColLer and 

alx8 GCPs no genes in this category were down-regulation (Fig. 5.13 C). However, 

these expression patterns were clearly seen in ost1-2 GCPs. Heatmaps showed that in 

gene families ATPSs, APKs, SOTs and SULTRs, which are PAP enhancement elements, 

exogenous PAP application induced clear downregulations in this group (Fig. 5.13 A). 

However, when it comes to PAP degradation group (APRs and SALs), exogenous PAP 

induced a clear upregulation trend (Fig. 5.13 A).  

For MCPs of the four genotypes, little pattern could be found in the changes in 

expression of sulfur metabolism genes due to PAP application (Fig. 5.13 B and C). 

PAP application seemed to induce a higher level of expression of differentially genes 

in genotypes with ost1-2 background, as indicated by the radar charts (Fig. 5.13 D and 

E). This is especially noticable in ost1-2 GCPs from PAP in the reduction category 

(Fig. 5.13 E). Also, compared with other genotypes, exogenous PAP application had 

the least effect on genes involved in sulfate metabolism in alx8 (Fig. 5.13 B to E). 

 

 



   

136 
 



   

137 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.13. Gene family analysis of sulfate metabolism pathways in mesophyll protoplasts and guard cell protoplasts after PAP treatment among 
four Arabidopsis genotypes. For generating heat maps, values were normalized following log2(PAP/Control). Red color in the heatmaps represents 
downregulation while green represents upregulation. Bar graphs (dark colour ones) at the top show the percentage of up-regulated genes (LogFC>0) 
and down-regulated genes (LogFC<0) in each gene family among four Arabidopsis genotypes while the bar graphs (B) show percentage of total up or 
down regulated genes (logFC>0.5 or logFC <-0.5) in gene families from PAP enhancement group (including ATPSs, APKs, SOTs, SULTRs). (C) 
shows percentage of total up or down regulated genes (LogFC>0.5 or LogFC<-0.5) in gene family from PAP reduction group (including APRs and 
SALs). Besides, the radar chart (D) shows the expression of genes from PAP enhancement group among four genotypes in both GCPs and MCPs while 
the Radar (E) shows the expression of genes from PAP reduction group among four genotypes in both GCPs and MCPs. (A) represents gene expressison 
for PAP metabolism related gene families. The red line indicated in the top bar graphs represents 25% and purple line represents 50%, the green line 
represents 75%. ATPs, ATP sulfurylase; APK, APS kinase; SOT, sulfotransferase; SULTR, sulfate transporter; APR, APS reductance; SAL1, altered 
expression of APX2 8  
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Table 5.1 Information and fold change values of key genes in this thesis. 

 

 Locus Gene  Gene description ColLer ColLer.PAP alx8 alx8.PAP ost1-2 ost1-2.PAP 
ost1-
2/alx8 

ost1-
2/alx8.PAP 

 AT5G07390 RBOHA Respiratory burst oxidase homolog protein A #NUM! #DIV/0! 1.98204 1.284751 #DIV/0! #DIV/0! 2.362903 0.255821 

 AT5G51060 RBOHC Respiratory burst oxidase homolog protein C  -0.58346 -0.6554 0.102863 0.501656 -0.43507 -0.61968 1.005564 1.289926 

 AT5G47910 RBOHD Respiratory burst oxidase homolog protein D  1.296756 -0.09978 0.307724 0.023382 -0.16971 -0.1523 -0.76331 0.047729 

 AT1G19230 RBOHE Riboflavin synthase-like superfamily protein 0.604934 -0.36726 0.322402 0.056102 1.193072 2.711331 -0.45399 0.045102 

 AT4G11230 RBOHI Probable respiratory burst oxidase homolog protein I  0.548784 -0.66111 0.418768 2.763487 3.224455 0.761099 2.151253 -0.88917 

 AT1G77760 NIA1 Nitrate reductase [NADH] 1 -1.76067 -0.54013 -1.18474 0.17006 -1.0142 0.1984 0.818953 0.289999 

 AT1G37130 NIA2 Nitrate reductase [NADH] 2  0.990726 0.073718 -0.55154 -0.15987 -0.6536 1.970687 -0.1273 0.037562 

 AT1G08090 NRT2.1 High-affinity nitrate transporter 2.1  1.702866 -0.59235 1.717611 #DIV/0! #DIV/0! #NUM! 1.657622 -2.12088 

 AT5G60780 NRT2.3 High affinity nitrate transporter 2.3  #DIV/0! 1.396724 -0.72183 1.434922 1.063129 -1.48966 -1.95135 -1.764 

 AT1G12940 NRT2.5 High affinity nitrate transporter 2.5  8.850348 #DIV/0! #NUM! #DIV/0! 3.680085 -0.99873 -4.13281 #DIV/0! 

 AT3G45060 NRT2.6 High affinity nitrate transporter 2.6  -0.31521 -0.25752 -0.07858 0.064415 0.559833 -1.65897 0.196922 -0.1285 

 AT5G14570 NRT2.7 High affinity nitrate transporter 2.7  1.115466 #NUM! -1.48771 -1.14768 -1.55707 0.44709 0.978738 0.393999 

 AT5G50200 NRT3.1 High-affinity nitrate transporter 3.1  -0.71501 0.281626 0.773706 0.464559 0.21683 -2.19589 2.836895 0.145321 

 AT3G43790 ZIFL2 Probable peptide/nitrate transporter  2.263648 0.140487 0.343931 -1.99311 -1.81695 -5.61822 -1.03666 -0.49108 

 AT1G27770 ACA1 Calcium-transporting ATPase 1, chloroplastic 0.895076 -0.05799 -0.07867 -0.18305 -0.14836 0.965091 -0.78347 0.07592 

 AT4G37640 ACA2 
Calcium-transporting ATPase 2, plasma membrane-
type  1.38218 -0.10866 0.229962 0.103431 0.388622 0.955373 -0.54978 0.04992 

 AT1G12480 SLAC1 Guard cell S-type anion channel SLAC1  -2.83853 0.174107 0.901009 0.003437 -0.14029 0.373626 0.093489 0.049739 

 AT4G27970 SLAH2 S-type anion channel SLAH2  -2.26776 1.228118 -3.5494 #DIV/0! 2.350123 -2 -0.33907 -0.77208 

 AT5G24030 SLAH3 S-type anion channel SLAH3  0.065591 -0.26908 -0.28495 -0.21449 0.103721 0.981817 -0.1656 0.312271 

 AT1G25480 ALMT4 Aluminum-activated malate transporter 4  0.246148 -0.05317 -0.22494 0.299161 0.853981 -0.74892 1.467885 -0.0095 

 AT1G68600 ALMT5 Aluminum-activated malate transporter 5  1.416591 0.184651 0.451505 -0.03634 -2.26653 0.994518 -0.74194 -0.07688 

 AT3G18440 ALMT9 Aluminum-activated malate transporter 9  -1.67473 0.071024 0.3008 -0.24557 -0.25575 -2.46796 1.526 -0.05046 

 AT4G00910 ALMT10 Aluminum-activated malate transporter 10  -0.47644 0.441845 1.180935 0.895569 1.077922 -0.64592 0.440904 2.15395 

 AT4G17585 ALMT11 Putative aluminum-activated malate transporter 11  #DIV/0! 0.141484 #DIV/0! #NUM! #DIV/0! 2.319257 #DIV/0! -0.83563 

 AT4G17970 ALMT12 Aluminum-activated malate transporter 12 3.024795 0.027603 0.06021 -0.16146 0.663669 2.039819 -0.11055 0.119859 
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 AT5G40890 CLC-A Chloride channel protein CLC-a  -2.21531 0.145554 -0.01275 -0.00387 -0.32623 0.499481 1.20293 0.015359 

 AT3G27170 CLC-B Chloride channel protein CLC-b  2.703177 0.902399 -0.036 -0.61647 1.876115 1.250752 1.445427 0.427641 

 AT5G49890 CLC-C Chloride channel protein CLC-c  0.240231 0.192208 0.302282 -0.0227 -0.5923 0.836837 0.09166 -0.00019 

 AT2G37170 PIP2-2 Aquaporin PIP2-2  0.242744 -0.4491 -0.15796 -0.4534 1.267656 -5.11057 3.22797 -0.68704 

 AT5G60660 PIP2-4 Probable aquaporin PIP2-4  2.060173 -0.12907 1.344274 #DIV/0! 0.172908 -4.28157 -0.87091 2.349017 

 AT5G57350 AHA3 ATPase 3, plasma membrane-type  -2.16833 -0.12836 0.219038 -0.75023 0.85439 -6.28072 1.294127 0.079235 

 AT3G47950 AHA4 ATPase 4, plasma membrane-type  1.763185 0.146073 -0.01835 -0.0823 1.164608 -1.25788 -1.81432 -0.15489 

 AT2G20910 VHA-B pseudogene, vacuolar ATP synthase subunit B #N/A -1.04814 #N/A #DIV/0! #N/A -3.13201 #N/A -1.24403 

 AT3G08560 VHA-E2 V-type proton ATPase subunit E2  1.484274 -2.11814 0.380347 -0.30171 0.029724 2.267366 1.148193 1.03803 

 AT1G64200 VHA-E3 V-type proton ATPase subunit E3  -0.27522 -0.10067 0.044194 0.246286 1.293731 1.222035 2.591236 -0.06476 

 AT2G13610 ABCG5 ABC transporter G family member 5  -2.20612 0.167021 0.074537 -0.14948 -0.15753 1.45595 -0.21879 -0.00296 

 AT1G71960 ABCG25 ABC transporter G family member 25  1.57089 -0.07891 -0.05547 -0.49532 0.596119 -1.31428 0.233089 0.298422 

 AT5G27150 NHX1 Sodium/hydrogen exchanger 1 0.284788 0.103442 0.16199 -0.12183 -0.42087 0.322319 -0.20126 0.05796 

 AT3G05030 NHX2 Sodium/hydrogen exchanger 2  -0.06939 0.046999 0.280072 -0.18397 -1.70949 1.092486 0.593756 0.099913 

 AT5G55470 NHX4 Sodium/hydrogen exchanger 4  0.438848 -0.27377 0.120388 0.112398 0.302931 3.5461 -0.47836 -0.0088 

 AT2G38170 CAX1 Vacuolar cation/proton exchanger 1 -0.89223 0.08337 -1.63768 -0.1333 -0.91491 1.149035 0.190095 -0.12916 

 AT3G51860 CAX3 Vacuolar cation/proton exchanger 3 -0.27064 -0.20338 -3.44677 -0.2139 -0.0897 2.153206 3.899661 -0.03136 

 AT1G55730 CAX5 Vacuolar cation/proton exchanger 5  0.052104 0.221982 0.346184 -0.12332 0.157856 -0.03411 0.336866 -0.01437 

 AT1G09960 SUC1 Sucrose transport protein SUC1  0.781795 -0.35434 -0.65444 0.205772 -0.10226 -1.74555 0.260002 0.247004 

 AT1G71880 SUC2 Sucrose transport protein SUC2  -0.17243 -0.46018 -0.46495 -0.32973 0.149641 -3.58107 1.19035 0.230244 

 AT1G66570 SUC7 Sucrose transport protein SUC7  -2.02366 -1.45505 -2.37088 #DIV/0! -0.48324 #DIV/0! 1.865755 0.615072 

 AT4G27630 GTG2 GPCR-type G protein 2 0.081975 -0.09207 0.404445 -0.189 -0.16197 0.868225 0.291001 -0.0158 

 AT4G19230 CYP707A1 Abscisic acid 8'-hydroxylase 1  2.486329 -0.11244 -0.6641 0.111635 -0.03706 -0.32597 -0.03247 0.354457 

 AT2G29090 CYP707A2 Abscisic acid 8'-hydroxylase 2  3.046694 0.239146 -1.4718 -0.1785 -1.5099 #DIV/0! -0.47878 2.574236 

 AT5G45340 CYP707A3 Abscisic acid 8'-hydroxylase 3  1.556339 0.060079 -0.64571 -0.2511 -1.40608 -0.49435 0.536609 0.200644 

 AT3G19270 CYP707A4 Abscisic acid 8'-hydroxylase 4  -2.64858 0.506253 -0.87246 2.23785 0.16375 -3.22179 2.486922 -2.28093 

 AT2G22330 CYP79B3 Tryptophan N-monooxygenase 2  -0.23727 -0.52068 0.129847 0.248491 1.006269 -7.26226 0.876119 0.557333 

 AT1G16410 CYP79F1 Dihomomethionine N-hydroxylase  2.818878 -0.76712 0.400687 -1.29743 0.325953 -10.5379 0.505515 2.313648 

 AT1G16400 CYP79F2 Hexahomomethionine N-hydroxylase  1.896331 0.20061 0.395901 -1.48167 0.622631 -8.64977 1.323863 1.641206 



   

140 

 AT4G13770 CYP83A1 Cytochrome P450 83A1  2.12877 -1.0402 0.544911 -1.68582 0.021354 -9.45979 -0.14245 0.244306 

 AT5G46240 KAT1 Potassium channel KAT1  -4.12321 0.177568 0.732667 -0.08975 1.858795 0.981132 2.888561 -0.07728 

 AT4G18290 KAT2 Potassium channel KAT2  #NUM! 0.142201 -0.06327 0.077837 1.041623 2.053014 0.630625 0.024282 

 AT3G02850 SKOR Potassium channel SKOR 2.473169 0.026168 -0.21694 0.087628 1.202277 2.345269 0.612768 0.255334 

 AT5G37500 GORK Potassium channel GORK -6.48503 0.057106 -1.89121 -0.12647 -1.05614 1.223508 2.463181 0.173048 

 AT4G13420 POT5 Potassium transporter 5 -3.42622 -1.457138 1.58001 2.328749 5.94226 2.229245 1.140884 -0.887627 

 AT2G36830 TIP1-1 Aquaporin TIP1-1  -0.7398 -0.03971 0.408668 0.47019 -1.02892 1.258614 2.30159 0.188245 

 AT1G73190 TIP3-1 Aquaporin TIP3-1  1.698362 0.035443 -0.15698 0.072998 0.971519 4.636183 -1.51865 0.179782 

 AT3G53420 PIP2-1 Aquaporin PIP2-1  -0.03103 -0.13424 -0.24004 -0.17652 0.432012 -1.43264 2.029637 -0.04858 

 AT3G25250 OXI1 Serine/threonine-protein kinase OXI1  1.461923 -0.10725 0.112454 0.073384 -0.29067 2.067916 0.077689 0.196449 

 AT5G10180 SULTR2;1 Sulfate transporter 2.1  0.894508 0.020951 -0.08995 -1.82876 0.605703 -10.0725 0.225715 0.528028 

 AT1G77990 SULTR2;2 Sulfate transporter 2.2  2.205206 0.473315 0.049611 1.802277 -0.44009 -5.80953 -1.0231 0.352459 

 AT5G19600 SULTR3;5 Probable sulfate transporter 3.5  1.024795 -3.41573 -0.98864 -3.96465 2.286513 -2 -1.54284  

 AT5G13550 SULTR4;1 Sulfate transporter 4.1, chloroplastic  0.654832 -0.07953 -0.22635 0.092172 -0.13436 -1.1988 0.233636 0.308742 

 AT2G14750 APK1 Adenylyl-sulfate kinase 1, chloroplastic  0.185982 -0.18668 0.423228 -0.14224 0.457497 -2.37404 0.562676 0.101921 

 AT4G39940 APK2 Adenylyl-sulfate kinase 2, chloroplastic  0.755946 -0.3831 0.358498 -0.46414 0.345122 -5.98382 0.881487 0.131524 

 

PS: Values were normalized following log2(PAP/Control). Gene abbreviations: RBOH: respiratory burst oxidase; NIA: nitrate reductase; NRTs: nitrate 
transporter; ECA: ER-type calcium ATPase; ACA: auto inhibited calcium ATPase; CPK: calcium-dependent protein kinase; CAS: calcium sensing 
receptor; KAT: Arabidopsis (Shaker type) K+ channel; TPK: two pore K+ channel; SLAC: S-type anion channels; ALMT: Al3+-activated malate 
transporters; CLC: chloride channel; CNGC: cyclic nucleotide–gated ion channel; GLR: glutamate receptor-like genes; TIPs: tonoplast intrinsic 
aquaporin; PIPs: plasma membrane intrinsic protein aquaporin PIPs; ABCs: ABC transporters; NHXs: Na+/H+ exchanger; CAX: Ca2+/H+ exchanger; 
SUCs: Sugar transporter; VHA: vacuolar H+-ATPase; AVP: vacuolar H+ pyrophosphate; AHA: plasma membrane H+-ATPase; PYL: Pyrabactin 
resistance 1; GTG: GPCR-type G protein; ABI: ABA insensitive; ABF: ABA responsive element-binding factor; CHLH: Mg-chelatase H subunit ; 
PP2Cs: Protein phosphatase 2C; SnRK: SNF1-related protein kinases; CYP: Cytochrome P;ATPs, ATP sulfurylase; APK, APS kinase; SOT, 
sulfotransferase; SULTR, sulfate transporter; APR, APS reductance; SAL1, altered expression of APX2 8. 
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5.4 Discussion 

 

5.4.1 PAP-induced, large-scale gene regulation contributes to the restoration of 

stomatal closure in ost1-2 guard cells 

PAP induced different gene expression patterns between mesophyll cells and guard 

cells, which suggests different regulation mechanisms in the specific cell types. Firstly, 

GCPs and MCPs transcribed a similar number of genes (irrespective of expression 

level), which shows that GCPs contain a fully functioning genome (Fig. 5.2 A); 

however, in general, MCPs had a greater number of DEGs in comparison to GCPs (Fig. 

5.3). Mesophyll cells are mainly responsible for photosynthesis, and have unique and 

complex transdifferentiation mechanisms to fulfill this role. This is in accordance with 

the fact that a greater number of transcripts are necessary to maintain high light use 

efficiency and phtosynthesis. In MCPs, PAP induced more genes in ColLer, followed 

by mutant ost1-2 (Fig. 5.4 B). This may suggest interactions between OST1 and PAP 

signalling. Also, the different gene expression patterns between ost1-2 MCPs and ost1-

2/alx8 MCPs in response to PAP treatment, also suggests that PAP functions with 

OST1 in MCPs to regulate the gene networks of MCPs (Fig. 5.4). Further evidence 

suggests that PAP induced different gene expression patterns between the PAP 

accummulators, alx8 and ost1-2/alx8 (Fig. 5.4). Given that the difference between 

these two mutants is the mutation of OST1 in the double mutant ost1-2/alx8, this 

indicates that PAP functions with OST1 and leads to different gene expression patterns 

(Fig. 5.4 A and B). In this case, exogenous PAP application rescued ost1-2 MCPs to 

be more like wild type ColLer MCPs but may have overrestored gene expression 

patterns in ost1-2/alx8 MCPs (Fig. 5.4 B). 

The various ways of graphically representing gene expression, Circos plots (Fig. 

5.2), plots of expression (Fig. 5.3 and Fig. 5.4), Venn diagrams (Fig. 5.5) and heat 

maps (Fig. 5.6) suggest a more specialised gene network in Arabidopsis guard cells 

compared to mesophyll cells and a role for PAP in regulating gene expression in ost1-

2 GCPs. In ost1-2 GCPs, PAP treatment caused a four-fold greater number of genes to 

be expressed than in the other genotypes. The PAP treatment induced an over 

expression pattern above that found in GCPs from wild-type plants (Fig. 5.3 F), as 

indicated by the largest numbers of down-regulated genes among all lines. The 

overcompensation was not seen in GCPs of ost1-2/alx8 (Fig. 5.4 A) despite the 
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occurrence of the lesion caused by OST1, but it appears that endogenous PAP (due to 

the mutation in SAL1) rescues gene expression in the double mutant GCPs to be more 

like wild-type ColLer (Fig. 5.4 A). Also, exogenous PAP failed to induce large 

differential gene expression in both GCPs and MCPs (Fig. 5.4 A and B) in alx8, this 

is to be expected as alx8 is a PAP-accumulating mutant.  

All this evidence not only suggests a role for PAP in rescuing gene expressions in 

mutants (alx8 excluded) through OST to restore stomatal activities, but also indicates 

an obvious difference in SAL1-PAP signalling pathways in MCPs and GCPs. PAP 

induced stomatal signalling involves specific gene families including ion channel 

related genes, secondary metabolite-related genes and ABA signalling related genes. 

More details regarding expression changes in specific gene families regulated by PAP 

in different cell types are discussed below. 

 

5.4.2 Regulatory pathway controlling membrane transport for PAP-induced 

stomatal closure 

The results presented in Chapter 3 show that PAP induces changes in ion fluxes 

(Fig. 3.11) and Ca2+, K+ and anion channels in guard cells (Fig. 3.12 and Fig. 3.13). In 

this section of work, PAP-induced changes in expression of genes encoding core ion 

channels and transporters in Arabidopsis MCPs and GCPs were further analysed.  

It was reported that ABA-induced stomatal closure involves the regulation of K+ 

and Cl- channels (Garcia-Mata et al., 2003); Ca2+ also plays an important role in ABA-

induced stomatal closure (Wang et al., 2013b). Potassium channels, for example the 

outward K+ channel GORK, have been identified as having a role in the regulation 

stomatal closure (Hosy et al., 2003) in Arabidopsis. A shaker-like, outward-rectifying 

K+ channel, SKOR, also plays an important role in stomatal closure (Hosy et al., 2003). 

My results suggest that after PAP treatment, GORK and SKOR are highly up-regulated 

in GCPs in ost1-2 (Fig. 5.10 A), which suggests a role for PAP in regulating channels 

for K+ efflux from guard cells. Inward K+ channels are important for controlling 

potassium fluxes and, therefore, determine stomatal status (Pandey et al., 2007). A 

clear down-regulation of KATs occurred in ost1-2 GCPs; however, KAT1 and KAT2 

were up-regulated in response to PAP (Fig. 5.10 A). Evidence has shown that KAT1 

may not be essential in deciding stomata closure, instead, a combination of KATs may 
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affect stomatal activity (Szyroki et al., 2001). The expression patterns of the K+ 

channel proteins potentially indicated a scenario in which PAP induces a continuous 

K+ loss in ost1-2 GCPs, which leads to the restoration of stomatal closure without the 

involvement of ABA.  

Anion channels, such as SLAC1 and SLAH3, have also been identified as 

important channels that participate in stomatal regulation (Vahisalu et al., 2008; Geiger 

et al., 2011). ALMT12 (Alminum-activated malate transporter 12) has been identified 

as an R-type anion channel required for stomatal closure (Sasaki et al., 2010) and 

ALMT9 has been shown to play a role in maintaining cytosolic ion homeostasis to 

avoid cellular damage under salinity stress (Baetz et al., 2016). In this study, it was 

found that more ALMTs were detected in GCPs than in in MCPs, which suggests an 

important role for the ALMT family in regulating stomatal activity (Fig. 5.10 C). In 

addition, chloride channel proteins (CLCs) are also responsible for anion fluxes across 

intracellular membranes, which affects stomatal closure (Zifarelli and Pusch, 2010). It 

was shown that PAP strongly induces CLC expression (Fig. 5.10 C) and highly 

upregulates SLAC1 and SLAH3 in ost1-2 GCPs (Fig. 5.10 C). Up-regulation of anion 

channel genes is also in accordance to the previous results that PAP induces Cl- efflux 

from guard cells of four Arabidopsis lines (Fig. 3.11).  

 ATP-binding cassette (ABC) transporter genes have been identified to have a 

role in stress tolerance in plant with differences in functions and structures of ABC 

transporters in Arabidopsis and Oryza sativa (Jasinski et al., 2003). Typical ABC 

transporters play important roles in plant hormone-induced stomatal activity. For 

instance, ABCG5 in Oryza sativa is localized at the plasma membrane in guard cells 

and is involved in stomatal closure mediated by ABA (Matsuda et al., 2016). A similar 

result was found in Arabidopsis by knockout of the Arabidopsis ABC-transporter, 

AtMRP5 (Suh et al., 2007). In this mutant, several signalling pathways controlling 

stomatal movements were affected, and stomatal closure was insensitive to external 

calcium and ABA. In addition, excised leaves of mutant plants exhibited reduced water 

loss, and water uptake was strongly decreased at the whole-plant level, due to a 

reduced water use, this enhanced the mutant’s ability to survive in a water-scarce 

environment (Klein et al., 2003). AtMRP5 is also reported to have a role in the 

modulation of anion and calcium channel activities in Arabidopsis guard cells. 

Mutation of AtMRP5 impaired ABA and cytosolic Ca2+ activation of slow (S-type) 
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anion channels in the plasma membrane of guard cells (Suh et al., 2007). Another study 

shows that AtABCG25 is localized at the plasma membrane of  plant cells and causes 

ATP-dependent ABA transport (Kuromori et al., 2010). Plants overexpressing 

AtABCG25 showed high leaf temperatures, implying an influence on stomatal 

regulation (Kuromori et al., 2010). An investigation of the ABC-transporter gene, 

AtMRP4, showed that AtMRP4 is localized in the plasma membrane and is highly 

expressed in stomata. Plants containing three different mutant alleles all showed larger 

stomatal apertures than wild-type plants, both in the light and dark, resulting in 

increased water loss (Klein et al., 2004). In this study, all these ABC transporters 

showed differet expression patterns in MCPs and GCPs amongst the four genotypes 

(Table 5.1). Expression of ABCG5  was highly increased in GCPs of ost1-2 but highly 

decreased in MCPs of mutant alx8; an opposite pattern was found for ABCG25 (highly 

expressed in MCPs in alx8 but highly decreased in ost1-2 GCPs). This may suggest 

that PAP-induced stomatal closure is more rlated to the activity of ABCG5 of ABC 

transporter gene family rather than the activity of ABCG25, as reported by Kuromori 

et al., (2010). These data also suggest that in MCPs ABCG25 may have a role other 

physiological functions.  

Stomatal movement is due to changes in the concentration of osmolytes in guard 

cells and sugars (e.g. sucrose) are osmolytic molecules used for regulating stomatal 

movement (Daloso et al., 2016). A sucrose-H+ symporter gene, sucrose-proton 

symporter 2 (SUC2), is highly expressed in Arabidopsis guard cells, and, according to 

my data, its expression was significantly decreased in ost1-2 GCPs after PAP treatment. 

This may indicate that decreased sugar transport occurs in ost1-2 GCPs (Fig. 5.11 D), 

which may lead to decreased osmolytes in guard cells and to stomatal closure in ost1-

2.  

 In plants, the important role for vacuolar H+-ATPases (VHA) is to maintain ion 

and metabolite homestasis by energizing secondary active transport across the 

tonoplast (Kluge et al., 2003). A rapid acidification of guard cells vacuoles guarantees 

quick stomatal regulations to stress. Research has shown that ABA- induced stomatal 

closure in Vicia faba is accompanied by vacuolar acidification, and mutation of the 

H+-ATPase VHA-A2 and VHA-A3, leads to impaired stomatal closure (Bak et al., 

2013). This evidence suggests the importance of VHAs in regulating stomatal closure. 

In my research, PAP caused, respectively, 2.3- and a 1.2-fold increases in VHA-E2 and 

VHA-E3 in ost1-2 GCPs which may suggest that the vacuoles of ost1-2 guard cells 
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become rapidly acidified and this acidification activates ion channels transporting 

solutes out of the vacuoles thereby facilitating stomatal closure. Though a down 

regulation of 3.1 fold change was also indicated in VHA-B (Fig. 5.11 E) in ost1-2 GCPs 

and this may suggests that VHA-B desn’t play dominate roles in regulating PAP-

induced stomatal closure in ost1-2.  

Aquaporins participate in ABA-triggred stomatal closure (Grondin et al., 2015). 

Knocking out the aquaporin, plasma membrane intrinsic protein 2;1 (PIP2;1), in 

Arabidopsis resulted in plants showing defective stomatal closure in response to ABA. 

Further evidence shows that OST1/SnRK2.6, a protein kinase, was able to 

phosphorylate cytosolic PIP2;1 and enhanced the water transport activity of PIP2;1 

when coexpressed in Xenopus laevis oocytes (Grondin et al., 2015). Noteably, PIP2;1 

expression in ost1-2 GCPs is 6-times higher than in the other genotypes in response to 

PAP, which may suggest that PAP may regulate other SnRKs to activate PIP2;1, as  

OST1 does not function in ost1-2 (Fig. 5.10 G). More TIP genes were up-regulated in 

ost1-2 GCPs (e.g. TIP3-1 by 4.6-fold and TIP1-1 by 1.3-fold) (Fig. 5.10 F). This 

evidence suggests that PAP-induced stomatal closure may also involve other 

membrane water channels (aquaporins) that affect guard cell volume.   

 All these results suggest that PAP broadly regulates channel gene expression in 

complex ion channel networks, involving cotransporters and aquaporins. All these 

differently regulated gene networks potentially indicate different SAL1-PAP 

signalling pathways between guard cells and mesophyll cells. 

 

5.4.3 SAL1-PAP forms part of the ABA signalling pathway for drought responses in 

plants 

ABA serves as an endogenous messenger in biotic and abiotic stress responses in 

plants (Tuteja, 2007) and mediates stress responses such as stomatal movement (Kim 

et al., 2010; Bobik and Burch-Smith, 2015). ABA’s role in deciding stomatal status 

has been conserved during evolution (Cai et al., 2017a). ABA levels can be strongly 

increased under abiotic stresses, in particular hydraulic stress (Christmann et al., 2007). 

ABA-induced stomatal closure needs OST1 protein kinase to function as a switch 

(Mustilli et al., 2002)  to regulate stomatal closure (Zhang et al., 2001; Cruz de 

Carvalho, 2008). Therefore, how could SAL1-PAP fit into the ABA regulatory 

network? ABA is synthesized from the carotenoid, xanthophyll, by 9-cis-

epoxycarotenoid dioxygenase (NCED) to produce xanthoxin, which is then transported 
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and converted into ABA (Kim et al., 2010; Bobik and Burch-Smith, 2015). Cytosolic 

PYR/PYL/RCAR proteins are ABA receptors (Ma et al., 2009; Park et al., 2009) and 

protein kinases and phosphatases mediate ABA signalling (Fig. 5.12 C), resulting in 

changes in nuclear gene expression (NGE) (Kim et al., 2010; Bobik and Burch-Smith, 

2015). However, the expression of AtNCEDs was either little expressed in guard cells 

or was not responsive to PAP treatment (Table 5.1). This is probably due to the fact 

that PAP does not affect the upstream components of ABA signalling (Boursiac et al., 

2013). Indeed, it has previously been shown that PAP-accumulating mutants do not 

have significantly higher ABA content than ColLer, but are still ABA-hypersensitive 

(Pornsiriwong et al., 2017). In this research, investigations of core ABA signalling 

elements show that PAP differently regulates significant ABA signalling elements. 

Clearly, PAP up-regulated PYL, ABF and PP2C gene families in ost1-2 GCPs (Fig. 

5.12 A and B). Importantly, SnRKs were highly regulated in response to PAP treatment 

in ost1-2 GCPs while a fewer SnRKs were regulated in alx8 GCPs (Fig. 5.12 F). More 

unexpectedly, PAP induced both the expression of a greater number and a greater 

magnitude of expression of genes in ost1-2 GCPs compared to the other genotypes, 

which further potentially indicated PAP application may over compensate for the loss 

of OST1 by causing higher expression of  other SnRKs (Fig. 5.12 E). In addition, PAP 

may down-regulate CYPs involved in ABA synthesis, suggesting that PAP may also 

play a negative role in ABA synthesis (Fig. 5.12 H).  

  

5.4.4 PAP induces secondary messengers signalling in GCPs and MCPs for drought 

responses 

ABA-mediated stress responses involve changes in transcription as well as Ca2+-

dependent and -independent signalling, regulating anion channels for stomatal closure 

(Chen et al., 2017). Despite rapid PAP-induced activation (5-15 min) of Ca2+ and anion 

channel currents (Fig. 3.12) causing stomatal closure, it is still possible that the effect 

of PAP is also indirect via secondary messengers or protein phosphorylation. The 

activation of Ca2+ and anion channels has been linked to H2O2 and NO production 

(Chen et al., 2016; Pornsiriwong et al., 2017). It is proposed that H2O2, NO and Ca2+ 

are intermediates between PAP and ABA signalling in stomatal regulation (Fig. 3.4 

and Fig. 3.6). Stress-induced H2O2 is the primary ROS generated in chloroplasts, 

mitochondria, peroxisomes, plasma membranes and cell walls (Rossel et al., 2007; 

Pogson et al., 2008; Møller and Sweetlove, 2010). H2O2 is a mobile secondary 
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messenger with a longer half-life and lower toxicity compared to other ROS (Chan et 

al., 2016b). Drought stress induces activation of a NADPH oxidase respiratory burst 

oxidase homolog (RBOH) in the plasma membrane (Wang et al., 2016a; Wang F, 

2017). Thus, chloroplast-derived ROS and NO signals (Fig. 3.5 and Fig. 3.6) could 

merge into regulatory cascades with the activation of extensive CPKs targeting ion 

channels (Fig. 5.9 D). In turn, a Ca2+ influx activates RBOH by promoting its 

phosphorylation, leading to a further increase of ROS. The transiently increased levels 

of cytosolic calcium (Fig. 3.8) can activate the ROS-producing enzyme, RBOHD, 

through the activation of CDPKs that phosphorylate RBOHD (Suzuki et al., 2011). In 

this study, expression of all the members of the RBOH family were detected in guard 

cells (Fig. 5.9 A). For instance, the control levels of expression of AtRBOHD in alx8 

and ost1-2 were significantly lower compared to those in ColLer and ost1-2/alx8 (Fig. 

5.9 A). AtRBOHE was expressed at a low level, but was significantly up-regulated by 

2.71-fold after PAP application in ost1-2 GCPs (Table 5.1). It is likely that production 

of H2O2 in guard cells is a highly conserved signalling event involved in PAP-induced 

stomatal closure. This is supported by growing evidence for the physiological 

significance of chloroplast H2O2 as a retrograde signal in plant stress responses. The 

Ser/Thr protein kinase, OXI1, functions as an important signalling element in 

respiratory burst-released H2O2-dependent signalling (Rentel et al., 2004). AtOXI1 

expression in guard cells of ost1-2 was only a fraction of the normal expression in 

ColLer, alx8 and ost1alx8, and PAP up-regulated AtOXI1 in guard cells of ost1-2 by 

2.1-fold (Table 5.1). Exogenous PAP application significantly increase ROS and NO 

accumulation in guard cells (Fig. 3.4 and Fig. 3.6). Under well-watered conditions, 

ROS production was also detectable before the initiation of the treatment (Fig. 3.3), 

which matches a view that a certain amount of ROS is necessary for maintaining 

normal cellular activities (Zhu, 2016). Thus, PAP-induced the rescue of stomatal 

closure in ABA insensitive ost1-2 is strongly associated with H2O2 production in guard 

cells.  

Stress-mediated induction of NO plays a pivotal role in signal transduction in 

chloroplasts, and its diffusion into cytoplasm and/or nucleus, leads to activation of 

other signalling molecules or modification of TFs, altering regulation of NGE. NO 

levels in plants are rapidly altered in response to drought. Nitrate reductases (NIA1 

and NIA2) and nitric oxide-associated 1 (NOA1) are the enzymes responsible for NO 
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production (Gupta et al., 2011; Chen et al., 2016). A link between PAP and NO 

signalling was found in this study (Fig. 5.9 B). Expression of NIA1 was significantly 

higher (5-fold) in ost1-2 in both controls and plants given PAP treatments as compared 

to the other genotypes although PAP did not induce significant changes of NIA1 

expression in ost1-2 GCPs (Fig. 5.9 B). NIA2 in ost1-2 was lower than ColLer in the 

controls and was up-regulated by 1.97-fold by PAP treatment. These data match well 

with the significantly higher accumulation of NO in ost1-2 guard cells (Fig. 3.6 C). 

This evidence suggest that NO production is induced by PAP (Fig. 3.6 A and C), may 

also cause stomatal closure in guard cells of the ABA insensitive mutant, ost1-2. 

 Ca2+ is an important secondary messenger that plays specific roles in ABA-

induced stomatal signalling (Brandt et al., 2015). In intact guard cells, ABA enhances 

(primes) the Ca2+ sensitivity of downstream signalling events that result in activation 

of S-type anion channels during stomatal closure (Brandt et al., 2015). My results 

indicate that Ca2+ may also join the restoration of stomatal activities in the ABA-

insensitive mutant, indicating that in ost1-2 GCPs, PAP caused up-regulation of CPKs 

genes (Fig. 5.9). By comparing guard cell Ca2+ concentrations among the four 

Arabidopsis genotypes, ost1-2 showed significantly lower Ca2+ accummulation (Fig. 

3.7). However, the lower Ca2+ accumulation in ost1-2 guard cells was reversed by 

exogenious PAP treatment (Fig. 3.8 C). PAP significantly increased Ca2+ 

accumulation in ost1-2 guard cells but failed to increase Ca2+ accummulation in alx8 

(Fig. 3.8 C), which makes sense because alx8 is a PAP accmulator which maintains a 

higher cellular PAP levels (Estavillo et al., 2011). In contrast, this trend was reversed 

by ABA application to these four Arabidopsis genotypes (Fig. 3.8 D). ABA 

significantly induced Ca2+ accummulation in guard cells of all genotypes except ost1-

2 (Fig. 3.8 D), which indicates an important role of Ca2+ in the ABA signalling 

pathway. Considering the defective ABA signalling pathway in ost1-2 is caused by the 

mutation of an SnRK, which leads to the impairment of stomatal closure under drought 

stress, plus the the fact that PAP specificly up-regulated Ca2+ accummulation in ost1-

2 guard cells, it is proposed that PAP’s potential role in regulating SnRK activity plays 

a major role in increasing cytosol Ca2+ concentration, which recovers ost1-2 stomatal 

closure. This matches well with the PAP induced expression pattern in Ca2+ signalling 

related genes (Fig. 5.9 D and G). Exogenous PAP application highly upregulated genes 
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from Ca2+-ATPases and CDPK gene families that functions in transporting Ca2+ into 

cells (Fig. 5.9 D and G).  

 

5.4.5 PAP restores sulfate metabolism pathways in ost1-2 guard cells  

Although the PAP-regulated sulfate metabolic pathway has been well studied 

(Gigolashvili et al., 2012; Chan et al., 2013), no study has investigated PAP’s effect 

on the expression of genes related to this pathway. There are a number of important 

steps for producing cellular PAP. Firstly, sulfate needs to be transported into cells by 

SULTRs (Gigolashvili and Kopriva, 2014) and the importance of sulfate transporters 

in regulating plants response to drought and salinity has been well studied (Gallardo 

et al., 2014). Although, the expression patterns of SULTRs in response to PAP has not 

been studied, responses to drought treatment have been reported. Drought induced 

down-regulation of SULTR2;1, SULTR2;2 and SULTR3;5 in leaves by 2.1-, 4.4- and 

3.1- fold changes, respectively (Gallardo et al., 2014). My results are silimar to these, 

showing that exogenous PAP application down-gegulated above three genes by 10.1-, 

5.8- and 2.0- fold change respectively (Table 5.1 and Fig. 5.13 A) in ost1-2 GCPs. 

SULTR4;1 is co-localized in the tonoplast membrane and faciliates the efflux of 

sulfate from the vacuole, which turned to be the main site for storage of sulfate in 

plants (Kataoka et al., 2004). PAP downregulated SULTR4;1 by 1.2-fold change 

(Table 5.1) in ost1-2 GCPs.  

Formation of PAPS, the precursor of PAP is catalyzed by APS kinase, which is 

considered as the rate limiting step for secondary sulfate metabolism (Mugford et al., 

2009). There are four APK isoforms in Arabidopsis, but plastid-localized APK1 and 

APK2 have been identified as the major providers of PAPS to plant cells (Mugford et 

al., 2009). My results show that exogenous PAP application down-regulates APK1 and 

APK2 in ost1-2 GCPs (Fig. 5.13 A). This may by due to a feedback mechanism 

maintaining PAP homeostatis where the high concentration of PAP added to the cells 

during treatment downregulates its own production. This could have the effect of 

reducing APKs. In Arabidopsis, 18 SOTs were suggested as playing roles in PAP 

production (Chan et al., 2013). Though some research has suggested that SOT12 and 

SOT14 are upregulated in response to drought and ABA, as well as other stresses such 

highh light and cold (Hruz et al., 2008), there is still no specific report of the effect of 

PAP treatment on these genes. Interestingly, in animal systems, PAP can inhibit SOTs 

and therefore PAP accumulation would inhibit further PAP production (Klaassen and 
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Boles, 1997). Results in this research suggest a similar case as exogenous PAP 

accumulation induces a clear down-regulation of many SOTs in ost1-2 GCPs (Fig. 

5.13 A), which suggests that PAP may regulate its own production. APRs competes 

with APKs for the common substrate, APS (Chan et al., 2013). Research work has 

indicated that prolonged drought stress would increase APR activity, which directs 

APS into SO3
2- synthesis and away from PAPS production (Ravilious et al., 2012); 

this,in turn would reduce PAP production. It is suggested that in ost1-2 GCPs, 

exogenous PAP application induced a clear up-regulation of APRs (Fig. 5.13 A), which 

seems to match with this above view.  

SAL1 dephosphorylates PAP to AMP thus PAP accumulation is decreased and 

therefore Arabidopsis mutant sal1, had a 20-fold higher PAP accumulation than the 

wild type (Wilson et al., 2009; Chan et al., 2013). Evidence also indicates that SAL2 

plays similar roles in PAP production (Gil-Mascarell et al., 1999). However, there are 

no reports indicting that SAL3 and SAL4 have the same function as SAL1 but, based 

on their cofactors, it is predicated that they potentially play similar roles in PAP 

reduction (UniProt, www.uniprot.org). The results indicate that exogenous PAP 

application induced a clear upregulation of SALs among three of the genotypes with 

the exception of ColLer (Fig. 5.13 A).  

Given these results, excess PAP concentration may function as a feedback 

controller of the sulfate metabolism pathway, which down regulates PAP enhancement 

elements but up regulates PAP reduction elements. 

 

5.5 Conclusions 

Gene expression studies on purified MCPs and GCPs suggested different gene 

networks regulating the activities of these different cell types. In the previous chapters, 

it was concluded that comprehensive networks induced by PAP determine stomatal 

closure. This involves regulating ROS, NO and cytosolic Ca2+ accumulation in guard 

cells and inducing ion channels activities. In this chapter, it is reported that PAP 

regulates ROS-, NO- and Ca2+-related gene expression in GCPs. PAP also plays a role 

in regulating channel gene expression and core ABA signalling elements such as 

PP2Cs genes. Most importantly, it is suggested that PAP may play roles in broadly 

regulating SnRKs which restore the ABA signalling pathways in guard cells of mutant 

ost1-2.  
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Combining these results with PAP-induced H2O2 and NO production (Fig. 3.5 and 

Fig. 3.6), it appears that PAP induces K+ and Cl- efflux and Ca2+-influx (Fig. 3.9), up-

regulates GORK and SLAC1, down-regulates KAT2 (Fig. 3.14), and increases guard 

cell Ca2+ (Fig. 3.7) and anion channels (Fig. 3.12). Also, apart from ion channels, PAP 

may also regulate aquaporin channels to regulate stomatal closure (Table 5.1) and 

plays an important role in regulating genes involved in sulfur metabolism (Fig. 5.13).  

In short, PAP is likely to play roles in regulating ABA signalling elements, induce 

a complicated signalling network involving guard cell ROS, NO and Ca2+ 

accumulation that further regulates downstream ion channel activities that lead to 

stomatal closure. Also, results indicate that plant may have a mechanism for 

maintaining PAP concentration in a reasonable range. PAP concentration seems to 

function as a controller that affects both up-stream and down-stream elements that join 

the sulfur metabolism pathway.  

 

5.6 Future Perspectives 

PAP has been identified to be a typical retrograde signal produced from 

chloroplasts and plays an important role in regulating plant drought tolerance 

(Estavillo et al., 2011). Chloroplast could be regarded as the most important organs for 

the plants because of its functions in fixing carbon oxidase using solar energy. 

Ancestors of Chloroplasts are from cyanobacterial, from there plant got developed and 

evolved (Green, 2011). Plant evolution is along with the adaptations from ocean to 

land and during this process, stomata was formed and developed. Conserved molecular 

signalling was also developed in stomata (Cai et al., 2017b), such as ABA signalling 

(Cai et al., 2017a). In previous chapters, the results also show clues that guard cells are 

conserved cell types, shown by the consistent cell sizes and chloroplasts number 

(Chapter 4). Besides, it has been well documented that PAP plays a role in regulating 

plant drought tolerance and considering that 1) PAP are produced from chloroplast, 2) 

PAP restores ABA signalling in regulating stomatal closure, 3) PAP plays specific 

roles in stomatal guard cells, I wonder whether PAP is also evolutionally conserved 

and has it helped plant to get adapted to land during evolution? To answer this question, 

a series of experiments and bioinformatics analysis were conducted in studying the 

conservation of PAP-SAL1 signalling in the following chapters. It is aimed to obtain 
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a more complete story about PAP-SAL1 retrograde signalling that explains when this 

signalling was developed and the mechanisms that this novel retrograde signal 

employed to regulate plant drought tolerance by affecting stomatal activities.  
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Chapter 6 Evolution of Chloroplast Retrograde Signalling 

Facilitates Green Plant Adaptation to Land 

 

 

6.1 Summary 

The chloroplast retrograde signal 3’-phosphoadenosine-5’-phosphate (PAP) 

regulates multiple stress-responsive genes and plays a role in abscisic acid (ABA)-

mediated stomatal closure in Arabidopsis thaliana. However, it is unclear whether 

PAP signalling in guard cells of terrestrial plants is evolutionarily conserved. Whether 

PAP has played a role in plants’ adaptations to land from ocean is not clear either. 

Bioinformatics analysis suggests that PAP-producing sulphotransferases (SOTs) and 

PAP-degrading 3’,5’-bisphosphate nucleotidases (SALs) were conserved during the 

evolution of plants, albeit to different extents. Molecular experiment suggests that 

CrSAL1 from a fern species Ceratopteris richardii, PpSAL1 from a moss species 

Physcomitrella patens, were found to be functionally similar to SAL1 of Arabidopsis 

thaliana in PAP degradation. Further studies by using a certain range of different plant 

species, PAP functioned broadly in closing stomata and triggering the production of 

hydrogen peroxide (H2O2) and nitric oxide (NO) in guard cells of key plant species. 

The results show that PAP regulates stomatal closure via secondary messengers and 

ion transport systems in guard cells of these diverse lineages. Finally, the evolutionary 

conservation and coordination of the SAL1-PAP pathway and ABA signalling during 

the diversification of land plants appear linked to regulation of stomatal closure and 

adaptation to varying terrestrial habitats. 

 

 

6.2 Introduction 

The evolution of stomata more than 420 million years ago was a key innovation 

that enabled land plants to regulate gas exchange and hydration and to endure drought 

as they colonized land (Berry et al., 2010). As the gateways for terrestrial carbon and 

water fluxes, stomata have strongly influenced global water and carbon cycles over 

geological time(Hetherington and Woodward, 2003; Pagani et al., 2009; Chen et al., 

2017). One of the many functions of stomatal guard cells is the ability to respond 
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rapidly to early onset of drought, by reducing stomatal apertures to conserve water 

(Farquhar and Sharkey, 1982; Hauser et al., 2011; Chater et al., 2013). The ABA 

signalling network is likely to have evolved before the land plants (Cutler et al., 2010; 

Chater et al., 2011; Ruszala et al., 2011; Jezek and Blatt, 2017), stomata, and stomatal 

guard cells. Drought-induced ABA production reduces currents of K+
in channel, 

activates K+
out and anion channels, thereby triggering chloride release and membrane 

depolarization in guard cells (Chen et al., 2017). Increased cytosolic Ca2+ ([Ca2+]i), 

hydrogen peroxide (H2O2), and nitric oxide (NO) contribute to ABA-induced stomatal 

closure and ion channel regulation (Nomura et al., 2008; Chen et al., 2016; Chen et al., 

2017; Jezek and Blatt, 2017). My previous results suggest PAP signalling pathway may 

join ABA signalling pathways. Which is also indicated by Pornsiriwong et al., (2017). 

PAP functions independently of the ABA signalling components [e.g. ABA Insensitive 

1 (ABI1) and Open Stomata 1 (OST1)] and regulates ABA-responsive gene expression, 

reactive oxygen species (ROS) bursts, and ion channel activity, leading to stomatal 

closure. Whole-leaf transcriptome analyses suggest that PAP may function in stomatal 

closure by upregulating multiple ABA signalling components, including Calcium 

Dependent Protein Kinases (CDPKs) capable of activating the Slow Anion Channel 1 

(SLAC1). PAP also appears to interact with both ROS and Ca2+ though the exact 

mechanism remains unclear (Pornsiriwong et al., 2017). Thus, understanding the link 

between SAL1-PAP retrograde signalling and drought, specifically in stomatal guard 

cells is crucial if we are to optimize plant performance under drought stress. The 

physiological and molecular basis of stomatal response to drought has been extensively 

investigated. However, in contrast, the mechanisms by which chloroplasts sense 

drought and contribute to the signal cascade that ultimately triggers stomatal closure 

during drought are only beginning to be unravelled and have not yet been fully 

considered in an evolutionary context (de Vries et al., 2016; de Vries et al., 2018).  

Chloroplasts are the site of photosynthesis and various metabolic reactions (e.g. 

amino acid, lipid, starch, and sulfur metabolism), production of hormones [e.g. abscisic 

acid (ABA), jasmonic acid (JA), and salicylic acid (SA)], and integration of 

intracellular signals and pathways to sustain cellular homeostasis (Chan et al., 2016b). 

Such signals need to be integrated with relevant environmental cues. Thus, chloroplasts 

require regulatory mechanisms to provide reliable signalling for coordinating plant cell 

responses to environmental stimuli (Bobik and Burch-Smith, 2015), intersecting with 

cellular signalling and altering physiological responses (Chan et al., 2016b). 
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Retrograde signaling typically refers to communication from organelles to the nucleus 

(Chan et al., 2016b). Chloroplast retrograde signaling involves multiple signals, 

pathways, and signaling components that each coordinates different sets of nuclear-

encoded genes (Chi et al., 2013; Chan et al., 2016b; Guo et al., 2016a). These complex 

signaling networks are necessary to coordinate chloroplast function and plant cell 

responses to environmental stimuli (Bobik and Burch-Smith, 2015), intersecting with 

cellular signaling and altering physiological responses (Chan et al., 2016b). 

Metabolites such as heme, 3’-phosphoadenosine 5’-phosphate (PAP), b-cyclocitral (b-

CC), and methylerythritolcyclodiphosphate (MEcPP) produced in stressed chloroplasts 

act as novel retrograde signals to regulate stress-responsive genes in the nucleus 

(Estavillo et al., 2011; Woodson et al., 2011; Guo et al., 2016a). The drought- and high 

light-induced retrograde signal PAP is a byproduct of the reaction of sulphotransferases 

(SOTs), which synthesize sulfated metabolites by transferring sulfate moieties from 3’-

phosphoadenosine-5’-phosphosulfate (PAPS) to the hydroxyl groups of suitable 

acceptors (Hirschmann et al., 2014). The majority of SOTs are localized in the cytosol, 

although some are membrane-bound and Golgi-targeted such as tyrosyl protein 

sulfotransferases (TPSTs) (Varin et al., 1997; Takahashi et al., 2011; Hirschmann et 

al., 2014). A PAPS/PAP Transporter (PAPST or Thylakoid ADP/ATP carrier [TAAC]) 

acts as a bidirectional exchanger to shuttle the PAP precursor, PAPS, from plastids into 

the cytosol for utilization by SOTs and concurrently transport PAP from the cytosol 

into the plastids for degradation (Gigolashvili et al., 2012). The turnover of PAP in 

chloroplasts is primarily mediated by the phosphatase SAL1/FRY1 (Quintero et al., 

1996; Xiong et al., 2001; Estavillo et al., 2011). In wild type plants exposed to drought 

or high light, oxidative stress in chloroplasts can be sensed by SAL1 via redox-

inactivation of SAL1 activity, which allows PAP to accumulate as a retrograde signal 

(Chan et al., 2016b). The accumulated PAP inhibits nuclear exoribonucleases (XRNs), 

which induces the expression of genes responsive to drought, salinity, cold, and high 

light stresses (Xiong et al., 2001; Estavillo et al., 2011). Consequently, Arabidopsis 

mutant alleles deficient in SAL1 such as altered APX2 expression (alx8) constitutively 

accumulate PAP and show up-regulation of various stress-responsive genes including 

those involved in abscisic acid (ABA) responses. These metabolic and transcriptional 

changes are linked to other ABA-related phenotypes including faster stomatal closure 

and increased drought tolerance (Rossel et al., 2006; Pogson et al., 2008). In 

Arabidopsis thaliana, accumulation of PAP mediates large changes of the 
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transcriptome during excess light and drought treatments, enhancing drought tolerance, 

and stimulates stomatal closure with similar kinetics to ABA (Pogson et al., 2008). 

Intriguingly, PAP signaling rescues stomatal closure in Arabidopsis thaliana (Rossel 

et al., 2006; Pornsiriwong et al., 2017) plants lacking key ABA signaling proteins 

through activation of Ca2+ signaling kinases, but whether or not this occurs in other 

plants is unknown. Furthermore, while SAL1 acts as an oxidative stress sensor in plant 

chloroplasts, its yeast (Saccharomyces cerevisiae) orthologue is cytosolic and less 

redox-sensitive (Chan et al., 2016a). These findings raise questions about the timing of 

the origin of retrograde PAP signaling and evolution of its critical role in stress 

response and guard cell function. 

Many aspects relating to the evolutionary conservation of SAL1-PAP signaling in 

guard cells, the downstream signal transmission, and mode of action remain unclear in 

plants. Does SAL1-PAP have an evolutionarily conserved function for drought stress 

response in stomata-containing plant species? How does PAP interact with the different 

key intracellular signals and downstream effectors in guard cells such as H2O2 and NO 

and ion transporters? Here, we not only address a critical knowledge gap with the first 

comparative genomic evidence of key features of drought sensing and protection 

mechanisms in streptophyte algae, including the sister group to land plants, 

Zygnematophyceae. But also trace the evolutionary conservation of SAL1 function 

throughout the streptophytes and we demonstrate how a chloroplast signal can directly 

interact with ABA signaling in Arabidopsis and act as a stomatal closing signal in a 

range of stomata-containing plant species. Furthermore, PAP-induced stomatal closure 

in a phylogenetically broad suite of plant species was linked to the production of key 

secondary messengers such as H2O2 and NO, the modulation of membrane transport in 

guard cells, and PAP-degrading enzyme activity of CrSAL1, PpSAL1. This study on 

evolutionary, physiological and molecular mechanisms of SAL1/PAP signaling has 

shed light on key questions linking retrograde signaling with stomatal evolution, 

stomatal regulation and drought tolerance. 
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6.3 Results 

 

6.3.1 Molecular analyses reveal a broadly conserved SAL1-PAP pathway 

Amino acid similarity analysis of SAL1, TPST and SOT15, which are related to 

PAP metabolism, was firstly conducted in 11 representative plant species (Fig. 6.1). It 

reveals evolutionary conservation of SAL1 among all these species (Fig. 6.1) including 

the predicated active sites. TPST is also indicated to be conserved but not for SOT15 

(a representative cytosolic SOT) in many species. We then searched the One Thousand 

Plant Transcriptome (1KP; www.onekp.com) database, with transcriptomes for 

species spanning the phylogeny of all plants (Matasci et al., 2014) to retrieve the 

protein sequences of SAL1, TPST, and SOT15. It was found that the presence and 

structure of SAL1s and TPSTs are highly conserved in sequences in streptophytes and 

chlorophytes (Table 6.1). This suggests that SAL1 has a strong conservation during 

evolution and potentially indicates PAP-SAL1 signalling pathway become conserved 

during plant landing.  
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SAL1 

 

 

Fig. 6.1. Protein alignment, Logo and phylogenetic analysis of bisphosphate nucleotide 
phosphatase (SAL1), sulfotransferase 15 (SOT15) and tyrosylprotein sulfotransferase 
(TPST) in green plants. Multiple sequence alignments and sequence logo of SAL1s (A), 
TPSTs (B) and SOT15s (C) Pfam domains in representative green plant species, created by 
MAFFT (https://mafft.cbrc.jp/alignment/server) and Jalview 
(http://www.jalview.org/Download), respectively. Logo analysis was conducted using 
WebLogo (https://weblogo.berkeley.edu/logo.cgi). Black arrows point to the predicated 
protein active sites indicated by Uniprot (https://www.uniprot.org/uniprot/). Abbreviations of 
species: At, Arabidopsis thaliana; Pot, Populus trichocarpa; Vv, Vitis vinifera; Sb, Sorghum 
bicolor; Pl, Pinus lambertiana; Cr, Ceratopteris richardii; Sm, Selaginella moellendorffii; Pp, 
Physcomitrella patens; Mp, Marchantia polymorpha; Kf, Klebsormidium flaccidum; Chr, 
Chlamydomonas reinhardtii. 
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Table 6.1 Statistics of bisphosphate nucleotide phosphatase 1 (SAL1), tyrosylprotein 
sulfotransferase (TPST) and sulfotransferase 15 (SOT15) in the 1KP dataset. 
 
 

Order 
Total 
No. of 
Species 

SAL1 
in No. 
of 
Species 

TPST 
in No. 
of 
Species 

SOT15 
in No. 
of 
Species 

SAL
1, % 

TPS
T, 
% 

SO
T15, 
% 

Core Eudicots/Rosids 257 223 195 174 87 76 68 
CoreEudicots/Asterid
s 

248 232 222 167 94 90 67 

Core Eudicots 119 115 97 95 97 82 80 
Basal Eudicots 58 47 46 41 81 79 71 
Monocots 66 62 55 50 94 83 76 
Monocots/Commelini
ds 

45 44 42 32 98 93 71 

Basal most 
angiosperms 

8 8 5 5 100 63 63 

Magnoliids 27 27 25 19 100 93 70 
Chloranthales 2 2 2 2 100 100 100 
Conifers 76 62 59 39 82 78 51 
Ginkgoales 1 1 0 1 100 0 100 
Cycadales 4 3 2 0 75 50 0 
Gnetales 3 3 2 2 100 67 67 
Leptosporangiate 
Monilophytes 

64 59 21 0 92 33 0 

Eusporangiate 
Monilophytes 

10 10 6 1 100 60 10 

Lycophytes 22 22 12 2 100 55 9 
Mosses 41 38 33 0 93 80 0 
Hornworts 8 2 0 0 25 0 0 
Liverworts 28 25 17 1 89 61 4 
Streptophyte algae 54 16 2 0 30 4 0 
Chlorophytes 115 4 0 1 3 0 1 
Red Algae 28 18 0 3 64 0 11 
Chromista (Algae) 35 16 0 15 46 0 43 

Total/Average 1286 1023 843 635 80 66 49 

 
Note: Candidate protein sequences were selected by BLASTP searches using 
Arabidopsis sequences as the query with the criterion of E-value<10-5 in the 1KP 
database.
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6.3.2 Gene cloning and SAL1 protein studies in C-fern (Ceratopteris richardii) and 

Moss (Physcomitrella patens) 

The evolutionary conservation of SAL1 catalytic activity against PAP was also 

experimentally validated via the cloning and functional analysis of CrSAL1 from the 

model fern species Ceratopteris richardii and PpSAL1 from the model moss species 

Physcomitrella patens, respectively. High purity CrSAL1 and PpSAL1 proteins 

showed PAP catalytic activity (Fig. 6.2 A) consistent with the known enzymatic 

properties of AtSAL1(Chan et al., 2016a). Addition of Mg2+ as a co-factor or reduced 

DTT (DTTred) as a reductant increased the activity of CrSAL1 and PpSAL1, while 

known SAL1 inhibitors in Arabidopsis thaliana, Li+ and oxidized DTT (DTTox) 

(Estavillo et al., 2011; Pornsiriwong et al., 2017) decreased their activity, with stronger 

inhibition observed in the higher plant CrSAL1 compared to PpSAL1 (Fig. 6.2 B and 

D). Previous bioinformatics analysis suggests strong conservation of SAL1 and TPSTs 

in streptophytes. Collectively, these results suggest that the capacity to synthesize, 

degrade, and sense PAP preceded the early diversification of land plants.  
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Fig. 6.2. CrSAL1 and PpSAL1 activity assay against 25 and 200 μM PAP with different 
co-factors. 
(A). Predicted gene size of CrSAL1 shown by representative gel running picture of three lines; 
predicted CrSAL1 protein sizes of three lines. (B). CrSAL1 protein activities with co-factors. 
(C). PpSAL1 protein activities analysis with co-factors. (Mg2+, DTTred) and inhibitors (Li+, 
DTTox) (n=3). **P<0.01. 

A 

B 

C 
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6.3.3 PAP-induced stomatal closure is evolutionarily conserved in land plants 

It was then investigated whether the physiological responses to PAP signalling are 

indeed evolutionarily conserved. Stomatal sensitivity to PAP in nine species 

representative of each major clade of land plants were tested. Addition of 100 μM PAP 

resulted in significant closure of stomata in all tested plant species except Marchantia 

polymorpha, which has primitive pores but no stomata (Fig. 6.3 A to I). The time to 

50% closure was generally stable among species (Fig. 6.3 K), but, interestingly, the 

stomata of the monocot Hordeum vulgare closed faster in response to PAP than those 

of the other tested plant species (Fig. 6.3 J). 

  



   

163 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.3. PAP-induced stomatal closure is evolutionarily conserved across plant clades. 
(A-I), Stomatal aperture in response to 100 µM 3’-phosphoadenosine-5’-phosphate (PAP) in 
plants representative of eight major clades. (J), Stomatal aperture (pore aperture for 
Marchantia polymorpha) at 0 min and at 120 min after PAP treatment. (K), Half closure time 
in PAP treatments for stomata and pore in different plant species. Stomatal apertures are 
expressed as percentages over the control. Data are means ± SE (n=5-7 biological replicates, 
30 to 80 stomata/pores). *P<0.05, **P<0.01. 
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6.3.4 Evolutionarily conserved PAP-SAL1 signalling induced guard cell H2O2 and 

NO in land plants  

Having demonstrated widespread stomatal responsiveness to exogenous 

application of the retrograde signal PAP, I sought to determine how the stomata 

response to PAP could be evolutionarily conserved. In Arabidopsis thaliana, PAP was 

previously shown to induce a burst of the secondary messenger H2O2 in guard cells, 

and PAP can activate Ca2+-dependent protein kinases which regulate guard cell ion 

transport (Pornsiriwong et al., 2017). Previous results indicate that PAP induced 

stomatal signalling involved ROS and NO in guard cells (Fig. 3.4 and Fig. 3.6). 

Therefore, I investigated a possible evolutionary link between PAP retrograde 

signalling and two secondary signalling messengers, H2O2 and NO, which are vital for 

abiotic and biotic stress response in most living organisms (Møller and Sweetlove, 

2010; Gupta et al., 2011). Treatment with 100 μM PAP led to increases in the H2O2 

and NO levels in guard cells of two angiosperms (Arabidopsis thaliana and Hordeum 

vulgare), a fern (Nephrolepis exaltata), and a moss (Sphagnum fallax) (Fig. 6.4 A to 

D).  
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Fig. 6.4. PAP induced guard cell ROS and NO signalling are evolutionarily conserved 
across plant clades. (A), PAP induces hydrogen peroxide [H2O2: 2’,7’-
dichlorodihydrofluorescein diacetate (H2DCFDA)] and (B) nitric oxide [NO: 
diaminofluorescein diacetate (DAF-2DA)] production in guard cells of plants from across 
three major clades measured in the control and after 50 min in 100 µM PAP. Data are means 
± SE (n=5 with 50-100 guard cells). Bars = 10 μm. 
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6.3.5 Evolutionarily conserved PAP-SAL1 signalling regulated key ion channels in 

land plants 

The extent of the conserved evolution of PAP action guard cell membrane 

physiology was further investigated by monitoring ion transport activity using 

microelectrode ion flux measurement (MIFE). Across two angiosperms (Arabidopsis 

thaliana and Hordeum vulgare), a fern (Nephrolepis exaltata), and a moss (Sphagnum 

fallax), guard cells showed average net uptake of K+ and Cl- at 100.6 and 54.8 nmol 

m-2 s-1 in the control, which were reversed by 100 μM PAP treatment to an average net 

loss at -389.8 and -706.9 nmol m-2 s-1, respectively (Fig. 6.5 A and B). Meanwhile, the 

net K+ and Cl- efflux was accompanied by an average of 4.3-fold increase of net Ca2+ 

influx in the four species (Fig. 6.5 C). PAP-induced K+ and Cl- efflux and Ca2+ influx 

of guard cells on epidermal peels were consistent in the four species, demonstrating 

that stomatal closure in response to PAP involves evolutionarily conserved membrane 

transport of K+, Ca2+, and Cl-. 
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Fig. 6.5. PAP induced guard cell ion transport are evolutionarily conserved across plant 
clades. PAP regulates (A) K+, (B) Cl-, and (C) Ca2+ fluxes from guard cells of three major 
clades. Ion fluxes were measured in the control and after 50 min in 100 µM PAP. Data are 
averages for control (0-10min) and PAP (15-35min). Data are means ± SE (n=5-8); *P<0.05, 
**P<0.01. 
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6.4 Discussion  

 

6.4.1 Has PAP-SAL1 signalling aided plant terretrialization?  

The streptophyte algae comprise a grade of lineages that share varying degrees of 

co-ancestry with land plants, including the land plant sister group, Zygnematophyceae 

(Ruhfel et al., 2014; Wickett et al., 2014; Gitzendanner et al., 2018). Investigations of 

genes in transcriptomes of streptophyte algae have revealed that algal ancestors of land 

plants evolved stress signalling pathways (e.g. ABA signalling) before colonization of 

terrestrial habitats (Song et al., 2016; Scheres and Van Der Putten, 2017). 

Phytohormone-mediated signalling has been detected in streptophyte algae (Hori et al., 

2014; de Vries et al., 2018), and these close relatives of land plants possessed a 

complex gene expression regulatory network that utilized many transcription factor 

families similar to those of extant land plants (Catarino et al., 2016). Given these 

findings, it might be expected that the sensing and signalling networks that land plants 

possess for acclimation and adaptation to the variable and harsh terrestrial 

environments existed in their algal ancestors (Wilhelmsson et al., 2017; de Vries et al., 

2018).  

Results show that SAL1s of the streptophyte algae are very similar to those of land 

plants, and very distinct from those of chlorophytes (Fig. 6.1 A and Table 6.1). The 

findings provide insights into the evolutionary nature of a suite of key protein families 

(e.g. those responsible for retrograde signalling, ABA, ROS and NO signalling, and 

light receptors) in the sister groups of land plants, with broad implications for 

understanding the evolution of plant abiotic stress responses and terrestrial plant life. 

From this evidence, it might be concluded that PAP-SAL1 may have aided plant 

transformation to land. Moreover, critical element, such as ROS, NO and Ca2+ which 

are potentially regulated by PAP to aid the conserved ABA signalling. 

  

6.4.2 A Broadly Conserved SAL1-PAP Pathway in Green Plants  

In Arabidopsis thaliana chloroplasts, SAL1 senses changes in ROS concentrations via 

redox regulatory mechanisms, which suppress SAL1 phosphatase activity, thus 

allowing accumulation of PAP. In particular, the Cys167–C190 intramolecular 

disulfide pair required for inactivation of SAL1 is strongly conserved across diverse 

chlorophyte, bryophyte, fern, and angiosperm species (Chan et al., 2016a). Here, SAL1 
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enzymatic capacity for PAP degradation in the fern Ceratopteris richardii and the 

moss Physcomitrella patens (Fig. 6.2 B and C) suggest an evolutionarily conserved 

PAP-mediated signalling in seed-free land plant species.  

With regard to PAP synthesis, SOTs display significant differences and overlap in 

their substrate specificities and diversity (Varin et al., 1992; Weinshilboum et al., 1997; 

Hirschmann et al., 2014). For instance, no obvious developmental phenotypes can be 

observed in Arabidopsis thaliana sot mutants, whereas growth in tpst mutants is 

severely affected (Kopriva et al., 2012; Hirschmann et al., 2014), indicating an 

evolutionary significance of TPST in green plants. Indeed, TPST is exceptional in its 

size and structure and is the only SOT that contains Sulfotransfer_2 (PF03567) 

compared to the other SOTs in Arabidopsis thaliana (Komori et al., 2009). Conserved 

TPSTs (Fig. 6.1 and Table 6.1) have provided functional support for secondary sulphur 

metabolism along major lineages during green plant evolution. However, PAP induces 

stomatal closure in eight species of the major plant lineages despite that SOT15 is not 

conserved. This could suggest that PAP accumulation, at least in guard cells of these 

species, could be facilitated by the strongly conserved orthologues of TPST. Whether 

the explosion of SOT diversity in conifers and angiosperms has any role in stomatal 

responses, or simply functions to facilitate specialized metabolism, remains to be 

determined.  

6.4.3 Evolutionary Importance of SAL1-PAP Pathway for Stomatal Regulation 

Here, new evidence is provided that the evolutionary explanation for conservation 

of SAL1-PAP in land plants may be related to the role of PAP in stomatal regulation 

(Fig. 6.1 and Table 6.1). In angiosperms, ABA is a crucial phytohormone mediating 

plant abiotic stress responses such as stomatal closure (Kim et al., 2010; Bobik and 

Burch-Smith, 2015), and ABA-mediated stomatal closure involves Ca2+-dependent 

and -independent signalling, regulating secondary messengers H2O2 and NO and 

membrane transport (Rossel et al., 2007; Pogson et al., 2008; Møller and Sweetlove, 

2010; Chen et al., 2017; Jezek and Blatt, 2017). It was found that PAP-induced 

stomatal closure is tightly linked to H2O2 production in guard cells of eudicot 

(Pornsiriwong et al., 2017), monocot, fern, and moss (Fig. 6.4 A). Therefore, 

production of H2O2 in guard cells is a highly evolutionarily conserved signalling event 

for intersecting with PAP-induced stomatal closure in land plants. Also, NO plays a 

pivotal role in signal transduction in plants, in which the production of NO, regulated 
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by nitrate reductases, is rapidly altered in response to drought (Gupta et al., 2011; Chen 

et al., 2016). Here, it is proposed that the retrograde signal PAP is connected to NO 

signalling in guard cells of distantly related plant species ranging from mosses to ferns 

to angiosperms (Fig. 6.4 B).  

Previous studies have demonstrated that the critical guard cell proteins SLAC1 and 

OST1, which control stomatal behaviour, are conserved across 400 million years of 

land plant evolution and that land plants acquired stomatal control early in their 

evolutionary history (Chater et al., 2011; Ruszala et al., 2011; Cai et al., 2017a; Chen 

et al., 2017). Stomatal closure generally requires the elevation of Ca2+ uptake, 

inhibition of K+ uptake, and increase of K+ and anion release from guard cells (Kim et 

al., 2010; Jezek and Blatt, 2017). Here, a conserved PAP-induced K+ and Cl- efflux 

from and Ca2+ influx into the guard cells of these evolutionarily distant plant species 

(Fig. 6.5 ) demonstrate that these ion transport mechanisms were acquired by guard 

cells from as early as the mosses — the early plant clade with a stomatal structure 

(Cuming et al., 2007; Merced and Renzaglia, 2014; Lind et al., 2015), although recent 

phylogenies indicated that the last common ancestor of all extant land plant lineages 

may have stomata (Fig. 2.2) and they were lost in liverworts (Wickett et al., 2014; 

Puttick et al., 2018). Also, the crucial K+, Cl-, and Ca2+ transport systems regulated by 

the SAL1-PAP pathway appear to be fundamental for drought-induced stomatal 

closure.  

 

6.5 Conclusions 

It is proposed that guard cell H2O2 and NO signals (Møller and Sweetlove, 2010; 

Gupta et al., 2011) merge into regulatory signalling cascades, which target ion 

transport for PAP-induced stomatal closure across major land plant lineages, acting 

alongside hormonal control by ABA. It seems that these key drought stress response 

mechanisms that were crucial to plant survival on land originated in the common 

ancestor of some streptophyte algae and land plants. Given that the emergence of ABA, 

Ca2+, H2O2, and NO signalling, along with ion channels and the targeting of SAL1 to 

plastids pre-date the emergence of the first stomata, this model could suggest that 

intricate cellular communication networks were already in place to prime stomatal 

closure. Early incorporation of the SAL1-PAP and ABA pathways into stomatal guard 

cells enabled rapid processing of drought signalling, which is an innovation that may 
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well have paved the way for the conquest of land by plants. Based on this study and a 

published work (Zhao et al., 2019), a simplifized diagram indicates that PAP-SAL1 

signalling may become conserved from a green algea (klebsormidiaceae), which adds 

evidence that this conserved signalling pathway may play important roles in plant 

terrestrialization (Fig. 6.6). 

  



   

172 

 

 

Fig. 6.6 A simplified schematic of green plants (Viridiplantae) evolution and key 
molecular innovations or responses to PAP-SAL1 signalling. This schematic is based on 
Zhao et al. (2019) with modifications. Plants from two clades, the Chlorophyta and the 
Streptophyta were studied. The chlorophytes contain most of the green algae, the sterptophytes 
contain the remaining green algae and land plants. The land plants (embryophytes) include 
bryophytes (mosses, hornworts, and liverworts) and vascular plants (tracheophytes). The 
vascular plants comprise lycophytes (clubmosses and quillworts), monilophytes (ferns and 
horsetails), gymnosperms (cycads, ginkgo, gnetophytes, and conifers), and angiosperms 
(flowering plants). The arrowed callout boxes indicate either the key elements of PAP-SAL1 
(SAL1, TPSTs and SOTs) signalling during evolution or briefly summarised responses to PAP 
treatment in the indicated species. Several plant species (indicated by the yellow line but 
excluding hornworts) close stomata in response to PAP. The information is summarized from 
this study and Zhao et al. (2019). Abbreviations: TPST, tyrosyl protein sulfotransferases; 
SAL1, inositol polyphosphate phosphatase and 3’,5’-bisphosphate nucleotidase 1; SOTs, 
sulfotransferases; ROS, reactive oxygen species; NO, nitric oxide.  
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Chapter 7 General Conclusions and Discussion 

 

This thesis generated new knowledge about a chloroplast-initiated signal that 

regulates plant drought tolerance by inducing stomatal closure. I hypothesised that 

PAP-SAL1 functioned as a retrograde signal between chloroplasts and the nucleus to 

regulate stomatal closure. Experimental results indicated that PAP-SAL1 signalling is 

involved in both molecular and physiological changes for closing stomata. However, 

while most of the results supported these hypotheses, some results did not. It was 

hypothesized that PAP accumulation increases plant drought tolerance through 

regulating stomatal closure via accumulation of critical stomatal signalling elements 

(ROS, Ca2+ and NO) and the activation of key ion channels (K+, Cl- and Ca2+) in guard 

cells. Experimental results in Chapter 3 supported these hypotheses, indicating that 

both exogenously and endogenously accumulated PAP increases ROS, Ca2+ and NO 

accumulation (Fig. 3.1; Fig. 3.5 to Fig. 3.8) and activated K+, Cl-, Ca2+ and anion 

channels (Fig. 3.9 and Fig. 3.12) in guard cells for stomatal closure (Fig. 3.11). In 

Chapter 5, it was hypothesized that exogenous PAP application regulates more genes 

in MCPs but fewer genes in GCPs among tested genotypes. This was supported by 

results indicating a higher gene expression pattern in MCPs than GCPs except in 

mutant ost1-2 (Fig. 5.3 A). However, ost1-2/alx8 mesophyll cells showed little 

difference in gene expression from that of the wild type ColLer mesophyll cells (Fig. 

5.4 B), which did not support the hypothesis that ColLer regulates more genes than 

alx8 and ost1-2/alx8 in MCPs. It was also hypothesized in Chapter 5 that PAP would 

significantly regulate more gene expression in ost1-2 than other Arabidopsis 

genotypes. However, transcriptomic comparisons among four tested genotypes 

supported this hypothesis in GCPs, but not in MCPs (Fig. 5.3 and Fig. 5.4). It was also 

hypothesized that PAP would differentially induce gene expression in important gene 

families, including K+ and anion channels. The transcriptomic comparison between 

MCPs and GCPs (Fig. 5.10) strongly support this hypothesis. PAP’s restoration of 

gene expression in ost1-2 GCPs also supported a hypothesis proposing PAP’s 

regulation of critical ABA signalling elements (such as ABA receptors and SnRKs) 

(Fig. 5.12). It was also hypothesized in Chapter 5 that PAP would upregulate ROS, 

Ca2+ and NO regulated gene families, especially in ost1-2. This hypothesis was partly 

supported as not all the gene family members were affected, instead, some critical gene 



   

174 

family members were significantly upregulated, especially in ost1-2 GCPs (Fig. 5.9). 

Since adaptations to drought occurred during plant evolution with the colonisation of 

the land, it was hypothesised that PAP-SAL1 signalling is evolutinarily conserved in 

land plants. Bioinformatics analysis (Fig.6.1) and experimental results support this 

hypothesis with similar response to PAP of ROS, NO and Ca2+ accumulation in guard 

cells and key ion fluxes among representative plant species (Fig. 6.4 and Fig. 6.5). 

These findings are discussed in more detail below.   

  

7.1 PAP-regulated stomatal closure confers drought tolerance in plants 

This study focused on the Arabidopsis wild-type, ColLer, the drought tolerant 

mutant, alx8, the drought sensitive mutant ost1-2, and the double mutant and looked 

at how these genotypes respond to drought and components of drought signalling 

pathways. A loss function of OST1 results in a failure in transducing ABA signalling 

to induce stomatal closure (Mustilli et al., 2002) and mutants of OST1 show 

hypersensitivity to drought (Pornsiriwong et al., 2017)—ost1-2 failed to fully close 

stomata even under severe drought environment (Fig. 3.1 B and C). However, ost1-

2/alx8 showed rescued stomatal responses and drought tolerance (Fig. 3.1 A and D). 

It has been reported that ost1-2/alx8 shows faster stomatal responses to ABA treatment 

than the wild-type and certain single mutants (Pornsiriwong et al., 2017). My results 

also indicated a faster stomatal response to drought in PAP accumulation mutants ost1-

2/alx8 and alx8, but with ost1-2/alx8 showing even a quicker stomatal closure than 

alx8 (Fig. 3.1). All this evidence suggests that knocking out SAL1 and PAP 

accumulation in leaves has a strong effect in restoring stomatal closure in ost1-2, 

indicated by the phenotype that ost1-2/alx8 significantly closes stomata under drought 

(Fig. 3.1). Additionally, the faster speed for closing stomata in ost1-2/alx8 may also 

indicate that endogenous PAP function with OST1 for closing stomata under drought 

conditions (Fig. 3.1). Combining all this evidence from studying stomatal phenotypes 

in above mentioned four Arabidopsis genotypes, retrograde signalling PAP-SAL1 

suggests a strong role in active stomatal regulation, contributing to plant drought 

tolerance.  
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7.2 Cell-type specific transriptomics facilitates the identification of guard 

cell PAP-SAL1 signal transduction 

Leaves are composed of many cell types such as epidermal, guard and mesophyll 

cells. For example, epidermal cells, guard cells and tricomes form the plant’s 

epidermis, and this multifunctional tissue is responsible for water relations and 

pathogens defences (Glover, 2000). Guard cells also form gates for gas exchange, and 

molecular networks have developed in guard cells during evolution to facilitate these 

specialized functions such as ABA- and drought-induced stomatal closure (Cai et al., 

2017a; Chen et al., 2017). The dominant function of mesophyll cells is photosynthesis 

involving specialised signalling for light sensing and light acclimation (Kangasjarvi et 

al., 2009; Lundquist et al., 2014). Specific and specialized signalling pathways have 

developed in each specific cell type, and cooperation between different cell types is 

necessary for plants to function (Glover, 2000). Cell-specific transcriptomic studies 

can accurately decipher unique signalling pathway in a specific cell type. 

Retrograde PAP-SAL1 signalling initiates from chloroplasts and functions in 

regulating plant drought tolerance (Estavillo et al., 2011). To date, no study on cell 

type-specific transcription has been conducted with respect to PAP-SAL1 signalling 

(Estavillo et al., 2011). Whole tissue transcriptomic studies can provide important 

insights PAP-SAL1 signalling, and as mesophyll cells have high numbers of 

chloroplasts, it is likely that they are the major source of PAP-SAL1 signalling. 

However, PAP may induce different signalling pathways in different cell types. Guard 

cells account for less than 5% of number of cells in leaves; therefore, to understand 

PAP signalling in these cells, it is essential to be able to purify them from other cell 

types. My study (Chapter 4) produced a protocol for the isolation and purification of 

both guard cell protoplasts (GCPs) and those from mesophyll cells (MCPs). By 

comparing transcriptomic profiles in response to PAP, large differences in gene 

expression were identified between GCPs and MCPs (Fig. 5.2 and Fig. 5.3), especially, 

in the ABA insensitive mutant ost1-2. In this mutant, PAP regulated 7,159 DEGs in 

GCPs as compared to 4,699 DEGs in MCPs. ABA signalling elements were also 

highly regulated in response to PAP treatment (Fig. 5.3 F), and expression of these 

genes was distinctively different between guard cells and mesophyll cells. Therefore, 

the effects of PAP-SAL1 signalling on gene expression was established for the two 

cell types. It is understandable that intercellular networks are comprehensive, 
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complicated and intersected to maintain normal cell metabolism; studies on specific 

cell types help to facilitate our understanding of these mechanisms. The novel method 

for preparing high purity GCPs developed in this study together with transcriptomic 

analysis has provided insights into guard cell specific PAP-SAL1 signalling linking 

chloroplast retrograde signalling to drought adaptation of plants and is summarised 

below.  

 

7.3 Conserved SAL1/PAP signalling for plant adaptation to terrestrial 

living 

Stomata were reported to have evolved more than 400 million years ago, and ABA 

signalling appears to have been conserved during plant evolution (Lind et al., 2015). 

However, there is a debate about when land plants acquired active stomatal control. 

Early evidence suggested that the stomata of lycophytes and ferns lack responses to 

ABA and CO2 (Brodribb et al., 2009). A fundamental transition in controlling stomatal 

closure from passive to active may have occurred after the divergence of ferns 360 

million years ago (Brodribb et al., 2009). However, more recent studies suggest that 

ABA signalling may have originated earlier in mosses. By cloning ABA-signalling 

elements and functionally analysing channel-kinase interactions from evolutionarily 

important plant lineages, it was found that the last common ancestor of mosses and 

vascular plants adopted use of SLAC1-type channels and the ABA drought signalling 

kinase, OST1, for regulating stomatal closure (Lind et al., 2015). Another study also 

suggests the conservation of ABA signalling in the stomata of ferns (Cai et al., 2017a).  

Here, stomatal assays suggest that PAP has a broad role in regulating stomatal 

closure in nine key plant species (Fig. 6.3 A to J). Core enzymes, typically 

TPSTs/SOTs and SALs are involved in producing and degrading PAP, a sulfur 

metabolism by-product. Bioinformatics evidence suggests SAL1 and TPST are 

conserved during plant evolution (Fig. 6.1 and Table 6.1), suggesting an early 

evolution of PAP-SAL1 retrograde signalling potentially for stomatal regulation. ROS 

are regarded as core signalling components in multiple abiotic and biotic stress such 

as ABA-induced stomatal closure (Kangasjärvi and Kangasjärvi, 2014). Also, nitric 

oxide (NO) is an important component of ABA signalling pathway used for regulating 

stomatal closure (Bright et al., 2006). Exogenous PAP application successfully 
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increased ROS production not only in all studied Arabidopsis mutants but also in early 

land plant species (Fig. 3.4 B and Fig. 6.4 C), which strongly suggests that the PAP-

SAL1 signalling pathway merges with ABA signalling by altering ROS production 

and is an evolutionarily crucial feature. Stomatal movement is driven by ion and solute 

movement across membranes, which are mediated by various transporters (Zhao et al., 

2018). Here, PAP-induced K+, Cl- efflux and Ca2+ influx seems to be consistent across 

the tested plant species (Fig. 6.5 A and B), indicating the conserved response of ion 

transport downstream of ABA and ROS in guard cells of these land plants.  

Adaptation to drought is the key for plants moving from aquatic living to the land. 

Stomata were formed and molecular signalling networks regulating stomata were also 

developed during this period (Chen et al., 2017). Streptophyte algae have no stomata, 

but my research has indicated that the most important components of PAP-SAL1 

signalling became conserved in streptophyte algae (Fig. 6.1 and Table 6.1), which 

suggests that PAP-SAL1 signalling may have evolved earlier than stomatal formation. 

It is concluded that during evolution, plant stomata were equipped with multiple and 

comprehensive signalling networks such as ABA and PAP-SAL1 signalling to achieve 

dynamic stomatal movement, adapting plants to be one of the dominate powers the 

terrestrial ecosystems.  

 

7.4 PAP regulates ROS, NO, Ca2+ and ion channels for stomatal closure 

ABA signalling through protein kinases and the anion channel, SLAC1, is 

conserved during plant evolution (Lundquist et al., 2014). ROS, NO, Ca2+ and 

membrane transporters have also been identified as critical components of ABA-

induced stomatal signalling (Mori et al., 2006). An inevitable consequence of drought 

stress is enhanced production of ROS in different subcellular compartments (Siegel et 

al., 2009). However, plants have evolved comprehensive antioxidant systems to tightly 

modulate intracellular ROS concentration in plants (Bailey-Serres and Mittler, 2006). 

Respiratory Burst Oxidase Homologues (RBOHs) are central elements in regulating 

ROS networks and also integrate Ca2+ signalling to participate important functions in 

plant (Suzuki et al., 2011). The synthesis of NO is a prerequisite for ABA signal 

transduction in Arabidopsis and Vicia guard cells (Neill et al., 2002) and effect the 

regulation of ion channels (Garcia-Mata et al., 2003). K+ channels have been identified 
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as regulating stomatal closure (Andrés et al., 2014) - typically, the potassium inward 

channels, KAT1 and KAT2, and the main potassium outward channel GORK (Hosy 

et al., 2003; Sato et al., 2009; Jiang et al., 2011). Anion channels were also identified 

as important for regulating stomatal closure, such as chloride channel, CLC, and anion 

channel, SALC1 (Vahisalu et al., 2008; De Angeli et al., 2009). Moreover, increases 

in cytosolic Ca2+ inhibit K+ channels and activates anion channels to regulate stomatal 

closure (Ward and Schroeder, 1994; Siegel et al., 2009; Chen et al., 2010).  

Here, PAP significantly increased ROS and NO production in guard cells (Fig. 3.4), 

and PAP induced gene expression of RBOHs and NIAs in GCPs and MCPs (Fig. 5.9 

A). This evidence demonstrates a similar function of PAP to that of ABA in regulating 

ROS and NO in stomata, indicating the importance of ROS and NO in PAP-SAL1 

signalling and stomatal closure. ABA significantly induced Ca2+ accumulation in 

guard cells of three of the Arabidopsis genotypes except the ABA-insensitive mutant, 

ost1-2 (Fig. 3.8 D), which suggests that insensitivity of ost1-2 may be due to low 

cytosolic [Ca2+] in response to ABA. Exogenous PAP application significantly 

induced Ca2+ accumulation in ost1-2 (Fig. 3.8 C). Moreover, transcriptomic data 

further indicate that PAP rescued a large proportion of gene expression in ost1-2, 

including known Ca2+ signalling genes such as CDPKs and CRKs (Fig. 5.9 D). 

Therefore, I conclude that PAP-SAL1 signalling may connect with ABA signalling 

through critical cross links with Ca2+, ROS and NO to induce stomatal closure. 

Moreover, in situ PCR shows the induction of guard cell gene expression occurs within 

one-hour after treatment with PAP (Fig. 3.14 B). PAP significantly induced the activity 

of the K+ outward channel, GORK, the anion channel, SLAC1, but in contrast, 

significantly down-regulated the expression of the K+ inward channel, KAT2 (Fig. 3.14 

B). Ion flux measurements showed that PAP significantly increased K+ and Cl- efflux 

from guard cells but triggers Ca2+ influx to guard cells (Fig. 3.9 and Fig. 3.11). Voltage 

clamp exhibited that PAP activates both Ca2+ channels and anion channels in 

Arabidopsis guard cells (Fig. 3.12). All this evidence indicates that PAP induces ROS 

and NO production and Ca2+ accumulation in guard cells to activate K+
out, anion and 

Ca2+ channels and inhibit K+
in channels, resulting in decreased guard cell turgor 

leading to water efflux and stomatal closure (Fig. 7.1). This novel mechanism is likely 

to be an important evolutionary feature across the major plant lineages, protecting 
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plant from drought stress and ensuring their radiation over the dry regions of our planet 

and their dominance in terrestrial ecosystem.  
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Fig. 7.1 Schematic diagram of potential PAP-induced signal transduction in guard cells. 
PAP accumulation occurs in the cytosol, either through drought stress (Estavillo et al., 2011) 
or by exogenous application of PAP, triggers cytosolic ROS and NO production (Fig. 3.4 and 
Fig. 3.6). Increased ROS and NO may activate Ca2+ inward channels (Wang et al., 2013b), and 
this favours cytosolic Ca2+ production (Fig. 3.8). Increased cytosolic Ca2+ accumulation 
inactivates K+ inward channels (Wang et al., 2013b) but activates anion channels (Brandt et 
al., 2015). Increased cytosolic NO also has a role triggering K+ outward channel activity 
(Garcia-Mata et al., 2003). PAP may also join ABA signalling pathways which strengthens 
anion channel activities (Pornsiriwong et al., 2017). All this leads to solutes efflux (Fig. 3.11) 
from guard cells, which reduces cell turgor and then leads to stomatal closure. Abbreviations: 
ABCG, ATP-binding cassette G; ABI1, ABA insensitive 1; AMP, adenosine monophosphate; 
CDPK/CPK, Ca2+ dependent protein kinase; CIPK, CBL interaction protein kinase; CNGC, 
cyclic nucleotide-gated channel; CRK, CDPK-related protein kinase; GORK, outwardly 
rectifying K+ channel; KAT/AKT, inwardly rectifying K+ channels; NO, nitric oxide; 
OST1/SnRK, open stomata 1/SNF1-related protein kinase; PAP, 3’-phosphoadenosine-5’-
phosphate; PAPS, 3’-phosphoadenosine-5’-phosphosulfate; PIP, plasma membrane intrinsic 
protein; PP2C, protein phosphatase 2C; PYR/PYL/RCAR, Pyrabactin resistance/PYR 
Like/regulatory component of ABA receptor; RBOH, respiratory burst oxidase homolog; 
SLAC/SLAH, slow anion channel; SOT, sulphotransferase; TAAC, thylakoid ADP/ATP 
carrier; TPST, tyrosyl protein sulfotransferase. Arrows: activation (blue), inhibition (purple), 
direction of ion and PAP movement (red), Ca2+ rise (green). 

 

7.5 Future work and perspectives 

Future work could include a comprehensive study of PAP metabolism and 

signalling using the cell-specific RNAseq dataset generated in my research. Research 

is obviously required to identify additional proteins located in the three chloroplast 

membranes and to study the effect of retrograde signals on transporters in these 

membranes. By examining in detail PAP-SAL1 signalling during leaf development, it 

would be possible to investigate any role(s) it may play in regulating stomatal 

development that could affect stomatal size and density. Because I found that PAP had 

a role in manipulating leaf morphology (Fig. 3.1 A), it would be worth investigating 

any role(s) it may play in regulating root architecture or other developmental processes 

such as seed germination or dormancy. Additionally, since PAP accumulation 

enhances drought tolerance, it may be a fruitful avenue to include genotypes with that 

produce more PAP or SAL1 inhibitors in plant breeding programs as a means of 

producing crops with increased drought tolerance. Application of PAP or a SAL1 

inhibitor may provide a means of enhancing drought tolerance in crop plants. However, 

the cost of extraction or synthesis may not make this economically viable. Therefore, 

studies on developing economical PAP alternative chemicals, artificial PAP synthesis 

or SAL1-inhibitors are highly recommended. 
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