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ABSTRACT 

Guard cells in the leaf epidermis regulate transpiration rate (E) and carbon 

dioxide uptake by adjusting stomatal aperture size.  Sucrose (suc) is a recent product of 

photosynthesis that accumulates around guard cells during transpiration.  Similarly, 

abscisic acid (ABA) is a potent regulator of guard cell physiology that can be 

transported to guard cells via the transpiration stream.  I tested the hypothesis that suc 

that accumulates around guard cells as a result of transpiration affects levels of 

messenger ribonucleic acids (mRNAs) in guard cells.  I present preliminary 

investigations of a similar hypothesis for ABA.The hypothesis was tested with three 

approaches.  One, sucrose was fed to leaves via the petiole.  Two, guard cells were 

incubated in solutions of suc and/or ABA.  Three, relative humidity (RH) was increased 

to decrease E.  As expected, E and the rate of suc delivery to guard cells were around 

4-fold and 3-7-fold lower, respectively, under high-RH (90%) conditions than under 

control (60% RH) conditions. 

I measured mRNA levels in guard cells and leaves of Vicia faba of genes 

encoding protein products involved in sugar transport or metabolism and one mRNA 

induced in guard cells by ABA.  Selected mRNAs encode a plasma-membrane-localized 

H+-suc symporter, a plasma-membrane-localized H+-monosaccharide symporter, a 

small subunit of ribulose-1, 5-bisphosphate carboxylase/oxygenase, a suc-phosphate 

synthase, a suc synthase, a cell-wall invertase, or a small subunit of 

adenosine-diphosphate glucose pyrophosphorylase.  I found that E-linked accumulation 

of solutes in the guard-cell apoplast affects mRNA levels of some sugar- and 

ABA-regulated genes.  Our laboratory surmises that suc, ABA, and other signals found 

in the transpiration stream that are present at sub-threshold levels in the transpiration 

stream, accumulate to threshold levels around guard cells, where they induce signal 

transduction.  Signal transduction in these experiments was measured by changes in 

mRNA levels.  Interestingly, E-induced changes in mRNA levels measured during the 

first day following a switch to high-RH growth conditions returned to control levels after 

several days in high humidity, possibly indicating acclimation, at the molecular level, to 

changes in E. 
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INTRODUCTION 

Significance  

Water (H2O) is the limiting resource for most terrestrial plants.  Maximization of 

the ratio of carbon dioxide (CO2) assimilated to H2O consumed is an important area of 

agriculture research (reviewed in Qadir et al., 2003).  The effects of the environment on 

plant physiology and molecular biology are often important to consider during 

development of biotechnological advances in agriculture.  The results that I present 

support an integrated mechanism of stomatal-aperture-size regulation by 

transpiration-linked solute accumulation around guard cells.  The broad hypothesis of 

our laboratory is that transpiration creates a guard-cell-specific environment that leads 

to signal transduction.  The outcomes of signal transduction that I measured were 

changes in messenger-ribonucleic-acid (mRNA) levels.  Sucrose (suc) and abscisic acid 

(ABA) are two of the solutes that accumulate around guard cells during transpiration.  

Suc links CO2 assimilation and H2O-use efficiency and is the primary product of 

photosynthesis that is transported throughout the plant.  Thus, mRNAs with translation 

products that contribute to suc sensing, translocation, and metabolism were chosen for 

analysis.  Similarly, ABA links transpiration rate (E) to the H2O status of the plant.  Thus, 

an mRNA with guard-cell-specific changes in response to ABA was chosen for analysis 

also. 

Physiological context, model, and hypothesis  

A waxy cuticle covers the leaf epidermis of terrestrial plants and impedes 

transpiration.  Stomata in the leaf epidermis control E and allow for CO2 uptake into the 

leaf for photosynthesis.  Although H2O is the limiting resource for most terrestrial plants, 

transpiration has many functions.  Transpiration regulates leaf temperature and affects 

H2O, nutrient, and phytohormone movement throughout the plant. 

A pair of guard cells forms each stoma.  The convex edges of the kidney-shaped 

guard cells border adjacent epidermal cells.  The reinforced concave edges of guard 

cells face each other, forming an aperture between the two cells.  Changes in turgor 

pressure in guard cells cause changes in stomatal aperture size.  Membrane-potential-
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driven ion and carbohydrate fluxes drive osmotic H2O movement across plasma 

membranes of guard cells.  Mature individual guard cells are not connected to other 

cells by plasmodesmata.  The properties of the apoplast (cell-wall matrix) and the 

components of the guard cell plasma-membrane are focal research topics in our 

laboratory and others, because these compartments play critical roles in guard cell 

function (Lu et al., 1995; Lu et al., 1997; Chrispeels et al., 1999; Kehr et al., 1999; 

Ewert et al., 2000; Outlaw and De Vlieghere-He, 2001; Zhang and Outlaw, 2001a, 

2001b; Roelfsema and Hedrich, 2002). 

Guard cells respond to and integrate external signals, such as light and H2O 

availability.  Guard cells also respond to internal signals, such as H2O status and 

phytohormone concentrations.  Stomatal-aperture-size adjustments primarily occur 

through membrane-potential-driven fluctuations in concentrations of ions in guard cells.  

Osmotica, primarily ions, such as K+ and Cl-, and sugars, such as malate and suc, 

decrease the osmotic potential of the guard-cell symplast (plasma-membrane-bound 

compartment).  Decreased osmotic potential in guard cells causes osmotic H2O influx 

that results in increased pressure potential in the guard cells.  Increased pressure 

potential in guard cells increases stomatal aperture size because of the specialized 

cell-wall architecture of guard cells (reviewed in Outlaw, 2003).  Stomatal closure is 

essentially the reverse of opening.  Membrane potential drives osmotic H2O efflux that 

results in stomatal closure.  The pathways that result in osmotic-potential changes 

during stomatal opening and closing differ (Li and Assmann, 2000; Outlaw, 2003).  

Starch is a complex carbohydrate that accumulates in guard cells of closed stomata and 

is broken down when stomata open.  Before the discovery of the major role of K+ in 

stomatal aperture size regulation, the hypothesis that starch was converted to sugar 

predominated studies of guard-cell function (Outlaw, 1983).  Recently, our laboratory 

began reinvestigating the roles of carbohydrates in stomatal-aperture-size regulation. 

As depicted in the evidence-based model in Figure 4 of Outlaw (2003), solutes, 

such as suc, accumulate in the guard-cell apoplast during transpiration and affect 

stomatal physiology.  The end-point of the transpiration stream is the guard-cell 

apoplast and as H2O evaporation occurs from there, the solutes in the transpiration 

stream become concentrated (Ewert et al., 2000).  In this study, I investigate whether 
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signal transduction events in guard cells, measured by changes in mRNA levels, also 

occur.  Some of the previously published data that support the model are described in 

the following paragraphs. 

Suc concentrations in the guard-cell symplast and apoplast fluctuate and 

correspond with photoperiodic changes in stomatal conductance for gas exchange.  

Typical mid-day symplastic suc concentrations of <50 mM-100 mM are about 2-fold the 

concentrations at the start of the photoperiod.  Suc concentrations up to 100 mM in the 

guard-cell symplast are sufficient to maintain stomatal opening, but are about 3-fold less 

than concentrations of ions, such as K+, that shift guard cell osmotic potential during 

changes in stomatal aperture size (Lu et al., 1995; Outlaw and De Vlieghere-He, 2001).  

Suc concentrations also fluctuate in the guard cell apoplast.  When E is high and 

conditions are conducive to photosynthesis, mesophyll-derived suc accumulates in the 

guard-cell apoplast of the apoplastic phloem loader Vicia faba (Lu et al., 1997).  

Apoplastic suc concentrations of guard cells at mid-day, when stomata are open, are 

approximately 150 mM, which is up to around 4-fold the concentrations at the start of 

the day, when stomata are closed.  Accumulation of 150 mM suc is enough to diminish 

stomatal aperture size by an estimated 3 µm.  Interestingly, when E is low, 

accumulation of suc in the guard-cell-apoplast does not occur.  When E is low, the 

symplastic suc content and stomatal aperture size both increase about 1.5-fold (Outlaw 

and De Vlieghere-He, 2001).  The relationship between the bulk-leaf apoplastic suc 

concentration and the guard-cell apoplastic suc concentration is positive and linear.  

When the bulk-leaf apoplastic suc concentration is lowered by three-fold, about four-fold 

less suc accumulates in the guard-cell apoplast (Kang et al., 2007a).  Corroboratively, a 

symplastic phloem loader that has naturally low concentrations of bulk-leaf apoplastic 

suc (<30! M) has undetectable concentrations of guard-cell apoplastic suc relative to an 

apoplastic phloem loader (Kang et al., 2007b).   

Suc accumulates in the guard-cell apoplast within minutes of photosynthetic 

reactions occurring in nearby mesophyll cells (Lu et al., 1997).  Guard-cell apoplastic 

suc accumulation may be a signal that relays integrated information about mesophyll 

transpiration and photosynthesis rates to guard cells.  Suc is an apoplastic osmoticum 

that correlates with decreased stomatal aperture size (Outlaw and De Vlieghere-He, 
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2001).  Suc is also a source of symplastic suc that promotes and maintains stomatal 

opening.  Proton (H+)-coupled suc uptake by guard-cells does occur (Reddy and Das, 

1986; Ritte et al., 1999) and plasma-membrane-localized H+-suc symporter (SUT) 

mRNAs and plasma-membrane-localized H+-monosaccharide symporter (STP) mRNAs 

are present in guard cells (Kopka et al., 1997; Stadler et al., 2003).   

An external source of sugars for guard cells is important when guard-cell-suc 

fluctuations are discussed in the context of guard-cell Calvin-cycle activity, which is 

insignificant, especially in terms of the osmotic requirements for stomatal opening 

(Reckmann et al., 1990).  Guard cells of open stomata can contain more than 100 mM 

suc, at least 2-fold the concentration in photosynthetic cells (Hite et al., 1983).  

Ribulose-1,5-biphosphate carboxylase/oxygenase (Rubisco) content, on a per 

chlorophyll basis, and Rubisco activity, on a dry-weight basis, in guard cells are less 

than 1% of photosynthetic leaf cells (Outlaw et al., 1979; Hampp et al., 1982; Outlaw, 

1982; Tarczynski et al., 1989). 

Similar to suc, ABA in the transpiration stream accumulates several-fold in the 

guard-cell apoplast during transpiration (Zhang and Outlaw, 2001b).  After a pulse of 

root H2O-stress, ABA accumulates in the guard-cell apoplast by up to 30-fold pre-stress 

levels, causing stomatal closure.  Subsequently, ABA accumulates to around 3-fold 

pre-stress levels in the apoplast of roots and in leaves (Zhang and Outlaw, 2001b). ABA 

delivery from roots and ABA metabolism in leaves control ABA concentrations in the 

leaf transpiration stream.  Some of the stomatal responses to E involve signal 

transduction events that are connected to ABA (Xie et al., 2006; Nilson and Assmann, 

2007), though others do not (Assmann et al., 2000).  Our understanding of the role of 

ABA in stomatal response to E is further complicated by overlap between ABA and 

sugar signaling pathways (Arenas-Huertero et al., 2000). 

The contents of the transpiration stream can be altered by solute exchange 

between the phloem and xylem and by solutes that originate in the leaf and are swept 

into the apoplastic solution, as for suc.  Solutes typically found in the leaf apoplast 

include phytohormones, amino acids, sugars; cations, such as K+, Ca2+, Mg2+, and Na+; 

and anions such as PO4
3-, Cl-, and SO4

2- (Pate, 1975; Lohaus et al., 1995; Chikov and 

Bakirova, 2004). 
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E affects the contents of the guard-cell apoplast and symplast and thus affects 

stomatal aperture size.  Cell-specific environments can result in cell-specific events, 

including changes in gene expression (e.g., Kopka et al., 1997; Smart et al., 2000), 

mRNA silencing (e.g., Plesch et al., 2000), and post-translational modifications (e.g., 

Du et al., 1997; Li and Assmann, 2000; Outlaw et al., 2002).  Several genes are more 

highly expressed in guard cells than other leaf cell-types, as determined by mRNA 

abundance and reporter-gene-based promoter activity assays.  Some examples of 

genes that have guard-cell-specific expression are those that encode for an 

adenosine-diphosphate (ADP)-glc pyrophosphorylase (AGPase) large (" ) subunit 

(AGPL) (MŸller-Ršber et al., 1994), an inward-rectifying K+ channel in Arabidopsis 

thaliana (Nakamura et al., 1995), and AtSTP1, a STP in A. thaliana (Stadler et al., 

2003).  In addition, several drought-responsive genes are predominantly expressed in 

guard cells of drought-stressed plants (Smart et al., 2000; Leonhardt et al., 2004).  

Some of the genes with guard-cell-specific responses to drought encode transcription 

factors (Cominelli et al., 2005; Liang et al., 2005).  Thus, cell-specific environments and 

regulatory mechanisms can confer guard-cell-specific signal transduction and 

responses. 

We hypothesize that E-related accumulations of suc and ABA in and around 

guard cells cause changes in mRNA levels.  For suc, a signal-transducing role in other 

cells is established, especially with regard to gene expression (Koch, 1996; Coruzzi and 

Bush, 2001; Rolland et al., 2002; Baier et al., 2004).  ABA signal transduction in guard 

cells is studied broadly and deeply and involves many common signal transduction 

components, such as transcription factors, phosphatases, kinases, and Ca2+ fluxes 

(reviewed in Hirayama and Shinozaki, 2007 and in Christmann et al., 2006).  ABA 

signaling integrates with other signaling pathways, such as responses to cold and salt 

(Christmann et al., 2006).  Identification of genes involved in ABA signal transduction as 

a result of leaf-temperature-based and drought-tolerance-based methods of screening 

mutants exemplifies linkages between E and ABA signal transduction (Merlot et al., 

2002; Xie et al., 2006 and reviewed in Israelsson et al., 2006).  Overlap between suc 

and ABA signal transduction pathways emerged when suc- and ABA-response and 

metabolism mutants were serendipitously found to be allelic.  Interestingly, four 
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sugar-metabolism or sugar-signaling mutants that were identified by different screening 

methods were found to be allelic to an ABA-insensitive mutant, abi4, which encodes for 

a transcription factor (reviewed in Rook et al., 2006). 

In guard cells, regulation of genes related to sugar metabolism or sugar transport 

by E or sugars has not been studied previously.  Although mRNA levels are usually 

measured at the tissue or organ level, mRNAs of several of the selected genes have 

been detected in guard cells at variable levels relative to levels in leaf tissue 

(Kopka et al., 1997; Li et al., 2002; Stadler et al., 2003).  Drought and ABA regulate 

mRNA levels of some carbon-metabolism genes in guard-cells (Kopka et al., 1997; 

Aghoram et al., 2000; Leonhardt et al., 2004).  Suc regulation of gene expression in 

guard cells is expected because, as for ABA, suc is important for guard-cell function. 

Experimental  design overview  

Previously, we established a physiological treatment, elevated humidity 

conditions, that resulted in a decrease in delivery of contents of the transpiration stream 

to the apoplast of guard cells (Outlaw and De Vlieghere-He, 2001).  When evaporative 

demand is lower, E is typically lower and steady-state stomatal conductance is larger 

(Buckley et al., 2003).  Within an hour following an increase in the H2O vapor pressure 

(VPH2O) difference between the inside and outside of plants, E quickly changes up to 

about four-fold, followed by a gradual change toward, but not reaching initial E 

(Assmann and Gershenson, 1991).  Decreased E decreases xylem-sap ascent and thus 

delivery of contents of the transpiration stream to the sites of evaporation.  Although my 

study focuses on suc accumulation around guard cells, any solute found in the 

transpiration stream potentially accumulates around guard cells during transpiration.  

For example, ABA is an important signal that is produced by H2O-stressed roots, is 

transported in the transpiration stream, and is sensed by guard cells.  The mechanism 

that our laboratory proposes (Fig. 4 of Outlaw, 2003) is an efficient means of allowing 

solutes such as suc and ABA to move at sub-threshold levels throughout the plant until 

reaching the guard cell walls, where solutes accumulate to threshold levels and induce 

changes in stomatal aperture size. 

Several genes encoding proteins associated with sugar metabolism and 
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transport and one ABA-regulated gene were chosen for mRNA-level analysis.  Levels of 

mRNAs were measured with reverse transcription (RT) followed by real-time 

polymerase chain reaction (rtPCR) analysis.  Genes were chosen based on 

physiological importance and on previous evidence of regulation by suc or ABA.  Three 

experiments were designed to test the hypothesis that E creates a guard-cell-specific 

environment that leads to signal transduction events, measured by changes in mRNA 

levels.  First, suc was supplied via the petiole and I measured the effects of suc in the 

transpiration stream on E, stomatal aperture size, and mRNA levels.  Second, guard 

cells were incubated with suc and/or ABA and I measured the effects of suc and ABA 

on stomatal aperture size and mRNA levels.  Third, E was decreased and I measured 

the effects of E and associated changes in solute concentrations in and around guard 

cells on mRNA levels.  I chose the model system of V. faba (for a broad review of the 

genus see Hanelt and Mettin, 1989) for my study to maintain comparability to related 

studies, such as Outlaw and De Vlieghere-He (2001) and Kang et al. (2007a), and 

because guard cells of this species can be easily isolated from the heterogeneous leaf 

tissue. 

Genes selected for investigation  

In terrestrial plants, sugar sensing, signaling, metabolism, and transport interact 

with pathways involving light, oxygen, ABA, phosphate, and nitrogen.  Many of these 

interactions are apparent at the level of gene expression (Roitsch, 1999; Gibson, 2000; 

Rook et al., 2006).  Proteins associated with sugar transport and sugar metabolism are 

regulated by reactants, products, and phosphorylation (Krapp and Stitt, 1995; Winter 

and Huber, 2000; Ransom-Hodgkins et al., 2003; Prasad et al., 2004).  Sugar transport 

and metabolism are regulated transcriptionally, translationally, and post-translationally 

(Delrot et al., 2000; Pego et al., 2000; Smeekens, 2000).  In general, abundant sugars 

result in down-regulation of genes involved in sugar synthesis and up-regulation of 

genes involved in sugar storage and utilization, and vice versa for sugar starvation 

(Sheen, 1994; Koch, 1996; Pego et al., 2000; Ballicora et al., 2004; Koch, 2004; 

Gonzali et al., 2006). 
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The categories of sugar-regulated genes presented in Sheen (1990) served as a 

primary guide for choosing genes to analyze.  However, many of the experiments that 

have been designed to determine regulation by sugars included conditions that were 

physiologically different than increased endogenous sugar.  For example, in many 

experiments, to test for gene regulation by sugars seedlings are grown on media 

supplemented with high concentrations of sugars.  Differences in experimental growth 

conditions can result in different conclusions regarding sugar regulation of gene 

expression. 

The genes selected to test my hypothesis encode for proteins in three functional 

categories of sugar transport, synthesis, and utilization.  The sugar transport category 

includes a gene that encodes for a SUT and a gene that encodes for a STP.  The sugar 

synthesis category includes a gene that encodes for a Rubisco small subunit (RBCS) 

and a gene encoding for a suc-phosphate synthase (SPS).  The sugar utilization 

category includes a gene encoding for one of each of the following enzymes, a cell-wall 

invertase (cwINV), a suc synthase (SS), and an AGPase small (! ) subunit (AGPS).  In 

addition to the sugar-associated categories above, an ABA-induced gene with a protein 

product designated ABG1 was chosen as an indicator of changes in ABA concentration.  

Figure 1 demonstrates the relationships between and locations of the protein products 

of the selected genes (bold font).  The GenBank accession number for each gene used 

as template for rtPCR is presented in Table I. 

A gene encoding for a cytosolic cyclophilin (CyP) was used as an endogenous 

control gene.  The mRNA levels of CyP allow for normalization of the total amount of 

RNA input into RT.  CyPs are trans-to-cis peptidyl-prolyl isomerases necessary for 

protein folding and assembly of some multi-domain proteins.  Changes in CyP 

expression are typically associated with pathogen infection and severe stress and thus 

effects of the non-stress conditions in the presented experiments on CyP mRNA levels 

were not expected. 
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Figure 1. Function and localization of protein products of sugar -associated genes 
selected for analysis of mRNA levels.  
Protein products of selected genes are represented in bold and italic.  Proteins with 
closely related functions are also represented.  Transporters are represented with 
circles.  Enzymes are represented with black boxes.  Major cell components are labeled 
with grey boxes.  Sugars, CO2, and sugar-based products are presented.  Not all 
reactants and products are represented. The figure is not drawn to scale.  Abbreviations 
not presented in text include P, phosphate; cyt, cytosolic; vac, vacuolar; and UDP, 
uridine diphosphate. 
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Sugar transport  

SUT 

SUT families have been characterized in several plant species and are 

categorized based on transport properties and structures (reviewed in Lalonde et al., 

2004).  SUTs are typically localized in plasma membranes of phloem companion cells 

and of non-photosynthetic cells, though suc transporters recently were found in 

tonoplasts of mesophyll cells (Endler et al., 2006).  SUTs are well-characterized in their 

roles of loading suc into phloem, retrieving suc along the phloem path, and in seed 

development (reviewed in Sauer, 2007).  SUT-gene regulation is complex and 

family-member specific.  The following examples demonstrate the complexity of SUT 

and SUT-gene regulation with regard to sugars.  Feeding Beta vulgaris leaves " 50 mM 

suc via the petiole for 24 hours results in a 2-fold decrease in BvSUT1 gene 

transcription rates (within 2 hours), a 2-fold decrease in mRNA abundance, and a 

greater than 4-fold decrease in transport activity (Vaughn et al., 2002; Chiou and Bush, 

1998).  In tomato, the LeSUT2 gene was induced several-fold by petiolar feeding of 

100 mM suc for 24 hours, but not by glc, yet the LeSUT1 gene was not affected by suc 

or glc (Barker et al., 2000).  In Glycine max, GmSUT1 levels begin to increase as 

mRNA levels peak (Aldape et al., 2003).  Other factors, such as phosphorylation 

(Ransom-Hodgkins et al., 2003; Roblin et al., 1998) and light (KŸhn et al., 1997), also 

affect SUT-gene expression and SUT transport activity. 

Suc uptake by guard cells involves active transport (Reddy and Das, 1986; 

Ritte et al., 1999; Outlaw, 2003).  AtSUT3 expression has been observed with reporter 

genes in guard cells of A. thaliana (Meyer et al., 2004) and SUT mRNAs are in guard 

cells of potato (Kopka et al., 1997).  VfSUT1 mRNA levels are analyzed in the present 

study.  VfSUT1 is a high-affinity SUT that has been studied only in developing seeds 

where it was discovered (Weber et al., 1997).  Based on maximum parsimony analyses 

at the DNA level, VfSUT1 is in the same clade as BvSUT1, GmSUT1, and LeSUT1 

mentioned above (Lalonde et al., 2004).  VfSUT1 is the only SUT from V. faba that has 

been identified.  Attempts to discover additional SUT genes in mature V. faba have not 
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been shown, perhaps because analyses of V. faba genomic deoxyribonucleic acid 

(DNA) can be problematic (Aldape et al., 2003). 

STP 

STPs comprise a large group with more than 14 genes in A. thaliana.  STPs are 

categorized primarily by transport properties, such as type of monosaccharide 

transported.  Like SUTs, most STPs span the plasma membrane, though a tonoplast 

monosaccharide transporter family has been discovered in A. thaliana (Wormit et al., 

2006).  STPs are found mostly in non-photosynthetic tissues (reviewed in Lalonde et al., 

2004) and are studied primarily in seed development (Weber et al., 1997) and fruit 

ripening (Fillion et al., 1999).  Levels of STP and STP mRNA are regulated by light 

(Stadler et al., 2003) and wounding (BŸttner et al., 2000) and correlate with seed 

development (Weber et al., 1995a). 

Glc affects STP levels, transport activity, and gene expression.  In developing 

Vitis vinifera (grape) berry-flesh cells, as the glc concentration increases, levels of the 

STP VvHT1 decrease (Conde et al., 2006; Hayes et al., 2007).  When 150 mM glc is 

added to grape suspension culture cells, VvHT1 levels, transport activity, and mRNA 

levels decrease within 6 hours.  Furthermore, when the glc concentration in grape-cell 

suspension culture is decreased, VvHT1 levels, transport activity, and mRNA levels 

increase.  Responses of VvHT1 to glc occur within a few hours (Conde et al., 2006). 

The AtSTP1 gene of A. thaliana is highly expressed in guard cells, where levels 

increase slightly during the middle of the day and reach maximal levels in the dark 

(Stadler et al., 2003).  In the present study, I analyzed mRNA levels of VfSTP1, the only 

STP identified in V. faba.  At the amino acid level, VfSTP1 is more similar to VvHT1 and 

AtSTP1 than the other STPs from the families in those species (Hayes et al., 2007).  

VfSTP1 spans the plasma membrane and was isolated and characterized in seed 

development (Weber et al., 1995a; Harrington et al., 2005).  Regulation of VfSTP1 is not 

well-studied. 
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Sugar synthesis  

RBCS 

 Rubisco is chloroplast-stroma-localized and consists of large subunits and 

RBCSs that are encoded by genes in the chloroplast and nucleus, respectively.  

Rubisco catalyzes CO2 fixation, the key step in photosynthesis.  Rubisco activity is 

regulated by complex mechanisms (reviewed in Portis and Parry, 2007).  Manipulation 

of the amount and activity of this relatively inefficient, but physiologically important 

enzyme is a central research area.  One level of Rubisco regulation is through levels of 

subunit mRNA, primarily of the nucleus-encoded RBCS gene.  Regulation of RBCS 

mRNA levels intersects several signal transduction mechanisms.  Repression of RBCS 

mRNA levels in leaves fed suc via the petiole is dependent upon inorganic phosphate 

concentration (Nielsen et al., 1998), which is high in guard cells (Outlaw and Tarczynski, 

1984).  RBCS mRNA levels are also regulated by light (reviewed in Rook et al., 2006). 

The genes encoding RBCS are categorized as sugar-repressable ÒfamineÓ genes 

(Koch, 1996; Pego et al., 2000).  RBCS promoter activity, as measured by reporter 

gene expression, is inversely proportional to suc or glc concentration (Sheen, 1990).  

Glc or suc, 50-75 mM, applied to cells decrease RBCS mRNA levels and gene 

transcription rates by about 2-fold after 4 hours of treatment (Krapp et al., 1993; Lee 

and Daie, 1997; Sinha et al., 2002).  Feeding 75 mM glc or suc via the petiole into the 

transpiration stream for 24 hours causes 2-10-fold accumulation of glc, suc, and starch 

in leaves and decreases RBCS mRNA levels several-fold.  Feeding also decreases the 

rate of photosynthesis by about 4-fold in the presence of suc and 2-fold in the presence 

of glc.  Suc and glc decrease Rubisco subunit mRNA levels and photosynthesis rate.  

Decreased photosynthesis rate as a result of petiole-fed suc or glc is not via decreased 

Rubisco activity, but is likely through decreased CO2 availability as stomatal 

conductance decreases more than 20-fold (Lee and Daie, 1997). 

In guard cells, RBCS mRNA is detectable at levels much lower than in leaves 

(Kopka et al., 1997).  Furthermore, no biologically relevant levels of Rubisco exist in 

guard cells.  Rubisco levels on a chlorophyll basis and Rubisco activity on mass and cell 

bases are hundreds-fold more in mesophyll cells than in guard cells (Tarczynski et al., 
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1989; Hampp et al., 1982; Outlaw et al., 1982; and reviewed in Outlaw, 1982 and 

Outlaw, 2003). 

RBCS genes of V. faba have not been characterized.  For the present study, 

sequences of RBCS genes from P. sativum (GenBank Accession X04333 and X04334) 

were aligned using Clustal W (1.8) pairwise alignment to find regions between the two 

genes that were identical from which to design primers for mRNA analysis. 

SPS 

SPS produces suc-6'-phosphate and uridine diphosphate from 

uridine-diphosphate-glc and fructose (fru)-6'-phosphate.  Suc-6'-phosphate is then 

hydrolyzed to suc and orthophosphate via suc-phosphate phosphatase.  These 

reactions occur in the cytosol.  The reaction catalyzed by SPS is essentially irreversible 

because suc-6'-phosphate is quickly dephosphorylated.  Regulation of SPS is complex.  

SPS activity is strongly regulated by reversible phosphorylation.  Phosphorylated SPS, 

a product of kinase activity, has a lower activity than non-phosphorylated SPS, which is 

likely a product of phosphatase activity.  SPS is activated by glc-6'-phosphate and by 

light and is inhibited by inorganic phosphate (Huber et al., 1991; Sonnewald et al., 1994; 

Winter and Huber, 2000; Trevanion et al., 2004).  SPS activity on a protein basis 

decreases about two-fold with 75 mM suc feeding.  SPS mRNA levels are not affected, 

based on semi-quantitative measures, when leaves are fed 75 mM suc or glc for 

24 hours via the petiole. (Lee and Daie, 1997). 

In some cells, SPS is active and suc synthesis occurs, but suc breakdown by SS 

activity is greater than SPS activity for suc synthesis (Huber and Huber, 1996).  SPS 

activity in guard cells of V. faba leaflets was about 2-fold the activity in photosynthetic 

palisade and mesophyll cells and about 10-fold the activity in the epidermal cells on a 

protein basis (Hite et al., 1993).  Interestingly, levels of SPS mRNA in guard cells of 

potato are slightly higher, based on semi-quantitative measures, after gradual H2O 

stress (Kopka et al., 1997).  In the present study, I measured mRNA levels of the only 

SPS gene identified in V. faba, VfSPS1, which is expressed throughout the plant, 

though mostly in photosynthetic leaves (Heim et al., 1996). 
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Sugar utilization  

cwINV 

Invertase (INV) irreversibly hydrolyzes suc into glc and fru and is found in cell 

walls, vacuoles, and the cytosol.  The INV gene family is differentially expressed across 

plant tissues (Weber et al., 1995a; Koch, 1996; Sturm, 1999).  INV mRNA levels and 

INV activities typically have been studied in relation to seed and tuber development 

(e.g., Xu et al., 1996).  In these organs, INV levels and INV mRNA levels are regulated 

developmentally and by wounding, stress, and sugars (Sturm and Chrispeels, 1990; 

reviewed in Sturm, 1999), though very little is known about regulation in leaf cells. 

Vacuolar-INV mRNAs have been detected in guard cells, where mRNA levels 

decrease following gradual H2O stress (Kopka et al., 1997).  In V. faba, a seed-coat 

specific cDNA library was screened using the polymerase chain reaction (PCR), 

resulting in identification of two cwINV genes and one gene encoding a vacuolar 

invertase (Weber et al., 1995a).  In the present study, I measured mRNA levels of the 

INV gene VfcwINV2, mRNA levels of which are not detectable by Northern blot analysis 

in photosynthetic leaves (Weber et al., 1995a). 

SS 

SS is a cytosolic glycosyl transferase that reversibly converts suc and UDP to 

UDP-glc and fru.  SS is involved in cell-wall biosynthesis and in supplying energy during 

phloem loading.  SS is regulated at several levels from gene expression to enzyme 

activity (reviewed in Winter and Huber, 2000).  At the level of enzyme activity, SS 

activity is regulated by reversible phosphorylation (Koch and Zeng, 2002).  Changes in 

SS levels and SS mRNA levels are associated with sugar metabolism, tuber 

development (Salanoubat and Belliard, 1989), and seed development 

(Baroja-Fern‡ndez et al., 2003). 

Members of SS gene families are differentially expressed and regulated across 

plant tissues (Sturm et al., 1999; Baud et al., 2004).  Sugar regulation of SS mRNA 

levels is family-member specific, as some genes are induced by sugars, some are 

repressed, and some are not affected (reviewed in Koch et al., 1992; Koch, 1996; 



15 

Winter and Huber, 2000; Baud et al., 2004).  SS mRNA levels increase only slightly 

when leaves are fed 50 mM glc via the petiole for 7 days (Krapp et al., 1991).  The 

absence of SS mRNA results in increased suc and decreased hexose, starch, and fruit 

yield (summarized in Koch and Zeng, 2002). 

SS activity in guard cells was more than 10-fold the activity in photosynthetic 

cells, on a protein basis (Hite et al., 1993).  SS mRNA has been identified in guard cells 

of potato and, interestingly, SS mRNA levels in guard cells are five-fold higher after a 

couple days of withholding H2O (Kopka et al., 1997).  In legumes, including V. faba, only 

single SS genes have been identified (Heim et al., 1993; Winter and Huber, 2000).  In 

the present study VfSUCS (Heim et al., 1993) mRNA levels are measured. 

AGPS 

AGPase is chloroplast-stroma localized and converts glc-1-phosphate and 

adenosine triphosphate into adenosine-diphosphate-glc, a precursor of starch.  Coarse 

control of starch production is by AGPase, making AGPase research agriculturally 

important.  Typically, in terrestrial plants, active AGPase is a heterotetramer of two 

AGPLs and two AGPSs.  AGPS homotetramers, when formed, are active, though are 

regulated differently than heterotetramers (Ballicora et al., 2004).  Broadly, AGPase is 

activated by high ratios of 3-phosphoglycerate to inorganic phosphate (Ballicora et al., 

2004).  In Ricinus cummunis, when the suc in leaves is greater, AGPase activity 

(protein basis) and starch synthesis are also greater (Grimmer et al., 1999), though the 

mechanisms for greater activity are not known. 

Typically, fewer than three genes for each of the AGPL and AGPS subunits exist 

in a plant genome (e.g., MŸller-Ršber et al., 1995).  Genes encoding AGPLs and 

AGPSs are generally characterized as ÒfeastÓ genes (Koch, 1996), which are enhanced 

by sugar abundance.  Cold-girdling, which results in increases in glc, suc, fru, and 

starch in leaves, increases mRNA abundance of one AGPS gene (Krapp and Stitt, 

1995), though which carbohydrates, if any, cause the increase is not known.  The 

following examples demonstrate the complexity and variability of AGPS and AGPL 

gene-expression regulation by sugar-related metabolism.  In young and mature tomato 

leaves fed 175 mM suc via the petiole, mRNA levels of AGPS genes and for at least 
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one of the three AGPL genes increase (Li et al., 2002).  In potato, AGPS and AGPL 

mRNA levels increase in the presence of external suc, though only AGPS mRNA levels 

increase in the absence of light and AGPL mRNA increases are independent of light 

(MŸller-Ršber et al., 1990).  Interestingly, mRNA levels of the primary AGPS and AGPL 

genes of A. thaliana, exhibit modest change in the diurnal cycle (Smith et al., 2004) as 

both sugar concentrations and light intensity are fluctuating.  During development of 

large, non-photosynthetic, starch-accumulating organs, such as fruits and tubers, 

mRNA levels of both subunits are high.  In other organs, such as leaves and flowers, 

AGPS mRNA levels are typically greater than AGPL mRNA levels (MŸller-Ršber et al., 

1990; Li et al., 2002). 

The specific activity of AGPase, on a protein basis, in guard cells was similar to 

that of photosynthetic cells and was about four-fold that of epidermal cells.  Differences 

in starch synthesis in these cells are likely due to differences in the ratio of 

3-phosphoglycerate to inorganic phosphate in these cells.  Levels of 

3-phosphoglycerate in guard cells do not rise as they do in photosynthetic cells and 

levels of inorganic phosphate in guard cells can be higher than in photosynthetic cells 

(Outlaw and Tarczynski, 1984). 

Under control of the promoter of a potato AGPL gene, reporter-gene expression 

is high in guard cells.  This observation led to identification of a promoter region that can 

lead to guard-cell-specific gene expression in potato (MŸller-Ršber et al., 1994) and 

tomato (Li et al., 2002). 

In V. faba, AGPase activity has been studied with regard to starch accumulation 

during seed development (Weber et al., 1995b).  Studies of seed development resulted 

in identification of two AGPS genes, AGPP and AGPC.  AGPP and AGPC are 

homologous to the AGPS genes of potato (Weber et al., 1995b).  AGPP is expressed in 

seeds and leaves and AGPC is seed specific, with low mRNA levels.  AGPP and AGPC 

mRNAs differ primarily in the un-translated regions.  The deduced amino acid 

sequences encoded by AGPP and AGPC are 90% identical and both are homologous 

to AGPSs of other plants.  AGPP mRNA levels will be measured in the present study. 
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ABA -induced ABG1  

The ABG1 gene was identified because it was induced in guard cells by ABA.  

ABG1 mRNA levels increased in guard cells within one hour of exposure to 5 µM ABA, 

a concentration typical of that measured in leaves under recoverable H2O-stress.  ABG1 

mRNA levels in leaf tissue also increased with exposure to ABA, though not as strongly 

as in guard cells (Aghoram et al., 2000).  The sequence of the ABG1 gene is similar to 

genes encoding dessication-related proteins, such as the Pisum sativum 

late-embryogenesis-abundant protein (GenBank Accession AJ628940.1), which is 45% 

similar when full-length cDNA sequences are compared (Expectation value=8 # 10-19 for 

nucleotide comparison with the Basic Local Alignment Seach Tool from the National 

Center for Biotechnology Information).  The ABG1 protein is not yet characterized.  

Changes in ABG1 mRNA levels are indicative of changes in ABA concentration in or 

around guard cells. 
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MATERIALS AND METHODS 

Plant growth conditions  

Seeds of Vicia faba L. cv Long Pod (Harris Seeds, Rochester, NY) were 

germinated and grown in Fafard #2 Mix (Agawam, MA) in one-liter pots (two plants per 

pot) under a light bank for one week then transferred to an Environmental Growth 

Chamber (EGC) (Chargrin Falls, OH) for two weeks.  For all experiments, the youngest, 

fully expanded bifoliates of plants between 19 and 21 days old were used.  

Well-watered, unsaturated soil conditions were maintained daily with 

one-quarter strength Peter's Professional 20-20-20 fertilizer (Scotts-Sierra Horticultural 

Products Company, Marysville, OH) in H2O.  The EGC remained under constant 

60% relative humidity (RH) (unless otherwise indicated) with a photon flux density of 

200-450 µmol of photosynthetically active radiation (PAR) m-2 s-1 (mean of 

300 µmol PAR m-2 s-1) provided by incandescent and fluorescent bulbs, 

25¡C/20¡Celsius (C) day/night temperature, and light per iod of 16 hours beginning at 

0600 h.  Details about transitions between day and night are provided in Lu et al. 

(1997).  Deflectors at the air vents in the cabinet minimized differences in air-flow 

across leaves. 

Petiolar feeding of suc  

The aerial portion of the plant was excised at the soil line.  The node of the 

youngest, fully expanded biofoliate was placed under water, though leaflets did not 

contact the water.  The bifoliate and petiole were detached from the stem with a sharp 

blade under H2O and quickly placed in feeding solution.  Petioles were placed in 

10 x 75 mm borosilicate glass tubes (Thermo Fisher Scientific Inc., Waltham, MA) that 

were sealed with Parafilm (American National Can, Chicago, IL) around the base of the 

petiole.  The tubes were filled with feeding solution to the top of the Parfilm seal. 

Bifoliates were fed 50 mM suc (Thermo Fisher Scientific Inc., Waltham, MA), 

50 mM mann (Sigma Aldrich, St. Louis, MO), or H2O (control) for 5 hours (1100-1600 h) 

via the petiole.  The concentration of 50 mM is about 10-fold, or more, than is typically 

measured in the leaf apoplast, but is at the lower end of concentrations typically fed to 
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leaves via the petiole (see Introduction for examples).  Suc is an osmotic and 

metabolizable sugar that crosses the plasma membrane via SUTs.  Mann is an osmotic, 

non-metabolizable sugar that does not cross plasma membranes in this species, and 

thus is an osmotic control.  All mann used for the presented experiments was 

pre-washed in methanol according to the procedure and references in Ewert et al. 

(2000) to remove ABA. 

The H2O control likely dilutes the endogenous suc concentration in the 

transpiration stream, which is low, typically about 1-2 mM, relative to the concentration 

of suc fed.  The feeding time of five hours is at the lower end of what others have used.  

Feeding times of experiments by others vary from four hours to, more frequently, 

several days (see Introduction for examples).  Time beyond five hours resulted in visible 

signs of stress, such as wilted leaves.  The feeding solution was refilled every 30-60 

minutes. 

E for each time-frame was calculated as the volume of solution required to refill 

the tube divided by the product of the area of the bifoliate and the amount of time 

between filling the tube, divided by the molecular weight of H2O.  Leaf-apoplat suc 

concentration was approximated by dividing the total volume of solution taken up into 

the bifoliate by the product of the leaf apoplast volume and the total leaf area, then 

multiplying by 50 mM (the concentration of the fed solution).  The volume of the specific 

leaf apoplast was approximated as 6.6x10-9 m3 cm-2, as in Ewert et al., (2000).  The 

feeding treatment resulted in a rate of suc delivery to guard cells that was several-fold 

greater than the rate under normal growth conditions (see Results for more detail). 

At the end of the feeding, aperture sizes of " 50 stomata from each leaflet were 

measured with a compound light microscope and reticle.  Avoiding the mid-veins, 

bases, and tips of leaflets, samples from both leaflets quickly were collected, pooled, 

and submerged in liquid nitrogen, then transferred to -80¡C until RNA isolation and 

analysis of mRNA levels.  The experiment was completed three times, each with 

bifoliates from different plants. 

Guard -cell incubation in suc and ABA  

The abaxial epidermes of bifoliates were peeled from 12-15 plants, brushed with 
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a soft brush to remove remaining mesophyll cells, and randomly distributed across six 

100 x 15 mm-style Petri dishes (Thermo Fisher Scientific Inc., Waltham, MA), each 

containing 25 mL of suc (150 mM), mann (150 mM), ABA (2 µM; ± cis, trans racemic 

mixture (Sigma Aldrich, St. Louis, MO)), ABA with suc, ABA with mann, or buffer 

(control).  The buffer (pH 6.1) with which all solutions were made was comprised of 

10 mM 2-(N-morpholilino) ethanesulfonic acid-K+ and 0.1 mM CaSO4, both obtained 

from Sigma Aldrich (St. Louis, MO).  A 100 µM concentrated stock solution of ABA was 

made in methanol. 

Concentrations of ABA and sugars were chosen based on previous 

measurements of apoplast concentrations during transpiration.  The concentration of 

ABA in the leaf apoplast after a pulse of root H2O-stress reaches roughly 200 nM and 

that in the guard cell apoplast under the same conditions reaches up to roughly 2.5 µM 

(Zhang and Outlaw, 2001b).  The mid-day concentration of suc in the leaf apoplast is 

roughly 1-5 mM and that in the guard cell apoplast under the same conditions reaches 

about 150 mM (Outlaw and De Vlieghere-He, 2001). 

Effort was made to float the epidermal tissue in the solution to keep the surface 

that was in contact with the inside of the leaf remaining in contact with the solution to 

simulate in vivo conditions, though many pieces of epidermis submerged within the first 

couple minutes of incubation.  Epidermal tissue samples were incubated in the solutions 

for five hours (1100-1600 h) under plant growth conditions in the EGC.  At 1400 h, 

10 mL of solutions were added and the Petri dishes were gently swirled to compensate 

for some of the effects of solution evaporation from the dish.  At the end of the 

treatment, aperture sizes of " 50 stomata from each of " 2 bifoliates were measured as 

described above.  Tissue from each treatment then was rinsed in the buffer described 

above, blotted dry, submerged in liquid nitrogen, and then transferred to -80¡C until 

RNA isolation and analysis of mRNA levels.  The experiment was completed three 

times, each with bifoliates from different growth lots of plants. 

RH increase to decrease E  

Experiments were conducted during the first day (Day 1) and sixth day (Day 6) 

following a shift in the growth RH from 60% to 90% (VPH2O difference of about 1 kPa).  
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The RH of the EGC was changed at 2200 h and stabilizes within 10 minutes.  Additional 

details regarding the precision of humidity maintenance and shifts can be found in 

Outlaw and De Vlieghere-He (2001).  Shifts in humidity were timed so that all plants 

were 19-21 days old during experiments.  Control plants remained at 60% RH. 

Samples of leaves and guard cells were collected and gas-exchange 

measurements (details in following section) were made during the hour before each of 

three time-points, 0600 h, 1100 h, and 1700 h.  For each condition and each time-point, 

leaf tissue samples (avoiding the mid-veins, bases, and tips of leaflets) were collected 

from leaflets of two plants.  Samples of guard cells were obtained with the following 

procedure.  The abaxial epidermis was peeled from leaves, brushed with a wet, soft 

brush to remove adhering mesophyll cells, and cut into squares of 0.25 cm2.  Epidermal 

tissue was kept in a buffer solution at a density of approximately 25 squares per 10 mL 

of solution (described for guard-cell incubation experiment above) and approximately 

150-200 squares were collected for each sample.  Each sample required multiple 

plants.  To rupture most epidermal cells and remaining mesophyll cells, epidermal 

tissue was sonicated for two seconds then repeated, with swirling between sonication 

steps to disaggregate tissue.  A mesh sieve was used to separate the tissue from the 

buffered solution.  The tissue quickly was blotted dry, submerged in liquid nitrogen, 

stored at to -80¡C until RNA isolation and analysis of mRNA levels.  Guard cells were 

frozen within 15 min of the start of the collection procedure.  According to 

Poffenroth et al. (1992), and independently confirmed by us, this technique of guard-cell 

collection results in 90% of guard cells being viable and functional with 0.1% 

contamination with mesophyll cells.  For each condition, the experiment was completed 

four times with different growth lots. 

Gas exchange measurements  

Gas exchange was measured with a LI-1600 steady-state porometer (LI-Cor, 

Inc., Lincoln, NE) and with a manual CIRAS-1 photosynthesis meter equipped with a 

Parkinson leaf cuvette (type B) (PP Systems, Amesbury, MA).  The photosynthesis 

meter measures CO2 assimilation rate (A) and both meters measure E.  On average 

within each condition and time-point, measurements of E from the two meters were not 
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different.  The photosynthesis meter was set with a flow rate of 200 ml min-1, reference 

CO2 at 365-395 µL L-1, VPH2O at $ 70% ambient, and leaf temperature determined by an 

energy-balance calculation. 

For both meters, measurements of E at high humidity are limited.  VPH2O in the 

leaf chamber of the photosynthesis meter was set at 70% ambient VPH2O because 

increases in VPH2O due to transpiration would be difficult to detect at 90% RH.  At 

90% RH in the light, stomata are open and when the door of the EGC is opened to take 

measurements, the VPH2O in the EGC drops faster than stomata respond, thus the 

driving force for H2O loss from leaves increases.  E is the product of the driving force for 

H2O loss from leaves and the leaf conductance.  Leaf conductance values were 

estimated from E measurements made with the meters.  Leaf conductance values were 

then used to calculate a more precise E based on the driving force for H2O loss that 

existed before the cabinet door was opened.  The driving force for H2O loss at each 

time-point of each RH condition was estimated as the difference between the VPH2O at 

ambient growth-cabinet temperature and the saturation VPH2O at the mean leaf 

temperature. 

The same leaves from which gas exchange measurements were made were 

then used for tissue sampling (as described in previous section) or for leaf-apoplast-sap 

collection (as described in following section). 

Leaf-apoplast sap collection and apoplastic sap suc -concentration 

measurements  

A Model 1000 pressure chamber (PMS Instrument Co., Albany, OR) was used to 

collect leaf-apoplast fluid by the following procedure.  Bifoliate leaves with petioles were 

cut from plants where the petiole meets the stem.  Petioles were carefully sealed into 

the pressure chamber with a grommet designed for the petioles of V. faba (Protocol C of 

Ewert et al., 2000).  Pressure in the chamber was raised slowly with addition of gaseous 

nitrogen.  The first couple of droplets, about 2 µL, of sap that emerged from the petiole 

were discarded to purge petiole tracheary elements and avoid contamination from cells 

cut during bifoliate excision.  Subsequent sap was collected with a restriction pipette 

until the pressure reached twice the pressure at which sap began to emerge.  The 
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maximum pressure applied to bifoliates, around 1.0-1.2 MPa, is less than the pressure 

that causes > 1% contamination by cytoplasm or phloem, based on measurements of 

cytoplasmic malic enzyme activity of samples collected by similar methods (Kang et al., 

2007a) and based on comparison to the work of L—pez-Mill‡n et al. (2000).  Apoplastic 

sap was immediately frozen in dry ice and stored at -80¡C.  Samples of apoplastic sap 

were diluted five-fold and suc was assayed by high-performance liquid chromatography 

exactly as in Kang et al. (2007a). 

Rate of suc delivery to guard cells at each time-point and condition was 

estimated with: 

([suc]leaf apoplast sap)(E%#)(1.7X10-8 m2 guard-cell-1)(0.018 L molH20
-1), 

with E%#= mean E for indicated time-point and condition (see Results).  Guard-cell 

density values are from Outlaw (1983). 

RNA isolation and RT  

Leaf tissue and guard cells that were collected for RNA isolation and mRNA 

analysis (see experiments described above) were quickly transferred from -80¡C to a 

pre-chilled ceramic mortar surrounded by liquid nitrogen.  Tissues were thoroughly 

powdered with a ceramic pestle for several minutes to increase yield from guard cells.  

Preliminary experiments showed that isolation of measurable quantities of 

high-quality total RNA from guard cells can be difficult with some RNA isolation 

protocols.  For example, guard-cell total RNA isolated with TRIzol Reagent according to 

protocol (Invitrogen, Carlsbad, CA) typically yielded total RNA containing a contaminant.  

The contaminant absorbance was at 210 nm and was typically 2-fold the absorbance of 

nucleotides at 260 nm and was sometimes much greater. 

We chose to use the RNeasy Plant RNA isolation kit (Qiagen, Valencia, CA).  

The following modifications to the kit protocol reduced absorbance at 210 nm and 

increased total RNA yield from guard cells.  Two additional washes were performed with 

the supplied wash buffer, followed by an 80% ethanol wash.  The RNA-binding column 

was eluted twice with 30 µL of supplied ribonuclease-free H2O. 

Although the RNeasy kit was the best method we found for isolating total RNA 

from guard cells, genomic DNA was present in the sample.  DNA contamination was 
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detected using PCR with total RNA as template.  Total RNA was dried down to a 

volume that allowed us to minimize the amount of buffers and DNase added to the total 

RNA.  Contaminating DNA was digested with a DNAfree deoxyribonuclease (DNase) kit 

(Ambion, Austin, TX).  To test for residual DNase activity after the DNAfree protocol, a 

very dilute DNA template for PCR was incubated with a sample of DNase-treated RNA.  

Previous experiments showed that residual DNase activity would digest the DNA 

template, thus eliminating the template for PCR.  PCR was conducted on the DNA 

template that was incubated with the DNase-treated RNA and on samples of 

DNase-treated RNA.  We found that the DNAfree protocol eliminated the contaminating 

DNA and inactivated the DNase; whereas, heat inactivation of DNase was not effective.  

Gel electrophoresis of total RNA from leaves and guard cells before and after DNase 

treatment showed ribosomal RNA remained intact. 

DNase-treated total RNA was measured spectrophotometrically with a 

NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, DE) at 210-310 nm for curve 

analysis and with nucleic-acid-absorbance measurements at 260 nm.  Ratios of 

absorbance at 260 nm/280 nm were " 1.8.  RT of 180 ng of total RNA from each sample 

was performed according to the M-MLV reverse transcriptase protocol (Invitrogen, 

Carlsbad, CA).  In addition to the reagents supplied, we used anchored 

oligo-deoxythymidine primers (designed by and obtained from the Molecular Cloning 

Facility at Florida State University) at 25 ng µL-1, 0.5 mM of each deoxyribonucleotide 

triphosphate (Invitrogen, Carlsbad, CA), and 1 unit of the ribonuclease inhibitor 

RNase OUT (Invitrogen, Carlsbad, CA) in a total RT volume of 26 µL for 5 hours.  After 

RT, complimentary DNA (cDNA) was diluted with 66 µL of autoclaved, double-distilled 

H2O and 6 µL were used as template for each rtPCR. 

Primer design and testing  

For all genes selected for mRNA analysis, published sequences from V. faba or 

P. sativum (RBCS gene only) were used as guides for designing PCR primers (Table I).  

Primers were designed with the following parameters:  target melting temperature of 

62¡C, guanidine plus cytosine content about 50%, product size 150-300 base pairs, and 

minimal secondary structures.  Primer Express Software version 2.0 (Applied 
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Biosystems, Foster City, CA) aided in primer design.  Primers were synthesized by 

Integrated DNA Technologies, Inc. (Coralville, IA). 

Each primer pair produced a singe-band product of predicted size with standard 

PCR using cDNA from RT of mRNA from leaves and mRNA from guard cells.  Standard 

PCR was performed with HotMaster Taq Polymerase Kits (Eppendorf, Westbury, NY).  

Each primer pair produced a single product with rtPCR represented by a single peak in 

the dissociation curve (Applied Biosystems 7500 Real-time PCR System, Foster City, 

CA). 

Standard PCR products were sequenced at the DNA Sequencing Facility of the 

Bioanalytical and Molecular Core Facility at Florida State University, Department of 

Biological Science.  SUT, STP, SPS, INV, SS, and CyP PCR products matched 

published sequence exactly (see Table I for GenBank accession numbers).  The AGPS 

product had a guanidine instead of a thymine at positions 796 and 858.  The ABG1 

product had a cytosine instead of an adenine at position 204.  The RBCS product from 

V. faba had a guanine instead of a thymine, as in P. sativum, at position 289. 

rtPCR 

The following methods of rtPCR were used to measure the mRNA levels of the 

selected genes.  All reactions were performed with an Applied Biosystems 7500 

Real-time PCR System (Foster City, CA).  Reactions were carried out in MicroAmp 

96-well optical reaction plates covered with Optical Adhesive Covers (Applied 

Biosystems, Foster City, CA).  Each rtPCR contained 6 µL (RT product of approximately 

12 ng total RNA) of template cDNA (see section RNA isolation and RT), 0.3 µM each of 

forward and reverse primers (see previous section Primer Design and Testing), and 

remaining components were supplied with QuantiTect SYBR Green PCR Kits (Qiagen, 

Valencia, CA).  The total volume of each reaction was 25 µL. Reaction conditions were 

as follows:  95¡C for 15 minutes followed by 40 repetitions of 94¡C for 15 seconds, 60¡C 

for 30 seconds, and 72¡C for 45 seconds, with fluorescence values collected at 72¡C.  

For every rtPCR, a dissociation curve program (Applied Biosystems 7500 Real-time 

PCR System, Foster City, CA) was run to verify that a single product was amplified and 

was of expected size. 
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Table I. Selected genes and rtPCR primers.  
Primers were designed from mRNA sequences of provided GenBank accession 
numbers.  All primers were based on V. faba genes except RBCS, which was based on 
P. sativum sequence.  The nucleotide positions of primers are indicated in parentheses. 

Gene 
product 

GenBank 
accession 

Forward primer Reverse primer 

SUT Z93774 
5'GTC AAG AGG TTG TGG GGA 
ATC G 
(1094-1115) 

5'GGA GAA GAG AGT TAA CGC 
GCC 
(1267-1247) 

STP Z93775 5'TCT TGC TCG GAT TCG GTA TCG 
(439-459) 

5'TCA TGG AAT TTG GCG TGT CG 
(705-686) 

RBCS X04334 
5'AAG GGA TGG GTT CCA TGC 
TTG 
(688-708) 

5'TGA GGG TAA GCG GCA ACA 
ACT 
(955-935) 

SPS Z56278 
5'TCC TGT ACT GGC ATC TCG TTC 
C 
(2879-2900) 

5'AAT TGC CCT GCT TCC TAC TCC 
C 
(3060-3039) 

SS X69773 
5'AGA GCG AGA TGC TCA ATC 
GCA T 
(974-995) 

5'TGC AAC TCT TTG GCA AGC 
TCG T 
(1241-1220) 

AGPS X76941 
5'TGC TGC GTT GCC AAT GGA 
TGA A 
(705-726) 

5'ACT CCC GAA GTC ATT TGC ACC 
A 
(969-948) 

INV Z35163 
5'CAC CAA ACT TCT CAA GGG 
AGC TGA 
(1180-1203) 

5' CTA CAC AGA ATT TGA GGG 
TCT GG 
(1329-1307) 

ABG1 AF218806 
5'CTA ACA CCC CTT CAC TCT CCC 
TTC 
(136-159) 

5'TCT CAT TTG CAT CAA GTG CGG 
(318-298) 

CyP AB012947 5'CTT CAA GGG ATC CTC CTT CCA 
(208-228) 

5'TGG CAG TGC AGA TGA AGA AC 
(419-400) 

During primer design and testing, I observed a tight correlation between PCR product 

melting temperature as determined by analysis of a dissociation curve, and product size 

as determined by gel electrophoresis. 
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For each gene analyzed, threshold fluorescence was chosen that was within the 

first couple of cycles of the log-linear phase for all samples (see Wong and Medrano, 

2005 for figure of phases of a typical PCR amplification curve).  The ability to observe 

the phases of the reaction is one value of using rtPCR.  For each gene, setting a 

constant threshold fluorescence for each gene across all samples that one wants to 

compare is important because, for each reaction, the cycle at which the threshold value 

is reached is the Ct, and the Ct value for each gene in each sample is the basis for 

comparing mRNA levels.  The range of Ct values for all genes of all samples was 

15.8-33. 

PCR is based on the following equation:  Xn=X0(1+e)n, where Xn is the amount of 

product after n cycles of PCR, X0 is the initial amount of template molecules targeted by 

the primers, and e is the efficiency of the reaction and ranges from zero to one.  When 

the PCR efficiency (e) is one, the amount of template doubles after each cycle.  One 

advantage of using rtPCR is the opportunity to determine and account for, if needed, 

PCR e.  The importance of accounting for e is illustrated by the following example.  If 

each of two samples were to have 100 template molecules and one has an e of 1.0 and 

the other an e of 0.9 the amount of product in the reaction with e of 1.0 after 20 cycles is 

2.8-fold, and after 25 cycles is 3.6-fold the other.  The e does not have to be accounted 

for when e is shown to be equal in relative comparisons. 

Two methods of determining PCR e were investigated and are described in the 

following paragraphs.  Table II compares the e values obtained by the two methods.  

The first method that I used for determining PCR e involves the use of a standard curve 

of known quantity.  A standard curve for each gene was generated by the following 

procedure.  PCR product from standard, end-point PCR was purified with the MinElute 

PCR Purification Kit (Qiagen, Valencia, CA), spectrophotometrically quantified, and 

serially diluted to create a series of template concentrations.  The serial dilution was 

then run as template for rtPCR.  The plot of log10 (template concentration) on the x-axis 

and Ct on the y-axis and the equation for the best-fit trend-line were used to determine 

the concentrations of the unknown samples in the experiment. A slope of -3.%%3 

represents an e of 1.0, typical e values measured with this method were minimally 0.84 

(Table II).  Although this method is the most quantitative of methods investigated, it was 
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not used for the final analysis for the following reasons.  First, although the method was 

precise on average (Fig. 2a), separate runs of the set of standards were somewhat 

variable (Fig. 2b).  Second, the set of standards as template for rtPCR were dissimilar to 

the template of the experimental samples.  For example, the purified PCR products 

used to make the serial dilution do not contain solutes carried over from RNA isolation 

or RT procedures that unknowns from the experiment likely contain. 

The second method for determining and accounting for e is based on analysis of 

rtPCRs of experimental samples.  The following method of determining e was 

conducted for two subsets of experimental samples, the 12 guard-cell samples and 12 

leaf samples that were collected at 60% RH (see section RH increase to decrease E of 

Materials and Methods).  For each mRNA level selected for investigation (see section 

Genes selected for investigation of Introduction) and each rtPCR reaction in the sample 

subsets, e was determined as follows.  For each rtPCR (216 reactions=9 genes for each 

of 24 samples), the threshold fluorescence value was set multiple times within the 

exponential phase of amplification, at 0.03, 0.04, 0.05, 0.06, and 0.07 (fluorescence 

units arbitrary) and the Ct was recorded for each threshold (see example in Fig. 3).  The 

e for each of the reactions was calculated from the slope, &Ct / &(log2 threshold 

fluorescence), similar to methods described in Liu and Saint (2002), with e = 21-slope. 

The mean e for each gene in each of guard cells and leaves was calculated.  To 

account for e for all rtPCRs used for mRNA-level analyses, an e-corrected Ct was 

calculated with -log2 ((1+e)-Ct).  This method assumes e of each reaction is constant 

through all cycles.  A similar method and extensions are described in Schefe et al. 

(2006).  Optimally, one would utilize a software program that can determine and 

account for e for each rtPCR as it changes throughout each rtPCR.  Although the above 

method allows accurate relative comparisons, it is not quantitative. 

Figure 2. Example standard curves for rtPCR  
A mean standard curve (a) was generated from five independent rtPCR runs (b) of a 
serial dilution of purified and quantified RT-PCR product that was generated with 
primers for SPS cDNA.  The log10 of the template quantity (spectrophotometrically 
measured) is plotted against the Ct.  The equations and R2 values of linear trend-lines 
for the data are presented. 
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Figure 3. Example of threshold -based e determination using guard -cell SPS cDNA  
Twelve guard cell samples collected at 60% RH at three time-points (0600 h, 1100 h, 
1700 h) with four experiment repeats (A, B, C, D) were analyzed for SPS mRNA levels 
with RT-rtPCR.  Each rtPCR reaction Ct was determined at multiple fluorescence levels.  
The log2 (fluorescence) was plotted against the Ct for each reaction.  The slope of each 
reaction was determined from the best-fit linear trend-line.  The e for each reaction was 
calculated as e=21-slope. 

Reactions were normalized to CyP mRNAs (&Ct=Ct of selected gene - Ct of CyP).  

Levels of mRNA are presented as relative abundance based on a 2-&&Ct
 method, where 

&&Ct equals the &Ct of a sample of interest (non-calibrator) minus &Ct of the calibrator.  

The calibrator for the petiolar feeding experiment was the H2O control.  The calibrator 

for the guard cell incubation experiment was the buffer control.  The calibrator for the 

RH-shift experiment was 60% RH at 1100 h for each tissue type.  For relative 
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mRNA-level comparisons, the calibrator equals one.  Non-calibrators are presented 

relative to calibrators.  The standard errors (SEs) presented are for the mean &Ct of the 

non-calibrator.  The SEs for relative abundances were calculated by 2-&&Ct - 2-(&&Ct+SE&&Ct) 

and 2-(&&Ct-SE&&Ct) - 2-&&Ct respectively. 

Table II. e values determined by standard -curve -based and threshold -based methods.  
For each gene investigated by RT-rtPCR e was determined by a standard-curve-based 
and a threshold-fluorescence-based method. 

 
Gene 

 
e based on standard 
curve analysis 

e for guard cells 
based on threshold 
method 

 
e for leaf tissue based 
on threshold method 

SUT 0.98 (0.0014) 0.96 (0.022) 0.93 (0.013) 

STP 0.94 (0.036) 0.94 (0.010) 0.93 (0.014) 

RBCS 1.0 (0.030) 0.96 (0.010) 0.95 (0.020) 

SPS 0.96 (0.060) 0.94 (0.0048) 0.93 (0.014) 

SS 0.86 (0.072) 0.94 (0.011) 0.93 (0.013) 

AGPS 0.84 (0.027) 0.95 (0.019) 0.93 (0.014) 

INV 0.96 (0.038) 0.96 (0.021) 0.95 (0.018) 

ABG1 Not determined 0.95 (0.019) 0.93 (0.021) 

CyP 0.89 (0.040) 0.090 (0.013) 0.89 (0.015) 
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RESULTS 

Effects of treatments on CyP mRNA levels  

Of all mRNAs measured, including two other potential endogenous control 

mRNAs histone and poly-ubiquitin, CyP mRNA levels had the narrowest range of Ct 

values across all samples of the RH-shift experiment.  The following data demonstrate 

the constancy of CyP mRNA levels, with comparisons to mRNA levels that were 

affected by treatments.  Levels of CyP mRNA in each of the experiments are presented 

in Figures 4, 5, 6, and 7 and fold-changes and P-values are presented in Tables III and 

IV.  CyP mRNA levels were not different in leaves fed H2O, mann, or suc via the petiole 

(Fig. 4). 

 

Figure 4. CyP mRNA levels in leaves fed suc and mann via th e petiole.  
CyP mRNA levels are presented alongside SPS mRNA levels for relative comparison.  
Levels of mRNAs were calculated as 2-Ct using the e-corrected Ct value described 
above and are presented in the resultant arbitrary units.  Means (±SE, n=3) were 
calculated for each treatment and represent three bifoliates and * indicates P<0.05 
compared to the H2O control. 
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Figure 5. CyP mRNA levels in guard cells incubated in suc, mann, and ABA.  
CyP mRNA levels are presented alongside STP and SS mRNA levels for relative 
comparison.  Levels of mRNAs were calculated as 2-Ct using the e-corrected Ct value 
described above and are presented in the resultant arbitrary units.  Means (±SE, n=3) 
were calculated for each treatment and represent three repeats of the experiment 
described in Materials and Methods.  P<0.05 compared to buffer control are indicated 
by *. 

CyP mRNA level comparisons across samples of guard cells from the RH-shift 

experiment were >0.05 (Fig. 6, Tables III and IV).  In guard cells, CyP mRNA levels 

were greater than the mRNA levels of the other selected genes (Table VIII). 
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Figure 6. CyP mRNA levels in guard cells of RH -sh ift experiment.  
Levels of mRNAs were calculated as 2-Ct using the e-corrected Ct value described 
above and are presented in the resultant arbitrary units.  Means (±SE, n=4) were 
calculated for each time-point within each treatment and represent four repeats of the 
RH-shift experiment described in Materials and Methods.  All P-values >0.05. 

In leaves, CyP mRNA levels at 0600 h under 90% RH Day 1 were 2-fold higher 

than 1700 h and were 1.7-fold higher than levels at 60% RH at the same time of day 

(Fig. 7, Tables III and IV). 
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Figure 7. CyP mRNA levels in leaves of RH -shift experiment.  
Levels of mRNAs were calculated as 2-Ct using the e-corrected Ct value described 
above and are presented in the resultant arbitrary units.  Means (±SE, n=4) were 
calculated for each time-point within each treatment and represent four repeats of the 
RH-shift experiment described in Materials and Methods. P-values are presented in 
Tables III and IV. 

CyP mRNA levels were, based on averages, up to three-fold higher in guard cells 

than leaves (Table III), similar to Leonhardt et al. (2004).  In leaves, SUT and RBCS 

mRNA levels were greater than CyP mRNA levels and SPS mRNA levels were similar 

to CyP mRNA levels (Table VIII). 
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Table III Statistical analyses of mRNA levels of CyP in guard ce lls and leaves of 
RH-shift experiment.  
For each time-point within each treatment, the CyP mRNA levels were calculated as 2-Ct 
using the e-corrected Ct value described above.  Mean levels (n=4) were used to 
calculate the ratios presented (upper numbers).  P-values (lower number) are based on 
a 2-tailed, homoscedastic t-test.  Shading indicates P-value $0.05. 

 

Table IV. Statistical analyses of mRNA levels of CyP in gua rd cells and leav es of 
RH-shift experiment.  
For each time-point, CyP mRNA levels between treatments are compared.  CyP mRNA 
levels were calculated as 2-Ct using the e-corrected Ct value described above.  Mean 
levels (n=4) were used to calculate the ratios presented (upper numbers).  P-values 
(lower number) are based on a 2-tailed, homoscedastic t-test.  Shading indicates 
P-value $0.05. 
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Effects of petiolar feeding of suc and mann  

Over the course of 5 hours, 50 mM suc, mann, or H2O (control) were fed into the 

transpiration stream of bifoliates under control growth conditions.  The effects of 

petiole-fed suc and mann on E, stomatal aperture size, and mRNA levels of the 

selected genes are presented in the following sections. 

Petiolar fed suc and mann accumulated in the apopla st and decreased E  

E was measured as described in Materials and Methods throughout the five-hour 

period for three bifoliates (A, B, and C of Fig. 8), each from a different plant.  At the 

beginning of the five-hour period, Es of H2O and treatments were similar.  As the 

feeding time increased, E of the H2O control increased and E of the mann and suc 

treatments decreased (Fig. 8).  The increase in E of the H2O control is likely because 

the addition of H2O decreases the solute concentration in the transpiration stream and 

makes H2O readily available to leaves. 

The mean and SE of the final four E values in Figure 8 are presented in Figure 9.  

The mean Es of suc- and mann-fed bifoliates (both 0.7 mmol m-2 s-1) were 

approximately 4-fold less than the H2O control (2.6 mmol m-2 s-1).  Stomatal aperture 

sizes of suc- and mann-fed bifoliates (<1 µm) were 5-fold less than those fed H2O 

(4 µm).  The estimated apoplastic solute concentrations in suc- and mann-fed bifoliates 

were about 200 mM (assuming no metabolism or sequestration) (Fig. 9). 

Based on the approximate apoplastic solute concentrations and the average E of 

solute-fed bifoliates, the solute delivery rate to guard cells can be calculated (see 

section Leaf-apoplast sap collection and apoplastic sap suc-concentration 

measurements in Materials and Methods for calculation method).  Based on a mean 

apoplastic solute concentration of 200 mM and E of 0.7 mmol m-2 s-1 (Fig. 9), the solute 

delivery rate to guard cells was 154 pmol per guard cell per hour, which is 3-7-fold the 

delivery rate of non-fed control plants at 60% RH (Fig. 18, see section Increased RH 

decreased E and suc delivery to guard cells of Results) and 10-20-fold the delivery rate 

at 90% RH (Fig. 18).  Ranges were calculated from different suc delivery rates at 

different times of day at 60% and 90% RH. 



39 

 

Figure 8. Petiolar fed suc and mann decreased E over time.  
Suc and mann, 50 mM, were fed via the petiole into the transpiration stream.  The 
amount of solution taken up into the leaf over time and the surface area of the leaf were 
used to calculate a close approximation of E.  Each point represents mean E over the 
period between that point and the previous point.  Treatments occurred over a 5-hour 
time-period (1130 h-1630 h, x-axis).  The experiment was repeated three times (repeats 
A, B, and C). 

Petiolar feeding of suc affected mRNA levels of sel ected genes in leaves  

Suc (50 mM), mann (50 mM), and H2O (control) were fed into the transpiration 

stream of bifoliates to determine the effects of these solutes on the mRNA levels of 

selected genes.  The purpose of this experiment was to replicate the experiments by 

others that formed the bases for the general conclusions that many of the selected 

genes are sugar-regulated at the level of gene expression.  As discussed in the 

Introduction, sugar regulation of expression of many of the selected genes varied based 



40 

on factors such as tissue type, cell type, development, and type and concentration of 

sugar.  This experiment and the experiment described in the following section determine 

sugar and ABA regulation of selected genes in the current experimental system.  Levels 

of CyP-normalized mRNAs are presented on a logarithmic scale relative to the H2O 

control. 

 

Figure 9. Petiolar fed suc and mann decreased E and stomatal ap erture size.  
Detached bifoliates were fed 50 mM suc, mann (osmotic control), or H2O (control) for 
5 hours (1130-1630 h) via the petiole.  Stomatal aperture sizes (' 50 from each of 6 
leaflets of 3 bifoliates) were measured at the end of the treatment and the means (±SE, 
n=3) are presented.  Approximations of E and apoplastic solute concentration are based 
on foliar uptake of feeding solution (see Fig. 8). 
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The presence of suc or mann in the transpiration stream correlated with changes 

in mRNA levels in leaves for some of the selected genes (Fig. 10).  STP mRNA levels 

were reduced about 25-fold by suc, though with high variability, and were reduced less 

than 2-fold by mann, with much less variability than the effect of suc (see Table IV for 

means and P-values).  Unexpectedly, SUT mRNA levels in leaves were not affected by 

suc or mann in the transpiration stream.  Neither RBCS nor SPS mRNA levels were 

affected by suc.  Interestingly though, SPS mRNA levels increased more than two-fold 

in the presence of mann.  Neither cwINV nor SS mRNA levels were affected by suc or 

mann.  AGPS was induced about two-fold by suc, but not mann.  In summary, the 

mRNA levels that were affected by suc with some specificity over mann included STP 

(with a caveat of high variability) and AGPS.  Increases in SPS mRNA levels by mann, 

but not suc may indicate metabolism or sequestration of suc, thus reducing the osmotic 

effect of suc, otherwise, osmotic effects of suc and mann would be expected to be 

similar.  Metabolism or sequestration of suc is further supported by the effects of suc 

and mann on ABG1 mRNA levels.  Interestingly, ABG1 mRNA levels were induced 

25-fold by mann and 5-fold by suc.  The effects of mann and suc on ABG1 mRNA levels 

may be indicative of involvement of ABA in osmotic responses, as ABG1 mRNA levels 

are highly sensitive to ABA (see Fig. 15 and Aghoram et al., 2000). 

Effects of suc and ABA incubation on guard cells  

Guard cells were incubated in solutions of suc (150 mM), mann (150 mM), ABA 

(2 µM), ABA and suc, or ABA and mann.  The rationale behind the chosen 

concentrations is discussed in the Materials and Methods.  The purposes of this 

experiment were to determine the direct effects of solutes that accumulate around 

transpiring guard cells on stomatal aperture size (Fig. 11) and on mRNA levels of 

selected genes (Figs. 12, 13, 14, and 15 and Table V). 

Incubation of guard cells in suc and ABA decreased stomatal aperture size  

Incubation of guard cells in 150 mM suc or mann (osmotic control) decreased 

stomatal aperture size slightly, from around 6.5 µm in buffer control to 6 µm in suc and 

5 µm in mann (Fig. 11).  Smaller stomatal aperture sizes in the presence of mann than 
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in the presence of suc are indicative of metabolism or sequestration of suc.  ABA, 2µM 

decreased stomatal aperture size to around 3 µm.  Interestingly, suc and ABA together 

decreased apertures further to around 1 µm.  Furthermore, stomatal aperture sizes in 

the presence of mann and ABA (around 2.5 µm) were not different from stomatal 

aperture sizes in the presence of ABA only (Fig. 11). 

 

Figure 10. Petiolar fed suc and mann affected mRNA levels in l eaves. 
Detached leaves were fed 50 mM suc, 50 mM mann (osmotic control), or H2O (control) 
for 5 hours (1130-1630 h).  Levels of mRNA were measured with RT-rtPCR, analyzed 
using the e-corrected 2-&&Ct method described in section rtPCR of Materials and 
Methods.  Levels of CyP-normalized mRNA relative to H2O control on a logarithmic 
scale for each selected mRNA are presented.  Means (±SE, n=3) represent three 
bifoliates, each from a different plant.  Statistical analyses are presented in Table IV. 
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Table V. Statistical analyses of the effects of suc or man n, fed via the pe tiole, on 
mRNA levels in leaves.  
Fold-change (upper number, 2-&&Ct) and P-values (lower number, 2-tailed, 
homoscedastic).  Shading indicates P-value $0.05. 

 

 

Figure 11. Incubation of guard cells in suc and ABA decreased stomatal aperture 
size.  
Epidermal peels were incubated in solutions of suc (150 mM), mann (150 mM), ABA 
(2 µM), ABA and suc, or ABA and mann for 5 hours (1100 h-1600 h).  Means of 
stomatal aperture size (±SE, n>300) of at least 6 different leaves from at least 4 growth 
lots for each condition are presented.  For all treatments P-value<0.01. 
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The additive effects of suc and ABA on stomatal aperture size are likely specific 

to suc and not due to the osmotic effects of suc.  To my knowledge, this is the first 

demonstration of additive effects of ABA and suc on stomatal closure.  These findings 

are particularly interesting in light of recently discovered overlaps between suc and ABA 

signal transduction as discussed in the Introduction.  These ideas are further discussed 

in the Discussion. 

Incubation of guard cells in suc and ABA affected g uard -cell mRNA levels of 
some selected genes  

The effects of suc and ABA on mRNA levels of the selected genes are 

presented.  Results are grouped based on the functional categories of the proteins 

encoded by the mRNAs measured.  Levels of CyP-normalized mRNAs are presented 

on a logarithmic scale relative to the buffer control.  Levels of mRNAs of genes 

associated with sugar transport, sugar synthesis, and sugar utilization are presented in 

Figures 12, 13, and 14, respectively.  Levels of the mRNA of the ABA-regulated gene 

ABG1 are presented in Figure 15.  Fold changes in mRNA levels and statistical 

analyses for all mRNA-level comparisons are presented in Table V. 

STP and SUT mRNA levels were 2.5-fold and 3-fold lower, respectively, in guard 

cells incubated in 150 mM suc for 5 hours than those incubated in the buffer control 

(Fig. 12).  Neither STP nor SUT mRNA levels were affected by 150 mM mann, 

indicating that the effects of suc are specific and not due to osmotic effects.  STP and 

SUT mRNA levels were lower in the presence of suc regardless of the presence of 

ABA, which alone did not affect mRNA levels, further supporting the conclusion that suc 

effects were specific. (Figure 12, Table V). 

The mRNA levels of the sugar-synthesis-associated genes RBCS and SPS 

mRNAs were not affected by suc, mann, or ABA (Fig. 13).  SPS mRNA levels were 

slightly higher, mean of 1.5-1.7-fold (P=0.07-0.08, Table V) in the presence of ABA, with 

or without suc (Fig. 13). 
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Figure 12. Effects of suc and ABA on STP and SUT mRNA levels i n guard cells.  
Epidermal peels were incubated in solutions of suc (150 mM), mann (150 mM), ABA 
(2 µM), ABA and suc, or ABA and mann for 5 hours (1100 h-1600 h) as in Figure 11.  
Levels of mRNA were measured with RT-rtPCR, analyzed using a e-corrected 2-&&Ct 
method, and are presented on a logarithmic scale as level of CyP-normalized mRNA 
relative to buffer control.  Means (±SE, n=3) are presented.  Statistical analyses are 
presented in Table V. 

The mRNA levels of the sugar-utilization-associated genes INV and AGPS were 

not affected by suc, mann, or ABA (Fig. 14).  SS mRNA levels were not affected by suc 

or mann, but were 2-3-fold higher in the presence of ABA, regardless of the presence of 

suc or mann. (Fig. 14). 
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Figure 13. Effects of suc and ABA on RBCS and SPS mRNA level s in guard cells.  
Details as in Figure 12. 

As expected, mRNA levels of ABG1, a gene previously shown in guard cells to 

be highly sensitive to ABA (Aghoram et al., 2000), were much higher (around 120-fold 

control) in the presence of ABA, and highest (about 160-fold) in the presence of both 

ABA and suc compared to the buffer control (Fig. 15, Table V).  Interestingly, ABG1 

mRNA levels were not affected by suc or mann alone.  The results of the incubation 

treatments on ABG1 mRNA levels in guard cells indicate that neither suc nor mann 

induce ABA synthesis in guard cells that results in changes in ABG1 mRNA levels. 



47 

 

Figure 14. Effects of suc and ABA on cwINV, SS, and AGPS mRN A levels in guard 
cells.  
Details are as in Figure 12. 

 

Figure 15. Effects of suc and ABA on ABG1 mRNA levels in gua rd cells.  
Details as in Figure 12. 
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Table VI. Statistical analyses of the effects of suc, mann, and ABA on mRNA levels in 
guard cells. 
Fold change (upper number, 2-&&Ct) and P-values (lower number, 2-tailed, 
homoscedastic).  Shading indicates P-value $0.05. 

 

Effects of inc reased RH  

As described in the Introduction, increased RH decreases E.  For this 

experiment, RH was raised from 60% to 90% to decrease E and thus decrease delivery 

of apoplastic solutes to guard cells.  Effects of increased RH on E, A, leaf-apoplast-sap 

suc concentration, suc delivery to guard cells, and mRNA levels of selected genes are 

presented in the following sections. 
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Increased RH decreased E and suc delivery to guard cells  

E is equal to the product of the driving force for water loss and leaf conductance 

to gas exchange.  The driving force for water loss was 6-10-fold less at 90% RH than 

60% RH (see section Gas exchange measurements of Materials and Methods for 

calculation).  Conductance for gas exchange was 3-fold more, maximally, at 90% RH 

(600 mmol m-2 s-1 at 1100 h) than at 60% RH (200 mmol m-2 s-1 at 1100 h).  Considering 

changes in both the driving force for water loss and leaf conductance, E was 

2.5-3.5-fold lower at 90% RH (0.7 mmol H2O m-2 s-1 at 1100 h) than at 60% RH 

(2.6 mmol H2O m-2 s-1 at 1100 h) (Fig. 16).  Although the increase in conductance at 

90% RH on Day 1 correlated with a slight decrease in leaf temperature of about 1¡C, 

consideration of ±0.5¡C for both RH conditions maintains a minimal decrease in E of 

2-fold. 

Under similar growth conditions, maximal values for conductance at 60% RH are 

typically less (about 150 mmol m-2 s-1) than those measured here (Lu et al., 1995; 

Zhang and Outlaw, 2001c), though the conductances of field-grown plants are typically 

higher (up to around 1000 mmol m-2 s-1) (Bunce, 2001).  Interestingly, under 90% RH 

(Day 1, 1400 h), conductance was maximal (%#>1000 mmol m-2 s-1) at the same 

time-point as a drop in leaf-apoplast-sap suc.  This latter observation is interesting in the 

contexts of the general model being tested (Fig. 4 of Outlaw, 2003) and the 

relationships between apoplastic suc concentration and stomatal aperture size that are 

discussed in the Introduction. 

Calculations of E based on mean stomatal aperture size (data set not shown) 

and conductance were similar.  The relationship between conductance and stomatal 

aperture size that was determined in Zhang and Outlaw (2001c) held at 60% RH under 

the conditions of the experiments presented here.  The relationship did not hold at 

90% RH.  Stomatal aperture sizes calculated based on the relationship presented in 

Zhang and Outlaw (2001c) were about 2.5-fold higher than were measured, indicating 

that the relationship between stomatal aperture size and E is different at 90% RH than 

at 60% RH. 
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As expected, E and A were higher during the light period than the dark for all 

humidity conditions.  Concomitant with the increase in conductance, A at 1100 h was 

about 1.4-fold higher under 90% RH (7.9 µmol CO2 m
-2 s-1) than under 60% RH 

(5.5 µmol CO2 m
-2 s-1). 

 

Figure 16. E in control conditions (60%  RH) or conditions of low E (90%  RH Day 1 
and Day  6). 
Measurements were made during the hour before the indicated time-points (photoperiod 
begins at 0600 h) on the first day (Day 1) and on the sixth day (Day 6) following a switch 
from 60% RH to 90% RH.  E was determined as described in Materials and Methods. 
Means (±SE) are presented and * indicates P<<0.001, t-test with comparisons made 
within each time-point to 60% RH control.  For E, n' 24 leaflets from 7 growth lots. 
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The A values presented are between those measured by Kang et al. (2007a) in control 

conditions at 60% RH (10 µmol CO2 m
-2 s-1) and shaded (2 µmol CO2 m

-2 s-1), but are 

less than rates (10-15 µmol CO2 m
-2 s-1) measured under high light 

(1500 µmol PAR m-2 s-1) (Prasad et al., 2004).  Considering the relatively low light 

(200-450 µmol PAR m-2 s-1) in the presented experiments, the relationships between A 

and PAR of Kang et al. (2007a) and the data presented here are not different. 

Although A did not change after the first few hours post-dawn (data not shown, 

see Krapp and Stitt (1995) for similar results), the suc concentrations in the 

leaf-apoplast sap increased throughout the light period from 3 to 13 mM at 60% RH 

(Fig. 17) (similar to Lu et al., 1997).  At 90% RH, however, the suc concentration in the 

leaf-apoplast sap was less variable at 6-9 mM (Fig. 17).  Typical values for the suc 

concentration of leaf-apoplast fluid are around 1-5 mM (Lohaus et al., 1995; Lu et al., 

1997; Kang et al., 2007a), though are variable.  Interestingly, during the hour prior to the 

onset of illumination on Day 6 at 90% RH, the concentration of suc in the 

leaf-apoplast-sap was 4-fold higher the 60% RH control (Fig. 17). 

At 60% RH, higher E and leaf-apoplast suc concentration resulted in a higher 

rate of suc delivery to the guard-cell wall (Figs. 16 and 17) than at 90% RH.  The rate of 

suc delivery to guard cells at 60% RH increased from pre-dawn rates of around 

1.6 pmol guard-cell-pair-1 h-1 to afternoon rates of around 33 pmol guard-cell-pair-1 h-1 

(Fig. 18).  At 90% RH, rates of suc delivery to guard cells during the light period were 

3-7-fold less than at 60% RH (Fig. 18).  The results presented in Figure 18 are similar to 

those presented in Outlaw and De Vlieghere-He (2001). 

In summary, E decreased around 3-fold when humidity was shifted from 60% to 

90% RH (Fig. 16), thus decreasing the mid-day suc-delivery rate by 3-7-fold (Fig. 18), 

based on E and leaf-apoplast-sap suc concentrations (Fig. 17). 



52 

 

Figure 17. Leaf-apoplast -sap suc concentrations of plants in in control cond itions 
(60% RH) or conditions of low E (90%  RH Day 1 and Day  6). 
Leaf-apoplast-sap suc concentration increased during the photoperiod when E was high 
(60% RH), but not when E was low (90% RH).  Humidity conditions are as described in 
Figure 16.  Means (±SE, n' 6 bifoliates, at least one from each of 3 plants from each of 
2 growth lots) are presented and * indicates P<0.05, t-test of comparisons within each 
time-point to 60% RH control. 
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Figure 18. Suc delivery to guard cells decreased when E decr eased.  
Suc delivery rate calculations were based on suc concentrations in the leaf apoplast 
(Fig. 17) and E (Fig. 13) (see Materials and Methods for more details).  Means (±SE, 
n' 6 bifoliates, at least one from each of 3 plants from each of 2 growth lots) are 
presented and * indicates P<0.05, t-test of comparisons within each time-point to 
60% RH control. 

E correlated with leaf and guard -cell mRNA levels o f selected genes  

For each gene analyzed, the effects of decreased E on mRNA levels in guard 

cells and leaves of selected genes are presented by group according to the function of 

encoded protein (Figs. 19, 20, 21, and 22).  Tables of fold-change effects on mRNA 

levels and relevant t-test comparisons for all genes are presented in Table VI (E) and 

Table VII (photoperiod).  Differences between mRNA levels of selected genes between 
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guard cells and leaves are presented in Table VIII.  Comparisons across tissue types 

must consider the following.  (1) Inherent differences in contaminant content of RNA 

isolated from guard cells and leaves may result in differences in RT reaction 

efficiencies, which are not accounted for.  (2) Differences in levels of the endogenous 

control mRNA require un-normalized comparisons. 

Sugar -transport -related genes  

A recent decrease in E (90% RH Day 1) correlated with 2-3-fold more STP 

mRNA at 1100 h and 1700 h in guard cells and leaves than in 60% RH (Fig. 19a and b, 

respectively).  On Day 6 following a decrease in E, mRNA levels in guard cells and 

leaves were similar to control conditions.  Under all conditions, STP mRNA levels 

increased 4-6-fold during the photoperiod (Fig. 19a and b), 

For SUT, at 90% RH Day 1 (1700 h), E correlated with 3-4-fold less mRNA levels 

in guard cells than at 60% RH (Fig. 19c).  Correlations with E were not observed with 

sustained low E (Day 6), when mRNA levels were similar to control conditions.  The 

decrease in SUT in response to a recent decrease in E was specific for guard cells 

(Figure 9c compared to d). 

Sugar -synthesis -related genes  

During Day 1 and Day 6 at 90% RH, RBCS mRNA levels in guard cells were 

about 3-fold and 2-fold more, respectively, than at 60% RH (Fig. 20a).  During Day 1 at 

90% RH, RBCS mRNA levels in leaves were about 12-fold more than at 60% RH.  

However, interestingly, during Day 6 at 90% RH, RBCS mRNA levels in leaves were not 

different than at 60% RH (Fig. 20b).  During Day 1 at 90% RH, SPS mRNA levels in 

both guard cells and leaves exhibited a 2-fold increase from 0600 h to 1100 h, though 

not during Day 6 or at 60% RH (Fig. 20c and d).  RBCS and SPS mRNA levels in 

leaves were 22-29-fold and 2-fold more than those in guard cells, respectively 

(Table VIII). 
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Sugar -utilization -related genes  

Levels of mRNAs of the selected sugar-utilization genes, cwINV, SS, and AGPS, 

did not closely correlate with E in either tissue (Fig. 21).  On the first day following a 

decrease in E (Day 1), AGPS mRNA levels were 2-3-fold higher at 1100 h than at any 

other time of the day for guard cells and leaves (Fig. 21e and f).  Neither SS nor cwINV 

mRNA levels correlated with time of day in either tissue (Fig. 21a, b, c, and d). 

ABA -induced ABG1  

The 14-fold accumulation of ABG1 mRNA in guard cells during the course of the 

day when E is high (60% RH), was abolished within the first day following a shift to 

reduce E (Day 1), but returned when plants remained under conditions of lower E for a 

few days (Day 6) (Fig. 22a). 

In leaves, a mid-day three-fold decrease in ABG1 mRNA levels was abolished 

within the first day following a decrease in E.  When plants remained in conditions of low 

transpiration for a few days (Day 6), ABG1 mRNA levels early in the day were three-fold 

lower than in control, but increased to control levels later in the day (Fig. 22b).  ABG1 

mRNA was four-fold more abundant in guard cells than in leaves. 

Statistical analyses of mRNA levels in guard cells and leaves of RH -shift 
experiments  

Statistical analyses of the effects of transpiration-rate changes (Table VI) and the 

photoperiod (Table VII) on levels of selected mRNAs in guard cells and leaves are 

presented.  For each comparison (indicated in left-hand columns) the fold-change (top 

numbers) and P-value (bottom numbers) are presented for each selected gene. 

Comparisons of mRNA levels of selected genes betwee n guard cells and leaves  

Tables III and VIII include comparisons of mRNA levels between guard cells and 

leaves at 60% RH. 
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Figure 19. STP (a and b) and SUT (c and d) mRNA lev els in guard cells (a and c) 
and leaves (b and d) of plants in control condition s (60% RH) or conditions of low 
E (90% RH Day 1 and Day  6). 
Guard cells and leaves were collected for mRNA-level analyses on the first (Day 1) or 
sixth (Day 6) day following a switch from 60% to 90% RH.  Control plants remained at 
60% RH.  Levels of mRNAs were measured with RT-rtPCR and are presented as levels 
of CyP-normalized mRNA relative to levels at 1100 h at 60% RH (control).  A 2-&&Ct 
method that incorporates PCR e was used for mRNA-level analyses and is further 
described in section rtPCR of the Materials and Methods.  Means (±SE, n=4 biological 
replicates from four growth lots) are presented. 



57 

 

Figure 20. RBCS (a and b) and SPS (c and d) mRNA leve ls in guard cells (a and c) 
and leaves (b and d) of plants in control condition s (60% RH) or conditions of low 
E (90% RH Day 1 and Day  6). 
A recent decrease in E correlated with increased levels of RBCS mRNA in guard cells 
and leaves (a and b).  SPS mRNA levels increased mid-day of Day 1 at 90% RH 
(c and d).  Details are as in Figure 19. 
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Figure 21. Levels of INV (a and b), SS (c and d), and AGPS ( e and f) mRNA in 
guard cells (a, c, and e) and leaves (b, d, and f) of plants in cont rol conditions 
(60% RH) or conditions of low E (90%  RH Day 1 and Day  6). 
Details are as in Figure 19. 
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Figure 22. ABG1 mRNA levels in guard cells (a) and leaves (b) of plants in control 
conditions (60%  RH) or conditions of low E ( 90% RH Day 1 and Day  6).  Details are 
as in Figure 19. 

Guard cells contained more CyP, (Tables III and VIII), SS, cwINV, and ABG1 mRNAs 

than leaves (Table VIII).Leaves contain much greater levels of SUT and, as expected, 

much greater levels of RBCS mRNAs than guard cells.  Table VIII allows comparisons 

across selected genes.  When comparing mRNA levels of guard cells and leaves, one 

must consider that inherent differences in contaminant content of RNA isolated from leaf 

tissue and guard cells were observed, as described in Materials and Methods, and may 

affect RT reaction efficiency. 
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Table VII E. Statistical analyses of mRNA levels of selected gen es in guard cells 
and leaves of plants at 60%  and 90% RH (Day 1 and Day  6) at each time -po int  
Fold-change (upper number, 2-&&Ct) and P-values (lower number, 2-tailed, 
homoscedastic).  Shading indicates P-value $0.05. 

STP SUT RBCS SPS cwINV SS AGPP ABG1
90% RH Day 1 vs 60% RH
Guard cells
0600 h Fold change 1.9 0.5 2.8 0.6 0.2 0.5 0.5 0.5

P value 0.18 0.13 <0.01 0.30 0.09 0.22 0.22 0.51
1100 h 2.7 0.6 3.0 0.8 0.7 0.9 0.7 0.6

0.02 0.25 <0.01 0.73 0.60 0.76 0.54 0.58
1700 h 2.5 0.3 1.6 0.4 0.3 0.7 0.5 0.1

0.04 0.04 0.13 0.13 0.40 0.24 0.22 <0.01
Leaves
0600 h 3.6 0.8 4.7 1.0 0.5 1.2 1.0 1.2

0.07 0.15 <0.01 0.08 0.08 0.98 0.30 0.83
1100 h 3.3 1.0 12.0 1.6 1.6 1.7 1.5 3.6

0.09 0.97 <0.01 0.31 0.39 0.05 0.38 0.09
1700 h 2.2 1.8 4.6 1.0 0.8 1.1 0.9 0.7

0.17 0.35 0.04 0.92 0.69 0.71 0.75 0.66
90% RH Day 6 vs 60% RH
Guard cells
0600 h 1.2 0.7 1.5 1.1 0.6 0.9 0.9 0.5

0.72 0.61 0.07 0.92 0.66 0.83 0.90 0.39
1100 h 1.1 0.9 1.9 1.1 1.1 1.2 1.0 1.4

0.78 0.79 0.04 0.86 0.90 0.60 0.99 0.70
1700 h 1.9 0.5 1.1 1.2 1.1 1.1 1.4 0.3

0.13 0.38 0.66 0.77 0.91 0.86 0.53 0.25
Leaves
0600 h 0.4 0.8 0.7 0.7 0.5 0.6 0.7 0.3

0.20 0.71 0.13 0.46 0.28 0.20 0.50 0.09
1100 h 0.5 0.5 0.9 0.8 0.6 0.7 0.5 0.8

0.29 0.38 0.82 0.67 0.40 0.51 0.30 0.76
1700 h 0.4 0.7 0.7 0.8 0.5 0.9 0.7 0.9

0.39 0.52 0.51 0.63 0.11 0.73 0.47 0.87  

Table VIII Photoperiod. Statistical analyses of mRNA levels of  selected genes in 
guard cells and leaves of plants at 60%  and 90% RH (Day 1 and Day  6) at each 
time -point  
Fold-change (upper number, 2-&&Ct) and P-values (lower number, 2-tailed, 
homoscedastic).  Shading indicates P-value $0.05. 
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STP SUT RBCS SPS cwINV SS AGPP ABG1
60% RH
Guard cells
1100 h/0600 h Fold change 0.9 0.9 1.1 1.4 0.4 0.8 1.8 2.7

P value 0.75 0.79 0.69 0.65 0.37 0.66 0.42 0.32
1700 h/1100 h 4.9 0.9 2.0 1.2 1.6 1.9 0.7 5.3

<0.01 0.82 0.06 0.74 0.69 0.15 0.58 0.11
1700 h/0600 h 4.2 0.7 2.2 1.7 0.6 1.5 1.3 14.4

0.03 0.66 0.05 0.43 0.72 0.41 0.71 0.02
Leaves
1100 h/0600 h 2.6 1.3 0.6 1.3 0.7 0.8 1.5 0.3

0.16 0.69 0.25 0.67 0.39 0.52 0.45 0.11
1700 h/1100 h 2.3 0.9 1.3 0.9 0.8 1.3 1.0 3.6

0.18 0.61 0.41 0.89 0.93 0.64 0.47 0.20
1700 h/0600 h 6.4 0.9 0.9 1.2 0.7 0.9 1.0 1.2

<0.01 0.85 0.60 0.78 0.22 0.84 0.93 0.84
90% RH Day 1
Guard cells
1100 h/0600 h 1.2 1.2 1.2 2.1 1.4 1.4 2.8 3.3

0.47 0.25 0.49 <0.01 0.50 0.33 <0.01 0.17
1700 h/1100 h 4.5 0.4 1.0 0.6 0.9 1.4 0.5 0.5

<0.01 <0.01 0.91 0.20 0.85 0.15 0.13 0.26
1700 h/0600 h 5.4 0.4 1.2 1.3 1.2 1.9 1.4 1.7

<0.01 <0.01 0.28 0.35 0.74 0.06 0.32 0.55
Leaves
1100 h/0600 h 2.4 1.6 1.5 2.0 2.0 1.2 2.1 1.0

0.11 0.10 0.41 0.06 0.15 0.43 0.01 0.96
1700 h/1100 h 1.7 1.3 0.6 0.6 0.6 0.8 0.4 0.7

0.36 0.64 0.42 0.19 0.28 0.25 0.02 0.52
1700 h/0600 h 4.0 2.1 0.8 1.2 1.1 0.9 0.9 0.7

0.05 0.15 0.79 0.48 0.83 0.76 0.68 0.47
90% RH Day 6
Guard cells
1100 h/0600 h 0.8 1.0 1.4 1.4 0.7 1.1 2.0 7.8

0.50 0.95 0.13 0.36 0.72 0.84 0.16 0.02
1700 h/1100 h 8.3 0.5 1.2 1.3 1.7 1.7 1.0 1.3

<0.01 0.31 0.48 0.43 0.22 0.12 0.99 0.70
1700 h/0600 h 6.4 0.5 1.6 1.9 1.2 1.8 2.0 10.3

<0.01 0.38 0.02 0.22 0.84 0.19 0.19 0.03
Leaves
1100 h/0600 h 2.8 0.8 0.7 1.5 1.0 1.0 1.1 0.9

0.18 0.68 0.58 0.54 0.95 0.96 0.92 0.90
1700 h/1100 h 2.3 0.9 1.3 0.9 0.8 1.3 1.0 3.6

0.41 0.84 0.73 0.92 0.63 0.61 0.97 0.04
1700 h/0600 h 6.7 0.8 0.9 1.4 0.8 1.3 1.0 3.3

0.11 0.55 0.85 0.49 0.71 0.59 0.94 0.12  
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Table IX. mRNA levels of selected genes bet ween guard cells and leaves.  
Levels of mRNAs of the selected genes are calculated as 2-Ct (using the e-corrected Ct 
value).  Means divided by 1x10-9 are presented. 
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DISCUSSION 

Increased RH decreased E and suc delivery to guard cells  

Solutes, including suc, in the transpiration stream accumulate at the site of 

evaporation, the guard cell wall, where they affect stomatal aperture size (Ewert et al., 

2000; Outlaw and De Vlieghere-He, 2001).  Broadly, the presented experiments were 

designed to better understand the biophysical and biochemical components of 

guard-cell regulation of and by E, suc, and ABA.  Suc accumulation in the guard-cell 

wall is involved in the hydromechanical and biophysical mechanisms of 

stomatal-aperture regulation by E.  The driving force for H2O loss is minimized by 

increasing RH, thus, as expected, E decreased (Fig. 16), though, increases in RH do 

not always result in decreased steady-state E (e.g., Jarvis et al., 1999).  The decreased 

E due to decreased gradient for H2O loss was accompanied by an increase in leaf 

conductance.  Increased conductance increased CO2 flux through the stomatal pore, 

resulting in a slight increase in A.  The increased A associated with increased stomatal 

conductance did not correlate with a large increase in suc concentrations in the leaf 

apoplast (Fig. 17).  Taken together, the imposed shift in RH resulted in decreased 

delivery of suc to guard cells (Fig. 18).  Similarly, delivery rates of other molecules, such 

as ABA, in the transpiration stream likely will decrease, provided that the concentrations 

of these solutes in the transpiration stream do not increase dramatically. 

Throughout the course of the day and in coordination with stomatal opening and 

increased E, suc accumulates in the guard-cell apoplast to about 150 mM and in the 

guard cell symplast to around 40 mM (Lu et al., 1995).  When suc was fed into the 

transpiration stream via the petiole, E decreased (Figs. 8 and 9).  Consistent with these 

observations, the suc uptake rate by guard cells increases as the apoplastic suc 

concentration increases and can account for maintenance of stomatal opening by suc 

(Ritte et al., 1999).  Conditions of physiologically high concentrations of suc in the 

guard-cell apoplast correlate with smaller stomatal aperture sizes (Outlaw and 

De Vlieghere-He, 2001; Kang et al., 2007a; Fig. 11,).  However, when epidermal peels 

are incubated in physiologically low concentrations of suc, stomata open (Reddy and 

Das, 1986). 
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The role of guard cells in regulating gas exchange, the fluctuations of suc in and 

around guard cells, and the rates of suc uptake by guard cells relative to the external 

suc concentration described above lead to the following hypothesis.  Suc concentration 

fluxes in and around guard cells are a mechanism for balancing H2O and carbon fluxes 

by adjusting and maintaining stomatal aperture sizes.  When high concentrations of suc 

accumulate around guard cells during conditions of high E and A (Outlaw and 

De Vlieghere-He, 2001; Kang et al., 2007a), rates of uptake do not balance the high 

external concentration of osmoticum, resulting in stomatal closure.  When the suc 

concentration in the guard cell apoplast is low, the osmotic effect in the guard-cell 

apoplast is low, allowing the suc that is taken up by guard cells to promote and maintain 

stomatal opening.  Indeed, within families of suc transporters (though a family has not 

been identified in V. faba) high-affinity, low-capacity and low-affinity, high-capacity 

transporters have been identified (reviewed in Lalonde et al., 2004).  Additionally, the 

rate of suc uptake is strongly inhibited by glc, which is efficiently transported into guard 

cell protoplasts (Ritte et al., 1999). 

mRNA levels in guard cells of selected genes correl ated with E  

As described above, at 60% RH, the suc concentration in the leaf apoplastic sap 

increases throughout the day and is higher when A is higher (Lu et al., 1995; Kang et 

al., 2007a).  At 90% RH, the suc concentration in the leaf apoplast (Fig. 17) and the rate 

of suc delivery to guard cells (Fig. 18) changed less throughout the day than at 

60% RH.  In guard cells, STP and SUT mRNA levels decreased in the presence of suc 

(Fig. 12).  Based on these observations, I expected STP and SUT mRNA levels in 

guard cells to be higher when E and the rate of suc delivery to guard cells were lower, 

such as pre-dawn (0600 h) and at 90% RH.  STP mRNA levels were 2.5-fold higher at 

90% RH than at 60% RH, as expected.  However, the effects of E on STP mRNA levels 

in guard cells that were observed within Day 1 following the shift to 90% RH were not 

observed on Day 6, possibly indicating acclimation as described later in the Discussion.  

Furthermore, STP mRNA levels were more than four-fold higher at mid-day than at 

pre-dawn in all RH conditions. 
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Regulation of STP mRNA levels by suc and glc is complex and family-member 

specific.  Both suc and glc can increase or decrease STP mRNA levels, protein levels, 

and transport activity, even within the same sink, such as in grape berries 

(Atanassova et al., 2003; Conde et al., 2006).  Overall, STP mRNA levels increased 

throughout the day and, after a recent decrease in E, were higher at all times of the day.  

One may conclude that decreased E may have led to decreased concentrations of 

down-regulators of gene expression, such as suc, in the transpiration stream.  However, 

analyses of STP mRNA levels throughout the day confound the conclusion that suc is a 

down-regulator of gene expression because suc accumulates in and around guard cells 

throughout the day (Lu et al., 1995).  However, diurnal regulation of STP mRNA levels 

may be disconnected from E regulation and be driven by other regulators of STP gene 

expression, such as light (Stadler et al., 2003). 

STP mRNA levels increased throughout the day in both guard cells and whole 

leaves (Fig. 19a and b).  In both tissues, STP mRNA levels were reduced by treatment 

with suc (Figs. 10 and 12), which accumulates around guard cells throughout the day 

(Lu et al., 1995).  Thus, the increase in STP throughout the day may not be directly 

mediated by suc, but may be regulated more strongly diurnally (e.g., through 

light-mediated mechanisms) or by another transpiration-linked molecule such as glc, 

which is transported by the STP protein and for which guard cells have significant 

uptake capacity (e.g., Ritte et al., 1999).  Correlations between STP mRNA levels and E 

in both guard cells and leaves do not directly align with the hypothesis that sugars 

accumulate around guard cells and induce signal transduction in guard cells specifically.  

However, the signal transduction pathways in guard cells and leaves that lead to 

changes in mRNA levels may be different.  Differences in the signal transduction 

pathway are likely, considering that guard cells are sinks for carbohydrates and leaves 

are net sources of carbohydrates.  If the signal transduction pathways are different, but 

have the same outcome of changes in mRNA levels, guard-cell specific signal 

transduction would not be discernable by these experiments.  Moreover, because suc 

can be cleaved to produce glc and fru by cwINVs, the effects of suc are not, in the 

experiments presented, discernable from the cleavage products without further 

experimentation.  Like suc, glc can affect STP mRNA levels, protein levels, and 
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transport activity as described in the Introduction.  Regulatory interactions between 

components of the transpiration stream, such as Ca2+ and plant-growth regulators, also 

make interpretations and generalization difficult.  For example, by feeding solutions of 

suc or mann, I likely decreased concentrations of other components of the transpiration 

stream, such as roots-source ABA. 

STP mRNA levels are about four-fold lower within the hour prior to the onset of 

the photoperiod than in the afternoon, which is in accordance with a previous study of 

circadian-related gene expression in A. thaliana that shows several sugar transporter 

mRNA levels peak in the afternoon (Harmer et al., 2000).  In contrast, previous 

measurements of guard-cell AtSTP1 mRNA levels were six-fold higher in the dark 

(including the hour prior to the onset of the photoperiod) (Stadler et al., 2003).  

Differences in results of experiments addressing light regulation of STP mRNA levels 

may be due to differences in regulation of members of the STP gene family of 

A. thaliana, from which several STP genes have been reported.  In V. faba, only one 

STP has been reported (Sauer, 2007), though others may not have been identified yet.  

Differences may also be related to growth conditions.  The photoperiod of the 

A. thaliana plants included a dark period of 16 hours per day in Stadler et al. (2003) and 

12 hours in Harmer et al. (2000), respectively.  In my experiments, V. faba plants were 

in the dark for 8 hours per day.  Photoperiod is linked to sugar synthesis and E, thus 

investigating how photoperiodicity interacts with the carbon balance within the plant and 

within guard cells will be interesting.  Indeed, levels of light and sugars interact in leaf 

metabolism (e.g., Krapp et al., 1991).  Carbon concentrations are most affected at low 

irradiance.  For example, a 2.5-fold change in irradiance from 16 to 

40 µmol PAR m-2 sec-1 results in a 10-fold increase in both glc and suc concentrations 

when plants experience 9 hours of light per day. 

Although in guard cells, both STP and SUT decreased in response to suc, they 

had opposite responses to E, indicating that a factor is present in or around guard-cells 

to which STP and SUT have different responses.  At 60% RH, when E was higher, SUT 

mRNA levels in guard cells did not correlate with time of day nor E.  When E was lower, 

levels of SUT mRNA were more than two-fold lower in the afternoon than the morning 

and were more than three-fold lower with low E, as in the afternoon, than with high E 



67 

(Fig. 19c).  Thus, when transpiration rate is low and suc is not accumulating around 

guard cells, but is higher inside guard cells (Outlaw and De Vlieghere-He, 2001), SUT 

mRNA levels are lower.  Suc around guard cells as an intermediary of the effects of E is 

not supported because SUT mRNA levels decreased in guard cells about four-fold in 

the presence of suc (Fig. 12).  In leaves, neither E nor petiole-fed suc affected SUT 

mRNA levels (Fig. 10). 

Several studies present down-regulation of SUT mRNAs in leaves in the 

presence of suc both directly applied to cells and fed to leaves via the transpiration 

stream; though at least one SUT mRNA, SUT2 of tomato, is more abundant in the 

presence of suc (Barker et al., 2000).  When leaves are fed >50 mM suc for 24 h, 

suc-transport activity decreases more than 4-fold; though, not when fed 50 mM or less, 

though this was not observed when leaves were fed glc.  Coordinately, when leaves are 

fed >100 mM suc for 24 h, mRNA levels of SUT decrease (Chiou and Bush, 1998).  

Exposure of leaf cells to 100 mM suc results in a decrease in SUT transcription rates, 

SUT mRNA levels, and suc transport rates (Vaughn et al., 2002). 

Leaf tissue contained an estimated 100-fold more SUT and 4-fold more STP 

mRNA than guard cells (Table VIII), similar to the results of Kopka et al. (1997).  Levels 

of mRNAs of some members of the suc- and hexose-transporter gene families were 

more highly expressed in guard cells than leaves, others were not (Leonhardt et al., 

2004). 

ABA was a mediator of correlation between E and gua rd-cell gene expression  

At 60% RH, ABA accumulates around guard cells to concentrations up to about 

30-fold the concentration in the xylem sap (evidence reviewed in Outlaw, 2003); 

whereas, suc accumulates to concentrations up to about 7-fold (Outlaw and 

De Vlieghere-He, 2001).  Differences may be due to rates of uptake or metabolism.  

When the E is decreased, any molecule in the transpiration stream that does not 

increase in concentration potentially would have a decreased delivery rate, as 

presumed for ABA for the following reasons.  (1) A decrease in E and decreases in 

other stresses are inversely proportional to increases in ABA production in either the 

root or the shoot.  (2) The increase in stomatal aperture size that accompanies a 
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decrease in E indicates that ABA delivery to or synthesis by guard cells is lower when E 

is lower.  Thus, the treatment (90% RH) is decreased delivery of suc and ABA, and 

possibly other molecules, to guard cells, the end-points of the transpiration stream. 

Interestingly, suc alone has a modest effect on aperture, but when suc and ABA 

are both present, stomatal aperture size is reduced further than either alone and mann 

with ABA does not have the same effect.  One possibility is that ABA inhibits suc uptake 

as one means of promoting stomatal closure (Fig. 11).  Suc and ABA accumulation 

under high E may decrease stomatal aperture size by (1) ABA-signaling-induced 

stomatal closure, (2) ABA-mediated inhibition of suc uptake, (3) osmotic influence of suc 

in the guard cell apoplast, and (4) other mechanisms of ABA-induced decreases in suc 

and malate concentration in guard cells as were observed in Outlaw (1995).  Direct 

effects of ABA on suc uptake rates in guard cells have not been studied to my 

knowledge. 

Overlaps between suc and ABA responsive genes in their responses to suc and 

ABA and in elements present in promoters of ABA- and suc-regulated genes were 

serendipitously discovered during mutant-based studies of ABA or suc signaling 

(e.g., Arenas-Huertero et al., 2000).  In my study, ABA increased SS mRNA levels 

three-fold; however, ABA with suc, but not with mann, prevented some of the increase 

in SS mRNA levels (Fig. 14).  The ABA-induced increase in ABG1 mRNA levels was 

ABA specific (Fig. 15).  The SUT and STP decreases were suc specific, although some 

STP genes have both suc-and ABA-responsive promoter elements (Stadler et al., 

2003).  ABA and suc together did not affect any of the selected mRNAs in a way that 

was different from ABA or suc alone. 

When E decreased, ABG1 mRNA levels decreased in guard cells specifically 

(Fig. 22).  ABG1 mRNA levels in guard cells are not affected by suc or mann and 

increase to high levels in the presence of ABA (Fig. 15).  These results support the 

hypothesis that the transpiration stream carries ABA to guard cells and results in signal 

transduction in guard cells that changes mRNA levels.  In guard cells, ABG1 is not 

responsive to osmotica, possibly because osmotica are pivotal in the function of guard 

cells, yet guard cells need to respond to ABA as a long-distance signal (e.g., from 
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H2O-stressed roots).  Concentrations of ABA in the guard cell apoplast can exceed 

concentrations in the xylem sap, by 13-fold in Zhang and Outlaw (2001b).   

Interestingly, in leaves, ABG1 mRNA levels increase in the presence of both 

mann and suc (Fig. 10).  Though non-quantitative methods show ABA feeding leads to 

increased ABG1 mRNA levels in leaves (Aghoram et al., unpublished), future work 

should include quantification of the effects of ABA on mRNA levels of ABG1 in leaves to 

determine whether ABG1 has a role that is specific for guard cells. Thus, the slight 

changes in ABG1 mRNA levels in leaves may be due to changes in osmotic potential or 

due to changes in ABA concentration.  Changes in guard cells are likely due to ABA, 

primarily or specifically. 

Unlike root-H2O stress conditions, which alter concentrations of ABA around 

guard cells by altering the concentration of ABA in the transpiration stream, 

manipulation of the rate of transpiration decreases ABA delivery by changing the rate of 

transpiration.  Recoverable H2O-stress by withholding H2O causes a five-fold increase 

in SS mRNA levels in guard cells (Kopka et al., 1997).  SS mRNA levels were around 

three-fold higher in guard cells in the presence of ABA, but not suc or mann (Fig. 14) 

and SS mRNA levels in leaves were not affected by suc or mann feeding (Fig. 10).  

Although SS mRNA levels are higher in guard cells exposed to ABA, SS is not 

significantly affected by shifts in E.  This discrepancy between ABG1 mRNA regulation 

in guard cells by both ABA (Fig. 15) and E (Fig. 22) and SS regulation by only ABA 

(Fig. 14) may be attributed to the greater sensitivity of ABG1 to ABA mRNA levels than 

SS, which, in the presence of ABA, were >100-fold and about 3-fold higher, respectively 

(Table V).  Thus, the levels of ABA that accumulate around guard cells during 

non-stress conditions may not be high enough to trigger changes in SS mRNA levels.  

The accumulation of ABA around guard cells under non-stress conditions is important 

for understanding stomatal responses and long-distance signaling in plants.  The very 

low concentrations of ABA around guard cells under non-stress conditions are difficult to 

measure; thus the use of a genetic marker, such as ABG1, may be an important tool for 

understanding ABA signal transduction in guard cells.  A better understanding of the 

relationships between ABA concentration in and around guard cells and ABG1 mRNA 

levels would advance this idea. 
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E correlated with an increase in RBCS mRNA abundanc e in guard cells and 

leaves  

Glc and suc, when fed via the transpiration stream, result in dramatic 

accumulation of glc, fru, suc, and starch in the leaves and reduce RBCS mRNA levels 

and Rubisco activity after a few hours (Lee and Daie, 1997) and a few days 

(Krapp et al., 1991).  In one study, RBCS mRNA levels and Rubisco activity decreased 

within days of feeding 75 mM suc (Lee and Daie, 1997).  In another, only after a few 

days of feeding 50 mM suc, mRNA levels of RBCS decreased and Rubisco activity 

changed only after a few days (Krapp et al., 1993).  Differences in temporal responses 

of mRNA levels to sugars may be attributed to growth conditions, such as light (low in 

Krapp and Stitt, 1995 and high in Lee and Daie, 1997).  Effects of glc and suc can be 

difficult to differentiate because suc can be cleaved to produce glc and fru, which 

decrease osmotic potential and have signal transduction roles.  Although we know 

monosaccharides are in the transpiration stream, substantiated models for the roles and 

regulation of sugars in the transpiration stream do not exist. 

In both guard cells and leaves, RBCS mRNA levels were not affected by suc 

(Figs. 13 and 10, respectively).  When the suc-delivery rate to guard cells decreased 

(Fig. 18), upon decreased E, RBCS mRNA levels increased around 2-3-fold in guard 

cells and up to 12-fold in leaves (Fig. 20).  The increased levels of RBCS mRNA did not 

correlate with increased leaf-apoplast suc concentrations.  Discrepancies between 

mRNA levels and enzyme activities are common and for many enzymes activity, is 

regulated translationally and post-translationally.  For example, after several days of 

photosynthate-export inhibition by cold girdling, concentrations of many sugar 

intermediates of photosynthesis in leaves increase and Rubisco activity decreases days 

after mRNA levels of RBCS and AGPS mRNA levels decrease, which occurs within a 

day after inhibition (Krapp and Stitt, 1995).  Cold girdling eliminates export of 

photosynthate from leaves; whereas, petiolar feeding, as presented here, supplies 

sugars to the leaves.  Furthermore, mRNA levels of SPS, which is also involved in suc 

production, were not affected by E (Fig. 20).  Comparisons of Day 1 and Day 6 at 

90% RH indicate that A and RBCS mRNA levels are not always correlated, as A 

remained high and RBCS mRNA levels returned to control levels.  One hypothesis is 
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that, by Day 6, increased sugar accumulation in leaves as a result of increased 

photosynthetic capacity, repressed RBCS mRNA levels.  However, suc levels do not 

increase in the leaf compared to the control except during the hour before the lights 

come on.  Taken together, these observations possibly indicate acclimation regarding 

diurnal carbohydrate metabolism.  RBCS mRNA levels were not measured in feeding 

regimes comparable to the Day 6 RH treatment.  In another study, leaves were fed 

50 mM suc or glc for 7 days and glc and suc concentrations in the leaf increased about 

10-fold during the first 3-4 days and then leveled and later, at around 9 d, began to 

decrease (Krapp et al., 1991). 

RBCS mRNA levels in Chenopodium cells decrease in the presence of 50 mM 

exogenous glc and when cwINV is overexpressed, which increases physiological 

concentrations of glc and fru (Krapp et al., 1993).  When leaves were fed 50 mM glc via 

the transpiration stream, photosynthesis components (including Rubisco content) 

decreased dramatically around the sixth day of feeding and the areas between the 

larger veins became pale.  This did not happen in non-photosynthetic leaves 

(Krapp et al., 1991). 

RBCS mRNA levels were 20-30-fold higher in leaves than in guard cells 

(Table VIII) as in Kopka et al. (1997) (though not quantified).  Corroboratively, 

photosynthetic carbon fixation in guard cells is low (<3% of mesophyll cells) and guard 

cells accumulate carbohydrates by transport from the guard-cell apoplast and by starch 

breakdown (reviewed in Outlaw, 2003).  SPS mRNA levels in guard cells were 2-3-fold 

lower than in leaves, corresponding with protein content in guard cells, which is about 

2-fold less in guard cells than in palisade cells (Hite et al., 1993).  In addition, SS protein 

content in guard cells is more than 2-fold higher than in mesophyll (Hite et al., 1993), 

and the SPS/SS ratio in guard cells and other non-photosynthetic cell-types in the leaf is 

much lower than photosynthetic cell types (Hite et al., 1993); indicating that guard cells 

metabolize sugars more like non-photosynthetic cells than photosynthetic cells. 

mRNA levels for sugar -utilization -related genes did not correlate with E  

AGPS mRNA levels in leaves increased two-fold when leaves were fed suc 

(Fig. 10), but guard-cell incubation in suc did not affect AGPS mRNA levels (Fig. 14).  
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Decreased E did not change the suc concentration in the leaf apoplast (Fig. 17), but 

decreased suc delivery to guard cells (Fig. 18).  When E was decreased (Fig. 16), 

AGPS mRNA levels were not affected in guard cells or leaves (Figs. 21e and f). Thus, 

the combinations of the effects of suc and E on AGPS mRNA levels in the guard cells 

and leaves do not allow the model to be tested with measures of AGPS mRNA levels.  

Furthermore, according to recent, unpublished work in our lab, the correlation between 

aperture and starch content (starch decreases as stomata open) is not affected by a 

recent (within one day) change in E.  Long-term studies would be of interest to 

determine if decreased suc delivery over a longer period would result in less starch in 

closed guard cells.  AGPase activity in guard cells is similar to the activity in 

photosynthetic cells and is four-fold the activity in epidermal cells (Outlaw and 

Tarczynski, 1984).  In the leaf, AGPS expression is primarily in guard cells and vascular 

tissue (MŸller-Ršber et al., 1994).  In my study, AGPS mRNA levels were 2-4-fold more 

in leaves than guard cells, similar to the non-quantified analyses of Kopka et al. (1997), 

but different from Leonhardt et al. (2004), in which higher levels were found in leaves.  

Levels of AGPS mRNA in both leaves and guard cells decrease in H2O-stress 

conditions (Kopka et al., 1997).   

Levels of cwINV mRNA were 6-26-fold higher in guard cells than in leaves 

(Table VIII).  Levels of cwINV mRNA were not affected by suc or E in either guard cells 

or leaves.  Although cwINV is actively studied in non-photosynthetic tissues, such as 

tubers, few studies focus on non-photosynthetic cells, such as guard cells, that are 

embedded among photosynthetic cells.  For example, in photosynthetic cotyledons of 

cucumber, cwINV mRNA is located in the vascular bundles and areas of the epidermis, 

especially trichomes (reviewed in Kingston-Smith et al., 1999). 

Long -term perturbations in E resulted in acclimation  

Responses to E at the mRNA level occurred within the first day following a 

decrease in E.  After a few days of growth at high RH, mRNA levels returned to control 

conditions, suggesting acclimation to low E.  Responses to perturbations in diurnal 

fluctuations of sugar metabolites involve significant changes in mRNA levels that are 

followed by changes in enzyme activities (reviewed in Smith and Stitt, 2007).  After 
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changes in sugar-modulated gene expression, metabolic changes generally occur over 

the course of several days (Koch, 1996).  RH is involved in acclimation to CO2 by guard 

cells.  When RH is high, stomatal aperture size typically decreases in response to 

increased CO2.  However, in low RH, stomatal aperture size is less sensitive to CO2 

(Talbott et al., 2003), perhaps because the driving force for H2O loss from leaves is high 

and is thus the major regulator of aperture.  Additionally, diurnal patterns are important 

in stomatal responses to environmental and endogenous signals and may be linked to 

acute responses, as recent environmental or endogenous perturbations disrupt diurnal 

patterning.  Acclimation may also influence development.  For example, growth 

conditions of mature leaves influence the stomatal density of developing leaves 

(Miyazawa et al., 2006). 

Summary and conclusions  

Transpiration rate correlated with mRNA levels specifically in guard cells for 

some of the selected genes, such as ABG1 and SUT.  The hypothesis that responses of 

guard cells to E involve signal transduction in guard cells that result in changes in 

mRNA levels is not rejected.  In guard cells and leaves, some mRNA levels also 

correlated with the photoperiod.  In the day following a decrease in E, RBCS mRNA 

levels in leaves increased several-fold.  In addition, the results of this study support the 

conclusion that suc and other solutes in the transpiration stream diminish E and 

stomatal aperture size.  My study contributes to our knowledge of suc, ABA, and E 

regulation of gene expression in guard cells and leaves and of the physiological 

responses to changes in E. 

I hypothesize that signaling in guard cells differs from the bulk of leaf cells and 

mechanisms for gene expression changes exist that are distinct in guard cells. 

Comparisons of the results of the guard-cell incubation and petiolar feeding experiments 

support the hypothesis that guard-cell-specific signaling mechanisms exist, though 

further experimentation is needed.  Suc and ABA independently regulated some of the 

mRNAs that are linked to E. 

The results of the presented research have led to suggestions to further develop 

the model presented in Figure 4 of Outlaw (2003).  First, ABA, a potent regulator of 
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gene expression, is produced in H2O-stressed tissues and cells, is present in the 

transpiration stream at sub-threshold levels, and accumulates to above-threshold levels 

around guard cells as evaporation occurs from the stomatal pore.  ABA accumulation in 

the guard cell apoplast triggers signal transduction that results in guard-cell-specific 

changes in mRNA levels of the ABA-regulated gene, ABG1, and possibly additional 

ABA-regulated genes.  Second, additional gene-expression regulators, such as glc, are 

suggested because neither suc, ABA, nor the osmotic control mann correlated with 

some of the E-linked gene-expression changes.  Third, and overall, signal transduction, 

measured by changes in mRNA levels, correlated with changes in E. 

Real-time visualization of contents of the transpiration stream and of changes in 

protein and mRNA levels, such as of STP and SUT, will deepen our understanding of 

the interactions between responses of guard-cells to signals in the transpiration stream.  

Furthermore, a thorough and precise inventory of the components of the transpiration 

stream, in addition to suc and ABA, will identify solutes that possibly accumulate around 

guard cells. 
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