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1. Introduction 

 

1.1 Carbon dioxide diffusion and mesophyll conductance 

 

Carbon dioxide (CO2), which is necessary for photosynthesis, comes from 

the atmosphere surrounding a leaf of a plant (Ca) and it has to reach the sites 

of carboxylation in the chloroplast. Within its pathway, several barriers occur that 

finally reduce CO2 concentration in the site of carboxylation. First diffusional barrier 

to CO2 transport is thin, non-moving layer of air at the leaf surface called boundary 

layer. The second one is stomatal resistance, then resistance of intercellular airspaces 

and finally mesophyll resistance – on a boundary between gaseous environment 

outside the mesophyll cell and liquid environment inside the cell (Fig. 1.1). 

 Although calculating with resistance is more convenient for a pathway with 

a series of limitations (Evans and von Caemmerer, 1996), components of CO2 

diffusion pathway are often described as conductance rather than resistance, especially 

when considering fluxes. Mathematically, conductance is reciprocal to resistance 

(g = 1/r). Presented study is focused on CO2 fluxes; hence it will consider 

conductance rather than resistance.  

  

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Schematic illustration of diffusion pathway of CO2 from the ambient (Ca) through leaf 
surface (Cs) and intercellular air spaces (Ci) to the chloroplast (Cc). Boundary layer conductance (gb), 
stomatal conductance (gs) and mesophyll conductance (gm) are figured. The partition of mesophyll 
conductance into three components - intercellular air space conductance (gias), cell wall conductance 
(gcw) and chloroplast conductance (gchl) - is figured on the right side of the figure where the cell wall 
(cw) and the chloroplast (chl) with granum is featured in detail. gcw and gchl are often being joined 
and сalled as liquid phase conductance (gliq) since CO2 has to diffuse through liquid phase inside the 
cell. 
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Two of above mentioned components of diffusional conductances dominate the 

CO2 transport to chloroplast – stomatal and mesophyll conductance. Stomatal 

conductance is given by the aperture of stomatal pore that actually enables CO2 uptake 

accompanied by loss of water. Stomatal conductance is large but flexible, and it 

responds to environmental variables such as photosynthetic active photon flux density 

(PPFD), CO2 concentration and atmospheric moisture (Evans and Loreto, 2000). 

 Mesophyll conductance involves CO2 diffusion from the substomatal cavity 

to the sites of carboxylation inside the cell (Warren, 2008a). There, the CO2 diffusion 

occurs in both gas and liquid phases. Subsequently, several components of mesophyll 

conductance can be distinguished. The first component includes diffusion of CO2 

in gas phase (gias) before it enters the cell. Formerly, gias was regarded to be significant 

limitation (Parkhurst and Mott, 1990). However, this component does not influence 

the CO2 flux notably, and therefore can be neglected (Parkhurst, 1994). When entering 

the cell, CO2 has to cross the cell wall (gcw) and dissolve in the solution. Finally, it 

diffuses in liquid phase (gchl) in the chloroplast stroma where it reaches 

the carboxylation enzyme (Fig. 1.1).  

 Formerly it was impossible to partition gm into its individual components. 

However, Gillon and Yakir (2000) presented possibility to provide an estimate 

of conductance from the intercellular air spaces to the chloroplast surface (gcw) 

and from the chloroplast surface to the sites of carboxylation (gchl). So nowadays, it is 

possible to distinguish what part of mesophyll conductance posses the greatest 

diffusional limitation for photosynthesis.  

                                                 

1.2 Importance of mesophyll conductance 

 

Mesophyll conductance was previously assumed to be infinite and constant, that 

means Ci = Cc, in other words, CO2 concentration in the chloroplast is the same like 

CO2 concentration in sub-stomatal cavity (Farquhar et al., 1980). It was also 

considered that gm is determined only by the structure of mesophyll and movements 

of chloroplasts (Sharkey et al., 1991; Tholen et al., 2007). Therefore, gm was not 

regarded significant when modeling CO2 transport through leaf mesophyll. But later 

studies confirmed that Cc is significantly lower than Ci suggesting the finite (i.e. 

limiting) mesophyll conductance. Evans et al. (1986), Evans and Terashima (1988) 
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and also Bongi and Loreto (1989) came to this conclusion by using several different 

methods, respectively. 

 Moreover, mesophyll conductance was confirmed not to be constant but highly 

variable among species and responding rapidly to environmental factors 

as temperature, CO2 concentration or water stress (Bernacchi et al., 2002; Flexas et al., 

2007a; Galmés et al., 2007a). Moreover, gm was found to respond to environmental 

factors as rapidly as or even faster than stomatal conductance (gs), i.e. within seconds 

to minutes (Flexas et al., 2008).  

 The process of CO2 diffusion in leaf mesophyll is in agreement with first Fick’s 

law of diffusion:  

 

( )cimN CCgA −= ,     (Eq. 1.1) 

 

where AN is the net photosynthetic rate at steady state, gm is the mesophyll 

conductance to CO2 diffusion and Ci, Cc are the concentrations in the sub-stomatal 

cavity and in the chloroplast stroma, respectively. As mentioned above, mesophyll 

conductance significantly reduces Cc relative to Ci and so it is responsible for creating 

the CO2 gradient between sub-stomatal cavity and the site of carboxylation. Therefore, 

gm determines the difference between Ci and Cc as a function of photosynthetic rate 

(Flexas et al., 2008, Harley et al., 1992, Loreto et al., 1992). As a result, concentration 

of CO2 decreases to approximately half of atmospheric concentration, from ~400 µmol 

mol-1 to ~200 µmol mol-1. Approximately 20-50% of this drawdown is attributed to gm 

(Fig. 1.2) (Warren, 2008a and references therein; Warren, 2008b). 

 

 

 

 

 

 

 

 

Figure 1.2. Decrease of CO2 concentration during its diffusion from ambient through leaf mesophyll. 
Mesophyll conductance accounts for 20 to 50% decrease of CO2 concentration from sub-stomatal cavity 
(Ci) to chloroplast stroma (Cc). Data have been taken and modified according to Warren (2008a). 
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1.3 Range of variation in mesophyll conductance 

 

Mesophyll conductance is of similar magnitude to and quite closely correlated 

with stomatal CO2 conductance across C3 species from different functional types 

(Evans et al., 2004; Loreto et al., 1992). However, it was proven that gm differs 

between different plant functional groups or even within the one functional group 

(Warren, 2008a). 

A comprehensive review published recently by Flexas et al. (2008) includes 

122 different species, subspecies, hybrids, forms and varieties (13 evergreen 

gymnosperms, 32 evergreen angiosperms, 3 semi-deciduous angiosperms, 

37 deciduous angiosperms, 23 herbaceous annuals, 13 perennial annuals, and 1 CAM 

plant). Comparison of these functional groups showed that herbaceous annuals 

and biannuals present the largest values of gm around 0.4 mol CO2 m-2s-1bar-1. 

Perennial herbs and deciduous angiosperms present lower values around 

0.2 mol CO2 m
-2s-1bar-1 while semi-deciduous angiosperms show intermediate values. 

The lowest values under 0.1 mol CO2 m-2s-1bar-1 were found in evergreen 

gymnosperms and CAM plants; however, only one CAM plant was included. 

Evergreen angiosperms present values slightly above 0.1 mol CO2 m
-2s-1bar-1. 

 Flexas et al. (2008) confirmed what was previously suggested by Evans et al. 

(2004), that differences in gm are associated with leaf forms or anatomy and plant 

functional groups. As shown in Warren (2008a), gm is positively correlated with the 

rate of photosynthesis (Amax) (Fig. 1.3).  

 
Figure 1.3. The relationship between light-saturated rate of net photosynthesis (Amax) and mesophyll 
conductance (gi) in non-sclerophytes (open symbols) and sclerophytes (closed symbols). Taken from 
Warren, 2008a.   

 

That is in agreement with fast growing strategies of annual and biannual herbs 

(with high rate of photosynthesis) having the highest values of gm. Sclerophytic plants 
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have generally low values of gm and low rate of photosynthesis, but the relationship 

between A and gm is the same (Loreto et al., 1992; Flexas et al., 2008; Warren, 2008a) 

(Fig. 1.3). 

 High variability can be observed not only between the plant functional groups 

but also within a single group, genus or even species. For instance, in annual herbs, gm 

varied from 0.08 mol CO2 m-2s-1bar-1 in wild-extinct Mediterranean species 

Lysimachia minoricensis (Galmés et al., 2007b) to >1 mol CO2 m-2s-1bar-1 in fast 

growing crops such as cotton (Brugnoli et al., 1998) and sunflower (Laisk and Loreto, 

1996). This variability can be even higher in woody deciduous angiosperms (Flexas 

et al., 2008). 

 Although functional plant groups differ in gm to some extent, high variability 

suggests that gm is “a rapidly adapting trait” (Flexas et al., 2008). Chapter 1.4 is 

therefore dealing with adaptation or response of gm to environmental conditions, 

especially to CO2 concentration. 

 

1.4 Response of gm to environmental factors 

 

As mentioned above, gm is finite and therefore limiting diffusional factor for 

photosynthesis. Plants live in changing conditions so one of the major questions 

on this field is if gm can respond to environmental variables. Quite wide range 

of external factors was tested for effect on mesophyll conductance. Most studies are 

focused on CO2 concentration, temperature, less on irradiance (Flexas et al. 2007a; 

Bernacchi et al. 2002; Tazoe et al., 2009, respectively), although the results are 

inconsistent (Fig. 1.4). Besides this, water stress, high altitude, high O3 content, light 

availability, low N availability, salinity or even virus infection have been studied 

as well as application of exogenous ABA (abscisic acid), HgCl2 or PEG. (polyethylene 

glycol) (for review, see Flexas et al., 2008). Recently, Warren (2008a) and Flexas et al. 

(2008) has published a very fine and comprehensive review on literature dealing with 

external factors affecting gm. 

It was revealed that mesophyll conductance surely responds to environmental 

variables. Warren (2008a) and also Flexas et al. (2008) divided types of responses 

into two groups: short-term responses that occur within minutes and long-term 

responses that occur within days or growing season. 
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Figure 1.4. Schematic illustration of different gm responses to three main environmental factors – CO2 
concentration, temperature and irradiance – as published in the literature. Letters at curves state for 
responses found in different studies: a) Düring, 2003; Flexas et al., 2007a; Vrábl et al., 2009; Hassiatou 
et al., 2009; Yin et al., 2009; b) Loreto et al., 1992; Tazoe et al., 2009; c) Harley et al., 1992; d) 
Bernacchi et al., 2002; e) Warren and Dreyer, 2006; Yamori et al., 2006; f) Tazoe et al., 2009; g) Flexas 
et al., 2007a; Gorton et al., 2003.      
  

 In presented study, I am going to focus on CO2 response of gm since published 

data have brought the most discrepancies and so the contribution to this issue would be 

valuable. Moreover I want to shed more light on the link between stomatal 

and mesophyll conductance in the conditions when CO2 concentration around leaves is 

decreased and so the rate of photosynthesis can be restricted due to diffusional 

limitations.  

 

 1.4.1 CO2 concentration 

 

To investigate the effect of CO2 concentration on gm, one need the values of Cc 

for calculation according to Eq. 1.1 as Cc = Ci – A/gm. This is possible by using 

the technique based on carbon isotope discrimination (Evans et al., 1986). 

An alternative method that allows estimating gm over a large range of CO2 

concentrations is variable J method proposed by Di Marco et al. (1990) and further 

evolved by Harley et al. (1992). The method is based on the gas exchange 

measurements coupled with chlorophyll fluorescence assessment and is substantially 

easier than the isotopic method. Therefore, it is suitable to use it for more 

measurements on different plant species. Although high endeavor is made 

to understand the plant responses to climate change as well as to correctly interpret 

AN-Ci curves, response of gm to varying CO2 has received only little attention and only 

several studies were published, despite the simplicity and advantages of variable J 
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method. 

 Early studies have shown that gm do not vary with different CO2 concentration. 

For example, gm did not alter in the Raphanus sativus when Ca was changed from   

350 to 220 µmol CO2 mol-1 air (von Caemmerer and Evans, 1991). However, 

developing variable J method, Harley et al. (1992) has discovered that gm decreased 

from 0.2 to about 0.1 µmol m-2 s-1 bar-1 when Ci was increased from 100 to 450 

µmol CO2 mol-1 air in Quercus rubra, but it was rather unaffected or slightly increased 

in Eucalyptus globulus (Fig. 1.5a, b). Using method of isotope discrimination, Loreto 

et al. (1992) have shown that gm was reduced after increasing Ci from ambient 

to 750 µbar in Ouercus rubra and even more in Xanthium strumarium (Fig. 1.5c). 

However, neither Harley et al. (1992) nor Loreto et al. (1992) discussed the issue. 

 

 
Figure 1.5.  Mesophyll conductance as a function of CO2 concentration in sub-stomatal cavity (Ci). Re-
drawn according to Harley et al., 1992 for Q. rubra (a) and E. globulus (b), and according to Loreto et 
al., 1992 for Q. rubra and X. strumarium (c). 
  

 Later, Düring (2003), using variable J method, clearly showed significant 

change in gm over the wide range of Ca (from 50 to 2000 µmol CO2 mol-1 air) 

in grapevine. It decreased six-fold as Ca was increased from 300 to 1000 

µmol CO2 mol-1 air (Fig. 1.6). This demonstrates very fast respond (i.e. within 

minutes) of gm to varying CO2 concentration as the values were obtained during 

typical AN-Ci curve. gm was proved to control the transport of CO2 into the chloroplast 

stroma. Author stated that Cc remained constant at Ci >340 µmol CO2 mol-1 air due 

to distinct decline of mesophyll conductance (Fig. 1.6). Moreover, it was the first hint 

that showed that the stomatal and mesophyll conductance are somehow linked 

together and cooperate in regulation of photosynthesis.  
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Figure 1.6. The sub-stomatal CO2 concentration (Ci), the chloroplastic CO2 concentration (Cc) and the 
mesophyll conductance (gmes) as a function of ambient CO2 concentration (Ca). Taken from Düring 
(2003).  

 

Another step in the knowledge about the effect of CO2 on gm was made 

by Centrito et al. (2003) using salt stressed olives. The leaves were exposed to very 

low CO2 concentration (50 µmol mol-1 air) to force stomatal opening. After an hour, 

stressed plants recovered the same AN values and similar AN-Ci curves as controls. 

This would be not possible only due to increased stomatal conductance, but due to its 

cooperation with mesophyll conductance that was increased either. Authors have 

found out that biochemical apparatus was not damaged, and therefore, the sum 

of diffusional resistances (or conductances) set the limit to photosynthesis. Moreover, 

from linear positive relationship (r2 = 0.68) between gm and gs at 350 µmol CO2 mol-1 

air, they have concluded that changes in gm can be as fast as those in gs (Centrito et al., 

2003). Similar results were published by Flexas et al. (2004) on drought-stressed 

sunflower.  

More recently, Flexas et al. (2007a) has studied rapid variations of mesophyll 

conductance in response to changes in CO2 concentration around leaves of six 

different C3 species (Arabidopsis thaliana, Limonium gibertii, Nicotiana tabacum, 

Vitis berlandieri x Vitis rupestris, Cucumis sativus and Olea europaea var. europaea). 

In all of them, gm responded rapidly to varying CO2 concentration and varied as much 

as five to nine-fold along the range of CO2 concentrations from 50 to 1500 µmol mol-1 

air, which is in agreement with Düring (2003) (Fig. 1.6). The pattern of gm response 

to CO2 was not strictly uniform but was rather species dependent. However, gm 

decreased rapidly at high Ci when photosynthesis is no longer limited by CO2 

availability in all species (Flexas et al., 2007a). The same was observed for Nicotiana 

tabacum mutants – aquaporin anti-sense and over-expressed – as well as for their 
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controls with normal aquaporin expression. All measurements were made during 

the performance of classic AN-Ci curve. These results suggest that mesophyll 

conductance responds to varying CO2 concentration even faster than stomatal 

conductance. The conclusions were supported by using three different methods 

to evaluate gm – isotopic (Evans et al., 1986), variable J (Harley et al. 1992) 

and curve-fitting (Ethier and Livingston, 2004) method. According to personal 

communication, authors noticed that similar results were obtained by Ethier and Pepin, 

and also by Warren. Therefore, the clear picture about the issue started to rise up. 

Most recently, two other studies contributed to the knowledge about the issue 

to make the picture be clear. Hassiatou et al. (2009) observed a six-fold decline of gm 

in respose to increasing CO2 at high irradiance in Banksia species using variable J 

method of Harley et al. (1992). By using two independent methods (isotopic 

and variable J method) (Fig. 1.7), Vrábl et al. (2009) compared sensitivity of gm 

to CO2 between control and plants treated with abscisic acid (ABA). Although ABA 

did not exhibit any effect to gm, there was the same significant sensitivity of gm 

to variable CO2 as in controls.  

 

 

 

 

 

 

 

 

 

Figure 1.7. Response of mesophyll conductance to substomatal CO2 concentration in controls (open 
symbols) and ABA-treated plants (full symbols) estimated by two independent methods: (A) Variable J 
method of Harley et al. (1992) and (B) isotopic method according to Evans et al. (1986).  

 

The CO2 response pattern was similar to that of Nicotiana tabacum and Vitis 

hybrid in Flexas et al. (2007a). At first, gm increased at low sub-stomatal CO2 

concentrations (Ci), then peaked at 200 µmol mol-1 air and subsequently decreased 

at higher Ci (Fig. 1.7). Eventually, also Yin et al. (2009) observed the same 

dependency of gm to CO2. Together, these studies proved high sensitivity of gm to CO2 

concentration and rapidness of its response.   
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 However, there are still some discrepancies in the literature since several 

studies brought contrary results. Although Loreto et al. (1992) found decrease in gm 

when CO2 was increased in Q. rubra and X. strumarium (using isotopic method) 

as mentioned above, they did not observe CO2 dependency in other two species (using 

variable J method) over a range of 100 to 500 µmol CO2 mol-1 air Ci. Recently, Tazoe 

et al. (2009) has presented results from PPFD and CO2 dependency measurements 

using isotopic method. They did not find any sensitivity of gm to CO2 over the same 

range of Ci as Loreto et al. (1992). This range is, however, three-times smaller 

than that used in previous studies that proved CO2 dependency of gm and thus, possible 

effect on gm could be hidden. Nevertheless, measuring over a bit larger range of CO2 

(100 – 700 µmol CO2 mol-1 air), Tazoe et al. (2010) did not find any gm-CO2 

dependency again in all three species studied – Nicotiana tabacum, Arabidopsis 

thaliana and Triticum aesativum. Moreover, Ethier and Pepin (2010) showed that gm 

responded to CO2 in Nicotiana tabacum but not in Helianthus annuus and Populus x 

jackii using isotopic method. On the other hand, gm responded in all species using 

variable J method. This could suggest that gm response to CO2 is species dependent 

and/or that some methodological artifacts are present.  

 Finally, responses of gm to long-term acclimations to high CO2 are rather 

questionable. gm was observed to be unaffected in some studies (Eichelmenn et al., 

2004; Bernacchi et al., 2005) or to be rather species-dependent in other (Singsaas 

et al., 2004). 

 So far, we can declare that range of gm is species dependent when measured 

at ambient [CO2] on non-stressed plants. But we are not as sure about its response 

to varying CO2. Hence, more measurements should be made to get a higher number 

of observations to make a final generalization about the issue. Is it also species 

dependent or not? 

 

1.5 Regulation of mesophyll conductance 

 

Studies, mentioned above, proved that gm is crucial component of CO2 diffusion 

because it reduces its concentration to quite great extent and therefore, gm became 

recognized as considerable limitation for photosynthesis. Moreover, gm is sensitive 

to many environmental factors and varies between plant functional groups and/or even 

within group or species. Hence, it is crucial for plant to regulate the mesophyll 
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conductance very delicately, and more attention is paid to the principle of its 

regulation nowadays. However, the puzzle is far from being completed. 

  

 1.5.1 Leaf structure 

 

In earlier studies, leaf structure was considered the only determinant of gm. Although 

this statement was displaced (see bellow), leaf structure is still considered having 

an important role in determining gm. As indicator of leaf structure, leaf dry mass per 

area unit (LMA) is used. As summed up in Flexas et al. (2008), relationship between 

gm and LMA is asymptotic (Fig. 1.8 A). Thus, species with low LMA present a wide 

range of gm values. As LMA is increasing, range of gm values decreases indicating 

that leaf structure strongly limits gm. gm was extrapolated to zero at the value of 

240 g m-2 (Flexas et al., 2008). However, LMA in sclerophyllous plants can be much 

higher than this value. Therefore, Hassiotou et al. (2009) examined Banksia species 

that ranges in LMA from 134 to 478 g m-2 to see what would be the gm/LMA 

relationship behind the value 240 g m-2. By adding measured data to that previously 

summarized by Flexas et al. (2008), the notional upper bound was redrawn as concave 

curve with an unknown asymptotic value at LMA grater than 500 g m-2 (Fig. 1.8 B). 

This relationship represents clear evidence that leaf structure is somehow limiting 

for gm or set the limit for maximum gm rather than its actual value. Let’s say it is kind 

of “passive” regulation in terms of fast responses of gm on environmental variables. 

LMA can be considered and included during the long term experiments because leaf 

structure can change over that time.  

 

 

 

 

 

 

 

 
Figure 1.8. The relationship between mesophyll conductance and leaf mass per area (LMA) in the 
absence of stress in different species. (A) Data have been taken from 17 studies and compiled by Flexas 
et al. (2007a). (B) Data from Hassiotou et al. (2009) on Banksia species (filled symbols) were added 
to 17 previous studies (empty symbols) and the asymptotic line was changed.        
  

A B 
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1.5.2 Metabolic processes 

 

Studying the temperature response of any diffusional limitation is a useful tool 

to uncover the mechanism of diffusion. By calculation of temperature coefficient 

(Q10), it can be estimated what is the portion of pure or facilitated diffusion. 

Experimentally ascertained Q10 for diffusion of CO2 in pure water is close 

to the predicted one, 1.25 (Tamimi, 1994). Q10 of 2 or higher is typical for metabolic 

process. When studying the temperature response of gm, Bernacchi et al. (2002) found 

out that Q10 was approximately 2.2. Thereby, this indicates that gm is more associated 

with facilitated diffusion than pure diffusion. Recently, it has been suggested that gm 

could be controlled by protein-facilitated process regarding aquaporins 

and/or carbonic anhydrase as two hot candidates for this function.  

 

  1.5.2.1 Aquaporins 

 

As the first candidate for regulation of CO2 diffusion, aquaporins (AQP) are taken into 

account. Aquaporins are small pore-forming transmembrane protein channels first 

discovered in mammalian erythrocytes and renal tubules (Denker et al., 1988). 

Recently, they have been found in nearly all living organisms (Maurel and Chrespeels, 

2001) including plants (Maurel et al., 1993) where they express high number 

of homologues (Johanson et al., 2001; Chaumont et al., 2001). Name of aquaporins 

indicates their primary role as water channels in both animals and plants. The amount 

of water in a leaf has to be balanced for proper function of physiological processes 

in leaf such as photosynthesis, especially during CO2 uptake when water is 

unavoidably lost. The amount of water transported by aquaporins may reach 90% 

of all transported water (Evans et al., 2004). These reasons clearly show how 

important aquaporins are for plants.  However, it was revealed that animal aquaporin 1 

transports CO2 as well as water (Cooper and Boron, 1998; Nakhoul et al., 1998; 

Prasad et al., 1998).  

  

  1.5.2.2 Plant aquaporins and CO2 transport 

 

First evidence for AQP contribution in CO2 transport in plants was provided 

by Terashima and Ono (2002) who found out that hydraulic permeability of plasma 
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membrane was decreased by 70-80% when leaf discs of Vicia faba and Phaseolus 

vulgaris were treated by HgCl2, non-specific inhibitor of aquaporins. In consequence, 

mesophyll conductance decreased to 40 and 30% of the control value, respectively. 

This decline was attributed to aquaporins that are mercury-sensitive. However, 

mercurial compounds often inhibit metabolism by non-specific way and exert a broad 

range of other secondary effects (Hanba et al., 2004). Later, Uehlein et al. (2003) 

shown that transmembrane CO2 transport was mediated by tobacco aquaporin 

NtAQP1 expressed in Xenopus oocytes by injection of NtAQP cRNA. The decrease 

of intracellular pH indicated the transport of CO2 into the oocytes. For NtAQP1 it was 

found out that CO2 uptake was 45% higher compared to the control.  

 More direct evidence was proposed by Hanba et al. (2004) using transgenic 

rice with over-expression of barley aquaporin HvPIP2;1. The leaves of transgenic 

plants with higher content of aquaporins expressed 40% increase in gm, and leaves 

with lower content of aquaporins showed decrease in gm values as compared to wild-

еype. However these evidences might be misleading due to increased transpiration 

of water caused by huge over-expression of aquaporins that led to water stress. 

Therefore, it was suggested that also anatomical or physiological (like Rubisco 

concentration) properties of leaf could be included and affect the gm in the study 

(Hanba et al., 2004).  

 More recently, Flexas et al. (2006a) has provided strong evidence supporting 

the hypothesis that tobacco aquaporin NtAQP1 is involved in gm in vivo. Mesophyll 

conductance was estimated to be 30% lower in anti-sense and 20% higher in over-

expressed plants as compared to their wild types.  

 Possible pathway for CO2 through aquaporins has been most recently 

suggested by Wang et al. (2007) who has provided evidence that CO2 can permeate the 

membrane through the central pore created by tetramer of aquaporins (Fig. 1.9 A). 

Evidence for this was obtained from calculation of free energy profiles (PMF) that 

suggests that the central pore is the most favorable location for CO2 permeation (Fig. 

1.9 B). Additionally, also side pore in the gap between the two monomers (Fig. 1.9 A) 

is considered as possible way for CO2 diffusion through AQP.  
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Figure 1.9. (A) Top view of four AQPs in tetramer composition. There is one pore in each monomer 
(B), and tetramer creates one extra pore in center (A) that is marked by arrow. Last, there is one small 
pore between the each two monomers (C).  (B) Free energy profiles (PMF) associated with gas 
permeation through the AQP1 central pore, calculated from the explicit gas diffusion simulations (exp) 
and implicit ligand sampling (imp). The dotted lines correspond to the PMFs of gas molecules in water 
of the same area as the central pore. z = 0 is defined as the center of aquaporin tetramer. All PMFs were 
calculated assuming a density of 1 AQP1 per 50 nm2 of bilayer. Taken and modified according to Wang 
et al. (2007).  
 

 However, although the central pore of AQP1 was found to be permeable 

for CO2, gas conduction through AQP1 may only be physiologically relevant either 

in membranes of low gas permeability or in cells where a major fraction of the cellular 

membrane is occupied by AQPs since lipid bilayer provides a much larger cross-

section area.  

 Since aquaporins play a crucial role in plant-water relations and maybe also 

in CO2 transport, many studies have tried to reveal the mechanism of regulation 

of aquaporin activity. So far, several ways of regulation have been discovered 

including direct phosphorylation (Johansson et al., 2000), molecular trafficking (see 

Chaumont et al., 2005 for review), heteroizomerization (Fetter et al., 2004), pH-

dependent gating of AQP (Chaumont et al., 2005; Gerbeau et al., 2002; Tournaire-

Roux et al., 2003), divalent cations (like Ca2+) (Gerbeau et al., 2002), cohesion/tension 

forces in the presence of high concentrations of osmotic solutes (Ye et al., 2004) and 

transcriptional regulation and protein stability (Eckert et al., 1999). Yet, this task is not 

completely resolved. 

 Missner et al. (2008) has recently shown that CO2 transport through membrane 

is not limited by lipid bilayer but near-membrane unstirred layers and that facilitation 

of CO2 transport by AQP or any other protein is highly unlikely. They suggested that 

aquaporins could regulate CO2 transport through membrane indirectly by reducing 

the thickness of unstirred layers.  

A B 
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  As shown above, there are many ways to regulate aquaporin activity, and 

hence, mesophyll conductance. Wan et al. (2004) proposed another interesting 

possibility of its regulation. Studying gating of aquaporins in cortical cells of young 

corn roots by mechanical stimuli, they found out that abscisic acid (ABA) can be 

involved. They applied a pressure pulses into a single cell using a cell pressure probe 

(Steudle, 1993). When larger pulses were employed, changes in turgor were not 

reversible within 1-3 hours, but were able be reverse within 30 minutes in the presence 

of ABA (Fig 1.10). Therefore, authors speculated that ABA binds to aquaporins thus 

reducing the activation energy for a change from closed states to the opened (Wan et 

al., 2004). If so, ABA could be one of key players in AQP regulation. 

  

 

 

 

 

 

 

 

    

 

Figure 1.10. Treatment with ABA (500 nM) changed T1/2. Applying the pulse, the turgor pressure was 
either decreased or increased and recovery half-time was recorded. Doing that, it was possible to 
determine how long it takes the cell to exclude or absorb the water through the membrane to restore the 
original turgor pressure. These pressure-relaxation curves conducted on a typical cell show that ABA 
restored long T1/2 induces by large pulses to short. After adding ABA, reduction of T1/2 started after 5 
min and was complete after about 30 min.  
 

  1.5.2.3 Carbonic anhydrase  

 

As the second candidate that is considered to be connected with regulation of gm in C3 

plants, carbonic anhydrase is taking into account (Makino et al., 1992; Sasaki et al., 

1996). Carbonic anhydrase (CA) is enzyme abundantly present in chloroplast stroma. 

However, only little or no change in photosynthetic rate have been revealed by using 

CA transgenic plants (Price et al., 1994; Williams et al., 1996), and only modest 

correlation was found out between CA activity and photosynthesis (Tiwari et al., 

2006). It was proposed that the relative contribution of CA to the gm is species 
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dependent and not always clearly apparent. CA may play important role in species 

with low gm values (e.g. sclerophytes, Waren, 2008a) due to anatomical properties 

of the leaves. Yet, as implied in Flexas et al. (2008), influence of CA activity to gm is 

rather questionable. On the other hand, Jannaud et al. (2010) presented results from 

study with transgenic Arabidopsis plants that were depleted in some of several CA 

or AQP isoforms which resulted in suggestion that mesophyll conductance is 

facilitated by CA rather than AQP as plants depleted in some of CA isoforms showed 

decreased mesophyll conductance whereas AQP depleted did not. So the field is open 

for investigation and discussion now. 

 There are surprisingly many confirmed or putative mechanisms of aquaporin 

regulation. Gating of aquaporins through different ways could represent a rapid 

pathway of response to environmental constraints. Therefore, tight regulation of AQP 

or CA activity is apparently essential for plants.  

 

1.6 Motivation 

 

ABA is a stress hormone which is known to help the plant to avoid water losses. To do 

that, ABA is synthesized in roots and transported to the leaves where it evokes closure 

of stomata and so minimizing the loose of water (Raghavendra et al., 2010). However, 

the flux of CO2 into the sub-stomatal cavity through stomata is restricted 

and diffusional limitation for photosynthesis increases. We may speculate that if ABA 

enhances the activity of AQP for water permeability, it can also enhance permeability 

to CO2 flux. If so, ABA can react as universal hormone to keep the photosynthesis rate 

unaffected even when the stomata are clo sed. Using ABA-treated plants, we can 

measure gas exchange with chlorophyll fluorescence (or isotope discrimination) 

to obtain the values of AN, gs, gm, Ci and Cc to compare them with controls. Such 

measurements can bring us a hint about link between stomatal and mesophyll 

conductance and regulation of CO2 diffusion from sub-stomatal cavity to 

the chloroplast. 

 Such measurements have been made by Vrábl et al. (2009). After addition of 

20 µM ABA, stomatal conductance decreased significantly in comparison to controls.  

However, photosynthetic rate was unaffected and even slightly increased in saturation 

phase of the AN-Ci curve. As proposed by Centrito et al. (2003), gs somehow 

cooperates with gm. In the case of Vrábl et al. (2009) it means that when gs decreases 
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(by ABA), gm should increase to enhance flux of CO2 into the chloroplast. However, it 

increased slightly in comparison with controls and this increase was not significant 

(Fig. 1.7). Nevertheless, this hypothesis should be further evolved and tested by more 

measurements on ABA treated plans.  

 

1.7 Objectives of the presented study 

 

Since some discrepancies occurred in the literature dealing with response of mesophyll 

conductance to varying CO2 concentration around leaves, the first objective of the 

presented study is to measure gm over the wide range of CO2 concentrations to make a 

contribution to that issue. The second aim is to measure CO2 dependency of gm in 

ABA-treated plants to analyze the link between gs and gm and to see how they may 

cooperate to keep the photosynthetic rate unaffected when CO2 diffusion through 

stomata is restricted. Finally, we aimed to make a basis for speculations about 

regulation of CO2 diffusion from sub-stomatal cavities into the chloroplast stroma by 

regulation of AQP by ABA. 
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2. Materials and methods 

 

2. 1 Plant material and growth conditions 

 

Three different plant species were used for experiments. Plants of Helianthus annuus 

were individually hydroponically cultivated from seeds in 0.5 L pots in the growth 

chamber with 16/8 h and 22/18°C day/night cycle, whereas relative humidity was 

70%. Thereafter, plants were transferred to 3-liter pots to be grown hydroponically. 

Hybrid plants of Populus nigra L. × Populus maximowiczii Henry 'Maxvier' – 

purchased as 15 cm-long cuttings – were directly placed into hydroponical pots 

mentioned above and grown in the glasshouse with ambient humidity (i.e. 70%). 

Photosynthetic photon flux density (PPFD) was approximately 300 µmol m-2 s-1 and 

mean day temperature in the glasshouse was 23°C. All plants were watered every 2–3 

days by commercial nutrient solution (Kristalon Start, NU3 BV Vlaardingen, 

Netherlands).     

 Approximately three weeks after sowing or after several fully expanded leaves 

appeared in case of Populus, one-half of plants were exogenously treated with abscisic 

acid (ABA; Sigma Aldrich, Seelze, Germany) dissolved in 1 mL of methanol. Three 

different concentration of ABA has been supplied – 20 µM and 10 µM within the 

experiment with sunflower and 5 µM within the experiments with poplar plants. 

  

2. 2 Gas exchange and chlorophyll fluorescence measurements 

 

Measurements were made on young fully expanded leaves, 3 days after ABA addition. 

Day respiration (Rd) and the apparent CO2 photocompensation point (Cc
*) were 

determined simultaneously using the method of the Laisk (1977) as described in von 

Caemmerer (2000). Set of AN-Ci curves was measured under different PPFDs, 

whereas CO2 concentration were in the range from 30 to 250 µmol mol-1 air to record 

only linear part of the AN-Ci curve. Different PPFDs were chosen following 

preliminary trials to ensure a large difference between the slopes of individual AN-Ci 

curves (Fig. 2.1). Therefore, CO2 and PPFD values differ between sunflower and 

poplar (Tab. 2.1). 
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CO2 µmol mol-1 air 250 200 150 100 75 50 30
PPFD µmol m-2 s-1 500 300 150 100 50

CO2 µmol mol-1 air 150 100 75 50
PPFD µmol m-2 s-1 550 160 100 60

H. annuus

Populus

 Table 2.1. Values of CO2 ambient concentration and PPFD  at which AN has been measured to get 

the linear response to CO2. Cc
* an Rd were then determined.  

 

 

 The intersection point of AN-Ci curves at different PPFDs represent Cc
* (x-axis) 

and Rd (y-axis) (see Fig. 2.1). Then, Cc
* was used as a proxy for chloroplastic 

photocompensation point (Γ*) according to Warren and Dreyer (2006). All these 

measurements were performed by an open gas-exchange system Li-6400 (Li-Cor Inc., 

Lincoln, NE, USA), equipped with a 6 cm2 broadleaf chamber and an integrated light 

source (Li-6400-02B; Li-Cor, Inc.). 

 

 
Figure 2.1. Example of estimation of apparent CO2 compensation point (Ci

*) and day respiration (Rd) 
according to Laisk’s method. AN-Ci curves, of the poplar hybrid leaf were carry out at four different 
PPFDs (550, 160, 100, 60 µmol m-2 s-1). Data were fitted by linear regression and the point 
of intersection represents the value of Rd (on y-axis) and Ci* (on x-axis).  
 

 The photochemical efficiency of photosystem II (ΦPSII) was estimated from 

steady state fluorescence (Fs) and maximal fluorescence (Fm´) during light-saturating 

pulse according to Genty et al. (1989) as: 

 

 ΦPSII = (Fm´ - Fs)/ Fm´     (Eq. 2.1) 
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The rate of linear electron transport (Jf) is then related to ΦPSII: 

 

Jf = ΦPSII PPFD x α x β,     (Eq. 2.2) 

 

where PPFD is the photosynthetically active photon flux density, α is the total leaf 

absorptance (nominally 0.84), and β represents the partitioning of absorbed quanta 

between photosystems II and I, which is assumed to be 0.5 for C3 plants (Örgen 

and Evans, 1993).  

 The relationship between the Jf and the rate of electron transport obtained from 

gas exchange measurements (JCO2) includes some uncertainties. Some of them can be 

eliminated by measuring of α and β (although β is rarely measured, Warren, 2006). 

However, there is still uncertainty in Jf/JCO2 relationship due to two other factors. 

Firstly, alternative electron sinks (photorespiration, Mehler reaction) can be present. 

Secondly, fluorescence signal is primarily emanated from upper mesophyll layer 

and therefore may not be a representative of the whole leaf as it is in case of gas 

exchange signal (Warren, 2006). These uncertainties can be eliminated by using 

calibration curve of the Jf/JCO2 relationship under non-photorespiratory conditions, 

when photorespiratory electron transport pathway is suppressed. 

 Therefore, fluorescence was calibrated by relating photochemical efficiency 

of photosystem II obtained from chlorophyll fluorescence (ΦPSII) and gas exchange 

measurements (ΦCO2) [(AN+Rd)/PPFD] obtained by varying CO2 concentration under 

non-photorespiratory conditions in an atmosphere containing less than 1% O2 

(Valentini et al., 1995). An example of such relationships is shown on Figure 2.2. 

Subsequently all fluorescence data measured at 21 % O2 were corrected in accordance 

to the obtained calibration equation. Moreover, the linear fit of the ΦPSII/ΦCO2 

relationship shows constant uniform electron transport rate within different treatment 

(CO2 concentration, ABA addition). 



MATERIALS AND METHODS 

 21 

 
Figure 2.2. Example of the relationship between photochemical efficiency of photosystem II within  
AN-Ci curve obtained from chlorophyll fluorescence (ΦPSII) and from gas exchange measurements 
(ΦCO2) in Populus nigra L. × Populus maximowiczii Henry 'Maxvier' hybrid leaves. Line was fitted with 
linear regression.  
  

 Mesophyll conductance (gm) was determined at different CO2 concentrations 

from simultaneous measurements of AN-Ci and Jf-Ci curves. CO2 response curves were 

performed on three light-adapted leaves of both ABA-treated and control plants. 

Photosynthesis was induced with a CO2 surrounding the leaf (Ca) of 400 µmol mol-1air 

and PPFD of 1500 µmol m-2 s-1 or 800 µmol m-2 s-1  (in case of Populus), based 

on previous measurements of light curves that proved these values to be saturating. 

The amount of blue light was set to 10% to maximize the stomatal aperture. Leaf 

temperature was kept close to 23°C, and leaf-to-air vapor pressure deficit was kept 

between 0.7 and 1.3 kPa during all measurements. CO2 response experiment was 

performed right after the steady state was reached, i.e. 20-30 minutes after clamping 

the leaf into leaf chamber of Li-6400. Gas exchange and chlorophyll fluorescence was 

first measured at 400 µmol mol-1 air ambient CO2 (Ca), then Ca was decreased 

stepwise to 150 or to 50 µmol mol-1 air (in case of Populus), and after that returned 

back to 400 µmol mol-1 air to restore the original AN value. Thereafter, Ca was 

increased stepwise to 600 or 1500 µmol mol-1 air for H. annuus and Populus hybrid, 

respectively. The time lag between consecutive measurements at different Ca was 5 – 

10 min. 

 Possible leakages into and out of the cuvette for the range of CO2 

concentrations were determined by using scrap of paper enclosed in the leaf chamber. 
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AN-Ci curve was performed and measured values of assimilation rate were then 

corrected to actual values according to Flexas et al. (2007b).   

  

2.3 Estimation of gm by gas exchange and chlorophyll fluorescence 
measurements 
 

Method of estimation of mesophyll conductance used in the presented study was 

originally described by DiMarco et al. (1990) and further evolved by Harley et al. 

(1992). It is based on simultaneous measurements of gas exchange and chlorophyll a 

fluorescence. The method provide estimation of gm from the rate of photosynthetic 

electron transport (Ja), CO2 concentration at the site of Rubisco (Cc) and the net CO2 

assimilation (AN). The relationship between them can be expressed as (Harley et al., 

1992): 
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     (Eq. 2.3) 

where Ja is the rate of linear electron transport, Rd is the day respiration, Γ* is the CO2 

compensation point in the absence of Rd, and the factor 4 expresses the minimum 

electron requirement for assimilation of one molecule of CO2. Substituting Cc in Eq. 

2.3 with Eq. 1.1, Eq. 2.3 then becomes: 
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where Ci is the CO2 concentration in the intercellular air spaces and gm is 

the mesophyll conductance. Rearranging Eq. 2.4 allows gm to be calculated directly: 
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where AN and Ci are taken from gas-exchange measurements of CO2-response curves 

and Γ* and Rd were estimated using method of Laisk (1977) (see above). 
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3. Results 

 

3.1 Correction of electron transport rate in respect to rate of 
photosynthesis 
 

Measurements in air containing less than 1% O2 revealed a strong positive relationship 

(R2 > 0.90) between ΦPSII and ΦCO2 at different CO2 concentrations in controls and 

ABA-treated plants of both the sunflower and poplar plants (Fig. 3.1). This indicates 

a constant non-assimilatory electron flow within different treatments (CO2 

concentration and ABA). The slope of the relationship between ΦPSII and ΦCO2 ranged 

from 6.4 to 7.1 in all measurements and treatments, which is slightly lower than range 

described previously (Vrábl et al., 2009; Flexas et al. 2007a). No significant difference 

was found between treatments.  

 
Figure 3.1. Relationship between photochemical efficiency of photosystem II estimated by chlorophyll 
fluorescence measurement (ΦPSII) and calculated from gas exchange measurement 
(ΦCO2 = AN+Rd/PPFD) in sunflower (A) and poplar (B) obtained by varying CO2 concentration under 
non-photorespiratory conditions in atmosphere containing less than 1% O2. A strong positive 
relationship was observed in both sunflower (R2 = 0.98 for all controls and plants treated by 20 and 10 
µM ABA) and poplar (R2 = 0.93 for controls and 0.99 for ABA-treated plants) when fitted by linear 
regression that yielded equations showed in legend. Lines of fits are not shown.    
 

The equations of ΦPSII/ΦCO2 linear regression fit were used for correction of electron 

transport rate in respect to rate of photosynthesis. 

 By using the method of Laisk (1977) and Warren (2006), difference between 

the two species were found in Γ* and Rd. In average, values of Γ* were lower 

and values of Rd two times higher in controls of sunflower than in poplar. However, 
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neither Γ* nor Rd differed significantly between the controls and ABA-treated plants 

of both species (Tab. 3.1).  

 

Controls 33.00± 0.91ns 0.48 ± 0.02ns 36.00± 1.26ns 0.28 ± 0.06ns

ABA-treated 33.88± 1.30ns 0.44 ± 0.07ns 38.33± 0.88ns 0.28 ± 0.02ns

Helianthus annuus Populus  hybrid

Γ
*

Rd Γ
*

Rd

Table 3.1 Mean values of CO2 compensation concentration in the absence of mitochondrial respiration

Γ
* (µmol CO2 mol-1 air); and day respiration, Rd (µmol m-2 s-1). Valueas are averages ± SE of 3 - 6

replicates. T-test was used for statistical analysis to compare controls with ABA-treated plants.
ns - nonsignificant difference at p = 0.05

 

 

3.2 Effect of abscisic acid and CO2 concentration on the rate of 
photosynthesis 
 

AN-Ci curves were conducted within 1.5 h using different ranges of CO2 

concentrations for sunflower and poplar, respectively, and they showed the typical 

non-rectangular hyperbolic relationship (Fig. 3.2 A, B). The initial part of all AN-Ci 

curves showed almost linear dependence of AN on Ci, denoting the limitation by 

carboxylation (Long and Bernacchi, 2003). A curvilinearity of the second part 

of curves indicates limitation by regeneration of ribulose-1,5-bisphosphate. No decline 

of AN was found in poplar at high Ci, indicating that photosynthesis was not limited 

by triose phosphate utilization. The range of CO2 concentrations was smaller 

in measurements with sunflower; hence this type of limitation was probably not 

detectable.  

 When 20 µM abscisic acid was added to sunflower plants, lower 

photosynthetic rates over the range of Ci were observed in comparison to controls 

(Fig. 3.2). This result was, however, contrary of what we expected according to 

the previous study (Vrábl et al., 2009). Since ABA is a stress hormone with wide range 

of physiological effects (Raghavendra et al., 2010), it is probable that some secondary 

physiological effects that affected photosynthesis in an unexpected way due to high 

ABA concentration treatment were present. Therefore, concentration of added ABA 

was lowered to 10 µM. This concentration of ABA induced reduction of stomatal 

conductance (Fig. 3.4A), but the rate of photosynthesis was higher in contrast to plants 

with 20 µM ABA treatment. On the other hand the rate of photosynthesis of 10 µM 

ABA treated plants was lower with respect to control plants (Fig. 3.2A). 
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Figure 3.2. Response of net photosynthesis (AN) to sub-stomatal CO2 concentrations (Ci) of control 
and ABA-treated plants (10 and 20 µM) in sunflower (A), and of control and ABA-treated plants (5 µM) 
in poplar (B). Values are means ± SE of 9 (A, controls), 8 (A, 20 µM ABA), 3 (10, µM ABA) and 6 (B, 
both controls and 5 µM ABA) replicates.    
   

 In poplar, ABA-treated plants showed similar photosynthetic rates as controls 

at initial linear portion of the AN-Ci curve but were higher in curvilinear and saturation 

part (Fig. 3.2B). Besides this, ABA-treated plants showed the general shift of data 

towards lower Ci. This shift was greater in sunflower since higher ABA concentration 

was used than in poplar and hence, stomatal conductance and finally Ci were more 

reduced (Fig. 3.4 A, B).  

 

3.3 Effect of abscisic acid and CO2 concentration on electron transport 
rate 
 

Electron transport rate (Jf) responded in a biphasic mode in both species. Initially, Jf 

increased with Ci, then peaked at 300 to 500 µmol CO2 mol-1 air and finally decreased 

(Fig. 3.3A, B) possibly due to feedback limitation by the utilization of triose 

phosphate (Sharkey et al., 1988). In sunflower, this effect was observed only 

for controls since data set from ABA-treated plants was shifted towards lower Ci 

and range of CO2 concentration was not sufficiently wide to record this type 

of limitation. 
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Figure 3.3. Response of electron transport rate to sub-stomatal CO2 concentration of control and ABA-
treated plants (10 and 20 µM) in sunflower (A), and of control and ABA-treated plants in poplar (B). 
Arrows in the graph indicate maximal value within the curve. Values are means ± SE of 9 (A, controls), 
8 (A, 20 µM ABA), 3 (10, µM ABA) and 6 (B, both controls and 5 µM ABA) replicates. 
 

 In sunflower, rate of linear electron transport was affected non-significantly by 

addition of ABA in the initial linear portion of Jf-Ci curve. However, at Ci of 306.7 ± 

8.1 µmol CO2 mol-1 air where the Jf peak of 224.3 ± 10.2 µmol m-2 s-1 was observed 

in controls, Jf was slightly lower in plants treated with both 20 and 10 µM ABA 

(Fig. 3.3 A). After controls peaked, Jf of ABA-treated plants had still increased 

suggesting a peak to be shifted to the higher Ci. 

 In poplar, ABA-treated plants showed higher electron transport rates over 

the entire range of CO2 concentrations with Jf peak of 132 ± 11.1 µmol m-2 s-1 at Ci 

489.5 ± 10.1 µmol CO2 mol-1 air. In control plants, peak (114 µmol m-2 s-1) appeared 

already at Ci 338.7 ± 3.6 µmol CO2 mol-1 air. Differences were apparently highest 

at the second mode of Jf-Ci curve from Ci 500 to 1500 µmol CO2 mol-1 air.     

 In general, Jf of ABA-treated plants seemed to peak at higher CO2 

concentration in both sunflower and poplar (arrows on Fig. 3.4 indicating the peaks).    

 

3.4 Effect of abscisic acid and CO2 concentration on stomatal 
conductance 
 

Stomatal conductance (gs) responded to changing CO2 concentration by decline 

at higher Ci (Fig. 3.4 A, B) Although absolute values of gs were higher in sunflower 

(maximal gs = 0.94 mol m-2 s-1) than in poplar (0.61 mol m-2 s-1), the degree 
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of response was the same in sunflower as in poplar since both of them showed 

approximately 25% decrease with increasing Ci. 

 
Figure 3.4. Response of stomatal conductance to sub-stomatal CO2 concentration of control and ABA-
treated plants (10 and 20 µM) in sunflower (A), and of control and ABA-treated (5 µM) plants in poplar 
(B). Values are means ± SE of 9 (A, controls), 8 (A, 20 µM ABA), 3 (10, µM ABA) and 6 (B, both 
controls and 5 µM ABA) replicates.    
 

 Stomatal conductance was reduced in ABA treated plants over the entire range 

of CO2 concentrations in both sunflower and poplar with greater reduction in higher 

CO2 concentrations (Fig. 3.4 A, B). In sunflower, a reduction in gs was as much as 

three-fold, from 0.86 to 0.26 (mol m-2 s-1) at around 400 (µmol CO2 mol-1 air). 

In poplar, reduction of gs was not as distinct, probably due to lower ABA concentration 

used. Nevertheless, the reduction was observed over the entire range of Ci. Hence, it 

was possible to estimate the diffusional limitations of photosynthesis since the CO2 

transport from ambient to intercellular airspaces was restricted. 

When measuring on ABA-treated plants, some errors can be introduced by 

patchy stomatal closure (Terashima, 1992). However, although reduction in gs was 

substantial, gs values in ABA-treated plants were still high (min. around 0.2 mol CO2 

m-2 s-1
 in sunflower). Moreover, Flexas et al. (2006b) showed that exogenous ABA did 

not induced patchy stomatal closure even when gs dropped to much lower values 

(0.03 mol CO2 m
-2 s-1) in other herbaceous species. In addition, the close similarity 

in the curvature of AN-Ci curves measured in high and low water pressure deficit (Fig. 

3.5) has been taken as an indication for the absence of patchy stomatal closure 

in ABA-treated plants (Grassi and Magnani, 2005).   
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Figure 3.5. Relationship between photosynthetic rate (AN) and sub-stomatal CO2 concentration (Ci) 
under low (0.47 to 0.55 kPa) and high (0.86 to 0.99 kPa) water pressure deficit.  
 

3.5 Response of mesophyll conductance to varying CO2 concentration 

 

Simultaneous measurements of gas exchange and chlorophyll fluorescence allowed gm 

to be measured for all Ci concentrations used, except the very low one in poplar, where 

AN was close to zero, resulting in not reliable gm value.  

 Variable J method is based on the relationship between Cc and A + Rd, 

assuming Γ* to be fixed. If so, there is a family of curves representing different values 

of J. Harley et al. (1992) found that if the slope of the curve was too great, 

the sensitivity of gm to small errors was too great. On the other hand, if the slope was 

too low, the data were often unbelievable. Such data did not fit the expectable values. 

Therefore, Harley et al. (1992) introduced the criterion suggesting that estimates of gm 

could be questionable when dCc/dAN is lower than 10 or higher than 50. So, 

the threshold values are set and only gm estimates that fulfill that criterion are 

generally accepted as reliable (Fig. 3.6 A, B – shaded regions).  

 Applied Harley’s criterion is more empirical then theoretical approach 

for examination of reliability of the gm estimates. Thereby it disclaims not only 

negative or unlikely high gm values but also values which are presumable. In spite 

of obscurities in Harley’s criterion our data were tested by it to demonstrate 

the significance of the effect of CO2 and ABA on gm. 

For sunflower, there are some data for controls that should not be accepted 

according to the criterion. However, they were regarded as acceptable in the present 
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study since they all were very close to the threshold value of the criterion. Moreover, 

all data for 10 µM ABA-treated plants fulfill the criterion. 

 
Figure 3.6. Response of mesophyll conductance to varying CO2 concentration of control and ABA-
treated plants (10 and 20 µM) in sunflower (A), and of control and ABA-treated (5 µM) plants in poplar 
(B). Values are means ± SE of 9 (A, controls), 8 (A, 20 µM ABA), 3 (10, µM ABA) and 6 (B, both 
controls and 5 µM ABA) replicates. The unshaded region indicates gm data with a dCc/dAN between 10 
and 50, which are reliable according to Harley et al. (1992). Light-grey region indicate data out of that 
range in controls; dark-grey region indicate data out of that range in ABA treated plants. For simplicity, 
only light-grey region for controls is shown in sunflower. All gm estimates in 20 µM ABA-treated plants 
were slightly out of the range. Contrary, all gm estimates in 10 µM ABA-treated plants fulfill Harley’s 
criterion.   
 

 At ambient CO2 concentration, gm varied from 0.1 mol m-2 s-1 in poplar to 0.2 

mol m-2 s-1 in sunflower. Mesophyll conductance was observed not to be constant 

along the range of CO2 concentrations but to respond to varying CO2 as previously 

described by Flexas et al. (2007a) and Vrábl et al. (2009). In both species, non-linear 

proportionality between gm and Ci was found (Fig. 3.6 A, B). After initial growth 

in low Ci, gm-Ci relationship continued with the exponential decay at Ci higher 

than 150 µmol mol-1 air with decline being steepest up to Ci of 500 µmol CO2 mol-1 

air. Thereafter gm almost stabilized. In general, gm decreases as Ci increases. At high 

Ci, gm values were as low as 26 to 32% of those at lower Ci.  

 For ABA-treated plants, the same non-linear relationship between gm/Ci was 

observed with initial growth, subsequent exponential decrease and stable values 

at high Ci eventually. However, peak of gm was shifted and appeared at higher Ci 

in comparison to controls. 
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3.6 Effect of abscisic acid on mesophyll conductance 

 

Addition of abscisic acid allowed us to introduce a diffusional limitation 

to photosynthesis by closing the stomata and therefore decrease stomatal conductance 

(gs) markedly (see chapter 3.4). Contrary to gs, mesophyll conductance was increased 

after ABA addition in both sunflower and poplar, except for the highest ABA 

concentration used (20 µM) in sunflower where gm slightly decreased (Fig. 3.6 A, B). 

Mesophyll conductance in ABA-treated plants increased over the entire range of CO2 

concentrations. The increase ranged from 3 to 101% in sunflower and from 25 

to 119% in poplar. Differences in gm between controls and ABA-treated plants were 

most remarkable at low Ci from 100 to 300 µmol CO2 mol-1 air. 

 Generally, values of gm were higher in sunflower than in poplar, which is 

in accordance to the previously observed estimates for herbs and woody species 

(Warren, 2008a; Flexas et al., 2008).  

 

3.7 Effect of enhanced mesophyll conductance on chloroplastic CO2 
concentration 
 

Sub-stomatal CO2 concentration (Ci) increased with increasing Ca in linear 

relationship in all treatments and species. When ABA was applied, stomatal 

conductance was lowered since CO2 flux through stomata was restricted. Therefore, 

in comparison to controls with more opened stomata and high gs, sub-stomatal CO2 

concentration of ABA-treated plants was lower over the entire range of Ca in both 

species, especially at higher Ca (Fig. 3.7 A, B). In sunflower, decrease ranged from 6 

to 35% of Ci of controls in both the 20 and 10 µM ABA-treated plants. Since lower 

ABA concentration was used in poplar, decrease in Ci was less extensive (from 0 for 

very lowest Ca to 8% at higher Ca) but significant especially between 300 and 1500 

µmol CO2 mol-1 air.   
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Figure 3.7. Relationship between the sub-stomatal (Ci) and ambient (Ca) CO2 concentration of control 
and ABA-treated plants (10 and 20 µM) in sunflower (A), and of control and ABA-treated (5 µM) plants 
in poplar (B). Values are means ± SE of 9 (A, controls), 8 (A, 20 µM ABA), 3 (10, µM ABA) and 6 (B, 
both controls and 5 µM ABA) replicates. 
 
 Mesophyll conductance with its sub-components, as described in 

the Introduction, represents a great diffusional limitation to photosynthesis since it 

decreases chloroplastic CO2 concentration and therefore amount of CO2 available for 

carboxylation by Rubisco. In present work, mesophyll conductance increased after 

addition of ABA (at concentration lower than 20 µM) in both species studied. 

The enhancement in the gm should affect the CO2 concentration in the chloroplast (Cc). 

We found that Cc was the same (in sunflower) of slightly higher (in poplar) in ABA-

reated plants than in controls (Fig. 3.8 A, B). Therefore, the increase of gm corresponds 

to increase in Cc with respect to Ci.  

     Overall, the Ci/Ca ratio was higher in controls than in ABA-treated plants of both 

sunflower and poplar. Ci/Ca ratio ranged between 0.79 and 0.86 in sunflower controls; 

and between 0.84 and 0.99 in poplar controls. In ABA-treated plants, Ci/Ca ranged 

between 0.56 – 0.79 in both 20 and 10 µM ABA treatments of sunflower; and between 

0.81–0.87 in poplar.  

 Contrary, Cc/Ca ratio was higher in all ABA-treated plants (0.55–0.77 in 

sunflower and 0.47–0.68 in poplar) in comparison to controls (0.41–0.72 in sunflower 

and 0.23 –0.64), except for sunflowers treated by 20 µM ABA.  
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Figure 3.8. Relationship between the chloroplastic (Cc) and ambient (Ca) CO2 concentration of control 
and ABA-treated plants (10 and 20 µM) in sunflower (A), and of control and ABA-treated (5 µM) plants 
in poplar (B). Values are means ± SE of 9 (A, controls), 8 (A, 20 µM ABA), 3 (10, µM ABA) and 6 (B, 
both controls and 5 µM ABA) replicates. 
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4. Discussion 

 

4.1 CO2 response of mesophyll conductance 

 

Although CO2 concentration is crucial for physiology of photosynthesis and gm 

represents its great diffusional limitation, only several studies have been dealing with 

CO2 response of gm. In the presented study, gm responded rapidly to varying CO2 

in two species that belong to different functional groups, herbaceous (sunflower) 

and woody (poplar) species. Absolute values of gm differed between these two studied 

species. In sunflower, gm was twice higher than in poplar over the whole range of CO2 

concentration with respect to actual Ci. This is in accordance with previously 

published data that show that annual and biannual herbs present the largest values 

of gm and, in woody deciduous angiosperms being two times lower (Flexas et al., 

2008).   

 However, gm response to varying CO2 concentration was of the same 

magnitude and relationship in both the sunflower and poplar. At low Ci, gm increased, 

peaked from 150 to 250 µmol CO2 mol-1 air and decreased exponentially until steady 

state was reached at Ci higher than 500 µmol CO2 mol-1 air. gm decreased as much as 

three to four-fold (Fig. 3.6 A, B).  

 Such type of response was initially suggested by Düring (2003) who observed 

six-fold decrease of gm when increasing Ci from 300 to 1000 µmol mol-1 air 

in grapevine. Later, Flexas et al. (2007a) provided a more detailed analysis of gm 

response to CO2 in six different species supporting presented findings. Although 

magnitude of gm response was higher (6 to 9-fold decrease over range of Ci), 

the relationship between gm-Ci was similar to that presented here. Moreover, our data 

are consistent with most recently published results of Vrábl et al. (2009), Hassiatou 

et al. (2009) and Yin et al. (2009) from measurements on sunflower, Banksia and 

wheat, respectively. In summary, here presented and previously published data support 

hypothesis that gm could be affected by CO2 concentration. So far, two types of gm-

CO2 relationship have been published (if study of Tazoe et al. (2009) is omitted). 

Firstly, gm increases at low CO2 concentrations, peaks, and declines exponentially 

thereafter (Fig. 4.1, line a). Secondly, only exponential decay without initial growth 

and peak was observed (Fig. 4.1, line b). 
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Figure 4.1. Schematic illustration of two possible types of gm responses to varying CO2 concentration 
as described mostly in the literature.    
  

 Although Loreto et al. (1992) and later Tazoe et al. (2009) found no sensitivity 

of gm to varying CO2 concentration, their data could be insufficient since they 

measured gm over the three times smaller range of CO2 concentrations (from 100 to 

500 µmol CO2 mol-1 air)  than in studies proving CO2 dependency of gm.  

 Recently, results of Ethier and Pepin (2010) has suggested that gm response 

to CO2 could be species dependent and/or that some methodological obscurities are 

presented, since gm responded to CO2 in Nicotiana tabacum but not in Helianthus 

annuus and Populus x jackii using isotopic method. On the other hand, gm responded 

to CO2 in all species using variable J method. 

 In addition, on canopy-scale, no changes in gm were found in response 

to varying CO2 concentration in sunflower grown in growth cabinet prior to ABA 

treatment (Schäufele et al., 2011). However, measurements on mesocosm-scale 

and leaf-scale can be different due to several factors discussed in the next chapter. 

 

4.2 Effect of abscisic acid 

 

Abscisic acid (ABA) is a stress hormone with wide range of effects on plant 

physiology. Primarily, it triggers closure of stomata to prevent water losses (Zhang and 

Davies, 1990). Therefore by application of ABA to plants, we can introduce a great 

diffusional limitation for photosynthesis since stomatal conductance is suppressed. 

  The ABA treatment applied in the present study was sufficient to decrease gs 

over the entire range of Ci (Fig. 3.4 A, B). However, AN was slightly decreased in 

sunflower and no decrease of AN was recorded in poplar during the ABA treatment (10 

µM ABA in sunflower and 5 µM ABA in poplar). Moreover, AN was enhanced 

between 400 and 1500 µmol CO2 mol-1 air in poplar (Fig. 3.2 A, B). Similar effect 
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CO2

b

a
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b
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of ABA was observed in case of electron transport rate (Jf) (Fig. 3.3 A, B).  

 These findings are in approximate accordance with those of Vrábl et al. (2009). 

Using 20 µM ABA, they found no significant decrease in AN and Jf, although the ABA 

addition caused 38 to 60% reduction of stomatal conductance over the entire range 

of Ci. Additionally, neither gm nor photosynthetic capacity of leaves at ambient CO2 

was significantly changed after ABA addition. The only difference observed between 

controls and ABA-treated plants consisted of general shift of ABA-plants towards 

the lower Ci (Vrábl et al., 2009). This displacement was caused by closure of stomata 

and reduced Ci in ABA-plants and was recorded also in the presented study (Fig. 3.2 

A, B). On the other hand, supplying sunflower plants by 20 µM ABA, Schäufele et al. 

(2011) observed decrease in AN over the entire range of CO2 concentrations used. This 

was, however, on mesocosm scale in contrast to leaf-scale used in the presented study 

and study of Vrábl et al. (2009).  

 In presence of higher concentration of ABA (20 µM) in sunflower, gm was 

observed not to differ from control plants which is the same result as previously 

published by Vrábl et al. (2009) but opposite of that published by Schäufele et al. 

(2011). However, using halved (10 µM) and even lower (5 µM) ABA concentration in 

case of sunflower and poplar, respectively, enhancement of gm in comparison 

to controls was observed over the entire range of CO2 concentrations (Fig. 3.6 A, B). 

ABA was previously proved to decrease gm (Flexas et al., 2006b), but in much higher 

concentrations of 100 µM. To my best knowledge, this is the first time, when 

experimental evidence was provided that ABA led to increased gm.  

 Canopy-scale measurements of Schäufele et al. (2011) brought contrary results. 

However, canopy-scale and leaf-scale measurements could differ due to several 

factors. On leaf-scale, different growing and measuring light was used and measured 

leaf was exposed to different CO2 concentration than rest of the plant, in contrast to 

whole canopy-scale measurements where all leaves were exposed to the same CO2 

concentration and growing and measuring light was the same (Schäufele et al., 2011). 

Moreover, only young leaves were used in the leaf-scale measurements of Vrábl et al. 

(2009) and in presented study, whereas all leaf-age categories of plants contributed to 

the whole canopy-scale measurements. 
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4.3 Link between stomatal and mesophyll conductance 

 

Simultaneous decrease of gs and gm was often described in drought and salt stressed 

plants (Bongi and Loreto, 1989; Flexas et al., 2002, 2006b; Centrito et al., 2003; 

Peeva and Cornic, 2009; Warren et al., 2004) indicating some association with ABA. 

Studying salt stressed olives, Centrito et al. (2003) found linear relationship (r2 = 0.68) 

between gm and gs suggesting that response of gm to environmental factor can be as 

fast as that of gs. Moreover, besides simultaneity of gs and gm response to stress 

connected with drought, gm was found to respond to light and CO2 in a similar way as 

gs does (Flexas et al., 2007a; Yin et al., 2009). This led to suggestion that gs and gm 

could be intrinsically co-regulated (Peeva and Cornic, 2009). However, it would be 

disadvantageous to decrease gm when gs is decreased since diffusional limitation 

for photosynthesis would be much higher. Therefore, Vrábl et al. (2009) speculated 

that there might be an advantage in terms of carbon gain in enhancing gm at low gs, 

and hence, keep the photosynthetic assimilation rate unchanged.  

 This hypothesis was proved by results presented here. When applying ABA to 

induce stomatal closure, gs decreased (Tab. 4.1) which led to significant decrease of Ci 

in comparison to controls (Fig. 4.2). In some cases, however, differences were 

statistically insignificant due to high variability of data and small number of replicates. 

For instance, mean value of gs in ABA-treated plants of poplar was lower than in 

control plants, but not significantly (Tab. 4.1).  

 

Plant Treatment AN Ca Ci Cc gs gm

Helianthus Control 30.14 ± 1.09ns 387 ± 0.43** 326 ± 3.87** 160.5 ± 5.02ns 0.94 ± 0.06** 0.204 ± 0.014*

10 µM ABA 25.09 ± 2.82ns 390 ± 1.08** 269 ± 19.28** 153.3 ± 7.89ns 0.38 ± 0.07** 0.316 ± 0.045*

Populus Control 16.82 ± 0.97ns 393 ± 0.45ns 338 ± 3.17* 208 ± 12.1ns 0.58 ± 0.05ns 0.131 ± 0.008**

5 µM ABA 19.09 ± 1.22ns 393 ± 0.20ns 320 ± 4.91* 230 ± 13.2ns 0.49 ± 0.04ns 0.219 ± 0.022**

ns Nonsignificant difference; * Differed at 0.05 level of significance; ** Differed at 0.01 level of significance    

Table 4.1.Mean values ± SE of rate of photosynthesis, AN (µmol m-2 s-1), ambient, Ca, sub-stomatal, Ci, and chloroplastic, Cc , 

CO2 concentration (µmol mol-1 air), stomatal ,gs, and mesophyll gm, conductance (mol m-2 s-1); at CO2 400 µmol mol-1 air for
control and ABA-treated plants of sunflower (Helianthus ) and poplar (Populus ). T-test was used for statistical analysis to compare 
controls with ABA-treated plants. 

 

 

Nevertheless, insignificantly decreased gs was able to significantly decrease Ci. 

However, photosynthetic assimilation rate decreased slightly in 10 µM ABA-plants 

of sunflower and was increased in 5 µM ABA-plants of poplar (Tab. 4.1; Fig. 3.2 A, 

B) although Ci was significantly lower than in control plants.  
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Figure 4.2. Drop of CO2 concentration from ambient (Ca) to sub-stomatal (Ci), and chloroplastic (Cc) 
CO2 concentration in controls and ABA-treated plants of sunflower (A) and poplar (B). Values are 
means ± SE of 9 (A, controls), 3 (A, 10 µM ABA) and 6 (B, both controls and 5 µM ABA) replicates.     
 

Explanation for this provides comparison of gm in controls with ABA-treated 

plants. gm was significantly higher in presence of ABA. This led to unchanged 

(in sunflower) or slightly increased (in poplar) Cc (Fig. 4.2) and finally to almost 

unchanged or even slightly increased AN (Tab. 4.1). These results indicate that gm 

could be somehow linked to gs and that both of them could be regulated in a feedback 

way to keep the maximal CO2 concentration in the site of carboxylation. This led us 

to the hypothesis illustrated on Fig. 4.3. When stomata are fully opened (Fig. 4.3 A), 

CO2 uptake is sufficient, therefore Ci is high enough and gm decreases since 

photosynthesis is not limited by CO2 availability. On the other hand, when stomata are 

closed, e.g. after ABA addition or in drought stress (Fig. 4.3 B), CO2 uptake is 

restricted and Ci decreases. As a reaction to decreased Ci, gm increases to enhance 

the CO2 flux into the chloroplast.    

 

 

 

 

 

 

 

 
 
 
 
Figure 4.3. Simplified model of leaf section showing possible link between gm and gs in the case when 
stomata are fully opened as in controls (A) and closed as in ABA-treated plants (B). Red arrows 
represent a magnitude of CO2 flux from ambient (Ca) to sub-stomatal cavity (Ci) and from sub-stomatal 
cavity to chloroplast stroma (Cc). The cuticle (cut), upper epidermis (ue), palisade parenchyma (pp), 
sponge parenchyma (sp), lower epidermis (lp) and stoma is shown.    
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gm-Ci curves show that at low Ci, gm increases (Fig. 3.6 A, B) but when Ci increases, 

gm decreases as photosynthesis is not more limited by CO2 availability. As discussed in 

Flexas et al. (2007a), a sustained high gm at high Ci, when the CO2 assimilation rate is 

saturated, would almost double the CO2 concentration in the chloroplast stroma (Cc). 

Maintaining gm high at high CO2 concentrations would result in problems involving 

low stromal pH detrimental for photosynthetic enzymes (Berkowitz et al., 1983) or 

high energy requirement (Flexas et al., 2007a). Alternatively, gm needs to be increased 

at low CO2 concentrations where energy is in excess to that required 

for photosynthesis and increased CO2 availability would be better for photosynthesis 

as Flexas et al. (2007a) speculated. Therefore, fine-tuned co-regulation of gs and gm is 

needed. 

 However, depression of Ci due to low gs and high gm may force the stomatal 

opening accompanying with consequent increase of Ci and this may lead to oscillation 

of photosynthesis (Šantrůček et al., 2003). Nevertheless, if gm increases enough 

to remove CO2 from sub-stomatal cavity, Ci can decrease enough to create a gradient 

of CO2 concentrations between the ambient and sub-stomatal cavity. Hence, CO2 flux 

would possibly be enhanced even through the half-closed stomata. As a result, rate 

of CO2 assimilation does not change or is enhanced while water loss through stomata 

decreases. This will lead to enhancement of water use efficiency (WUE = A/E) 

without any depression of photosynthesis. In the presented study, increased WUE over 

the entire range of CO2 concentrations was observed in ABA-treated plants in both 

sunflower and poplar (Fig. 4.4).  

 
Figure 4.4. Response of water use efficiency of controls and ABA-treated plants to Ca in sunflower (A) 
and poplar (B). Values are means ± SE of 9 (A, controls), 3 (10, µM ABA) and 6 (B, both controls and 5 
µM ABA) replicates.   
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 Following the same experimental procedure as in presented study, Vrábl et al. 

(2009) did not find any increase of gm in ABA-treated sunflower plants, although AN 

was unaffected by ABA addition that led to decrease in gs. The authors discussed that 

all values were close to the saturated part of the well-known curvilinear relationship 

between AN and gs, i.e. that at ambient CO2, AN in these plants was more limited by 

photosynthetic capacity than by CO2 availability (Flexas et al., 2006b). In other words, 

although gs was reduced after ABA-addition, it was not low enough to cause a high 

CO2 limitation for photosynthesis. Therefore gm remained unchanged. Using the same 

species and procedures, however, we were able to observe gm enhancement described 

above. This was probably due to greater differences between the gs of controls and 

ABA-treated plants (drop from 0.94 to 0.38 mol CO2 m
-2 s-1 at 400 µmol CO2 mol-1 

air) than in the study of Vrábl et al. (2009) (drop from 0.45 to 0.27 mol CO2 m
-2 s-1 at 

400 µmol CO2 mol-1 air). Therefore, in our case greater diffusional limitation was 

introduced which finally led to higher gm found in ABA-treated plants.  

  

4.4 Possible role of aquaporins in regulation of mesophyll conductance 

 

Presented study proved significant enhancement of gm in ABA-treated plants in 

comparison to controls. By studying temperature response of gm, it was suggested that 

gm is controlled by protein-facilitated process (Bernacchi et al., 2002) and aquaporins 

were proved to be connected with gm (Flexas et al., 2006a; Hanba et al., 2004). These 

results suggest possible involvement of ABA in regulation of gm through modulation 

of aquaporins activity since ABA was previously found to enhance AQP activity 

for water permeability (Wan et al., 2004). Therefore, regulation of mesophyll 

conductance by ABA could be either direct or indirect (see Fig. 4.5). Direct regulation 

could be possible if ABA enhances CO2 permeability of aquaporins together with 

the water permeability. If so, CO2 could permeate through the central or side pore 

of AQP tetramer (Wang et al., 2007) (Fig. 1.9 A). Indirect regulation of gm by ABA is 

possible by enhancing flux of water through AQP, thus reducing the thickness 

of unstirred layers on the surface of the membrane that represents barrier for CO2 and 

finally allowing CO2 to permeate only through membrane.  

 In summary, it was proved that ABA affects gm and probably is connected with 

its regulation. However, if ABA regulates gm directly or indirectly should be further 
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tested.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Schematic illustration of possible processes laying behind the regulation of gm by ABA.  
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5. Conclusion 

 

The assessment of mesophyll conductance (gm) at different CO2 concentration in 

absence and presence of abscisic acid conducted in presented study has provided 

an insight into diffusional limitations of photosynthesis. gm was observed to respond 

rapidly to varying CO2 concentration in both the controls and ABA-treated plants. 

For the first time, an increase of gm over the range of CO2 concentrations in presence 

of low concentration of exogenously added ABA was found. Based on obtained 

results, it was suggested that gm could be somehow linked to gs and that both of them 

could be regulated in a feedback way to keep the maximal CO2 concentration in 

the sites of carboxylation even when stomata are partially closed. By doing this, plants 

can reduce water losses but keep the photosynthetic rate unchanged. Additionally, 

by using ABA-treated plants, possible way of gm regulation by ABA through 

aquaporins was outlined with appeal for further testing.    
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Appendix 

 

Possible sources of errors of gm estimation 

 

Estimation of gm by variable J method involves several parameters used in 

calculations. These parameters are: day respiration (Rd), CO2 photocompensation 

point (Γ*), leaf absorbtance (α), light partition between photosystems II and I (β) 

and the absence of alternative electron–consuming reactions, such as the Mehler 

reaction.  

 Parameter α*β were not affected by CO2 concentration since relationship 

between ΦPSII and ΦCO2 estimated at variable CO2 concentration under low O2 was not 

affected as well (see Fig. 3.1). However, besides photosynthesis and photorespiration, 

other reactions such as Mehler reaction or nitrite reduction have been shown to 

consume as much as 10% of Jf (Miyake and Yokota, 2000; Laisk et al., 2006). 

In addition, Rd may be underestimated using the method of Laisk (Pinelli and Loreto, 

2003). Rd and alternative electron consumption can be affected by CO2 concentration 

(Miyake and Yokota, 2000; Gonzalez-Meler et al., 1996; Bruhn et al., 2007). Finally, 

using Cc
* as a proxy for Γ* can also bring some uncertainty.  

 All these possible sources of errors were tested by simulation as described in 

Flexas et al. (2007a). An example of such simulation is shown in Table A1 for a leaf 

of sunflower (simulation for poplar resulted in qualitatively similar results, not 

shown). At ambient CO2 (400 µmol mol-1 air) and high CO2 (700 µmol mol-1 air), leaf 

temperature was 23°C , AN 30 and 35 µmol CO2 m
-2 s-1, Ci was 326 and 591 µmol CO2 

mol-1 air, and Jf was 209.1 and 208.8 µmol m-2 s-1. These data, together with 

estimations of Rd (-0.48 µmol CO2 m
-2 s-1) and Cc

* (33 µmol CO2 mol-1 air, used as 

a proxy for Γ*) obtained form the Laisk method, resulted in gm estimates of 0.194 

and 0.101 mol CO2 m
-2 s-1 at ambient and high CO2, respectively.  

 Two simulations were performed for each parameter tested. Alternative 

electron-consuming reactions were considered to consume 10% of total Jf. Secondly, 

these reactions were assumed to consume 10% of Jf only at ambient CO2 

concentration. Two possibilities were tested regarding Rd. Firstly, it was assumed to be 

twice the estimated one (i.e. close to RN, as suggested by Pinneli and Loreto, 2003). 

Secondly, it was assumed to be reduced by 30% at high CO2 concentration (Gonzalez-
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Meler et al., 1996; Bruhn et al., 2007). Regarding Γ*, two values for gm that could 

appear at compensation point were used for test, 0.3 mol CO2 m-2 s-1 (as judged 

from Fig. 3.5 A) resulting in a Γ* of 34.4 µmol CO2 mol-1 air and value of gm lowered 

by 10 %, i.e. 0.27 mol CO2 m
-2 s-1, resulting in a Γ* of 48.3 µmol CO2 mol-1. Γ* may 

be equal at ambient and high CO2 since it reflects an intrinsic property of Rubisco. 

At ambient CO2, all simulated gm values ranged between 0.201 and 0.270 mol CO2   

m-2 s-1 which is close to original value of 0.194 mol CO2 m
-2 s-1 except when Γ* was 

48.3 µmol CO2 mol-1 air was considered which yielded in much higher gm (0.399 mol 

CO2 m-2 s-1). In addition, at high CO2, all simulated values ranged between 0.100 

and 0.149 mol CO2 m
-2 s-1 which is, again, very close to original value of 0.101 mol 

CO2 m
-2 s-1.   

Therefore, these simulations proved that although three parameters tested can 

bring some variation in absolute value of gm, especially Γ*, none of them would impair 

the result that gm responds to varying CO2 concentration. Together, it provides 

certainty that decreased gm at high CO2 has a physiological basis, and does not result 

from artifacts in the methods (Flexas et al., 2007a). 
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