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Annotation

Stomatal conductance and mesophyll conductance for CO2 transport are two key components

of diffusive limitations of photosynthesis, since they restrict CO2 flux from the leaf surface to

the sub-stomatal cavity and from there to the sites of carboxylation. This thesis summarizes

our findings in the field of nature of mesophyll conductance to CO2 transport and its regulation

per se and in respect to stomatal conductance.
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We confirm that contribution of Daniel Vrábl to the above listed articles was as mentioned.

Michal Štroch
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Introduction

Importance of CO2 in the photosynthesis

Carbon dioxide diffusion from the ambient atmosphere to the chloroplast stroma is crucial for

plants as photosynthesis is highly limited by CO2 availability at the sites of carboxylation in

chloroplasts (Cc). While the recent CO2 concentration in atmosphere is 400 µmolmol−1(NOAA,

National climatic data center, 2013) and is progressively rising, the effective CO2 concent-

ration at the site of carboxylation is much lower and below saturated concentration due to

several resistances restricting diffusion from leaf surface into the chloroplast stroma. Here

we would like to contribute to understanding of the role of CO2 not only as a substrate

of photosynthesis and the major source of carbon, but as pathway of energy dissipation as

well. Due to poor affinity of Rubisco enzyme to CO2, the decrease in Cc increases the rate

of energy-wasting within the photorespiration pathway. Moreover as a result of lower total

energy use by carboxylation and oxygenation at the low Cc, chloroplasts are more liable to

be over reduced and photoinhibited (Terashima et al., 2011).

CO2 diffusion is on its pathway from leaf surface into the chloroplast restricted by several

resistances (defined as: r = 1/D ∗ dx, where D is diffusional coefficient and x is length of

diffusional pathway). The first of them is boundary layer at the leaf surface, where air mo-

lecules are decelerated and thus thin layer of the slow laminar flow is created. The resistance

of the boundary layer is related to the wind speed and leaf length. Subsequently CO2 has

to pass through stomata. Opened stomata facilitate diffusion of CO2 to reach the mesophyll

but simultaneously let water vapour exit the leaf to the atmosphere. Hence by opening and

closing, stomata regulate not only the carbon assimilation but also water loss and leaf water

status. Therefore stomatal resistance is the first of adjustable resistances affecting CO2 di-

ffusion. Resistance to CO2 diffusion in the mesophyll intercellular airspace is given by the

length of the CO2 diffusion pathway from sub-stomatal cavity to the mesophyll cell surface.

Then CO2 dissolves in the cell wall water and diffuses across the cell wall, plasma membrane,

cytosol, chloroplast envelope, and stroma to Rubisco. The pathway comprising CO2 transport

from sub-stomatal cavity into the chloroplast is termed mesophyll conductance (gm) (the re-

sistance is expressed here as conductance: g = 1/r) (Fig.1). The rate of diffusion through the

mentioned composite segments of the diffusion pathway depends on the effective thickness and
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diffusivity of each component section (Terashima et al., 2011). The diffusion of CO2 within

Figure 1: Schematic illustration of diffusion pathway of CO2 in terms of concentration from

the ambient (Ca) through leaf surface (Cs) and intercellular air spaces (Ci) to the chloro-

plast (Cc) concentration. 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 (gw) and chlo-

roplast 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. gw and gchl are often being joined

and termed as liquid phase conductance (gliq) since CO2 has to diffuse through liquid phase

inside the cell. Adapted from Terashima et al. (2011) and Hisem (2011)

the leaf mesophyll would be possible to describe purely in physical and mathematical way,

but it becomes apparent that it is not as straightforward. The previously used term ”effective

resistance” denotes that circumstance that the diffusion path length is generally longer than

the linear distance from sub-stomatal cavity to chloroplast due to tortuosity and/or limited

porosity of the diffusional pathway (Evans et al., 2009). Tabulated diffusion coefficients for

CO2 in free water cannot be directly applied to leaves due to presence of solutes and macromo-

lecules in liquid-phase components of the diffusion pathway and changes in pH, temperature

etc. Moreover, CO2 can interconvert with HCO3
− inside leaf cells in a reversible reaction

catalyzed by carbon anhydrases.

In the past it was assumed that CO2 concentration in the chloroplast is almost the same

8
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as CO2 concentration in the sub-stomatal cavity, thus that gm is large enough and not li-

miting the rate of photosynthesis. With development of methods estimating gm in the last

two decades, it has become more and more clear that gm is finite and significantly restricts

CO2 diffusion into the chloroplast and consequently it becomes one of the limiting factors of

photosynthesis.

Variability of mesophyll conductance to CO2

Nature of gm has been mostly attributed to that structural properties of the leaf (mesophyll

anatomy), which consequently cause most of the gm variations (von Caemmerer and Evans,

1991; Lloyd et al., 1992). Leaf mesophyll thickness is often discussed as one of the parameters

that could affect gm at structural level influencing the effective path length for CO2 diffusion

from the sub-stomatal cavity to the uppermost mesophyll cell surface (e.g. Terashima et al.

2001). In purpose to characterize impact of mesophyll structure on gm more precisely, para-

meters as mesophyll porosity, mesophyll area exposed to intercellular airspaces or the surface

area of chloroplasts facing intercellular airspaces have been used (Hanba et al., 1999). gm is

usually expressed on leaf area basis, however the real surface of the mesophyll cell walls across

which CO2 diffuses is considerably larger. Based on i) negative correlation between mesophyll

porosity and gm and ii) positive correlation between mesophyll area exposed to intercellu-

lar airspaces and gm, Kogami (2001) suggested that gm would be primarily determined by

variation of the conductance in liquid phase rather than that in gas phase.

Recent knowledge of variation in gm proves that leaf cellular and sub-cellular layout is

the factor which affects particularly long term changes in gm. But fast response of gm to

CO2, temperature, light and other factors has been observed as well by Flexas et al. (2008).

Moreover the authors claim, that response of gm is even faster then gs. Thus long term

variation of gm due to leaf structure can not be the only one factor affecting gm.

Real or apparent regulation of gm

Considerable number of observations of large and rapid response of gm to various environ-

mental factors which have been published in last decade evokes the effort to uncover other

then structural properties of the mesophyll which affect variability of gm. Analysis of tempe-

rature response of gm provided first insight of the character of the diffusion of CO2 within

9
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the gm. If the processes determining gm are driven purely by diffusion, then gm should have

a temperature coefficient (Q10) close to that of the diffusivity of CO2 in pure water. The

Wilke-Chang equation predicts a Q10 of 1.25 at 25 ◦C, varying little across the biologically

relevant temperature range. This is in close agreement with range of measurements (Tamimi

et al., 1994). If an enzyme or contribution of a metabolic process is required for the effective

transfer of CO2 to the site of carboxylation, then gm should be more sensitive to temperature,

with a Q10 value close to or above 2. Based on a Q10 of approximately 2.2 for gm in tobacco

leaves, Bernacchi et al. (2002) speculated that enzymatic or protein facilitated diffusion of

CO2 controls gm. The most likely candidates for this effect would be carbonic anhydrase (CA)

and aquaporins.

But it has to be pointed out that argument based on the high Q10 is defensible in the

case of N. tabacum, which had the expected temperature response for a protein-facilitated

process. However, the relative constancy of gm from 20◦C to 35◦C in Q. cannariensis and

from from 28◦C to 38◦C in Eperua grandiflora (Pons and Welschen, 2003) argue against

gm being determined by only protein facilitated diffusion. It is more likely that gm is deter-

mined by multiple processes with different temperature sensitivities which result in complex

temperature response. It is more likely in relation to the miscellaneous nature of gm.

Several authors demonstrate that the respiration processes can not be neglected in the

calculation of gm. Primarily because respiration processes are very sensitive to temperature.

The errors of gm estimation result from incorrect estimation of the rate of photorespiration

and electron transport via PSII (when using simultaneous measurements of gas exchange and

fluorescence - variable J method). Particularly electron transport rate is strongly affected

by temperature as was shown in II–Štroch et al. (2010). Similarly, when stable isotope me-

thod is used forgm estimation , assumption of constant fractionation factor within the whole

temperature range may lead to errouneous gm.

Gillon and Yakir (2000) developed advanced method providing the estimation of CO2 con-

centration in chloroplast (Cc) and at the chloroplast surface (Ccs). This method is based on

different discrimination of isotopes 13C and 18O in CO2 and H2O in the leaf mesophyll. While

13C is discriminated within the whole diffusional pathway (leaf surface - chloroplast) then

discrimination of 18O occures only between chloroplast surface and chloroplast stroma due to

oxygen exchange between 18O-enriched water and CO2 in the chloroplast, a process catalyzed

10
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by carbonic anhydrase (CA). We applied this approach for segmentation of overall gm to

conductances of cell wall (gw) and chloroplast (gchl) and evaluation of the temperature re-

sponse of the particular conductances within the gm (Fig.2). By fitting the relationships with

Arrhenius equation Q10 has been observed as the indicator of diffusion character. Q10 for

gw, which in fact involves CO2 transport not only within the cell wall but from sub-stomatal

cavity to the chloroplast surface, was 1.63 which indicates, that simple diffusion dominated

the CO2 transport. On the other hand Q10 for overall gm was 2.5 and particularly Q10 for

gchl was 2.58, implying that facilitation of CO2 diffusion should be located within one of

the chloroplast envelopes. These findings are in agreement with Uehlein et al. (2008), who

localized aquaporins proteins (NtAQP1) of PIP1 family particularly in inner membrane of

chloroplast. Since the ability to transport CO2 has been proved in PIP1 aquaporin subfamily

(Uehlein et al., 2003), at least part of the gm variability seems to be localized in the inner

chloroplast membrane.

Figure 2: Temperature response of A) CO2 concentration in sub-stomatal cavity (Ci), chloro-

plast surface (Ccs) and chloroplast stroma (Cc). B) Temperature response of overall mesophyll

conductance to CO2 transport (gm) and particular conductances of cell wall (gw) and chloro-

plast (gchl). (Vrábl et al.,unpublished results)

Previous studies of temperature response of gm reported typical pattern with initial ex-

ponential increase (Bernacchi et al., 2002) followed by peak and subsequent plateau (Yamori

et al., 2006) or decrease (Bernacchi et al., 2002). But the most recent findings of Evans and
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Daniel Vrábl (2013) Physico-chemical aspects of mesophyll conductance

von Caemmerer (2013) evoke questions in terms of effects of photorespiration on temperature

response of gm. The authors observed linear relationship between gm and temperature with

gm increasing from 0.5 to 1.75 molm−2 s−1 bar−1 , at the temperature ranging from 15◦C

to 40◦C. The measurements were made under 2 and 21% O2, so it was possible to derive

both the fractionation factor of 13C associated with photorespiration as well as the overall

effect of discrimination of 13C associated with photorespiration. Latter increased from 1.1 to

2.7‰ between 20 and 40◦C. Thus as the isotopic discrimination associated with gm declined

at higher temperatures, this was offset by increased discrimination associated with photore-

spiration. By the modeling of temperature response of gm the particular mechanisms behind

the sensitivity of gm to temperature can be revealed. Evans and von Caemmerer (2013) has

shown that diffusivity of CO2 in water increases with temperature. Therefore they predict a

decrease of CO2 solubility with temperature if gm is solely determined by diffusion through

water in the cell wall, cytosol and chloroplast stroma.

What can the CO2 response of mesophyll conductance tell us about its

nature?

It was observed that gm is sensitive to large amount of external stimuli. Most of them directly

or indirectly affect CO2 concentration in the mesophyll and/or chloroplast by changes in

diffusional conductances and/or consumption of CO2 within Calvin-Benson cycle. Thus it

can be speculated that CO2 concentration in the mesophyll or chloroplast can be the one of

many or the only factor which drive the variability of gm.

At low Ci, gm in most of the studies increased with subsequent peak and an exponen-

tial decrease until steady state was reached at high Ci. Such type of response was initially

suggested by During (2003) who observed six-fold decrease of gm when Ci increased from

300 to 1000 ppm air in grapevine. Later, Flexas et al. (2007) provided more detailed analysis

of gm response to CO2 in six different species supporting previous findings. Similar pattern of

gm-Ci response has been observed by I–Vrábl et al. (2009); Hassiatou et al. (2009); Yin et al.

(2009); Bunce (2010) in measurements on sunflower, banksia, wheat, and bean and soybean,

respectively. Likewise in more recent study Tazoe et al. (2011) found significant decrease of

gm when CO2 increased. In summary, here presented and previously published data support

the hypothesis that gm is affected by CO2 concentration. So far, two types of gm/CO2 relation-

12
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ship have been published (if the study of Tazoe et al. (2009) is omitted). Firstly, gm increases

at low CO2 concentrations, peaks, and declines exponentially thereafter. Secondly, only ex-

ponential decay without the initial growth and peak was observed. 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 ppm) than in studies proving CO2 dependency of

gm. Bunce (2010) has recently shown that sensitivity of gm to CO2 increases with lower me-

asuring PPFD and even more when using lower PPFD during plant growth. Nevertheless,

this response differed between studied species with bean being more sensitive than soybean.

Interestingly, Bunce (2010) was able to record gm response to CO2 on very small range of

CO2 concentration (from 100 to 300 ppm). Therefore, neither methodological nor species-

dependent variation in gm response to CO2 can be disclaimed. This should further be tested

on the leaf and single plant level. On canopy-scale, no changes in gm were found in response

to varying CO2 concentration in sunflower grown in growth cabinet (Schaufele et al., 2011)

but gm exerted high sensitivity to CO2 in plants treated by ABA. It may be possible that

application of ABA can increase sensitivity to CO2 as diffusional conditions in leaf interior

are changed due to lower gs.

But it has to be admited that up to now we are still quite far away from understanding

of the response of gm to variable CO2 concentration. Several authors speculate that the

pattern of the gm/CO2 relationship is more significantly affected by errors in methodology

of gm estimation then the real variation in mesophyll conductance affecting CO2 transport

inside the leaf.

Looking for the link between stomatal and mesophyll conductance

Within CO2 transport from leaf surface into the chloropast, gs and gm are connected in

series. Thus one may speculate whether change of gs will induce the change in the gm and

vice-versa. If so, there should exist a factor, which drives gs as well as gm. Most of the so far

elucidated factors affecting gm (see Flexas et al., 2008 for review) simultaneously affected also

gs. In most of the published studies the responses to various stimuli, of both gs and gm, are

of approximately the same extent and similar pattern, then gm/gs relationship acquires the

character of linear increase. On the other hand, several studies presented variations in only

13
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one of the conductances, either gs or gm, while the other remained unaffected. Up to now,

inverse pattern of gs and gm to the given treatment has not been published, except for the

work of Pons and Welschen (2003), showing that during midday photosynthesis depression at

28 - 33°C, initial increase of gm was accompanied by simultaneous decrease of gs.

The link between gs and gm can be evaluated by manipulation of gs and observing the

impact upon gm. gs can be easily restrained by exogenous application of abscisic acid (ABA).

Although the closure of stomata in presence of ABA is well characterized even without in-

duction of water stress (Dodd and Davies, 2004; Flexas et al., 2006a), direct effect of ABA on

gm on the leaf scale is very scarce and contradictory. Flexas et al. (2006a) presented reduction

of gm after ABA addition in soybean and tobacco while Vrábl et al. (2009) found no effect

in sunflower using five times lower exogenous ABA concentration (20 µM). On canopy scale,

Schäufele et al. (2011) showed that gm decreased in presence of ABA, especially at higher

ambient CO2 concentrations (Ca), while controls showed hardly any response to increasing

Ca.

Buckley and Warren (2013) modeled the nitrogen and water use in the term of gs and

gm relationship. They conclude that: i) gm cannot respond as sensitively to irradiance as

gs can. Thus with increasing irradiance the optimal gs will be greater at high light than

it would be if it was physiologically possible for gm to track gs perfectly. ii) constraints on

gm require a compensatory increase in gs , the result is that Ci goes down thus Ci -Cc increases.

But the authors are unaware of any data showing this Ci increase up through the canopy thus

it is likely, that compensatory effect of gs is offset by other factor that reduce gs for example

reduced water potential in upper canopy levels. Moreover from I–Vrábl et al. (2009) and

Warren (2008) the authors deduce, that gs–gm relationship may reflect a tight coordination

between the rate of photosynthesis and gm, or a tendency for gm to compensate the reduction

in gs.

Non-parallel gs and gm variation induced by abscisic acid treatment

Previous results from I–Vrábl et al. (2009) motivated us for further experiments designed to

reveal the effect of abscisic acid on gs-gm link (III–Hisem and Vrábl, 2013). Abscisic acid

(ABA) as the stress plant hormone with wide range of physiological effects is synthesized

during the water shortage conditions. The primary effect of ABA is closing of the stomata

14
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to reduce water loss during transpiration. Flexas et al. (2006) showed a reduction of gs and

gm after addition of ABA in concentration 100 µM. Contrary to their finding, our results

(I–Vrábl et al., 2009) indicated that addition of ABA in lower concentration (20 µM) indu-

ced reduction of gs and Ci which is not accompanied by reduction of neither AN nor gm.

This evokes the hypothesis, that different concentration of ABA induced different response

of gs and gm. We grew the Helianthus annuus plants in Hoagland nutrient solution while

plants was exogenously treated with 10 and 20 µM ABA. Both treatments induced reduction

of gs and consequently decrease of CO2 concentration in sub-stomatal cavity. Contrary to

that, reduction of AN has been observed only at 20 µM ABA treatment. Maintenance of

AN at 10 uM ABA treatment has been likely caused by significant enhancement of gm, which

increases CO2 concentration in chloroplast, Cc. This is very promising result, which should

be further evaluated. Under the condition of reduced gs and enhanced gm water loss through

stomata is strongly reduced but rate of CO2 assimilation does not change or is even enhan-

ced (Fig. 3). This leads to enhancement of instantaneous water use efficiency without any

depression of photosynthesis. It can be hypothesized that low concentration of ABA could

positively affect carbon gain under moderate water shortage conditions.

Possible role of aquaporins in regulation of mesophyll conductance

Our measurements with variable CO2 concentration and abscisic acid and the results of other

authors indicate high variability of gm, which can be partly attributed to the involvement

of a CO2 transporter in the processes underlying gm. The family of major intrinsic proteins

(MIPs) aquaporins are often suggested as the most likely gated channels, which are able to

affect CO2 transport in mesophyll cells. Our experiments with ABA indirectly support this

suggestion similarly to Wan et al. (2004) who demonstrated, using pressure probe technique,

that ABA treatment enhances water permeability of leaf mesophyll cells. According to Uehlein

et al. (2008) AQP1, which is PIP1 isoform of aquaporin belonging to PIP (plasma membrane

intrinsic protein) subfamily, is able to transport not only molecules of water but molecules of

CO2 as well.

There are several questions which need to be answered before we will get more clear

picture of the importance of aquaporins in regulation of mesophyll conductance. i) Each

subunit of the aquaporin tetramer consist of six transmembrane helixes which are connected
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Figure 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 (le) and stoma are

shown.

by five loops and form hydrophilic pore through the lipid bilayer. Two of the loops, containing

co-called NPA motifs (Asn-Pro-Ala), meet at the center of the pore and constitute a size

exclusion zone, with a diameter of 3 Å. The size of the water molecule is 2.78 Å but the

size of CO2 molecule is 3.23 Å. Besides that the geometry of the water and CO2 molecule

differs as well. ii) The previous point should be answered by clarification of the site, where

CO2 is transported within the aquaporin. Single aquaporins are organized into the tetramer

structure thereby central pore without any specific binding site of the transported molecules

is formed. Thus it was suggested that CO2 molecules are able to pass the protein central

pore (Wang et al., 2007). iii) Molecules of CO2 will follow the pathway with the highest

conductance, thus for evaluation of the aquaporin significance it is crucial to know particular

conductance to CO2 transport through the individual barriers (cell wall, plasmatic membrane
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and chloroplast membranes). Albeit Evans et al. (2009a) and Terashima et al. (2011) tried to

evaluate the significance of particular diffusional barriers in mesophyll to CO2 transport the

measurements on particular cellular and sub-cellular structures are still missing. iv) While

water transport through the particular aquaporins is quite well explored, it is not clear whether

CO2 molecules are transported in the same pathway. Moreover we are still far away from

complete understanding of the sensitivity of particular aquaporins and/or aquaporin tetramers

to various external stimuli like CO2 concentration, pH, temperature, etc. v) Last but not least

just one paper (Uehlein et al., 2008) clarifies the localization of PIP1 aquaporin isomer which

is able to transport CO2 molecules. For better understanding of the role of aquaporins in

CO2 transport it would be helpful to know the localization of the different aquaporin isomers,

composition of tetramers within the mesophyll cells in different plants and various growth

regimes.

Summary

As was mentioned above, mesophyll conductance is one of the major factors limiting photo-

synthesis. It was shown that this parameter is not rigid but variable, which would allow tune

up the CO2 and water movements in mesophyll. The phenomenon of mesophyll conductance is

very actual and interesting for growing community of plant physiologists. The number of pub-

lications addressing various aspects of mesophyll conductance to CO2 transport is increasing

in the last 23 years and number of reports increases exponentially from 2001 up to 2009 since

the introduction of commercial devices capable of simultaneous gas exchange and chlorophyll

fluorescence measurements and the progress in isotope-ratio mass spectrometry (IRMS) in-

strumentation and particularly very recent advancement in tunable diode laser spectrometry

(TDLS) (Fig.4). The exponential increase of reports culminated by the special issue in Journal

of Experimental Botany in 2009 (vol. 60), where the most of previous research and original

papers has been reviewed. Up to year 2009 most of the papers have been focused on the sensi-

tivity of mesophyll conductance to various internal and external factors, but understanding

of the mechanisms behind the gm responses was missing. Presently, research on mesophyll

conductance is more focused on processes which stand behind the variability of gm and pre-

fers the comprehensive view of the CO2 transport in mesophyll. It is obvious, that the recent

approach to mesophyll conductance requires more focused same as the sophisticated broader
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Figure 4: Evolution of publications on mesophyll conductance to CO2 transport over the last

23 (1990–2012) years. Bars represent number of reports published in each year and the gray

area represents accumulated number of publications.

experiments and the production of specific mutants and improvements of gm estimation, thus

it would be expected that the increase of number of papers related to the phenomenon of

mesophyll conductance is not going to be as steep.

Very recently several, novel papers (Thollen et al., 2012; Buckley and Warren, 2013),

has been published. The first of them evaluates phenomenon of mesophyll conductance in

a complex view including the impact of mitochondria respiration and photorespiration on

variability of mesophyll conductance in perspective of the three-dimensional nearness. On the

other hand Buckley and Warren (2013) are considering short term and long term variability

of mesophyll conductance from the view of economics of nitrogen and water use efficiency and

pointed out that the stomatal and mesophyll conductance link can be broken under specific

condition. It is promising that both of this papers confirm our major results of variability

of mesophyll conductance to CO2 concentration (I–Vrábl et al., 2009) and the non-uniform

response of stomatal and mesophyll conductance after low concentration of abscisic acid (III–
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Hisem and Vrábl, 2013).
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Daniel Vrábl (2013) Physico-chemical aspects of mesophyll conductance

Hanba Y.T., Miyazawa S.I., Terashima I. (1999) The influence of leaf thickness on

the CO2 transfer conductance and leaf stable carbon isotope ratio for some evergreen tree

species in Japanese warmtemperate forests. Cunct. Ecol. 13, 632-639.

Hanba Y.T., Shibasaka M., Hayashi Y., Hazakawa T. Kasamo K., Terashima I.

and Katsuhara M. (2004) Overexpression of the barley aquaporin HvPIP2;1 increases

interval CO2 conductance and CO2 assimilation in the leaves of transgenic rice plants. Plant

Cell Physiol. 45, 521-529.

Hanstein S., de Beer D. and Felle H.H (2001) Miniaturized carbon dioxide sensor de-

signed for measurements within plants leaves. Sensors and Actuators B81, 107-114.

Ludwig M, Renton M, Veneklaas EJ, Evans JR. (2009) Influence of leaf dry mass per

area, CO2 and irradiance on mesophyll conductance in sclerophyll. Journal of Experimental

Botany 60, 2303–2314.

Hisem D (2013) Effect of abscisic acid on mesophyll conductance at different

CO2 concentration. Master Thesis, University of South Bohemia, Faculty of

science. 57 pp. Journal of Experimental Botany.
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Schaufele R, Santr̊uček J, Schnyder H (2011) Dynamic changes of canopy-scale me-

sophyll conductance to CO2 diffusion of sunflower as affected by CO2 concentration and

abscisic acid. Plant Cell and Environmnet 34), 127–136.
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Abstract

Mesophyll conductance (gm) and stomatal conductance (gs) are two crucial components of the diffusive limitation of
photosynthesis. Variation of gm in response to CO2 concentration was evaluated by using two independent methods
based on measurements of variable electron transport rate (J) and instantaneous carbon isotope discrimination,
respectively. Both methods of gm estimation showed a very similar shape of the gm/Ci relationship, with an initial
increase at low substomatal CO2 concentrations (Ci), a peak at 180–200 mmol mol21 Ci, and a subsequent decrease
at higher Ci. A good correlation was observed between values of gm estimated from the two methods, except when
Ci <200 mmol mol21, suggesting that the initial increase of gm at low Ci was probably due to unreliable estimates
over that range of Ci. Plants were also treated with abscisic acid (ABA), which induced a reduction in gs without
significantly affecting the rate of photosynthesis, gm or the photosynthetic capacity. The present results confirm,
using two independent methods, that gm is strongly sensitive to Ci, and that the relationship between gs and gm is
not conservative, differing between control and ABA-treated plants.

Key words: Abscisic acid, carbon dioxide, Helianthus annuus, mesophyll conductance, photosynthesis.

Introduction

Mesophyll conductance restricts the influx of carbon di-
oxide from the leaf internal airspace to the site of
carboxylation and, therefore, may be a crucial component
of the diffusive limitation of photosynthesis besides stoma-
tal conductance (Evans et al., 1986; Di Marco et al., 1990;
Flexas et al., 2008; Warren, 2008b). Early gas exchange
studies assumed that mesophyll conductance (gm) was large
and constant and, hence, that CO2 concentrations in
substomatal cavities (Ci) and in chloroplasts (Cc) were
nearly the same (Farquhar et al., 1980). However, a number
of studies indicate that gm may significantly limit photosyn-
thesis and several sources of variation in gm have been
described, including water and salt stresses and changes in

leaf temperature (see Flexas et al., 2008, for a review).
Several studies have investigated the response of gm to
changes in CO2 concentration. Harley et al. (1992) argued
that the observed reduction of gm when Ci was increased
from 100 lmol mol!1 to 300 lmol mol!1 in Quercus rubra
was due to unreliable values, owing to the great sensitivity
of the gm estimation to errors in the determination of the
electron transport rate (J). However, some decrease in gm,
when estimated by the isotopic method, was also observed
by Loreto et al. (1992), especially in Xanthium strumarium.
Düring (2003) analysed the relationship between photosyn-
thetic rate (AN) and Ci measured simultaneously by
chlorophyll fluorescence and gas exchange and observed
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a clear decline of gm with increasing Ci. Centritto et al.
(2003) showed that keeping salt-stressed leaves showing
decreased gm at low Ci for 1 h resulted in a restoration of
control values for gm. Flexas et al. (2007a) have provided
the most detailed analysis yet of gm variation in response to
changes in CO2 concentration. Six different C3 species
showed between 5-fold and 9-fold variations in gm with
changes in substomatal CO2 concentration. The pattern of
the gm/Ci dependency was species-dependent, and gm
strongly declined at high Ci. Moreover, Flexas et al.
(2007a) verified these CO2 responses of gm using the
variable J method, the curve-fitting method, and the
isotopic method under both photorespiratory and non-
photorespiratory conditions (although the latter two only
at 400, 1000, and 1500 lmol mol!1 CO2 ambient concen-
trations). However, more recent studies have yielded
contrasting results. For instance, Hassiotou et al. (2009)
observed a CO2-dependency of gm in Banksia species using
the fluorescence method, which has also been suggested by
Yin et al. (2009) using the same method as well as a novel
AN/Ci curve-fitting approach in wheat. However, Tazoe
et al. (2009), also working with wheat, did not observe any
CO2-dependency of gm using the isotopic method.

Since all methods rely on certain assumptions, the
simultaneous application of several techniques is useful in
order to increase the reliability of gm estimation (Pons et al.,
2009, this issue). Several authors have obtained similar
values of gm when comparing the isotopic and variable J
methods (Warren et al., 2004; Flexas et al., 2006, 2007a), or
the curve-fitting (Ethier and Livingston, 2004; Ethier et al.,
2006) and variable J methods (Flexas et al., 2007a).
Although all the methods share some assumptions—so that
it is not surprising that they yield similar results—Warren
(2006) pointed out that the isotopic method is the one
sharing the fewest common assumptions with any of the
other methods, which makes it a prime candidate for any
study aiming to use multiple methods.

To the best of our knowledge, no comprehensive analysis
of the CO2-induced variation of mesophyll conductance by
simultaneously using the variable J method and the isotopic
method has been published. Therefore, the aim of the
present work was the detailed evaluation of the gm/CO2

relationship by using two independent methods without
overlapping assumptions. Also, potential interactions be-
tween stomatal and mesophyll conductances were analysed
by comparison of control plants and plants whose stomatal
conductance was reduced by the exogenous application of
abscisic acid.

Materials and methods

Plant material and growth conditions

Plants of Helianthus annuus were individually grown from
seeds in 3.0 l pots filled with perlite in a growth cabinet
(Snijders Scientific, Jumo Imago F3000, Netherlands) with
a 16/8 h day/night cycle. Day and night temperatures were

25 !C and 18 !C, respectively, and the relative humidity was
70%. Photosynthetically active photon flux density (PPFD)
during the light period was held constant at 300–400 lmol
m!2 s!1 depending on the height of the individual plants.
Throughout the experiment a commercial nutrient solution
(Kristalon Start, NU3 BV Vlaardingen, The Netherlands)
was supplied every 2–3 d. 30 d after sowing, one-half of the
plants was exogenously supplied with 20 lM abscisic acid
(ABA; Sigma-Aldrich, Seelze, Germany) dissolved in 1 ml
of methanol. An aliquot of pure methanol was added to the
nutrient solution of the control plants.

Gas-exchange and chlorophyll fluorescence
measurements

All measurements were made on young fully expanded
leaves, 3 days after ABA treatment. Day respiration (Rd)
and the apparent CO2 photocompensation point (C"

c ) were
determined according to the method of Laisk (1977). To
estimate Rd and C"

c simultaneously, AN/Ci curves at five
different PPFDs (50, 100, 150, 300, and 500 lmol m!2 s!1)
were determined for six different CO2 levels ranging from
50–300 lmol CO2 mol!1 with an open gas-exchange system,
Li-6400 (Li-Cor Inc., Lincoln, NE, USA), equipped with
a 233 cm broadleaf chamber and an integrated light source
(Li-6400-02B; Li-Cor, Inc.). The point where the five AN/Ci

plots intersect represents C"
c (x-axis) and Rd (y-axis). C

"
c was

used as a proxy for the chloroplastic photocompensation
point (C*), according to Warren (2006).
Calibration of the relationship between chlorophyll

fluorescence and rates of electron transport was carried out
using the Li-6400 with an integrated fluorescence chamber
head (Li-6400-40; Li-Cor, Inc.). Photochemical efficiency of
photosystem II (UPSII) was calculated following the proce-
dures of Genty et al. (1989) from steady-state fluorescence
(F#) and maximal fluorescence (F #

m) during a light-saturat-
ing pulse:

UPSII¼
!
F #
m!F #

"

F #
m

ð1Þ

The electron transport rate Jf is then related to UPSII:

Jf¼UPSIIPPFD3a3b ð2Þ

where PPFD is the photosynthetically active photon flux
density, a is the total leaf absorptance, and b represents the
partitioning of absorbed quanta between photosystems
II and I. The product a3b was determined, following
Valentini et al. (1995), from the relationship between /PSII

and /co2 (where /co2¼(A + Rd)/PPFD) obtained by varying
either ambient CO2 concentration under non-photorespiratory
conditions in an atmosphere containing less than 1% O2.
The Rd determined via the Laisk method (Laisk, 1977) was
used to calculate /co2 .
Mesophyll conductance (gm) was determined at different

CO2 concentrations from simultaneous measurements of
AN/Ci and Jf/Ci curves. CO2-response curves were
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performed in three light-adapted leaves of four ABA-
treated and four control plants at PPFD of 800 lmol m!2

s!1 with a 10% fraction of blue light to maximize stomatal
aperture. Leaf temperature was kept close to 23 !C and leaf-
to-air vapour pressure deficit was approximately 0.75 kPa
during all measurements. 20–30 min after clamping the leaf,
once steady-state was reached, a CO2-response experiment
was performed. Gas exchange and chlorophyll fluorescence
were first measured at 400 lmol mol!1 ambient CO2 (Ca),
then Ca was decreased stepwise to 50 lmol mol!1, and after
that returned to 400 lmol mol!1 to restore the original AN

value. Subsequently, Ca was increased stepwise to 1500
lmol mol!1. Ca was changed in 14 steps and the time lag
between two consecutive measurements at different Ca was
3–6 min.

Leakage of CO2 into and out of the leaf cuvette was
determined for the range of CO2 concentrations used in this
study with photosynthetically inactive leaves enclosed in the
leaf chamber (obtained by heating the leaves until no
variable chlorophyll fluorescence was observed) and used to
correct the measured leaf fluxes (Flexas et al., 2007b).

Estimation of gm by gas exchange and chlorophyll
fluorescence

Mesophyll conductance (gm) was estimated by a single-
point method according to Harley et al. (1992) as:

gm¼AN=
!
Ci!

!
C"!Jfþ8

!
ANþRd

"""
=
!
Jf!4

!
ANþRd

"""
ð4Þ

where AN and Ci are taken from gas-exchange measure-
ments of CO2-response curves and C* and Rd were
estimated using the method of Laisk (1977) (see above).

Estimation of gm by instantaneous carbon isotope
discrimination

Simultaneous measurements of gas-exchange parameters
and carbon isotope composition were carried out with a Li-
6400 leaf area meter. Owing to the small 13C discrimination,
a 632 cm narrow leaf chamber (Li-6400-11; Li-Cor, Inc.)
was used to maximize the draw-dawn in CO2 between
chamber inlet and outlet. The leaf was illuminated with
a laboratory-made LED red/blue light source. PPFD was
800 lmol m!2 s!1 with a 10% fraction of blue light. 20–30
min after clamping the leaf, when steady-state was reached,
CO2-response curves were performed. The chamber exhaust
tube was connected to a gas sampling container with
a Swagelok Y-piece connection. Under steady-state con-
ditions, air exiting the cuvette was collected in the 100 ml
container for 10 min. After that period, the chamber
exhaust tube was reconnected to the instrument’s match
valve and the matching procedure was carried out before
recording the actual gas-exchange parameters at the various
CO2 concentrations of the CO2-response curve. The flow
rate through the leaf chamber was 350 lmol air s!1, and the
air was collected for 10 min to ensure the air inside the gas-
sampling container was exchanged 15–20 times. In order to

collect a reference air sample, the same procedure was
carried out with the empty cuvette.

Carbon isotope composition was estimated with a contin-
uous flow stable isotope ratio mass spectrometer (DeltaPlus
XL, ThermoFinnigan, Bremen, Germany) coupled via
GasBenchII (ThermoFinnigan, Bremen, Germany) with
PreCon (ThermoFinnigan, Bremen, Germany) ensuring
CO2 trapping in liquid N2. This made it possible to estimate
d13CO2 at low as well as high CO2 concentrations.

Carbon isotope discrimination was calculated according
to Evans et al. (1986) as:

D13Cobs¼
#
n
!
d13Cout!d13Cin

"
=

!
1000þd13Cout!n

!
d13Cout!d13Cin

""$ ð5Þ

where n¼Cin/(Cin–Cout) and Cin and Cout are the CO2

concentrations of the air entering and leaving the chamber,
respectively. For d13Cin the value obtained from air leaving
the empty chamber was used.

Mesophyll conductance values were determined by com-
paring predicted and observed discrimination values. Pre-
dicted discrimination (Di) was calculated according to Evans
et al. (1986) as

Di¼aþðb!aÞ3ci=ca ð6Þ

where a is the fractionation occurring due to diffusion in air
(4.4&), b is the net fractionation by Rubisco and phospho-
enolpyruvate carboxylase (PEPC) (29&), and Ci and Ca are
the intercellular and ambient concentrations of CO2,
respectively.

Finally, gm was calculated from equation 7 (Evans and
von Caemmerer, 1996)

Di!D13Cobs¼
!
29!1:8

"!
AN=gm

"
=ca ð7Þ

where 1.8& is the discrimination due to dissolution and
diffusion of CO2 in water. Fractionation resulting from
respiration and photorespiration was assumed to be negligi-
ble (Warren et al., 2003; Flexas et al., 2007a).

Results

A strong linear relationship (R2¼0.90) between /co2 and
/PSII and JCO2

at different CO2 concentrations (measured in
air containing less then 1% O2 with control and ABA-
treated plants) was found, indicating a constant non-
assimilatory electron flow. The slope of this relationship
was 9.13, in agreement with the range described for other
species (Warren and Dreyer, 2006; Flexas et al., 2007a;
Warren, 2008a) and no significant differences were observed
between treatments.

Using the methods of Laisk (1977) and Warren (2006), no
difference in C"

c between ABA-treated and control plants
was found (3864 and 3964 lmol mol!1, respectively). By
contrast, Rd significantly differed between ABA-treated
(0.960.1 lmol CO2 m!2 s!1) and control plants (2.060.5
lmol CO2 m

!2 s!1) (Table 2).
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At ambient CO2, ABA-treated plants presented signifi-
cantly lower gs than control plants. AN in ABA-treated
plants was slightly lower than in control plants, but these
differences were non-significant (Table 1). Consequently,
they showed lower Ci and Cc (Table 1).

The response of net photosynthesis to substomatal CO2

concentration (Ci) of control and ABA-treated plants
of Helianthus annuus (Fig. 1A) shows the typical non-
rectangular hyperbolic relationship with an initial, almost
linear part followed by a near-constant part. The maximum
rate of photosynthesis was approximately 37 lmol m!2 s!1.
Analysis of AN/Ci curves and their parameters showed very
slight non-significant differences between control and ABA-
treated plants (Table 2). The linear electron transport rate
(Jf) initially increased with Ci, peaked at 300 lmol mol!1,
and decreased thereafter (Fig. 1B), probably due to
feedback limitation from the utilization of end-products
(Sharkey et al., 1988). No differences in the rate of linear
electron transport between control and ABA-treated plants
were found. A reduction of gs over the entire Ci range was
the only clear effect induced by ABA treatment (Fig. 1C).
Stomatal conductance rose at low Ci in both control and
ABA-treated plants, with maximum values of 0.43 and 0.28
mol m!2 s!1, respectively, at Ci of 200 lmol mol!1.
Stomatal conductance was reduced to 38% of control in
ABA-treated plants at 150–400 lmol mol!1 ambient CO2

concentration. The maximum reduction (60%) was observed
at high CO2 concentrations.

The dependency of gm on Ci by using two independent
methods was evaluated by the variable J and isotopic
methods. Data from simultaneous measurements of gas
exchange and chlorophyll fluorescence were used to calcu-
late gm for most Ci values except for very low ones, where
AN was close to zero or negative. Non-linear proportion-
ality between gm and Ci was observed (Fig. 2A) with the
shape of decline being exponential at Ci >200 lmol mol!1.
The initial part of the gm/Ci relationship was also analysed
using the isotopic method (Fig. 2B). Within the range of
ambient CO2 of 100–1000 lmol mol!1, mesophyll conduc-
tance showed a pattern similar to the gs/Ci dependency, with
an initial increase at low CO2 concentrations followed by
a decline at high Ci. The isotopic method gave slightly
different absolute values of gm, but the pattern of the gm/Ci

relationship was the same.

Discussion

Water and salt stresses often result in simultaneous
decreases of gs and gm (Bongi and Loreto, 1989; Flexas
et al., 2002; Centritto et al., 2003; Peeva and Cornic, 2009),
and there is some indication that this could be related to
ABA (Flexas et al. 2006, 2008). The simultaneity of these
responses, together with the suggestion that gs and gm also
show similar responses to light and CO2 (Flexas et al.,
2007a; Hassiotou et al., 2009; Yin et al., 2009), have led to
the hypothesis that gs and gm are intrinsically co-regulated
(Flexas et al., 2008; Peeva and Cornic, 2009). However,
depression of gm at low gs would increase the shortage of
CO2 at the sites of carboxylation and thus exacerbate the
CO2 limitation to photosynthesis. Therefore, one may
speculate that there might be an advantage in terms of
carbon gain in enhancing gm at low gs, but, in that case,
oscillation of photosynthesis may occur when falling Ci

triggers stomatal opening (Šantrůček et al., 2003).
Despite these antecedents, the effects of ABA on gm are

far from clear, and there are certainly some controversies
regarding the effects of light and CO2 on gm (Tazoe et al.,
2009). The effects of ABA and CO2 on gm, and the co-
regulation of gs and gm in sunflower are addressed here,
using two independent methods, i.e. chlorophyll fluores-
cence and isotope discrimination.
The ABA treatment applied in the present study was

sufficient to decrease gs significantly over the entire range of
Ci, but it did not induce significant changes in either AN, gm
or the photosynthetic capacity of leaves at ambient CO2.
Therefore, the relationship between gs and gm strongly
differed between control and ABA-treated plants (Fig. 3A),
and the only difference observed between control and ABA-
treated plants in AN/Ci curves consisted of a general
displacement of ABA-plants data towards lower Ci. This
means that all values (for both control and ABA-treated
plants) 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. This was
expected since AN/Ci curves were measured at a PPFD
double that of the growing PPFD (see Materials and
methods), and it is indeed consistent with the relatively low
Vcmax presented by these plants (Table 2) and by the fact
that, at ambient CO2, they present Ci values that are close
to the transition point between CO2-limited and RuBP-
limited photosynthesis (compare Ci values in Table 1 with
AN/Ci curves in Fig. 1). It may be argued that the
application of exogenous ABA may induce patchy stomatal
closure, therefore inducing errors in the estimation of Ci,
and hence gm, Vcmax, etc. (Terashima, 1992; Buckley et al.,
1997). However, although the reduction of gs observed was
substantial, gs values in ABA-treated plants were still very
high (i.e. higher than 0.25 mol m!2 s!1) and they did not
significantly affect AN. Using chlorophyll fluorescence
imaging, Flexas et al. (2006) showed in other herbaceous
species that exogenous ABA did not induce patchy stomatal
closure even when gs dropped to much lower values than

Table 1. Mean values of rate of photosynthesis, AN (lmol m!2

s!1), stomatal conductance, gs (mol m!2 s!1), substomatal CO2

concentration, Ci (lmol mol!1), chloroplastic CO2 concentration,
Cc (lmol mol!1), and mesophyll conductance, gm (mol m!2 s!1);
at CO2 400 lmol mol!1 for control and ABA-treated plants

AN gs Ci Cc gm

Control 28.962.1 0.4560.06 318.867.2 240.3621.9 0.4160.16

ABA-treated 27.562.4 0.2760.05 278.9619.9 206.1622.0 0.4260.17
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those here (i.e. lower than 0.05 mol m!2 s!1), and it has
been shown even in several heterobaric species that patchy
stomatal closure does not induce a significant bias in Ci

calculations until average gs is lower than 0.03 mol m!2 s!1

(Buckley et al., 1997; Flexas et al., 2002). Moreover, the
close similarity in the curvature of the AN/Ci dependency
itself has been taken as an indication for the absence of
patchy stomatal closure in ABA-treated plants (Pospı́šilová
and Šantrůček, 1994, 1996; Grassi and Magnani, 2005).
Therefore, since a homobaric species was used, and even the
lower values of gs induced here are c. 10-fold higher than
those known to induce patchiness-related errors in Ci, we
firmly believe that our Ci estimations are accurate.

Despite the lack of effect of ABA on gm, both gs and gm
were apparently responsive to CO2, increasing from low Ci

to a maximum at about 200 lmol CO2 mol!1 air, and
subsequently decreasing with increasing Ci (Fig. 1). Re-
garding stomatal conductance, this biphasic pattern is not
the most common, but it has been already described for
some species like Eucalyptus grandis (Leuning, 1995),
Chenopodium album (Šantrůček and Sage, 1996), or Xanthium
strumarium (Messinger et al., 2006) and its inflection point
related to the inflection between Rubisco-limited and
electron transport-limited photosynthesis (Messinger et al.,
2006), which is in complete agreement with the data
presented here (Fig. 1). Regarding gm, the pattern fully
agrees with that reported by Flexas et al. (2007a) for
Nicotiana tabacum and Richter-110 grapevine (a hybrid of
Vitis berlandieri3rupestris). Remarkably, the two indepen-
dent methods used showed a similar pattern of gm de-
pendency on Ci. The two methods rely on quite a few
assumptions and technical difficulties (Pons et al., 2009),
which may to some extent cause these apparent changes of
gm with Ci. However, the only assumption shared by the
two methods is the accuracy of the gas exchange measure-
ments, including the incidence of patchiness discussed
above. Therefore, the similarity of the patterns probably
reflects the true behaviour of gm in response to Ci. Still,
a closer examination of the assumptions used and the
results obtained may be worthy.

Harley’s variable J method requires a proper balance
between photosynthesis and photorespiration, and it is
sensitive to the values of J, C* and, to a lesser extent, Rd

used (Harley et al., 1992; Loreto et al., 1992; Pons et al.,
2009). The extent of photorespiration was calculated in the
Ci region from 50–1500 lmol mol!1 from gas exchange and
fluorescence data according to Valentini et al. (1995),
indicating that photorespiration rates are still significant
even at the highest CO2 concentrations used (Fig. 1a, inset).
Subtraction of the rate of photosynthesis measured in air

Fig. 1. CO2 response of gas exchange and chlorophyll fluores-
cence parameters of control (open symbols) and ABA-treated
(closed symbols) leaves of sunflower. (A) Response of net
photosynthesis to substomatal CO2 concentration, for parameters
of mechanistic analysis see Table 1.; inset: rate of photorespiration
estimated as Rp¼1/12[ETR–4(AN + Rd)] of control (open symbols)

and ABA-treated plant (closed symbols). (B) Response of electron
transport rate to substomatal CO2 concentration. (C) Response of
stomatal conductance to substomatal CO2 concentration. Each
point represents the mean of 12 replicates while error bars show
standard deviations.
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containing less then 1% O2 (A) and 21% O2 (AN) yielded
similar results (data not shown). Therefore, the main
assumption underlining the use of Harley’s variable
J method was not violated over the range of Ci studied.
Concerning J values, these were properly calibrated at low
O2, as recommended (Valentini et al., 1995; Pons et al.,
2009). C"

c was used as a proxy for C*, as in other studies,
which has been proved not to affect gm estimates signif-
icantly (Warren and Dreyer, 2006). Moreover, since the
values obtained for both control and ABA-treated plants
were similar, any deviation from the ‘true’ value would have
resulted in proportionally similar effects in the estimation of
gm for both groups of plants. By contrast, Rd differed
significantly between control and ABA-treated plants, but
a sensitivity analysis using either one or another value of Rd

in both groups of plants showed negligible differences in the
estimates of gm (data not shown). To account for the
possible artefacts caused by these variables, Harley et al.
(1992) established a criterion of reliability, which states that
only data with values of dCc/dAN (i.e. the relative variation
of chloroplast CO2 concentration over the variation of

photosynthesis) between 10 and 50 can be considered to be
reliable. According to this criterion, in the present study
data for Ci <200 lmol mol!1 and Ci > 800 lmol mol!1

were not reliable. Still, a substantial effect of CO2 for a Ci

range between these two extremes was observed, in agree-
ment with Flexas et al. (2007a).
The plants used in the present study presented sub-

stantially high rates of photosynthesis, which places them
at the limit of accuracy for the use of the Harley’s variable
J method (Evans and Loreto, 2000). By contrast, the
isotope discrimination method works better with high
photosynthesis rates (Evans and Loreto, 2000; Pons et al.,
2009). High photosynthesis brings a high draw-down in
CO2 concentration (and H2O). This is an important factor
to minimize the errors induced by the estimation of
particular constants (Rd, C*) and variables (Ci, n). More-
over, in conjunction of using a larger leaf cuvette (12 cm2,
see Materials and methods), high photosynthesis minimizes
the errors caused by leaf chamber leaks (Flexas et al.,
2007b), edge effects (Pons and Welschen, 2002). For the
isotopic method, a high n parameter was obtained during
these experiments, and thus the difference in d13CO2 in and
d13CO2 out was high. Therefore, the error of single d13CO2

estimations was small and thus the subsequent estimation of
D13CO2 was very precise.
In summary, the precautions taken when using each of the

two methods, as well as the good agreement between both
(Fig. 3B) suggest that the data were sufficiently reliable. The
fact that the isotopic estimates of gm gave slightly higher
values than the single point variable J method (Fig. 2), is in
contrast to the observations obtained by Loreto et al. (1992)
but in agreement with those of Flexas et al. (2007a, c). These
discrepancies could be due to numerous reasons, such as
slightly biased C* estimations in the Harley method, ignoring
13C fractionation during respiration and photorespiration, or

Table 2. Mean values of mechanistic analysis of AN /Ci curves of
control and ABA-treated plants

Vcmax (lmol m!2 s!1), maximum carboxylation capacity; Jmax
(lmol m!2 s!1), maximum capacity for electron transport rate; C*
(lmol mol!1), CO2 compensation concentration in the absence of
mitochondrial respiration; Rd (lmol m!2 s!1), day respiration at the
apparent CO2 photocompensation point (C"

c ). Values are averages
6SE of 12 replicates.

Vcmax Jmax C* Rd

Control 56.766.7 57.367.2 3864 2.060.5

ABA-treated 62.263.3 65.362.3 3964 0.960.1

Fig. 2. Response of mesophyll conductance to substomatal CO2 concentration estimated by using two independent methods: (A)
Variable J method according to Harley et al. (1992). Values are means 6SD of 12 replicates; the unshaded region indicates gm data with
a dCc/dAN between 10 and 50, which are reliable according to Harley et al. (1992). (B) Isotopic method according to Evans et al. (1986).
Values are means 6SD of six replicates. Open symbols represent controls while closed symbols represent ABA-treated plants.
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the precise value for discrimination by Rubisco (Pons et al.,
2009). Nevertheless, despite some disagreement in the
absolute values, the comparison of these two methods
revealed a very high correlation (R2¼0.99), except for gm
estimations at Ci <200 lmol mol!1 (Fig. 3). These data are
situated out of the region where dCc/dAN was between 10
and 50 and thus did not satisfy the criterion of reliability
defined by Harley et al. (1992).

Therefore, the present results largely confirm, using two
independent methods, that gm is truly responsive to CO2 in
the short term (Flexas et al., 2007a; Hassiotou et al., 2009;
Yin et al., 2009), even for a species, wheat, in which the
absence of response has been described (Tazoe et al., 2009).
The similarity of the patterns of response of both gs and gm
to Ci could indicate that these two major CO2 transport-
limiting factors are tightly coupled. However, the reduction
of gs in ABA-treated plants did not have an effect on gm,
which resulted in different slopes for the gs–gm relationship,
indicating some degree of independence of these two
variables. Therefore, both gs and gm seem to respond
similarly to variations in Ci, but the link between the two
variables is flexible.
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a b s t r a c t

Diurnal courses of photosynthetic gas exchange parameters, chlorophyll a fluorescence characteristics
and the de-epoxidation state of the xanthophyll cycle pigments (DEPS) were measured during the
gradual acclimation of 4-year-old Norway spruce seedlings to different photosynthetic photon flux
density (PPFD) and air temperature (Tair) regimes, simulating cloudy days with moderate Tair (LI,
maximum PPFD 300 mmol m!2 s!1, Tair range 15–25 1C), sunny days with moderate Tair (HI, maximum
PPFD 1000 mmol m!2 s!1, Tair range 15–25 1C) and hot sunny days (HI-HT, maximum PPFD
1000 mmol m!2 s!1, Tair range 20–35 1C). The plants were acclimated inside a growth chamber and
each acclimation regime lasted for 13 d. Acclimation to HI conditions led to a strong depression of the
net CO2 assimilation rates (AN), particularly during noon and afternoon periods. Exposure to the HI-HT
regime led to a further decrease of AN even during the morning period. Insufficient stomatal
conductance was found to be the main reason for depressed AN under HI and HI-HT conditions. Only
slight changes of the maximum photosystem II (PSII) photochemical efficiency (FV/FM), in the range of
0.78–0.82, supported the resistance of the Norway spruce photosynthetic apparatus against PSII
photoinhibition during acclimation to both HI and HI-HT conditions. The HI plants showed increased
content of xanthophyll cycle pigments (VAZ) and enhanced efficiency of thermal energy dissipation
within PSII (D) that closely correlated with the increased DEPS. In contrast, acclimation to the HI-HT
regime resulted in a slight reduction of VAZ content and significantly diminished D and DEPS values
during the entire day in comparison with HI plants. These results indicate a minor role of the
xanthophyll cycle-mediated thermal dissipation in PSII photoprotection under elevated temperatures.
The different contributions of the thermal dissipation and non-assimilatory electron transport
pathways in PSII photoprotection during acclimation of the Norway spruce photosynthetic apparatus
to excess irradiance and heat stresses are discussed.

& 2009 Elsevier GmbH. All rights reserved.

Introduction

Under natural conditions, the assimilatory apparatus is
exposed to environmental conditions (high solar irradiance,
elevated air temperature, and drought) that often result in a
midday depression of photosynthetic CO2 assimilation (Faria

et al., 1996; Muraoka et al., 2000; Špunda et al., 2005). The
depression of net CO2 assimilation usually ceases during the
afternoon and the two distinct maxima of the CO2 assimilation
rate occur in the morning and afternoon. Under more severe
stress conditions, photosynthetic activity increases with irradi-
ance only in the morning and the depression of CO2 assimilation
persists until the late afternoon (González-Rodrı́guez et al., 2002;
Franco et al., 2007). The main physiological processes responsible
for the midday depression are stomatal closure and/or photo-
system II (PSII) photoinhibition (Muraoka et al., 2000).

In sunny conditions, insufficient soil moisture and a high vapor
potential deficit may lead to a decrease of stomatal conductance
(GS) to CO2 diffusion (Panek and Goldstein, 2001; Urban et al.,
2007) followed by decreases of CO2 concentrations at both the
intercellular (Ci) and chloroplast levels, causing the CO2 uptake to
decline. In addition, Bota et al. (2004) concluded that the
impairment of Rubisco activity and ribulose-1,5-bisphosphate
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content limit photosynthesis under severe drought stress. As a
result, an assimilation optimum, given by the synergic influence
of the photosynthetic photon flux density (PPFD) and other
environmental factors, has been observed (Muraoka et al.,
2000).

PSII photoinhibition can be of a dynamic and chronic nature
(Werner et al., 2002). The first involves a rapidly reversible down-
regulation of PSII photochemical efficiency observed at midday
regulated by thermal dissipation of absorbed excitation energy.
Chronic PSII photoinhibition is associated with slowly reversible
energy dissipating mechanisms, repair processes or with perma-
nent damage to the photosynthetic apparatus, and is reflected by
a sustainable decrease in pre-dawn maximal PSII photochemical
efficiency (maximal photochemical efficiency of photosystem
II – FV/FM) (Werner et al., 2002; Williams et al., 2003).

Thus, thermal dissipation is one of the crucial photoprotective
mechanisms preventing photo-oxidative damage to the photo-
synthetic apparatus under stressful conditions during midday (Iio
et al., 2004; Franco et al., 2007). The major part of non-radiative
dissipation occurs within light-harvesting complexes of PSII,
thereby reducing the over-excitation of the PSII reaction centers.
Under conditions of low Ci due to stomatal closure at midday, a
high degree of thermal dissipation is needed to achieve a balance
between the electron flow and reduction potential for carboxyla-
tion and oxygenation. The mechanism of thermal dissipation is
associated with the reversible conversion of violaxanthin to
antheraxanthin and zeaxanthin in the xanthophyll cycle (Štroch
et al., 2004; Horton et al., 2008). The thermal dissipation
efficiency and de-epoxidation state of the xanthophyll cycle
pigments (DEPS) in sun-exposed leaves exhibit a similar pattern
of the daily course on clear summer days. They increase gradually
with the rising solar irradiance in the morning, reach their
maxima around midday, and then decrease in the afternoon
(Schindler and Lichtenthaler, 1996; Demmig-Adams et al., 1999).
The other typical feature of the xanthophyll cycle activity in
plants under environmental stress conditions is an overnight
retention of de-epoxidized xanthophylls, usually associated with
sustained reduction of FV/FM (Williams et al., 2003; Garcı́a-
Plazaola et al., 2008).

During midday, low Ci and elevated temperature enhance the
affinity of Rubisco for O2. As a consequence, the photorespiration
rate increases. An enhanced contribution of photorespiratory CO2

production to the total electron flow is considered another
important photoprotective mechanism preventing an over-reduc-
tion of the photosynthetic electron transport chain (Valentini
et al., 1995; Muraoka et al., 2000; Franco and Lüttge, 2002).

An elevated temperature during the midday period can also
exert direct negative effects on photosynthetic CO2 assimilation of
high-temperature-sensitive species. In particular, the thermal
lability of Rubisco activase can lead to a Rubisco activity reduction
at temperatures normally considered as optimal (Salvucci and
Crafts-Brandner, 2004; Sharkey, 2005). The temperature optimum
of the electron transport rate is usually higher than that of CO2

assimilation (Yamori et al., 2008). However, at super-optimum
temperatures, the inhibition of linear electron transport occurs at
the expense of cyclic electron transport pathways that lead to
stimulation of DpH-dependent thermal dissipation (Kramer et al.,
2004; Sage and Kubien, 2007). Thus, usually both enhanced
photorespiration and thermal dissipation contribute to PSII
photoprotection under combined exposure to high irradiance
and temperature (Franco et al., 2007).

Thermal acclimation abilities differ considerably among
species (Sage and Kubien, 2007) and even among congeneric
plants originating in different latitudes and/or altitudes (Atkin
et al., 2006; Weston and Bauerle, 2007). Systematic studies on
acclimation to increased temperature (particularly to the periods

of extremely high temperatures) in coniferous species, represent-
ing dominant tree species of boreal and temperate forests, are
relatively scarce. Recently, Way and Sage (2008a, b) documented
that the development of black spruces at a constantly elevated
growth temperature (30/22 1C day/night temperature) led to a
reduction of net photosynthetic rates at their growth temperature
in comparison with plants acclimated to a 22/16 1C temperature
regime. To the best of our knowledge, there has been no
comprehensive study on the adaptability of the Norway spruce
assimilatory apparatus to combined high irradiance and high
temperature conditions.

In the present study Norway spruce seedlings were exposed to
defined conditions simulating daily courses of microclimatic
parameters during cloudy and sunny days with moderate
temperatures and during hot sunny days. With regard to
sensitivity of the spruce photosynthetic apparatus to high growth
temperature (Way and Sage, 2008a), we expected that high
temperature would be a synergic stress factor resulting in a
persistent depression of photosynthetic CO2 assimilation during
the prevailing part of the photoperiod. The aims of this study
were (1) to analyze the acclimation ability of the assimilatory
apparatus of Norway spruce to elevated irradiance and tempera-
ture during simulated hot sunny days, and (2) to test the
hypothesis that combined exposure of spruce seedlings to elevated
irradiance and temperature would result in an increased demand
on photoprotective processes, such as a xanthophyll cycle-
dependent thermal energy dissipation and photorespiration.

Materials and methods

Plant material and experimental design

Four-year-old seedlings of Norway spruce (Picea abies [L.]
Karst.) were gradually acclimated to three consecutive environ-
mental conditions inside a growth chamber (HB 1014, Bioline-
Heraeus, Germany). The duration of each acclimation regime was
13 d. The daily courses of microclimatic parameters for the
individual acclimation regimes were adjusted as shown in
Fig. 1. The seedlings were initially acclimated to low photo-
synthetic photon flux density (PPFD) together with moderate air
temperature (Tair) (low irradiance acclimation regime (LI regime);
maximum PPFD at ‘‘midday’’ 300 mmol m!2 s!1, Tair in the range
15–25 1C). Then, PPFD was increased (maximum PPFD
1000 mmol m!2 s!1), whereas the daily course of Tair remained
unchanged (high irradiance acclimation regime – HI regime).
Finally, only Tair over the entire day was increased (high
irradiance and high air temperature acclimation regime (HI-HT
regime); Tair range 20–35 1C). The plants were sufficiently
watered and the daily course of relative air humidity was
adjusted in the range of 50–65% for all regimes to avoid drought
stress. Due to horizontal heterogeneity of illumination inside the
growth chamber, the incident PPFDs on the measured shoots
varied up to 10% in comparison with the estimated average PPFDs,
which were 10, 100, 160, 230 and 300 mmol m!2 s!1 for LI plants
and 25, 310, 590, 850 and 1000 mmol m!2 s!1 for HI plants
(Fig. 1). All measurements were carried out on current needles
and shoots from the two uppermost whorls of the crown, where
the incident PPFD was at the required level (see Fig. 1).

Gas-exchange measurements

Measurements of the steady-state net CO2 assimilation rate
(AN) and stomatal conductance (GS) were carried out on attached
shoots under the given acclimation conditions (PPFD, Tair and CO2
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concentration) inside the growth chamber using an open gas-
exchange system CIRAS-2 equipped with PLC5 (C) Conifer Leaf
Cuvette (PP Systems, UK). The measurements were carried out
20 min after the change in PPFD and Tair and 5–10 min after
placing the shoot inside the leaf cuvette once the steady-state was
reached. AN and GS were determined per shoot projection area,
estimated using a flat bed scanner and Cernota software devel-
oped by Kalina and Slovák (2004).

Chlorophyll a fluorescence measurements

Chlorophyll a (Chl a) fluorescence was measured on detached
needles using a pulse amplitude-modulated fluorometer (PAM
101/103, Heinz Walz, Effeltrich, Germany) equipped with the
emitter-detector unit 101-ED. The maximal photochemical effi-
ciency of PSII, FV/FM=(FM–F0)/FM was determined by the end of the
night period, i.e. after 12 h of darkness. F0 and FM are the minimal
and maximal fluorescence levels under dark-adaptation, respec-
tively. The needles taken for the measurements of the daily
courses of Chl a fluorescence parameters were detached from the
shoots after at least a 20-min exposure to the given acclimation
conditions in the growth chamber. Then, the needles were
immediately illuminated by a KL 1500 halogen lamp (Schott,
Mainz, Germany) with the actinic light corresponding to the
actual acclimation PPFDs (i.e. 100, 160 and 300 mmol m!2 s!1 for
LI plants and 310, 590 and 1000 mmol m!2 s!1 for HI plants). At
the steady-state of fluorescence (F) the maximum fluorescence
(FM0) was determined. The actinic light was subsequently
switched off and the lowest fluorescence level during 5 s darkness
following illumination was regarded as F00-level. For FM and FM0

determinations, the saturating ‘‘white light’’ pulses of 0.8 s
duration and incident PPFD of approximately 5000 mmol m!2 s!1

were applied using another KL 1500 halogen lamp. After the
measurements, the needles were immediately frozen at the
temperature of liquid nitrogen (77 K) for chromatographic
analysis of xanthophyll cycle activity. Diurnal courses of the
following fluorescence parameters were determined: the fraction
of absorbed excitation energy utilized in PSII photochemistry

(actual photochemical efficiency of photosystem II–P), P=
(FM0–F)/FM0 and dissipated thermally (efficiency of thermal
energy dissipation – D), D=1–(FM0–F00)/FM0 (Demmig-Adams
et al., 1996), PSII electron transport rate ETR=P" incident
PPFD"0.8"0.5 (Genty et al., 1989), where 0.8 is the assumed
needle absorptance and 0.5 is a factor that assumes equal
distribution of excitation energy between PSI and PSII (Krall and
Edwards, 1992).

Photosynthetic pigment analysis

The needles sampled at the end of the night period, i.e. after
12 h of darkness, were used for the determination of the ratios of
Chl a to Chl b (Chl a/b) and of total chlorophylls to total
carotenoids (Chl a+b/Car x+c), and for determination of the
content of the pool of xanthophyll cycle pigments (violaxanthi-
n+antheraxanthin+zeaxanthin; VAZ). Chl a/b and Chl a+b/Car
x+c were estimated spectrophotometrically (UV/VIS 550, Unicam,
England) from pigment extracts in 80% acetone with a small
amount of MgCO3 according to Lichtenthaler (1987). The VAZ
content expressed per projected needle area was estimated via
gradient reversed-phase high-performance liquid chromatogra-
phy (TSP Analytical, USA) according to Färber and Jahns (1998)
with a minor modification (Kurasová et al., 2003). The details have
been described in our previous work (Štroch et al., 2008a). To
examine the daily courses of the xanthophyll cycle activity, the
de-epoxidation state of the xanthophyll cycle pigments expressed
as the ratio of de-epoxidized xanthophylls (Z+A) to VAZ pool
(DEPS) was determined using the samples from fluorescence
measurements.

Statistical analysis

Statistical differences between the means were determined
using a two-sample F-test for variances followed by a Student’s t-
test at three levels of significance (0.001, 0.01 and 0.05). Based on
the results of the F-test, the t-test, assuming either equal or
unequal variances, was used.

Fig. 1. Diurnal courses of photosynthetically active photon flux density (PPFD), air temperature (Tair) and relative air humidity (RHair) for LI, HI and HI-HT acclimation
regimes in a growth chamber. PPFD values represent PPFD incident on spruce needles used for measurements and sampling. LI, low PPFD with moderate Tair; HI, high PPFD
with moderate Tair; HI-HT, high PPFD with high Tair.
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Results and discussion

Gas-exchange characteristics: acclimation responses and daily
courses

The net CO2 assimilation rate (AN) in low irradiance acclima-
tion regime (LI)-acclimated spruce plants showed a slight
decrease at the maximal PPFD at midday (around 300 mmol m!2

s!1) and lower values (by 22–42%) in the afternoon in comparison
with the morning values at the corresponding PPFDs (Fig. 2A). The
first day under high irradiance acclimation regime (HI) conditions
was characterized by a significant increase of AN (Po0.01) in the
early morning and a higher depression at midday compared to LI
plants (Fig. 2C). The inhibition of AN during midday and afternoon
was markedly enhanced after a 13-d acclimation to the HI regime
(Fig. 2A). AN at midday was reduced by 61% compared to the
morning AN maximum, which was reached around PPFD of
600 mmol m!2 s!1. Compared to LI spruce, AN values after HI
acclimation were also significantly lower in the morning hours
(Po0.01 at 10:15 data point, Po0.001 at 11:30 data point),
despite an incident PPFD that was more than three-fold higher.
Thus, light use efficiency (determined as AN/PPFD for the
individual PPFDs) after HI acclimation was markedly reduced
during a day (by about 70–90%). High irradiance and high air
temperature acclimation regime (HI-HT) treatment for the next
13 d resulted in a further significant AN depression in the morning
(Po0.05 at 10:15 data point, Po0.001 at 11:30 data point) and
persistently low AN values during midday and afternoon (Fig. 2A).
The progressive inhibition of AN in plants acclimated to HI and
combined HI-HT conditions was accompanied by a decreased GS

(Fig. 2B and D). Moreover, the diurnal changes of GS were
qualitatively similar to those of the AN for plants acclimated to all
of the regimes. The same AN–GS dependence for all acclimation
regimes is shown in Fig. 3.

The aim of this study was to assess the role of photosynthetic
and photoprotective processes adjustments during acclimation to
high irradiance and the combined action of high irradiance and
elevated temperature. As the acclimation of photosynthetic
activity depends considerably on the sink for assimilates (Adams
et al., 2002; Öquist and Huner, 2003), the experiments were
performed during late autumn, when the sink strength was
greatly reduced. Thus, we attempted to induce the conditions that

should lead to a minimum CO2 assimilation adjustment and,
consequently, to considerably enhanced demands on photopro-
tective processes, in order to explore their limits.

In agreement with our previous findings (Štroch et al., 2008a)
and general hypothesis on the acclimation strategy of conifers
(Öquist and Huner, 2003; Demmig-Adams and Adams, 2006), AN

was reduced after HI acclimation, more noticeably during the
noon and afternoon periods (Fig. 2A). The severity of midday
depression of AN was documented by the 90% reduction of light
use efficiency at the maximum PPFD period in comparison with LI
plants. Moreover, acclimation to HI-HT regime led to a further
reduction of the CO2 assimilation rate over the entire day
(Fig. 2A). The main difference in the daily AN course in comparison
with HI-treated plants was the pronounced decline of AN during
the morning period, already at a PPFD around 850 mmol m!2 s!1

and 32 1C. As Tair was 9 1C higher for the HI-HT regime in
comparison with the HI regime during that period of the
simulated day (Fig. 1), this supports the inability of the conifers
of the temperate and boreal forests to adjust their photosynthetic
capacity to elevated temperatures (Way and Sage, 2008a, b). It has
been shown that the thermal lability of Rubisco activase can lead

Fig. 2. Diurnal courses of (A, C) net CO2 assimilation rate (AN) and (B, D) stomatal conductance (GS). The measurements were carried out on the attached Norway spruce
shoots with current-year needles (A, B) at the end of the particular acclimation treatment (13th day of acclimation to LI, HI and HI-HT conditions) and (C, D) on the first day
following transition from LI to HI acclimation regime (HI-1) and from HI to HI-HT regime (HI-HT-1). n=67S.D.

Fig. 3. Net CO2 assimilation rate (AN) in relation to stomatal conductance (GS) for
the Norway spruce acclimated to LI, HI and HI-HT conditions. Means from six
samples obtained from measurements of daily courses of AN and GS are presented.
Data were taken from Fig. 2A and B. Linear regression line with the coefficient of
determination (R2) is shown.
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to the reduction of Rubisco activity under moderate high-
temperature stress (Salvucci and Crafts-Brandner, 2004). How-
ever, the AN–GS relationship was not altered for seedlings exposed
to combined HI and HT stress (Fig. 3), indicating insufficient
stomatal opening as the main reason for reduced AN.

Amiard et al. (2005) demonstrated that the acclimation of
photosynthetic capacity in fully expanded, mature leaves to the
light environment depends, among other factors, on the mechan-
ism loading assimilates into the phloem. Although both apoplastic
and symplastic loaders exhibited an increase of photosynthetic
capacity of plants transferred from a LI to HI environment, it was
less pronounced in symplastic loaders. A less efficient symplastic
pathway of phloem loading leads to accumulation of non-
structural carbohydrates in leaves that may result in a down-

regulation of photosynthesis (Körner et al., 1995). In Norway
spruce, phloem loading was suggested to proceed primarily via
the symplastic pathway (Blechschmidt-Schneider, 1990;
Blechschmidt-Schneider et al., 1997). Thus, the phloem transport
capacity may represent another important factor leading to the
down-regulation observed for AN in HI-acclimated plants. How-
ever, the sensitivity of phloem loading processes to elevated
temperatures does not seem to contribute significantly to the
differences in the AN diurnal course observed for HI-HT-accli-
mated shoots in comparison with HI plants.

Changes of PSII functional state upon acclimation to HI and HI-HT
regime

The pronounced inhibition of AN observed after the acclima-
tion to both HI and HI-HT conditions was not accompanied by PSII
photoinhibition, estimated by the maximal PSII photochemical
efficiency (FV/FM; Fig. 4) that was determined by the end of the
night period, i.e. after 12 h of darkness. After the first day under HI
conditions, FV/FM decreased from 0.801, observed in LI-acclimated
plants, to 0.781. FV/FM then recovered, and after acclimation to the
HI regime, it reached the initial state observed prior to the HI
treatment. Transient PSII down-regulation is a typical response to
elevated acclimation irradiance (Parker and Mohammed, 2000;
Štroch et al., 2008b). The decline of FV/FM was observed despite
high AN values during a day (Fig. 1C). It should be noted that the
recorded chlorophyll a (Chl a) fluorescence emission originates
from a fraction of chloroplasts at the upper HI-exposed side of
needles, whereas AN reflects photosynthetic activity of the total
pool of chloroplasts. It seems probable that only the
photosynthetic apparatus of the chloroplasts near the upper
epidermis layer was photoinhibited, while the chloroplasts in the
lower mesophyll cells remained photosynthetically active. The
importance of this methodological aspect in the interpretation of
the mutual relation between gas-exchange and Chl fluorescence

Fig. 4. Maximal photochemical efficiency of photosystem II (FV/FM) for the
Norway spruce needles during acclimation to HI and HI-HT conditions. FV/FM was
determined by the end of the night period, i.e. after 11–12 h of dark-adaptation on
the 13th day of acclimation to the given treatment (LI, HI, HI-HT) and after the first
day under HI and HI-HT conditions (HI-1, HI-HT-1). Data followed by the same
letter indicate non-significant differences (P40.05; Student’s t-test). n=6–
107S.D.

Fig. 5. Diurnal courses of (A, D) the fraction of absorbed excitation energy utilized in photosystem II photochemistry (P), (B, E) dissipated thermally (D) and (C, F)
photosystem II electron transport rate (ETR). The measurements were carried out (A–C) at the end of the particular acclimation treatment (13th day of acclimation to LI, HI
and HI-HT conditions) and (D–F) on the first day after transition from LI to HI acclimation regime (HI-1) and from HI to HI-HT regime (HI-HT-1). n=6–107S.D.
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measurements was documented in Schindler and Lichtenthaler
(1996).

Surprisingly, exposure of spruce plants to elevated Tair led to a
significant increase (Po0.001) in FV/FM, reaching a value of 0.820
after the acclimation to the HI-HT regime. This clearly shows that,
in our case, an increased acclimation temperature did not
represent an additional stress factor to HI itself, with respect to
the PSII functional state.

Since permanent PSII photoinhibition was not observed under
any of the acclimation conditions, efficient regulation of the
utilization of excess absorbed light energy in photochemical and/
or non-photochemical de-excitation processes had to be ensured.
Following the approach of Demmig-Adams et al. (1996), the
allocation of light energy absorbed in PSII to photosynthetic
electron transport and thermal energy dissipation was evaluated
by the fluorescence parameters P and D, respectively. For LI-
acclimated plants, PSII photochemical efficiency (P) markedly
decreased with increasing PPFD in the morning (Fig. 5A). At
maximal PPFD, P declined to 0.222. In the afternoon, P values were
significantly lower (Po0.001) compared to the corresponding
morning values at the same PPFDs. The first day under HI
conditions was characterized by a marked decline of the fraction
of absorbed light energy utilized in PSII photochemistry
throughout the whole day (Fig. 5D). The same diurnal pattern of
P remained after HI acclimation and during the first day under the
HI-HT regime, but acclimation to the HI-HT regime resulted in an
increase of P, mainly in the afternoon. As a result, in contrast to
the LI and HI acclimation regimes, the daily course of P after HI-
HT treatment showed a symmetrical pattern, i.e. nearly the same
P values at the corresponding PPFDs during the morning and
afternoon periods.

We observed an asymmetrical daily course of the efficiency of
thermal dissipation (D) for LI-acclimated plants with significantly
higher (Po0.001) D values during the afternoon, an immediate
increase of D under HI conditions to values that persisted for the
entire HI acclimation period, and a clear decrease of D during the
entire day after HI-HT acclimation (Fig. 5B and E). For HI-HT-
acclimated plants, we found a symmetrical daily course of D, with
its afternoon values close to D in LI-acclimated plants, even
though incident PPFD was more than three times higher under HI-
HT conditions. Thus, daily courses of the utilization of absorbed
light energy in PSII confirmed a positive effect of elevated
acclimation temperature on the capacity of PSII photochemical
de-excitation, resulting in a decreased demand on thermal energy
dissipation. This result is quite surprising, as the pronounced
reduction of CO2 assimilation at high irradiances and elevated
temperatures is usually accompanied by an increased efficiency of
thermal dissipation (Franco et al., 2007; Weston and Bauerle,
2007).

After the acclimation to the HI-HT regime, the relative PSII
electron transport rate (ETR; Fig. 5C and F) increased compared to
previous LI and HI regimes, despite the lowest AN (Fig. 2A). This
indicates an enhanced contribution of non-assimilatory electron
transport pathways to the total electron flux. We hypothesize that
the enhancement of non-assimilatory pathways was the dom-
inating protective process leading to the optimal function of PSII,
and that it might lower the demand for thermal energy
dissipation in HI-HT needles in comparison with HI needles
(Fig. 5B).

Response of pigment composition and xanthophyll cycle activity to HI
and HI-HT treatment

The response of pigment composition in spruce plants upon
acclimation to the HI regime corresponds to a typical reaction of

plants exposed to elevated acclimation irradiance (Kurasová et al.,
2002). The Chl a/b ratio has often been used as an indirect
indicator of the size of PSII light-harvesting complexes (LHCII)
(Lichtenthaler and Babani, 2004). The increase of Chl a/b by 6.1%
after HI acclimation indicates a moderate LHCII reduction (Fig. 6A)
in comparison with other published data (e.g. Lichtenthaler and
Babani, 2004). The further increase of Chl a/b (by 3.7%) was
observed after acclimation to HI-HT conditions. An enhanced need
for carotenoid-mediated photoprotection under HI treatment was
documented by the slight decrease of the Chl a+b/Car x+c ratio
after a 13-d exposure to HI (by 7.5%, Fig. 6B). However,
acclimation to the HI-HT regime did not lead to a continued
decrease of Chl a+b/Car x+c. As noted above, the utilization of
absorbed light energy within PSII was optimized under HI-HT
treatment, resulting in the maximum FV/FM values (Fig. 4). Thus,
there was no need for plants to invest in an enhancement of
photoprotective de-excitation pathways mediated by carotenoids.
The decrease of Chl a+b/Car x+c in HI- and HI-HT-acclimated
plants was observed due to increased Car x+c content per needle
area (by 12% and 13%, respectively; data not shown). Chl a+b
content tended to increase under HI and HI-HT conditions,

Fig. 6. (A) Ratio of chlorophyll a to chlorophyll b (Chl a/b), (B) ratio of total
chlorophylls to total carotenoids (Chl a+b/Car x+c) and (C) the content of
xanthophyll cycle pigments (VAZ) per needle area for the particular acclimation
regimes. Needles were sampled by the end of the night period, i.e. after 12 h of
darkness on the 13th day of acclimation to the given treatment (LI, HI, HI-HT) and
after the first day under HI and HI-HT conditions (HI-1, HI-HT-1). Data followed by
the same letter indicate non-significant differences (P40.05; Student’s t-test).
n=6–107S.D.
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although this increase was non-significant (P40.05; data not
shown).

The importance of a xanthophyll cycle-dependent thermal
dissipation of absorbed light energy as a photoprotective
mechanism in Norway spruce under excess irradiance was
reported in our previous studies (Kurasová et al., 2003; Štroch
et al., 2008a). Therefore, we monitored changes in the content of
xanthophyll cycle pigments (VAZ) after exposure to HI and HI-HT
conditions (Fig. 6C) and diurnal courses of the de-epoxidation
state of xanthophyll cycle pigments, expressed as the ratio of de-
epoxidized xanthophylls (Z+A) to VAZ pool (DEPS, Fig. 7). In
agreement with other studies (Demmig-Adams, 1998; Kurasová
et al., 2002; Lichtenthaler, 2007), the reduction of LHCII after HI
acclimation was typically accompanied by an increase of the VAZ
content (by 29%, Fig. 6C). On the contrary, HI-HT-acclimated
plants showed a slightly, but non-significantly (P40.05) lower
VAZ level compared to HI-acclimated plants.

DEPS in LI-acclimated plants increased in the morning from
28% in the darkness to 67% at the maximal PPFD (Fig. 7A). At the
end of the night period, no Z was detected; only A contributed to
persistent de-epoxidation (data not shown). As with D (Fig. 5B),
DEPS gradually decreased in the afternoon but remained at higher
values compared to the morning values corresponding to the
same PPFDs. The response of DEPS to HI and HI-HT conditions
matched the response of D. DEPS of plants after a 13-d exposure
to HI conditions increased during the day and reached a maximal
value of 86%. This high DEPS value supports previous results
showing very efficient V de-epoxidation in the photosynthetic
apparatus of Norway spruce compared to other plant species
(Kurasová et al., 2003). DEPS decreased after HI-HT acclimation,
mainly in the afternoon, resulting in a symmetrical pattern of the
daily course. The close relationship between D and DEPS was
observed to be independent of the acclimation regime (Fig. 8).

Thus, xanthophyll cycle-dependent thermal energy dissipation
was a dominant component of D, and higher Tair did not induce
any change in the relation between thermal dissipation and
xanthophyll de-epoxidation. DEPS determined in darkness at the
end of a night period after HI-HT acclimation showed the lowest
value (22%). Considering the well-known fact that the retention of
de-epoxidized xanthophylls in darkness is usually associated with
a FV/FM depression (Williams et al., 2003; Štroch et al., 2008a), the
efficient epoxidation of Z+A back to V in HI-HT-acclimated plants
may be the reason for the highest FV/FM value.

Conclusions

We expected that a gradual acclimation of the Norway spruce
seedlings to high irradiance and to elevated temperatures would
result in a progressive inhibition of AN and in a gradually
increasing demand on photoprotective processes, such as non-
assimilatory electron transport pathways and thermal dissipation
mediated by xanthophyll cycle pigments. Indeed, the strongest
depression of AN during the entire day was observed after
acclimation of the seedlings to simulated hot sunny days (HI-HT
regime, Fig. 2A), confirming a very low capacity of evergreen
conifers from the cold regions to adjust their temperature
optimum for photosynthesis (Way and Sage, 2008a, b). On the
contrary, neither acclimation to HI nor to HI-HT regimes led to
permanent PSII photoinhibition and, surprisingly, the HI-HT-
acclimated spruces showed the highest quantum yield of PSII
photochemistry (FV/FM, Fig. 4), indicating that efficient photo-
protective processes maintained the optimum PSII function, even
during exposure to excess irradiance and heat stresses.

In agreement with previous studies (Franco and Lüttge, 2002;
Franco et al., 2007), the enhancements of non-assimilatory

Fig. 8. Efficiency of thermal energy dissipation (D) in relation to the de-epoxidation state of the xanthophyll cycle pigments [DEPS=(Z+A)/(V+A+Z)]. Data obtained from
measurements of daily courses of D and DEPS for all treatments (LI, HI-1, HI, HI-HT-1, HI-HT) are presented as (A) data for all the individual samples (n=200) and (B) means
from 6 to 10 samples (data were taken from Figs. 5B and E and 7A and B). Linear regression lines with the coefficients of determination (R2) are shown.

Fig. 7. Diurnal courses of the de-epoxidation state of the xanthophyll cycle pigments [DEPS=(Z+A)/(V+A+Z)], determined (A) at the end of the particular acclimation
treatment (13th day of acclimation to LI, HI and HI-HT conditions) and (B) on the first day following transition from LI to HI acclimation regime (HI-1) and from HI to HI-HT
regime (HI-HT-1). The first data points correspond to the samples collected after 12 h of the dark period. DEPS in darkness for HI-1 and HI-HT-1 was determined after the
first day under HI and HI-HT conditions, respectively. n=6–107S.D.
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electron transport and xanthophyll cycle-dependent thermal
dissipation of excess absorbed light were engaged in the efficient
PSII photoprotection in HI-acclimated seedlings (Fig. 5B and C).
However, after acclimation to the HI-HT regime, both a slight
decrease of the content of xanthophyll cycle pigments (Fig. 6C)
and a lower de-epoxidation state of xanthophylls, particularly in
the afternoon period (Fig. 7A), corresponded to a diminished
photoprotective role of heat dissipation of absorbed light (Fig. 5B).
To the best of our knowledge, this is the first report that strong
depression of AN in evergreen conifers acclimated to high
irradiances and super-optimum temperatures was compensated
exclusively by the enhancement of non-assimilatory electron
transport that reduced the demand on the xanthophyll cycle-
mediated thermal dissipation of absorbed light energy.
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M. Štroch et al. / Journal of Plant Physiology 167 (2010) 597–605604



ARTICLE IN PRESS

Werner C, Correia O, Beyschlag W. Characteristic patterns of chronic and dynamic
photoinhibition of different functional groups in a Mediterranean ecosystem.
Funct Plant Biol 2002;29:999–1011.

Weston DJ, Bauerle WL. Inhibition and acclimation of C3 photosynthesis to
moderate heat: a perspective from thermally contrasting genotypes of Acer
rubrum (red maple). Tree Physiol 2007;27:1083–92.

Williams EL, Hovenden MJ, Close DC. Strategies of light energy utilisation,
dissipation and attenuation in six co-occurring alpine heath species in
Tasmania. Funct Plant Biol 2003;30:1205–18.

Yamori W, Noguchi K, Kashino Y, Terashima I. The role of electron transport in
determining the temperature dependence of the photosynthetic rate in spinach
leaves grown at contrasting temperatures. Plant Cell Physiol 2008;49:583–91.
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Abstract 10 

 11 

Stomatal conductance (gs) and mesophyll conductance (gm) are two key components 12 

of diffusive limitations of photosynthesis since they restrict CO2 flux from the leaf 13 

surface to the substomatal cavities (Ci) and from there to the sites of carboxylation 14 

(Cc). The responses of gs and mainly of gm to different concentrations (10 and 20 15 

µM) of abscisic acid (ABA) at three CO2 concentrations were estimated using 16 

coupled gas-exchange and variable electron transport rate measurements. In contrast 17 

to gs, which decreased in all ABA-treated plants, the response of gm to ABA was 18 

concentration dependent. gm was enhanced at lower ABA concentration, and vice 19 

versa. After ABA application, we observed a considerable reduction in gs which in 20 

the end resulted in a significant decrease in Ci. In spite of this, Cc values were as high 21 

as in the controls due to the enhancement in gm in 10 µM ABA-treated plants. As a 22 

result, a low concentration of ABA could positively affect carbon gain and 23 

transpiration efficiency since the rate of CO2 assimilation was unaffected. This effect 24 

seems to be less pronounced at sub-ambient CO2 concentration.  25 

 26 

Introduction 27 

 28 

Carbon dioxide diffusion from the ambient atmosphere to the chloroplast stroma is 29 

crucial for plants as photosynthesis is highly limited by CO2 availability at the sites 30 

of carboxylation in chloroplasts (Cc) (Evans et al., 1986; Evans et al., 2004; Evans 31 

and vonCaemmerer, 1996). Stomatal (gs) and mesophyll (gm) conductances 32 

significantly restrict CO2 flux from the leaf surface to sub-stomatal cavities and 33 

further on to the sites of carboxylation. Therefore, gs and gm represent significant 34 

diffusional limitations of photosynthesis (Flexas et al., 2008; Warren, 2008a)  35 



 

 

 The functional proximity of gs and gm raises the question of their mutual co-36 

regulation. The response patterns of gs and gm to most variables are similar, thus the 37 

gs/gm relationship is usually proportional. Only a slight difference in the slopes of the 38 

linear increase of gs/gm has been observed between soil and atmospheric water 39 

deficits treatments (Perez-Martin et al., 2009; Warren, 2008b). A greater 40 

independence of gs and gm has been observed with regard to their temperature 41 

responses. In the range of 20-35°C, a significant reduction in gs was not 42 

accompanied by a change in gm (Yamori et al., 2006). Similarly, the response of gs to 43 

CO2 concentration was found to be substantial while the gm response was only 44 

moderate (Tazoe et al., 2011) or, on the other hand, more pronounced than in gs 45 

(Flexas et al., 2007b; Vrabl et al., 2009). Moreover, the significant decline of gs 46 

induced by the application of abscisic acid (ABA) was not accompanied by any 47 

reduction of gm (Vrabl et al., 2009). Few studies show gs and gm responding in 48 

opposing directions to any given treatment. (Pons and Welschen, 2003) reported that, 49 

during midday depression of photosynthesis at 28-33°C, an initial increase of gm was 50 

accompanied by a simultaneous decrease of gs, and recently (Scafaro et al., 2011) 51 

showed opposing temperature response patterns of gs and gm in the range of 18-42°C 52 

in three Oryza species.  53 

 The effect of ABA on gs is well known; on the other hand, the sensitivity of 54 

gm to ABA treatment has not been investigated sufficiently. ABA possesses the 55 

ability to trigger stomatal closure and affect gs, therefore it could be a useful tool for 56 

evaluating the link between gs and gm. To date, few studies describing the effect of 57 

ABA on gm have been published, presenting contradictory results. (Flexas et al., 58 

2006a) showed a reduction of gm after ABA addition in soybean and tobacco, while 59 

(Vrabl et al., 2009) found no effect in sunflower, using an exogenous ABA 60 

concentration that was five times lower. In canopy-scale measurements,(Schaufele et 61 

al., 2011) showed that gm decreases in the presence of elevated ABA, especially at 62 

higher ambient CO2 concentrations (Ca), while at low CO2 concentrations the effect 63 

of ABA was less significant.  64 

 In the present study, the effect of ABA, applied exogenously at low 65 

concentrations without introducing drought stress, on hydroponically grown plants of 66 

Helianthus annuus was investigated. The aim of the work was to evaluate the effect 67 

of this treatment on gm and examine the relationship between gs and gm.  68 

 69 



 

 

Materials and methods 70 

 71 

Plant material and growth conditions 72 

 73 

Plants of Helianthus annuus were cultivated from seeds in 0.5 L pots filled with 74 

perlite in a growth chamber (Sanyo, Gallenkamp, UK). Photoperiod length was 16h, 75 

day/night temperatures were 22/18°C, and relative humidity was 70%. After 21 days, 76 

plants were transferred to 3 L pots filled with ceramsite and grown hydroponically. 77 

Photosynthetic photon flux density (PPFD) was held constant during the day (400 78 

mol m-2 s-1 at the top of the canopy). All plants were watered every 2–3 days with a 79 

commercial nutrient solution (Kristalon Start, NU3 BV Vlaardingen, Netherlands).     80 

 Two months after sowing, two-thirds of the plants were treated with abscisic 81 

acid (ABA; Sigma Aldrich, Seelze, Germany) – the first-third by 10 µM ABA and 82 

the second-third by 20 µM ABA. A solution of 0.1 M ABA in 1 mL methanol was 83 

prepared and the appropriate amount added to the nutrient solution to reach final 84 

concentrations of 20 or 10 M ABA. 85 

  86 

Gas exchange and chlorophyll fluorescence measurements 87 

 88 

 Measurements were made on young fully expanded leaves 3 days after ABA 89 

addition. Light respiration rate (Rd) and the apparent CO2 compensation point (Cc
*) 90 

were determined simultaneously using the method of (Laisk, 1977). A set of five 91 

AN/Ci (assimilation rate/sub-stomatal CO2 concentration) curves was constructed 92 

with PPFD ranging from 50 to 500 mol photons m-2 s-1. The CO2 concentrations 93 

ranged from 30 to 250 mol CO2 mol-1 air as only the linear parts of the AN/Ci curves 94 

were of interest. The different PPFDs were chosen following preliminary trials to 95 

ensure a large difference between the slopes of individual AN/Ci curves (Warren, 96 

2008c). The intersection points of the AN/Ci curves at different PPFDs represent Cc
* 97 

(x-axis) and Rd (y-axis). Following (Warren, 2006), Cc
* was used as a proxy for the 98 

chloroplastic photocompensation point ( *). All these measurements were performed 99 

with an open gas-exchange system (Li-6400, Li-Cor Inc., Lincoln, NE, USA) 100 

equipped with a 6 cm2 broadleaf chamber and an integrated light source (Li-6400-101 

02B; Li-Cor Inc.). 102 



 

 

 The photochemical efficiency of photosystem II ( PSII) was estimated from 103 

steady state fluorescence (Fs) and maximal fluorescence (Fm′) during a light-104 

saturating pulse according to (Genty et al., 1989) as: 105 

 106 

( ) msmPSII FFF ′−′=Φ     (1) 107 

 108 

The rate of linear electron transport (Jf) is related to PSII as follows: 109 

 110 

 βα ∗∗∗Φ= PPFDJ PSIIf    (2) 111 

 112 

where  is the total leaf absorptance and  represents the partitioning of absorbed 113 

quanta between photosystems II and I, which is assumed to be 0.5 for C3 plants 114 

(Ogren and Evans, 1993). However, fluorescence estimates of Jf are not strictly 115 

related to electron transport because the product of α×  can vary. Therefore, an 116 

empirical relationship between Jf and JCO2 was determined under non-117 

photorespiratory conditions (1% O2) in which JCO2 – representing the electron 118 

transport rate calculated from gas exchange – is assumed to be wholly related to 119 

gross photosynthesis (JCO2 = 4(AN+Rd)). Subsequently, fluorescence data measured 120 

at 21% O2 were corrected in accordance with the calibration relationship of JCO2/Jf 121 

obtained at 1% O2 (Fig. 1). Moreover, the linear shape of that relationship shows 122 

constant and uniform electron transport rates across different treatments (CO2 123 

concentration, ABA addition). Fluorescence measurements were made using the Li-124 

6400 with an integrated fluorescence chamber head (Li-6400-40; Li-Cor Inc.)  125 

 Mesophyll conductance (gm) was determined at three different CO2 126 

concentrations (146, 389 and 687 µmol mol-1) from simultaneous measurements of 127 

gas exchange and fluorescence measurements on two or three light-adapted leaves of 128 

four 20 M ABA-treated and four control plants and on one leaf of three 10 µM 129 

ABA-treated plants. Photosynthesis was induced with a CO2 concentration outside 130 

the leaf (Ca) of 389 mol mol-1 and PPFD of 1500 mol m-2 s-1, based on previous 131 

measurements of light response curves that proved these values to be saturating. The 132 

amount of blue light was set to 10% to maximize stomatal aperture. Leaf temperature 133 

was kept close to 23°C and leaf-to-air vapor pressure deficit between 0.7 and 1.3 kPa 134 

during all measurements. The experiment was performed right after the steady state 135 



 

 

was reached, i.e. 20-30 minutes after clamping the leaf into the leaf chamber. Gas 136 

exchange and chlorophyll fluorescence were first measured at Ca of 389 mol mol-1, 137 

then Ca was decreased to 146 mol mol-1, and after that returned to 389 mol mol-1 138 

to restore the original AN value. Thereafter, Ca was increased to 687 mol mol-1. The 139 

time lag between consecutive measurements at different Ca was 15–20 min. 140 

 Possible leakages into and out of the cuvette for the range of CO2 141 

concentrations used were determined according to (Flexas et al., 2007a). The original 142 

estimates of AN were corrected accordingly. 143 

  144 

Estimation of gm by gas exchange and chlorophyll fluorescence measurements 145 

 146 

 Mesophyll conductance was estimated by the variable J method according to 147 

(Harley et al., 1992), which allows assessing gm at different CO2 concentrations and 148 

is based on simultaneous measurements of gas exchange and chlorophyll a 149 

fluorescence. The method allows estimation of gm from the rate of electron transport 150 

(Jf) and CO2 concentration at the site of Rubisco (Cc), the latter being equal to  Ci - 151 

AN/gm based on the first Fick’s law. Thus, gm can be calculated as:  152 
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where Rd and Γ* were determined according to (Laisk, 1977) (see above), and AN and 154 

Ci were taken from gas exchange measurements. 155 

 156 

Statistical analysis 157 

 158 

Because our data did not fulfill the assumptions for classic one way analysis of 159 

variance (ANOVA) we used its non-parametric equivalence, the Kruskal-Wallis one-160 

way analysis of variance with multiple comparisons (p-values, 2-tailed) to analyze 161 

differences between controls, 20 µM ABA-treated and 10 µM ABA-treated plants. 162 

All tests were performed using the program Statistica (StatSoft, Inc.). 163 

 164 

Results 165 

 166 



 

 

Measurements under non-photorespiratory conditions revealed a strong positive 167 

relationship (R2 > 0.97) between electron transport rate calculated from gas exchange 168 

measurements (JCO2) and electron transport rate calculated from fluorescence 169 

measurements (Jf) at different CO2 concentrations in controls and ABA-treated plants 170 

(Fig. 1). This indicates a constant non-assimilatory electron flow across the various 171 

CO2 concentration and ABA treatments. The average slope of the relationship 172 

between JCO2 and Jf was 1.40 with no significant difference between treatments, 173 

which is in approximate accordance with previously published results (Warren, 174 

2008b). The results of the linear regression for Jf/JCO2 were used to “calibrate” the 175 

electron transport rate measured at photorespiratory conditions. 176 

 Using the method of (Laisk, 1977) and (Warren, 2006), no differences in Cc
* 177 

between controls and ABA-treated plants were found. Cc
* averaged around 33 µmol 178 

mol-1 in all treatments. Rd values ranged from 0.44 to 0.48 µmol CO2 m-2 s-1 without 179 

significant differences between treatments.  180 

Stomatal conductance (gs) decreased with increasing CO2 concentration in all 181 

plants. Exogenous addition of abscisic acid allowed us to introduce a diffusional 182 

limitation to photosynthesis by closing stomata and therefore markedly decreasing gs. 183 

In plants treated with 20 or 10 µM ABA, we observed significantly lower gs than in 184 

controls at all three CO2 concentrations. The effect of ABA on gs was more 185 

pronounced at higher CO2 (Fig. 2 A). Under such conditions, net photosynthetic rate 186 

(AN) is usually expected to be lower as well because CO2 availability is restricted 187 

(Nobel, 2009). This was true for plants treated with 20 µM ABA at 389 and 687 188 

µmol CO2 mol-1, whose gs values differed significantly from the controls (p = 0.001). 189 

However, for plants treated with 10 µM ABA no significant decrease of AN was 190 

recorded at these CO2 concentrations (Fig. 2 B).  191 

Values of mesophyll conductance (gm) found in sunflower are in accordance 192 

with previously observed estimates for herbs (Warren, 2008a; Flexas et al., 2008). 193 

Interestingly, at Ca of 389 µmol mol-1, gm was found to be significantly higher (p = 194 

0.05) in plants treated with 10 µM ABA than in controls, but not so in plants treated 195 

with 20 µM ABA (Fig. 2 C). At Ca of 687 µmol mol-1, a similar effect was apparent, 196 

albeit not significant. Therefore, the response of gm to the lower ABA concentration 197 

was opposite to that of gs except at low Ca where gm was ABA-insensitive (see Fig. 2 198 

A, C). 199 



 

 

Since CO2 flux through stomata was restricted in ABA-plants, substomatal 200 

CO2 concentration (Ci) was substantially lower at all CO2 concentrations compared 201 

with controls (see Fig. 3, for example at Ca 389 µmol mol-1). Therefore, the 202 

drawdown between Ca and Ci was significantly higher in ABA-plants and ranged 203 

from 118 to 145 mol mol-1, in contrast with controls where the drawdown was 71 204 

mol mol-1. On the other hand, the difference between Ci and Cc was significantly 205 

smaller in plants treated with 10 M ABA (80 mol mol-1) than in controls (152 206 

mol mol-1) and plants treated with 20 M ABA (135 mol mol-1) (Fig. 3). This 207 

observation goes hand in hand with the enhanced gm, i.e. enhanced CO2 flux from 208 

intercellular air spaces to chloroplastic stroma. The total drawdown of CO2 209 

concentration from Ca to Cc did not differ between controls and 10 M ABA-treated 210 

plants; however it was significantly higher in 20 M ABA-treated plants (Fig. 3).   211 

 At all CO2 concentrations, the Ci/Ca ratio was higher in controls than in ABA-212 

treated plants. The Ci/Ca ratio ranged between 0.81 and 0.86 in controls and between 213 

0.56 and 0.80 in ABA-treated plants. The Cc/Ca ratio was highest in controls (0.36 – 214 

0.62), lowest in 20 µM ABA-treated plants (0.22 – 0.55), and intermediate or similar 215 

to the controls in 10 µM ABA-treated plants (0.31 – 0.61). 216 

 217 

Discussion 218 

 219 

The application of ABA introduced a substantial diffusion limitation for 220 

photosynthesis since gs was reduced at all CO2 concentrations and both ABA 221 

concentrations. The reduction of gs in plants treated with 20 M ABA was 222 

accompanied by a slight non-significant decrease in AN, but gm remained almost 223 

unchanged. These findings are in accordance with those of Vrabl et al. (2009).  224 

However, after application of 10 M ABA, gm was enhanced. The increase of gm 225 

reduced the drawdown of CO2 concentration from substomatal cavities into the 226 

chloroplasts and, consequently, Cc of plants treated with 10 M ABA was similar to 227 

that of controls (Fig. 3, inset). As a result, the rate of photosynthesis remained 228 

unchanged despite CO2 flux across stomata being restricted at all CO2 229 

concentrations. Contrary to these results, (Flexas et al., 2006a) found a decrease of 230 

gs, gm and AN in Arabidopsis thaliana using 100 M ABA, and Vrabl et al. (2009) 231 

observed unchanged gm and AN despite decreased gs in sunflower using 20 M ABA. 232 

This comparison indicates that the pattern of responses of gs and gm to ABA is 233 



 

 

concentration-dependent, and the compensating responses of gs and gm occur only at 234 

low ABA concentration. As a result, the rate of CO2 assimilation may not change or 235 

even increase while water loss through stomata decreases. This would lead to an 236 

enhancement of water use efficiency without any depression of photosynthesis. 237 

Hence, it can be hypothesized that under conditions of moderate water shortage, low 238 

concentrations of ABA could positively affect carbon gain. The reduction of Ci due 239 

to low gs and high gm may also promote stomatal opening, with a consequent 240 

increase of Ci, which may lead to oscillations in photosynthesis (Santrucek et al., 241 

2003). 242 

 When taking measurements with ABA-treated plants, some errors in Ci 243 

estimation can be introduced due to patchy stomatal closure (Laisk, 1983; Meyer and 244 

Genty, 1998; Pospisilova and Santrucek, 1994). However, although the reduction in 245 

gs was substantial, gs values in ABA-treated plants were still high (min. around 0.2 246 

mol m-2 s-1
 in sunflower). Moreover, (Flexas et al., 2006a) showed that exogenous 247 

ABA did not induce patchy stomatal closure even when gs dropped to much lower 248 

values (0.03 mol m-2 s-1) in other herbaceous species. In addition, the close similarity 249 

in the AN/Ci curvature observed at high and low water pressure deficits found here 250 

(data not shown) has been taken as an indication for the absence of patchy stomatal 251 

closure in ABA-treated plants (Grassi and Magnani, 2005). 252 

 The results presented here suggest a possible involvement of ABA in the 253 

regulation of gm. ABA could be involved in controlling a part of gm that is a protein-254 

facilitated process (Bernacchi et al., 2002). Aquaporins were shown to be closely 255 

associated with CO2 transport within the mesophyll (Flexas et al., 2006b; Hanba et 256 

al., 2004), and (Wan et al., 2004) demonstrated enhancement of aquaporin activity 257 

for water transport by ABA; thus it could be hypothesized that regulation of gm by 258 

ABA could be either directly or indirectly connected with aquaporins.  259 

  Direct regulation could occur if ABA enhances the permeability of 260 

aquaporins for CO2 as well as for water. If that was the case, CO2 could permeate 261 

through the central or side pore of the AQP tetramer (Wang et al., 2007). On the 262 

other hand, indirect regulation might be mediated by enhancement of water flux 263 

through AQP, thus reducing the thickness of unstirred layers on the surface of the 264 

membrane that represent a barrier for CO2 diffusion (Missner et al., 2008). In long-265 

term experiments, ABA was also found to increase gene expression and protein 266 

content of most PIP isoforms (plasma membrane intrinsic proteins) AQPs are 267 



 

 

composed of. In short-term experiments, ABA was hypothesized to affect AQP 268 

gating in root cells (Hose et al., 2000).    269 

 Studies showing natural abundance of endogenous ABA would be valuable, 270 

since the effective endogenous concentration need not mirror the changes in ABA 271 

concentration in the root medium. Moreover, experimentally applied ABA may 272 

produce artificially high effective concentrations in stomatal guard cells compared 273 

with control plants or plants exposed to mild water stress (Hartung and Slovik, 274 

1991). For instance, the endogenous ABA concentration was observed to be 3.405 275 

nmol/g f.w. in plants exogenously treated with 10µM ABA, whereas the 276 

concentration was only 0.189 nmol/g fw. in controls (unpublished results; see also 277 

(Guerfel et al., 2009). Hence, such a high concentration of endogenous ABA could 278 

trigger a stronger stress response than usually observed for plants experiencing water 279 

shortage. High ABA concentrations may lead to different, more complex responses 280 

that finally reduce the rate of CO2 carboxylation, and consequently gm, and vice 281 

versa. On the other hand, when ABA acts at low concentration mimicking moderate 282 

stress conditions, plants may “prefer” to balance the transient reduction in carbon 283 

gain caused by partial stomatal closure with  an enhancement of gm to keep the 284 

photosynthetic rate unchanged.  285 

 There is a major question about ABA sensing in plants and what receptors are 286 

responsible for the response to low ABA concentration that finally leads to enhanced 287 

gm. It seems that different physiological responses triggered by ABA are based on 288 

different types of ABA-sensing receptors (McCourt and Creelman, 2008; Wang and 289 

Zhang, 2008). For instance, the ABA-binding protein GCR2 is responsible for 290 

regulation of stomatal aperture and conductance (McCourt and Creelman, 2008). On 291 

the other hand, (Wan et al., 2004) speculated that ABA could bind directly to 292 

aquaporins and enhance their activity for water transport. If CO2 flux is mediated by 293 

aquaporins as well, it could eventually enhance gm. However , to reveal that 294 

mechanism requires further study. 295 

 296 

Conclusion 297 

 298 

The assessment of gm at three CO2 concentrations in the absence and presence of 299 

abscisic acid (10 and 20 µM) revealed that gm response to ABA is concentration 300 

dependent. gm was enhanced at low ABA concentration, and vice versa. Due to the 301 



 

 

enhancement in gm, CO2 concentration at sites of carboxylation in chloroplasts (Cc) 302 

in 10 µM ABA-treated plants did not differ from controls although Ci was 303 

significantly less through gs reduction after ABA application. Therefore, the 304 

photosynthetic rate was unaffected. Hence, it can be hypothesized that, under 305 

conditions of moderate water shortage, low concentrations of ABA could positively 306 

affect carbon gain and transpiration efficiency. This effect seems to be less 307 

pronounced at sub-ambient CO2 concentrations.  308 



 

 

 

References 
 

Bernacchi CJ, Portis AR, Nakano H, von Caemmerer S, Long SP. 2002. 
Temperature response of mesophyll conductance. Implications for the determination 
of Rubisco enzyme kinetics and for limitations to photosynthesis in vivo. Plant 
Physiology 130, 1992-1998. 
Evans JR, Sharkey TD, Berry JA, Farquhar GD. 1986. Carbon Isotope 
Discrimination Measured Concurrently with Gas-Exchange to Investigate Co2 
Diffusion in Leaves of Higher-Plants. Australian Journal of Plant Physiology 13, 
281-292. 
Evans JR, Terashima I, Hanba Y, Loreto F. 2004. Chloroplast to leaf. In: Smith 
WK, Vogelmann T, Critchley C, eds. Photosynthetic adaptation: chloroplast to 
landscape. New York: Springer. 
Evans JR, vonCaemmerer S. 1996. Carbon dioxide diffusion inside leaves. Plant 
Physiology 110, 339-346. 
Flexas J, Diaz-Espejo A, Berry JA, Cifre J, Galmes J, Kaidenhoff R, Medrano 
H, Ribas-Carbo M. 2007a. Analysis of leakage in IRGA's leaf chambers of open 
gas exchange systems: quantification and its effects in photosynthesis 
parameterization. Journal of Experimental Botany 58, 1533-1543. 
Flexas J, Diaz-Espejo A, Galmes J, Kaldenhoff R, Medrano H, Ribas-Carbo M. 
2007b. Rapid variations of mesophyll conductance in response to changes in CO2 
concentration around leaves. Plant Cell and Environment 30, 1284-1298. 
Flexas J, Ribas-Carbo M, Bota J, Galmes J, Henkle M, Martinez-Canellas S, 
Medrano H. 2006a. Decreased Rubisco activity during water stress is not induced 
by decreased relative water content but related to conditions of low stomatal 
conductance and chloroplast CO2 concentration. New Phytologist 172, 73-82. 
Flexas J, Ribas-Carbo M, Diaz-Espejo A, Galmes J, Medrano H. 2008. 
Mesophyll conductance to CO2: current knowledge and future prospects. Plant Cell 
and Environment 31, 602-621. 
Flexas J, Ribas-Carbo M, Hanson DT, Bota J, Otto B, Cifre J, McDowell N, 
Medrano H, Kaldenhoff R. 2006b. Tobacco aquaporin NtAQP1 is involved in 
mesophyll conductance to CO2 in vivo. Plant Journal 48, 427-439. 
Genty B, Briantais JM, Baker NR. 1989. The Relationship between the Quantum 
Yield of Photosynthetic Electron-Transport and Quenching of Chlorophyll 
Fluorescence. Biochimica Et Biophysica Acta 990, 87-92. 
Grassi G, Magnani F. 2005. Stomatal, mesophyll conductance and biochemical 
limitations to photosynthesis as affected by drought and leaf ontogeny in ash and oak 
trees. Plant Cell and Environment 28, 834-849. 
Guerfel M, Beis A, Zotos T, Boujnah D, Zarrouk M, Patakas A. 2009. 
Differences in abscisic acid concentration in roots and leaves of two young Olive 
(Olea europaea L.) cultivars in response to water deficit. Acta Physiologiae 
Plantarum 31, 825-831. 
Hanba YT, Shibasaka M, Hayashi Y, Hayakawa T, Kasamo K, Terashima I, 
Katsuhara M. 2004. Overexpression of the barley aquaporin HvPIP2;1 increases 
internal CO2 conductance and CO2 assimillation in the leaves of transgenic rice 
plants. Plant and Cell Physiology 45, 521-529. 



 

 

Harley PC, Loreto F, Dimarco G, Sharkey TD. 1992. Theoretical Considerations 
When Estimating the Mesophyll Conductance to Co2 Flux by Analysis of the 
Response of Photosynthesis to Co2. Plant Physiology 98, 1429-1436. 
Hartung W, Slovik S. 1991. Physicochemical Properties of Plant-Growth 
Regulators and Plant-Tissues Determine Their Distribution and Redistribution - 
Stomatal Regulation by Abscisic-Acid in Leaves. New Phytologist 119, 361-382. 
Hose E, Steudle E, Hartung W. 2000. Abscisic acid and hydraulic conductivity of 
maize roots: a study using cell- and root-pressure probes. Planta 211, 874-882. 
Laisk A. 1983. Calculation of Leaf Photosynthetic Parameters Considering the 
Statistical Distribution of Stomatal Apertures. Journal of Experimental Botany 34, 
1627-1635. 
Laisk AK. 1977. Kinetics of photosynthesis and photorespiration in C3 plants (in 
Russian). Moscow, Russia: Nauka. 
McCourt P, Creelman R. 2008. The ABA receptors - we report you decide. 
Current Opinion in Plant Biology 11, 474-478. 
Meyer S, Genty B. 1998. Mapping intercellular CO2 mole fraction (C-i) in Rosa 
rubiginosa leaves fed with abscisic acid by using chlorophyll fluorescence imaging - 
Significance of C-i estimated from leaf gas exchange. Plant Physiology 116, 947-
957. 
Missner A, Kugler P, Saparov SM, Sommer K, Mathai JC, Zeidel ML, Pohl P. 
2008. Carbon dioxide transport through membranes. Journal of Biological Chemistry 
283, 25340-25347. 
Nobel PS. 2009. Physicochemical and environmental Plant Physiology. Los 
Angeles, USA: Elsevier. 
Ogren E, Evans JR. 1993. Photosynthetic Light-Response Curves .1. The Influence 
of Co2 Partial-Pressure and Leaf Inversion. Planta 189, 182-190. 
Perez-Martin A, Flexas J, Ribas-Carbo M, Bota J, Tomas M, Infante JM, Diaz-
Espejo A. 2009. Interactive effects of soil water deficit and air vapour pressure 
deficit on mesophyll conductance to CO(2) in Vitis vinifera and Olea europaea. 
Journal of Experimental Botany 60, 2391-2405. 
Pons TL, Welschen RAM. 2003. Midday depression of net photosynthesis in the 
tropical rainforest tree Eperua grandiflora: contributions of stomatal and internal 
conductances, respiration and Rubisco functioning. Tree Physiology 23, 937-947. 
Pospisilova J, Santrucek J. 1994. Stomatal Patchiness. Biologia Plantarum 36, 
481-510. 
Santrucek J, Hronkova M, Kveton J, Sage RF. 2003. Photosynthesis inhibition 
during gas exchange oscillations in ABA-treated Helianthus annuus: relative role of 
stomatal patchiness and leaf carboxylation capacity. Photosynthetica 41, 241-252. 
Scafaro AP, Von Caemmerer S, Evans JR, Atwell BJ. 2011. Temperature 
response of mesophyll conductance in cultivated and wild Oryza species with 
contrasting mesophyll cell wall thickness. Plant Cell and Environment 34, 1999-
2008. 
Schaufele R, Santrucek J, Schnyder H. 2011. Dynamic changes of canopy-scale 
mesophyll conductance to CO(2) diffusion of sunflower as affected by CO(2) 
concentration and abscisic acid. Plant Cell and Environment 34, 127-136. 
Tazoe Y, Von Caemmerer S, Estavillo GM, Evans JR. 2011. Using tunable diode 
laser spectroscopy to measure carbon isotope discrimination and mesophyll 
conductance to CO2 diffusion dynamically at different CO2 concentrations. Plant 
Cell and Environment 34, 580-591. 



 

 

Vrabl D, Vaskova M, Hronkova M, Flexas J, Santrucek J. 2009. Mesophyll 
conductance to CO2 transport estimated by two independent methods: effect of 
variable CO2 concentration and abscisic acid. Journal of Experimental Botany 60, 
2315-2323. 
Wan XC, Steudle E, Hartung W. 2004. Gating of water channels (aquaporins) in 
cortical cells of young corn roots by mechanical stimuli (pressure pulses): effects of 
ABA and of HgCl2. Journal of Experimental Botany 55, 411-422. 
Wang XF, Zhang DP. 2008. Abscisic acid receptors: Multiple signal-perception 
sites. Annals of Botany 101, 311-317. 
Wang Y, Cohen J, Boron WF, Schulten K, Tajkhorshid E. 2007. Exploring gas 
permeability of cellular membranes and membrane channels with molecular 
dynamics. Journal of Structural Biology 157, 534-544. 
Warren C. 2006. Estimating the internal conductance to CO2 movement. 
Functional Plant Biology 33, 431-442. 
Warren CR. 2008a. Stand aside stomata, another actor deserves centre stage: the 
forgotten role of the internal conductance to CO2 transfer. Journal of Experimental 
Botany 59, 1475-1487. 
Warren CR. 2008b. Soil water deficits decrease the internal conductance to CO2 
transfer but atmospheric water deficits do not. Journal of Experimental Botany 59, 
327-334. 
Warren CR. 2008c. Does growth temperature affect the temperature responses of 
photosynthesis and internal conductance to CO2? A test with Eucalyptus regnans. 
Tree Physiology 28, 11-19. 
Yamori W, Noguchi K, Hanba YT, Terashima I. 2006. Effects of internal 
conductance on the temperature dependence of the photosynthetic rate in spinach 
leaves from contrasting growth temperatures. Plant and Cell Physiology 47, 1069-
1080. 
 
 

  
 



Figure 1: Relationship between rates of electron transport estimated from chlorophyll fluo-

rescence (Jf) and from gas exchange measurements (JCO2), obtained by varying CO2 concen-

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

in controls (circles) and plants treated with 10 µM ABA (triangles) or 20 µM ABA (squares).

The linear regression equations are shown. A strong positive relationship was observed in all

treatments (R2 > 0.97).



Figure 2: Response of (A) stomatal conductance, (B) rate of net photosynthesis and (C)

mesophyll conductance in Helianthus annuus to three CO2 concentrations (146, 389, 687

µmolmol−1) in controls and plants treated with 10 or 20 µM ABA. Values are means +/-

SD of 9 (controls), 3 (10 µM ABA) and 8 (20 µM ABA) replicates, respectively. ∗p = 0.05,

∗ ∗ ∗p = 0.01.



Figure 3: Differences in CO2 concentration between ambient air (Ca) and sub- stomatal ca-

vities (Ci); between Ci and chloroplast stroma (Cc); and overall difference between Ca and

Cc at Ca of 389 µmolmol−1in controls (while columns) and plants treated with 10 µM ABA

(sparsely dotted columns) or 20 µM ABA (densely dotted columns). The inset shows the

drop from Ca to Ci and from there to Cc in controls (circles) and plants treated with 10

µM ABA (triangles) or 20 µM ABA (squares). Values are means +/- SD of 9 (controls), 3

(10 µm ABA) and 8 (20 µM ABA) replicates, respectively. ∗∗p = 0.05, ∗ ∗ ∗p = 0.01.



Figure 4: Schematic illustration of possible processes behind the regulation of gm by ABA.
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