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INTRODUCTION

1. Introduction

1.1 Carbon dioxide diffusion and mesophyll conductance

Carbon dioxide (Cg, which is necessary for photosynthesis, comesan fro
the atmosphere surrounding a leaf of a planf) @hd it has to reach the sites
of carboxylation in the chloroplast. Within its patay, several barriers occur that
finally reduce CQ concentration in the site of carboxylation. Fugtusional barrier
to CQ, transport is thin, non-moving layer of air at tleaf surface called boundary
layer. The second one is stomatal resistance, rdgstance of intercellular airspaces
and finally mesophyll resistance — on a boundariwéen gaseous environment
outside the mesophyll cell and liquid environmeside the cellKig. 1.1).

Although calculating with resistance is more camngat for a pathway with
a series of limitations (Evans and von Caemmer886), components of GO
diffusion pathway are often described as conduetaather than resistance, especially
when considering fluxes. Mathematically, conducéans reciprocal to resistance
(g=1/r). Presented study is focused on L@uxes; hence it will consider

conductance rather than resistance.

Figure 1.1. Schematic illustration of diffusion pathway of €®om the ambient (§ through leaf
surface (Q and intercellular air spaces;Y@ the chloroplast (§. Boundary layer conductance,)g
stomatal conductance gand mesophyll conductance.jgare figured. The partition of mesophyll
conductance into three components - intercellulaspace conductance;{g, cell wall conductance
(gew) @and chloroplast conductance{y- is figured on the right side of the figure wiehe cell wall
(cw) and the chloroplast (chl) with granum is featlin detail. g, and g, are often being joined
andcalled as liquid phase conductancg,gince CQ has to diffuse through liquid phase inside the
cell.
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Two of above mentioned components of diffusionaldiactances dominate the
CO, transport to chloroplast — stomatal and mesopleghductance. Stomatal
conductance is given by the aperture of stomata gt actually enables GQptake
accompanied by loss of water. Stomatal conductasdarge but flexible, and it
responds to environmental variables such as photiestic active photon flux density
(PPFD), CQO, concentration and atmospheric moisture (Evand.aneto, 2000).

Mesophyll conductance involves gd@iffusion from the substomatal cavity
to the sites of carboxylation inside the cell (V@arr2008a). There, the G@iffusion
occurs in both gas and liquid phases. Subsequeetigral components of mesophyll
conductance can be distinguished. The first componeludes diffusion of C®
in gas phase (g) before it enters the cell. Formerly,sgvas regarded to be significant
limitation (Parkhurst and Mott, 1990). However,stliomponent does not influence
the CQ flux notably, and therefore can be neglected (Radt, 1994). When entering
the cell, CQ has to cross the cell wall{g and dissolve in the solution. Finally, it
diffuses in liquid phase {g) in the chloroplast stroma where it reaches
the carboxylation enzymé&ig. 1.1).

Formerly it was impossible to partition,gnto its individual components.
However, Gillon and Yakir (2000) presented pos#ipbito provide an estimate
of conductance from the intercellular air spacesthe chloroplast surface g
and from the chloroplast surface to the sites dba@aylation (gn). So nowadays, it is
possible to distinguish what part of mesophyll amtdnce posses the greatest
diffusional limitation for photosynthesis.

1.2 Importance of mesophyll conductance

Mesophyll conductance was previously assumed tanbeite and constant, that
means €= C in other words, C@concentration in the chloroplast is the same like
CO, concentration in sub-stomatal cavity (Farqulgaral., 1980). It was also
considered that,gis determined only by the structure of mesophgtl anovements
of chloroplasts (Sharkewt al., 1991; Tholenet al., 2007). Therefore, \gwas not
regarded significant when modeling €@ansport through leaf mesophyll. But later
studies confirmed that Qs significantly lower than Csuggesting the finite (i.e.

limiting) mesophyll conductance. Evaesal. (1986), Evans and Terashima (1988)



INTRODUCTION

and also Bongi and Loreto (1989) came to this amich by using several different
methods, respectively.

Moreover, mesophyll conductance was confirmedadie constant but highly
variable among species and responding rapidly tovir@mmental factors
as temperature, G@oncentration or water stress (Bernaatlal., 2002; Flexast al.,
2007a; Galmést al., 2007a). Moreover, ,gwas found to respond to environmental
factors as rapidly as or even faster than stontatadluctance ) i.e. within seconds
to minutes (Flexast al., 2008).

The process of CQliffusion in leaf mesophyll is in agreement wiitsf Fick’s

law of diffusion:

A =9.(C -C.), (Eq. 1.1)

where A, is the net photosynthetic rate at steady staje,isgthe mesophyll
conductance to CQdiffusion and G C. are the concentrations in the sub-stomatal
cavity and in the chloroplast stroma, respectivély. mentioned above, mesophyll
conductance significantly reduces 1€lative to Gand so it is responsible for creating
the CQ gradient between sub-stomatal cavity and theo$itarboxylation. Therefore,
Om determines the difference betweena@d G as a function of photosynthetic rate
(Flexaset al., 2008, Harleyet al., 1992, Loretcet al., 1992). As a result, concentration
of CO, decreases to approximately half of atmosphericeotation, from ~40Qmol
mol™* to ~200umol mol*. Approximately 20-50% of this drawdown is attriedtto g,
(Fig. 1.2 (Warren, 2008a and references therein; Warredg120
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Figure 1.2. Decrease of COconcentration during its diffusion from ambientabgh leaf mesophyill.
Mesophyll conductance accounts for 20 to 50% deered CQ concentration from sub-stomatal cavity
(C) to chloroplast stroma (I Data have been taken and modified accordingdao® (2008a).



INTRODUCTION

1.3 Range of variation in mesophyll conductance

Mesophyll conductance is of similar magnitude tad aguite closely correlated
with stomatal C@ conductance across; Gpecies from different functional types
(Evansetal., 2004; Loretoet al., 1992). However, it was proven that, gliffers
between different plant functional groups or eveithmw the one functional group
(Warren, 2008a).

A comprehensive review published recently by Fleetaal. (2008) includes
122 different species, subspecies, hybrids, formsd aarieties (13 evergreen
gymnosperms, 32 evergreen angiosperms, 3 semiwutrsd angiosperms,
37 deciduous angiosperms, 23 herbaceous annuateréBnial annuals, and 1 CAM
plant). Comparison of these functional groups shibweat herbaceous annuals
and biannuals present the largest values gfagound 0.4 mol COm?s*bar’.
Perennial herbs and deciduous angiosperms presewer | values around
0.2 mol CQms*bar* while semi-deciduous angiosperms show intermedialees.
The lowest values under 0.1 mol €0n?s'bar’ were found in evergreen
gymnosperms and CAM plants; however, only one CAMnp was included.
Evergreen angiosperms present values slightly aBdvenol CQ ms*bar.

Flexaset al. (2008) confirmed what was previously suggestedegnset al.
(2004), that differences innpgare associated with leaf forms or anatomy andtplan
functional groups. As shown in Warren (2008a),ig positively correlated with the
rate of photosynthesis (A (Fig. 1.3.
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Figure 1.3. The relationship between light-saturated rate eif photosynthesis (4, and mesophyll
conductance (@ in non-sclerophytes (open symbols) and scleragshytlosed symbols). Taken from
Warren, 2008a.

That is in agreement with fast growing strategitarmual and biannual herbs

(with high rate of photosynthesis) having the higghealues of g. Sclerophytic plants
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have generally low values of,gand low rate of photosynthesis, but the relatignsh
between A andgis the same (Loretet al., 1992; Flexast al., 2008; Warren, 2008a)
(Fig. 1.3.

High variability can be observed not only betwdes plant functional groups
but also within a single group, genus or even gsedtor instance, in annual herbs, g
varied from 0.08 mol C® m?s'bar’ in wild-extinct Mediterranean species
Lysimachia minoricensis (Galméset al., 2007b) to >1 mol COm?s'bar' in fast
growing crops such as cotton (Brugnelal., 1998) and sunflower (Laisk and Loreto,
1996). This variability can be even higher in woathciduous angiosperms (Flexas
et al., 2008).

Although functional plant groups differ in,go some extent, high variability
suggests that,gis “a rapidly adapting trait” (Flexaet al., 2008). Chapter 1.4 is
therefore dealing with adaptation or response @ft@ environmental conditions,

especially to C@concentration.

1.4 Response of gm to environmental factors

As mentioned above, ,gis finite and therefore limiting diffusional factofor
photosynthesis. Plants live in changing conditi@asone of the major questions
on this field is if g can respond to environmental variables. Quite widege
of external factors was tested for effect on megbpgionductance. Most studies are
focused on C@concentration, temperature, less on irradiancex@det al. 2007a;
Bernacchiet al. 2002; Tazoeet al., 2009, respectively), although the results are
inconsistentig. 1.4). Besides this, water stress, high altitude, ldglcontent, light
availability, low N availability, salinity or evewirus infection have been studied
as well as application of exogenous ABA (abscisidya HgCL or PEG. (polyethylene
glycol) (for review, see Flexas al., 2008). Recently, Warren (2008a) and Flestas.
(2008) has published a very fine and comprehensiview on literature dealing with
external factors affecting,g

It was revealed that mesophyll conductance suegponds to environmental
variables. Warren (2008a) and also Flerasl. (2008) divided types of responses
into two groups: short-term responses that occuthiwi minutes and long-term

responses that occur within days or growing season.
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Figure 1.4. Schematic illustration of different,gesponses to three main environmental factors - CO
concentration, temperature and irradiance — asighda in the literature. Letters at curves state fo
responses found in different studia$:Diring, 2003; Flexast al., 2007a; Vrabkt al., 2009; Hassiatou

et al., 2009; Yinet al., 2009;b) Loreto et al., 1992; Tazoet al., 2009;c) Harley et al., 1992;d)
Bernacchiet al., 2002;e) Warren and Dreyer, 2006; Yametial., 2006;f) Tazoeet al., 2009;g) Flexas
etal., 2007a; Gortomt al., 2003.

In presented study, | am going to focus on,@&3ponse of gsince published
data have brought the most discrepancies and smtitgbution to this issue would be
valuable. Moreover | want to shed more light on tivgk between stomatal
and mesophyll conductance in the conditions whep €@centration around leaves is
decreased and so the rate of photosynthesis caredbected due to diffusional

limitations.

1.4.1 CO, concentration

To investigate the effect of GQconcentration on g one need the values of; C
for calculation according to Eq. 1.1 ag € G — A/gn. This is possible by using
the technique based on carbon isotope discrimimatigvans et al., 1986).
An alternative method that allows estimating, @ver a large range of GO
concentrations is variable J method proposed b\aico et al. (1990) and further
evolved by Harleyet al. (1992). The method is based on the gas exchange
measurements coupled with chlorophyll fluorescemegessment and is substantially
easier than the isotopic method. Therefore, it ustable to use it for more
measurements on different plant species. Althougbgh hendeavor is made
to understand the plant responses to climate chaageell as to correctly interpret
AN-C;i curves, response of,do varying CQ has received only little attention and only
several studies were published, despite the simplend advantages of variable J
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method.

Early studies have shown that do not vary with different C©Oconcentration.
For example, g did not alter in theRaphanus sativus when G was changed from
350 to 220 pmol CO, moltair (von Caemmerer andvans, 1991). However,
developing variable J method, Harletyal. (1992) has discovered that, gecreased
from 0.2 to about 0.umol m? s'bar® when G was increased from 100 to 450
umol CQ, mol* air in Quercus rubra, but it was rather unaffected or slightly increhse
in Eucalyptus globulus (Fig. 1.5a, . Using method of isotope discrimination, Loreto
et al. (1992) have shown that,gwas reduced after increasing ffom ambient
to 750ubar in Ouercus rubra and even more iXanthium strumarium (Fig. 1.59.
However, neither Harlegt al. (1992) nor Loretet al. (1992) discussed the issue.
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Figure 1.5. Mesophyll conductance as a function of Q©ncentration in sub-stomatal cavity,)(QRe-
drawn according to Harlest al., 1992 forQ. rubra (a) andg. globulus (b), and according to Lorett
al., 1992 forQ. rubra andX. strumarium (c).

Later, Diring (2003), using variable J method,adle showed significant
change in g over the wide range of .Qffrom 50 to 2000umol CQO, mol™ air)
in grapevine. It decreased six-fold as, @as increased from 300 to 1000
umol CQ, molt air (Fig. 1.6. This demonstrates very fast respond (i.e. within
minutes) of g to varying CQ concentration as the values were obtained during
typical Ay-C; curve. gywas proved to control the transport of £éto the chloroplast
stroma. Author stated that. @emained constant at Ci >34@nol CO, mol™ air due
to distinct decline of mesophyll conductanégy( 1.6. Moreover, it was the first hint
that showed that the stomatal and mesophyll coadaet are somehow linked

together and cooperate in regulation of photosygithe
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Figure 1.6. The sub-stomatal CQroncentration ({, the chloroplastic C©concentration (¢ and the
mesophyll conductance {g as a function of ambient GQ@oncentration (¢. Taken from Diring
(2003).

Another step in the knowledge about the effect @, ®n g, was made
by Centritoet al. (2003) using salt stressed olives. The leave® w&posed to very
low CO, concentration (5@mol mol* air) to force stomatal opening. After an hour,
stressed plants recovered the samevAlues and similar &C; curves as controls.
This would be not possible only due to increasedhatal conductance, but due to its
cooperation with mesophyll conductance that wasesmed either. Authors have
found out that biochemical apparatus was not dathaged therefore, the sum
of diffusional resistances (or conductances) setithit to photosynthesis. Moreover,
from linear positive relationship?(= 0.68) between,gand g at 350pmol CO, mol™*
air, they have concluded that changes;irtgn be as fast as those y(@entritoet al.,
2003). Similar results were published by Flexasal. (2004) on drought-stressed
sunflower.

More recently, Flexast al. (2007a) has studied rapid variations of mesophyll
conductance in response to changes in, €Gncentration around leaves of six
different G species Arabidopsis thaliana, Limonium gibertii, Nicotiana tabacum,
Vitis berlandieri x Mtis rupestris, Cucumis sativus andOlea europaea var. europaea).

In all of them, g, responded rapidly to varying G@oncentration and varied as much
as five to nine-fold along the range of £&ncentrations from 50 to 15@@nol mol*
air, which is in agreement with During (200%)id. 1.6. The pattern of ,g response
to CO, was not strictly uniform but was rather speciepetelent. However, g
decreased rapidly at high; @vhen photosynthesis is no longer limited by ,CO
availability in all species (Flexas al., 2007a). The same was observedNimotiana

tabacum mutants — aquaporin anti-sense and over-expressasl well as for their
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controls with normal aquaporin expression. All mgaments were made during
the performance of classic yAC; curve. These results suggest that mesophyll
conductance responds to varying L£©@oncentration even faster than stomatal
conductance. The conclusions were supported bygutinee different methods
to evaluate g — isotopic (Evanset al., 1986), variable J (Harlegt al. 1992)
and curve-fitting (Ethier and Livingston, 2004) imed. According to personal
communication, authors noticed that similar reswkse obtained by Ethier and Pepin,
and also by Warren. Therefore, the clear pictunutthe issue started to rise up.

Most recently, two other studies contributed to khewledge about the issue
to make the picture be clear. Hassiagbal. (2009) observed a six-fold decline ¢f g
in respose to increasing G@t high irradiance iBanksia species using variable J
method of Harleyet al. (1992). By using two independent methods (is@opi
and variable J methodfig. 1.7), Vrabl et al. (2009) compared sensitivity of,g
to CO, between control and plants treated with abscisid ABA). Although ABA
did not exhibit any effect to,g there was the same significant sensitivity qf g

to variable CQas in controls.
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Figure 1.7. Response of mesophyll conductance to substom&alcGncentration in controls (open
symbols) and ABA-treated plants (full symbols) estied by two independent methods: (A) Variable J
method of Harlewt al. (1992) and (B) isotopic method according to Evetras. (1986).

The CQ response pattern was similar to thatNbfotiana tabacum and Vitis
hybrid in Flexaset al. (2007a). At first, g increased at low sub-stomatal £0
concentrations (; then peaked at 200mol mol* air and subsequently decreased
at higher ¢ (Fig. 1.7. Eventually, also Yinet al. (2009) observed the same
dependency of gto CQ. Together, these studies proved high sensitiViity,@o CO
concentration and rapidness of its response.
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However, there are still some discrepancies in litezgature since several
studies brought contrary results. Although Loret@l. (1992) found decrease in g
when CQ was increased Q. rubra and X. strumarium (using isotopic method)
as mentioned above, they did not observe @&€pendency in other two species (using
variable J method) over a range of 100 to pfl CO, mol* air G. Recently, Tazoe
et al. (2009) has presented results fr&fAFD and CQ dependency measurements
using isotopic method. They did not find any sewvisjt of g, to CQ, over the same
range of ¢ as Loretoet al. (1992). This range is, however, three-times snall
than that used in previous studies that proved @&fpendency of.gand thus, possible
effect on @ could be hidden. Nevertheless, measuring ovet kafdger range of CO
(100 — 700 pumol CO, molt air), Tazoeet al. (2010) did not find any gCO,
dependency again in all three species studieNicetiana tabacum, Arabidopsis
thaliana and Triticum aesativum. Moreover, Ethier and Pepin (2010) showed that g
responded to COin Nicotiana tabacum but not inHelianthus annuus and Populus x
jackii using isotopic method. On the other hang,rgsponded in all species using
variable J method. This could suggest thatrgsponse to COis species dependent
and/or that some methodological artifacts are mptese

Finally, responses of,gto long-term acclimations to high GQre rather
guestionable. g was observed to be unaffected in some studieh¢lbennet al.,
2004; Bernacchet al., 2005) or to be rather species-dependent in giBemgsaas
et al., 2004).

So far, we can declare that range gfig species dependent when measured
at ambient [CGQ on non-stressed plants. But we are not as suoatals response
to varying CQ. Hence, more measurements should be made to lgyghar number
of observations to make a final generalization abihve issue. Is it also species

dependent or not?

1.5 Regulation of mesophyll conductance

Studies, mentioned above, proved thatig crucial component of GOdiffusion
because it reduces its concentration to quite gertnt and therefore,,gbecame
recognized as considerable limitation for photosgsis. Moreover, gis sensitive
to many environmental factors and varies betweantglinctional groups and/or even

within group or species. Hence, it is crucial fdamt to regulate the mesophyll

10
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conductance very delicately, and more attentionpasd to the principle of its

regulation nowadays. However, the puzzle is famflzeing completed.
1.5.1 Leaf structure

In earlier studies, leaf structure was consideheddnly determinant of,g Although
this statement was displaced (see bellow), leafctitre is still considered having
an important role in determining,gAs indicator of leaf structure, leaf dry mass per
area unit (LMA) is used. As summed up in Flegaal. (2008), relationship between
Om and LMA is asymptoticKig. 1.8 A). Thus, species with low LMA present a wide
range of g values. As LMA is increasing, range of, galues decreases indicating
that leaf structure strongly limits,g gn was extrapolated to zero at the value of
240 g nt (Flexaset al., 2008). However, LMA in sclerophyllous plants dz& much
higher than this value. Therefore, Hassiogbwal. (2009) examinedanksia species
that ranges in LMA from 134 to 478 g™fmo see what would be the,/iMA
relationship behind the value 240 ¢“nBy adding measured data to that previously
summarized by Flexaat al. (2008), the notional upper bound was redrawroasave
curve with an unknown asymptotic value at LMA gratean 500 g i (Fig. 1.8 B.
This relationship represents clear evidence thaft $&ructure is somehow limiting
for gn, or set the limit for maximumpgrather than its actual value. Let’s say it is kind
of “passive” regulation in terms of fast responség, on environmental variables.
LMA can be considered and included during the ltergh experiments because leaf
structure can change over that time.
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Figure 1.8. The relationship between mesophyll conductance leaflmass per area (LMA) in the
absence of stress in different speci@g.Data have been taken from 17 studies and compildelexas
et al. (2007a). B) Data from Hassiotoet al. (2009) onBanksia species (filled symbols) were added
to 17 previous studies (empty symbols) and the asytic line was changed.
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1.5.2 Metabolic processes

Studying the temperature response of any diffusidmaitation is a useful tool
to uncover the mechanism of diffusion. By calcaatiof temperature coefficient
(Quo), it can be estimated what is the portion of puore facilitated diffusion.
Experimentally ascertained 1§ for diffusion of CQ in pure water is close
to the predicted one, 1.25 (Tamimi, 1994), Qf 2 or higher is typical for metabolic
process. When studying the temperature responge, &ernacchet al. (2002) found
out that Qo was approximately 2.2. Thereby, this indicates ¢hais more associated
with facilitated diffusion than pure diffusion. Retly, it has been suggested that g
could be controlled by protein-facilitated processegarding aquaporins

and/or carbonic anhydrase as two hot candidateifunction.

1.5.2.1 Aquaporins

As the first candidate for regulation of g@iffusion, aquaporins (AQP) are taken into
account. Aquaporins are small pore-forming transhrame protein channels first
discovered in mammalian erythrocytes and renal lasbDenkeret al., 1988).
Recently, they have been found in nearly all livaxganisms (Maurel and Chrespeels,
2001) including plants (Maurekét al., 1993) where they express high number
of homologues (Johansaa al., 2001; Chaumongt al., 2001). Name of aquaporins
indicates their primary role as water channelsathtanimals and plants. The amount
of water in a leaf has to be balanced for propection of physiological processes
inleaf such as photosynthesis, especially durin@. Qiptake when water is
unavoidably lost. The amount of water transportgdajuaporins may reach 90%
of all transported water (Evangt al., 2004). These reasons clearly show how
important aquaporins are for plants. However,aswevealed that animal aquaporin 1
transports C@ as well as water (Cooper and Boron, 1998; Naklebwdl., 1998;
Prasactt al., 1998).

1.5.2.2 Plant aquaporins and CO; transport

First evidence for AQP contribution in GQransport in plants was provided

by Terashima and Ono (2002) who found out that dakir permeability of plasma

12



INTRODUCTION

membrane was decreased by 70-80% when leaf disticiaf faba and Phaseolus
vulgaris were treated by Hgglnon-specific inhibitor of aquaporins. In conseues
mesophyll conductance decreased to 40 and 30%eo€dhtrol value, respectively.
This decline was attributed to aquaporins that erercury-sensitive. However,
mercurial compounds often inhibit metabolism by 1specific way and exert a broad
range of other secondary effects (Hardal., 2004). Later, Uehleirt al. (2003)
shown that transmembrane &€@ansport was mediated by tobacco aquaporin
NtAQP1 expressed iXenopus oocytes by injection of NtAQP cRNA. The decrease
of intracellular pH indicated the transport of £iGto the oocytes. For NtAQP1 it was
found out that C@uptake was 45% higher compared to the control.

More direct evidence was proposed by Hagbal. (2004) using transgenic
rice with over-expression of barley aquaporin HVPIP The leaves of transgenic
plants with higher content of aquaporins expres#@% increase in.g and leaves
with lower content of aquaporins showed decreasg, values as compared to wild-
eype. However these evidences might be misleadireg tduincreased transpiration
of water caused by huge over-expression of aquapdhat led to water stress.
Therefore, it was suggested that also anatomicaphysiological (like Rubisco
concentration) properties of leaf could be incluged affect the g in the study
(Hanbaet al., 2004).

More recently, Flexast al. (2006a) has provided strong evidence supporting
the hypothesis that tobacco aquaporin NtAQP1 islired in g, in vivo. Mesophyll
conductance was estimated to be 30% lower in anses and 20% higher in over-
expressed plants as compared to their wild types.

Possible pathway for COthrough aquaporins has been most recently
suggested by Warg al. (2007) who has provided evidence that,€&n permeate the
membrane through the central pore created by tetrarhaquaporinsFig. 1.9 A.
Evidence for this was obtained from calculationfrefe energy profiles (PMF) that
suggests that the central pore is the most faverdalshtion for CQ permeationKig.

1.9 B). Additionally, also side pore in the gap betwésstwo monomersHg. 1.9 A

is considered as possible way for Qfiffusion through AQP.
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Figure 1.9. (A) Top view of four AQPs in tetramer composition. Téés one pore in each monomer
(B), and tetramer creates one extra pore in céAfethat is marked by arrow. Last, there is one lkma
pore between the each two monomers (GQB) Free energy profiles (PMF) associated with gas
permeation through the AQP1 central pore, calcdlf®m the explicit gas diffusion simulations (exp)
and implicit ligand sampling (imp). The dotted kneorrespond to the PMFs of gas molecules in water
of the same area as the central pore. z = 0 isetkfas the center of aquaporin tetramer. All PMEgew
calculated assuming a density of 1 AQP1 per 50 afifflayer. Taken and modified according to Wang
et al. (2007).
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However, although the central pore of AQP1 wasnébio be permeable
for CO,, gas conduction through AQP1 may only be physickity relevant either
in membranes of low gas permeability or in cellseveha major fraction of the cellular
membrane is occupied by AQPs since lipid bilayesvjgltes a much larger cross-
section area.

Since aquaporins play a crucial role in plant-watgations and maybe also
in CO; transport, many studies have tried to reveal tlezhanism of regulation
of agquaporin activity. So far, several ways of Hdagan have been discovered
including direct phosphorylation (Johanssaral., 2000), molecular trafficking (see
Chaumontet al., 2005 for review), heteroizomerization (Fetwtral., 2004), pH-
dependent gating of AQP (Chaumaattal., 2005; Gerbeasat al., 2002; Tournaire-
Rouxet al., 2003), divalent cations (like €3 (Gerbeatet al., 2002), cohesion/tension
forces in the presence of high concentrations ofalie solutes (Yest al., 2004) and
transcriptional regulation and protein stabilityckiertet al., 1999). Yet, this task is not
completely resolved.

Missneret al. (2008) has recently shown that £@ansport through membrane
is not limited by lipid bilayer but near-membranastirred layers and that facilitation
of CQO, transport by AQP or any other protein is highlyikely. They suggested that
aquaporins could regulate @@ansport through membrane indirectly by reducing

the thickness of unstirred layers.
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As shown above, there are many ways to regulateorin activity, and
hence, mesophyll conductance. Wah al. (2004) proposed another interesting
possibility of its regulation. Studying gating ofumporins in cortical cells of young
corn roots by mechanical stimuli, they found ouattlbscisic acid (ABA) can be
involved. They applied a pressure pulses into glsinell using a cell pressure probe
(Steudle, 1993). When larger pulses were emplogbdnges in turgor were not
reversible within 1-3 hours, but were able be regevithin 30 minutes in the presence
of ABA (Fig 1.10. Therefore, authors speculated that ABA bindagoaporins thus
reducing the activation energy for a change froosetl states to the opened (Véin
al., 2004). If so, ABA could be one of key players\@QP regulation.
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Figure 1.10.Treatment with ABA (500 nM) changed,Z Applying the pulse, the turgor pressure was
either decreased or increased and recovery half-tvas recorded. Doing that, it was possible to
determine how long it takes the cell to excludelosorb the water through the membrane to restere th
original turgor pressure. These pressure-relaxationes conducted on a typical cell show that ABA
restored long 7, induces by large pulses to short. After adding AB&duction of T, started after 5
min and was complete after about 30 min.

1.5.2.3 Carbonic anhydrase

As the second candidate that is considered to beeabted with regulation of,gn C;
plants, carbonic anhydrase is taking into accolMtak{no et al., 1992; Sasaket al.,
1996). Carbonic anhydrase (CA) is enzyme abundamégent in chloroplast stroma.
However, only little or no change in photosynthetite have been revealed by using
CA transgenic plants (Pricet al., 1994; Williamset al., 1996), and only modest
correlation was found out between CA activity arfibtpsynthesis (Tiwaret al.,
2006). It was proposed that the relative contrdoutof CA to the g is species
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dependent and not always clearly apparent. CA ntay important role in species
with low g, values (e.g. sclerophytes, Waren, 2008a) due &boamcal properties
of the leaves. Yet, as implied in Flexasal. (2008), influence of CA activity to,gis
rather questionable. On the other hand, Janetiatl (2010) presented results from
study with transgeni@rabidopsis plants that were depleted in some of several CA
or AQP isoforms which resulted in suggestion thatsaphyll conductance is
facilitated by CA rather than AQP as plants depletesome of CA isoforms showed
decreased mesophyll conductance whereas AQP depleteot. So the field is open
for investigation and discussion now.

There are surprisingly many confirmed or putatiwechanisms of aquaporin
regulation. Gating of aquaporins through differevays could represent a rapid
pathway of response to environmental constrairtigrdfore, tight regulation of AQP

or CA activity is apparently essential for plants.

1.6 Motivation

ABA is a stress hormone which is known to helpplant to avoid water losses. To do
that, ABA is synthesized in roots and transportethe leaves where it evokes closure
of stomata and so minimizing the loose of watergtRavendraet al., 2010). However,
the flux of CQ into the sub-stomatal cavity through stomata istriced
and diffusional limitation for photosynthesis inases. We may speculate that if ABA
enhances the activity of AQP for water permeabilitgan also enhance permeability
to CO flux. If so, ABA can react as universal hormonééep the photosynthesis rate
unaffected even when the stomata are clo sed. UaB@§-treated plants, we can
measure gas exchange with chlorophyll fluorescefmreisotope discrimination)
to obtain the values of g, gn, G and G to compare them with controls. Such
measurements can bring us a hint about link betwstematal and mesophyll
conductance and regulation of gQdiffusion from sub-stomatal cavity to
the chloroplast.

Such measurements have been made by \éal (2009). After addition of
20 uM ABA, stomatal conductance decreased significamtlgomparison to controls.
However, photosynthetic rate was unaffected and slightly increased in saturation
phase of the &C; curve. As proposed by Centriteg al. (2003), g somehow

cooperates with g In the case of Vraldt al. (2009) it means that wherR decreases
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(by ABA), gn, should increase to enhance flux of {fto the chloroplast. However, it
increased slightly in comparison with controls aht increase was not significant
(Fig. 1.7). Nevertheless, this hypothesis should be furdvelved and tested by more

measurements on ABA treated plans.

1.7 Objectives of the presented study

Since some discrepancies occurred in the literateading with response of mesophyll
conductance to varying GQroncentration around leaves, the first objectivehe
presented study is to measureayer the wide range of G@oncentrations to make a
contribution to that issue. The second aim is t@snee CQ dependency of gin
ABA-treated plants to analyze the link betweeragd g, and to see how they may
cooperate to keep the photosynthetic rate unaffeetken CQ diffusion through
stomata is restricted. Finally, we aimed to makéasis for speculations about
regulation of CQ diffusion from sub-stomatal cavities into the ablalast stroma by
regulation of AQP by ABA.
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2. Materials and methods

2. 1 Plant material and growth conditions

Three different plant species were used for expamis Plants ofelianthus annuus
were individually hydroponically cultivated fromests in 0.5 L pots in the growth
chamber with 16/8 h and 22/18°C day/night cycleemghs relative humidity was
70%. Thereatfter, plants were transferred to 3-liets to be grown hydroponically.
Hybrid plants of Populus nigra L. x Populus maximowiczii Henry 'Maxvier' —
purchased as 15 cm-long cuttings — were directhcgd into hydroponical pots
mentioned above and grown in the glasshouse withiearh humidity (i.e. 70%).
Photosynthetic photon flux densitpRFD) was approximately 30@mol m? s* and
mean day temperature in the glasshouse was 23f@lahits were watered every 2—3
days by commercial nutrient solution (Kristalon r§taNU3 BV Vlaardingen,
Netherlands).

Approximately three weeks after sowing or afteresal fully expanded leaves
appeared in case Bbpulus, one-half of plants were exogenously treated waiibcisic
acid (ABA; Sigma Aldrich, Seelze, Germany) dissdlve 1 mL of methanol. Three
different concentration of ABA has been supplie@G-uM and 10uM within the

experiment with sunflower andpM within the experiments with poplar plants.

2. 2 Gas exchange and chlorophyll fluorescence measurements

Measurements were made on young fully expandee$edsdays after ABA addition.
Day respiration (§ and the apparent GOphotocompensation point {§ were
determined simultaneously using the method of thisk_(1977) as described in von
Caemmerer (2000). Set of\ACi curves was measured under differd?RFDs,
whereas C@concentration were in the range from 30 to p&@l mol™ air to record
only linear part of the AC; curve. Different PPFDs were chosen following
preliminary trials to ensure a large differencewssn the slopes of individualhAC;
curves Fig. 2.1). Therefore, CQ® and PPFD values differ between sunflower and
poplar (Tab. 2.1).
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Table 2.1.Values of CQ ambient concentration afPFD at which A, has been measured to get
the linear response to GQC. an R, were then determined.

CG, umol mortair 25C 20C 15C 10C 75 50 3C
PPFD pumoln?<t 50C 30C 15C 10C 5C

H. annuus

CG, umol mortair 15C 10C 75  5C

Populus PPFD umoln?s® 55C 16C 10C 60

The intersection point of AC; curves at differefPPFDs represent ¢ (x-axis)
and R (y-axis) (seeFig. 2.1). Then, G was used as a proxy for chloroplastic
photocompensation poinf’() according to Warren and Dreyer (2006). All these
measurements were performed by an open gas-exckgsgen Li-6400 (Li-Cor Inc.,
Lincoln, NE, USA), equipped with a 6 émroadleaf chamber and an integrated light
source (Li-6400-02B; Li-Cor, Inc.).

550

I [ ]
L ( ]
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i I v 100
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= Cc*(on X-axis)
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(on y-axis) ; : ' ; :
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Cj [pmol CO, mol™ air]

Figure 2.1. Example of estimation of apparent Cmpensation point (§ and day respiration (R
according to Laisk’s method.\AC; curves, of the poplar hybrid leaf were carry oufcaur different
PPFDs (550, 160, 100, 6@mmol m? s'). Data were fitted by linear regression and théntpo
of intersection represents the value gfi&y-axis) and ¢ (on x-axis).

The photochemical efficiency of photosystem dip§) was estimated from
steady state fluorescence (Fs) and maximal flueresec (Fm”) during light-saturating

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

Dpg) = (Fm' - Fs)/ Fm’ (Eq. 2.1)
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The rate of linear electron transpor) (8 then related t®pg;;;

J = Opg PPFD X a X ﬂ, (Eq 23

where PPFD is the photosynthetically active photon flux déysi is the total leaf
absorptance (nominally 0.84), apdrepresents the partitioning of absorbed quanta
between photosystems Il and |, which is assumebetd®.5 for C3 plants (Orgen
and Evans, 1993).

The relationship between theahd the rate of electron transport obtained from
gas exchange measurementsfJincludes some uncertainties. Some of them can be
eliminated by measuring ef andf (althoughp is rarely measured, Warren, 2006).
However, there is still uncertainty in/J¢o, relationship due to two other factors.
Firstly, alternative electron sinks (photorespoati Mehler reaction) can be present.
Secondly, fluorescence signal is primarily emandiein upper mesophyll layer
and therefore may not be a representative of thelevleaf as it is in case of gas
exchange signal (Warren, 2006). These uncertairtgas be eliminated by using
calibration curve of theJco, relationship under non-photorespiratory conditjons
when photorespiratory electron transport pathwaggressed.

Therefore, fluorescence was calibrated by relaphgtochemical efficiency
of photosystem |l obtained from chlorophyll fluoceace ¢ps)) and gas exchange
measurementsbco,) [(AntRg)/PPFD] obtained by varying G&oncentration under
non-photorespiratory conditions in an atmospherataioing less than 1% O
(Valentini et al., 1995). An example of such redaships is shown ofigure 2.2
Subsequently all fluorescence data measured at @4 Were corrected in accordance
to the obtained calibration equation. Moreover, thear fit of the ®ps)yPco?
relationship shows constant uniform electron transpate within different treatment
(CO;, concentration, ABA addition).
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Figure 2.2. Example of the relationship between photochemédfitiency of photosystem Il within
An-Ci curve obtained from chlorophyll fluorescencerg) and from gas exchange measurements
(Do) in Populus nigra L. x Populus maximowiczi Henry 'Maxvier' hybrid leaves. Line was fitted kwit
linear regression.

Mesophyll conductance {) was determined at different G@oncentrations
from simultaneous measurements @f@; and ¢C; curves. CQresponse curves were
performed on three light-adapted leaves of both AB¥ated and control plants.
Photosynthesis was induced with a GDrrounding the leaf (Cof 400pmol mol™air
and PPFD of 1500 umol m? s* or 800 umol m? s* (in case ofPopulus), based
on previous measurements of light curves that mtahese values to be saturating.
The amount of blue light was set to 10% to maxintize stomatal aperture. Leaf
temperature was kept close to 23°C, and leaf-tararor pressure deficit was kept
between 0.7 and 1.3 kPa during all measurements. r€§ponse experiment was
performed right after the steady state was readhed20-30 minutes after clamping
the leaf into leaf chamber of Li-6400. Gas exchaauge chlorophyll fluorescence was
first measured at 40@mol mol* air ambient C@ (C,), then G was decreased
stepwise to 150 or to 50mol mol™ air (in case ofopulus), and after that returned
back to 400umol mol' air to restore the original \Avalue. Thereafter, Lwas
increased stepwise to 600 or 15@@0l mol™* air for H. annuus and Populus hybrid,
respectively. The time lag between consecutive aoreasents at different Gvas 5 —
10 min.

Possible leakages into and out of the cuvette tfer range of C®

concentrations were determined by using scrap pémpanclosed in the leaf chamber.
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An-Ci curve was performed and measured values of assioml rate were then

corrected to actual values according to Flestas. (2007Db).

2.3 Estimation of g, by gas exchange and chlorophyll fluorescence
measurements

Method of estimation of mesophyll conductance usedhe presented study was
originally described by DiMarcet al. (1990) and further evolved by Harley al.
(1992). It is based on simultaneous measurememnga®exchange and chlorophgll
fluorescence. The method provide estimation @ffpm the rate of photosynthetic
electron transport ] CO; concentration at the site of Rubisca.)(@nd the net CO
assimilation (A). The relationship between them can be expressdtiarleyet al.,
1992):
4c,+2r)

C.-I (Eq. 2.3)

where Jis the rate of linear electron transporg,iRthe day respiration; is the CQ

J.=(A*+R,)

compensation point in the absence qf Bnd the factor 4 expresses the minimum
electron requirement for assimilation of one moleaf CQ,. Substituting €in Eq.
2.3 with Eq. 1.1, Eq. 2.3 then becomes:

J, =4(AN+F{1)[(Ci ~AG,) 2]
C-AJ9,)-T (Eq. 2.4)

where G is the CQ concentration in the intercellular air spaces apd is

the mesophyll conductance. Rearranging Eq. 2.4vallp, to be calculated directly:

_ Ay
= - Eq. 2.5
T [ +8AR) (Eq.2.5)
" J.-4A+R)
where A, and G are taken from gas-exchange measurements efr€¥ponse curves
andI” and R were estimated using method of Laisk (1977) (texe).
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3. Results

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

Measurements in air containing less than 1%46eDealed a strong positive relationship
(R*> > 0.90) betweenbps; and dco, at different CQ@ concentrations in controls and
ABA-treated plants of both the sunflower and poglnts Fig. 3.1). This indicates

a constant non-assimilatory electron flow within ffetent treatments (CO
concentration and ABA). The slope of the relatiopsfetweendps; and®cq, ranged
from 6.4 to 7.1 in all measurements and treatmeviigsh is slightly lower than range
described previously (Vralet al., 2009; Flexast al. 2007a). No significant difference

was found between treatments.

0.25 0.25
A B o ©
0.20 - o O - 0.20
o
®
0.15 - o - 0.15
= oe
'e'2 N
0.10 - 0® ® 20,MABA Q@?o - 0.10
od®
° y = 7.0945x + 0.0262 ®
® 10 .MABA oo ® 5,.MABA
0.05 - y=6.5168x+0.0427 | O y=6.5354x=0.0015 [ 0.05
O Controls O Controls
y = 6.4389x+ 0.0406 y = 6.5844x + 0.0007
0.00 : : : ] : : . 0.00
0.00 0.01 0.02 0.03 0.00 0.01 0.02 0.03 0.04
(Dcoz (DCOz

Figure 3.1.Relationship between photochemical efficiency loétpsystem Il estimated by chlorophyll
fluorescence  measurement ®pf;) and calculated from gas exchange measurement
(Dco2 = ANtR4/PPED) insunflower @A) and poplar B) obtained by varying COconcentration under
non-photorespiratory conditions in atmosphere dointg less than 1% © A strong positive
relationship was observed in both sunflowef €R0.98 for all controls and plants treated by #@ &0

uM ABA) and poplar (R = 0.93 for controls and 0.99 for ABA-treated pinivhen fitted by linear
regression that yielded equations showed in legieings of fits are not shown.

The equations obps)/Dc, linear regression fit were used for correction lefceon
transport rate in respect to rate of photosynthesis

By using the method of Laisk (1977) and Warren0@Q difference between
the two species were found iR and R. In average, values df were lower

and values of Rtwo times higher in controls of sunflower thanpoplar. However,
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neitherI” nor R differed significantly between the controls andA\Beated plants
of both speciesTab. 3.1).

Table 3.1 Mean values of C@®compensation concentration in the absence of mitochdnasairation

I (umol CO, mol™* air); and day respiration, Rumol m? s%). Valueas are averages + SE of 3 - 6
replicates. T-test was used for statistical analysis to paom controls with ABA-treated plants.
ns - nonsignificant difference at p = 0.05

Helianthus annuus Populus hybrid
r Rq r Rq
Controls 33.00+0.91™ 0.4£+0.02"  36.0(+1.2¢™  0.2¢+0.0€™

ABA-treated  33.8¢+1.3("  0.44+0.07" 38.3:+£0.8¢™  0.2£+0.02™

3.2 Effect of abscisic acid and CO, concentration on the rate of
photosynthesis

AN-C; curves were conducted within 1.5 h using differaminges of C@
concentrations for sunflower and poplar, respebtivend they showed the typical
non-rectangular hyperbolic relationshigid. 3.2 A, B. The initial part of all A-Ci
curves showed almost linear dependence @foA G, denoting the limitation by
carboxylation (Long and Bernacchi, 2003). A cunalarity of the second part
of curves indicates limitation by regenerationibtitose-1,5-bisphosphate. No decline
of Ay was found in poplar at high;,Gndicating that photosynthesis was not limited
by triose phosphate utilization. The range of ,C€bncentrations was smaller
in measurements with sunflower; hence this typelimitation was probably not
detectable.

When 20uM abscisic acid was added to sunflower plants, towe
photosynthetic rates over the range ¢fwere observed in comparison to controls
(Fig. 3.2. This result was, however, contrary of what weented according to
the previous study (Vralat al., 2009). Since ABA is a stress hormone with wialege
of physiological effects (Raghavendsaal., 2010), it is probable that some secondary
physiological effects that affected photosynthésisn unexpected way due to high
ABA concentration treatment were present. Therefoomcentration of added ABA
was lowered to 1QuM. This concentration of ABA induced reduction tdrmatal
conductanceHig. 3.4A), but the rate of photosynthesis was higher irtre@ihto plants
with 20 uM ABA treatment. On the other hand the rate of phghthesis of 1M
ABA treated plants was lower with respect to conptants Eig. 3.2A).
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Figure 3.2. Response of net photosynthesis A0 sub-stomatal COconcentrations ( of control
and ABA-treated plants (10 and gM) in sunflower @), and of control and ABA-treated plantsy(§!)
in poplar B). Values are means + SE of 9 (A, controls), 828.uM ABA), 3 (10,uM ABA) and 6 (B,
both controls and oM ABA) replicates.

In poplar, ABA-treated plants showed similar plsytethetic rates as controls
at initial linear portion of the &C; curve but were higher in curvilinear and saturatio
part Fig. 3.2B). Besides this, ABA-treated plants showed the genghift of data
towards lower € This shift was greater in sunflower since higABA concentration
was used than in poplar and hence, stomatal coautetand finally Cwere more
reduced Fig. 3.4 A, B.

3.3 Effect of abscisic acid and CO, concentration on electron transport
rate

Electron transport ratejfJesponded in a biphasic mode in both speciesallyj J
increased with Cthen peaked at 300 to 50fhol CQ, mol™ air and finally decreased
(Fig. 3.3A, B possibly due to feedback limitation by the utlion of triose
phosphate (Sharkewt al., 1988). In sunflower, this effect was observedyon
for controls since data set from ABA-treated plamigs shifted towards lower;C
and range of C@ concentration was not sufficiently wide to recatitis type

of limitation.
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Figure 3.3.Response of electron transport rate to sub-stdr@&@aconcentration of control and ABA-
treated plants (10 and 20M) in sunflower @A), and of control and ABA-treated plants in pop(B).
Arrows in the graph indicate maximal value withiive tcurve. Values are means + SE of 9 (A, controls),
8 (A, 20uM ABA), 3 (10,uM ABA) and 6 (B, both controls and BV ABA) replicates.

In sunflower, rate of linear electron transporsvedfected non-significantly by
addition of ABA in the initial linear portion of-L; curve. However, at (Mf 306.7 +
8.1 umol CO, mol™* air where the tJpeak of 224.3 + 10.g2mol m? s was observed
in controls, J was slightly lower in plants treated with both 26d 10uM ABA
(Fig. 3.3 A. After controls peaked,; Jof ABA-treated plants had still increased
suggesting a peak to be shifted to the higher C

In poplar, ABA-treated plants showed higher el@ttitransport rates over
the entire range of CQroncentrations with; peak of 132 + 11.1imol m? st at G
489.5 + 10.Iumol CO, mol™ air. In control plants, peak (1i4nol m? s) appeared
already at €338.7 + 3.6umol CO, mol* air. Differences were apparently highest
at the second mode qfG; curve from G500 to 150Qumol CC; mol™ air.

In general, J of ABA-treated plants seemed to peak at higher, CO
concentration in both sunflower and poplar (arrow&ig. 3.4indicating the peaks).

3.4 Effect of abscisic acid and CO, concentration on stomatal
conductance

Stomatal conductance gfgresponded to changing GQoncentration by decline
at higher € (Fig. 3.4 A, B Although absolute values of gere higher in sunflower
(maximal g = 0.94 mol nf s%) than in poplar (0.61 mol ts?'), the degree
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of response was the same in sunflower as in pagtase both of them showed

approximately 25% decrease with increasing C
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Figure 3.4.Response of stomatal conductance to sub-stom&ald®oncentration of control and ABA-
treated plants (10 and 20/) in sunflower @), and of control and ABA-treated (BM) plants in poplar
(B). Values are means + SE of 9 (A, controls), 8 Z8,uM ABA), 3 (10, uM ABA) and 6 (B, both
controls and .M ABA) replicates.

Stomatal conductance was reduced in ABA treatadtplover the entire range
of CO, concentrations in both sunflower and poplar witbager reduction in higher
CO, concentrationsHig. 3.4 A, B. In sunflower, a reduction insgvas as much as
three-fold, from 0.86 to 0.26 (mol s?) at around 400 pmol CO, mol* air).
In poplar, reduction of gvas not as distinct, probably due to lower ABA cemtration
used. Nevertheless, the reduction was observedtbgeentire range of;CHence, it
was possible to estimate the diffusional limitaticsf photosynthesis since the £0
transport from ambient to intercellular airspaces westricted.

When measuring on ABA-treated plants, some errars loe introduced by
patchy stomatal closure (Terashima, 1992). Howeaihough reduction insgwas
substantial, gvalues in ABA-treated plants were still high (maround 0.2 mol C®
m? s*in sunflower). Moreover, Flexas al. (2006b) showed that exogenous ABA did
not induced patchy stomatal closure even whgnlrgpped to much lower values
(0.03 mol CQ m? s%) in other herbaceous species. In addition, theeckimilarity
in the curvature of A&-C; curves measured in high and low water pressuieid@fig.
3.5 has been taken as an indication for the absehgeatchy stomatal closure

in ABA-treated plants (Grassi and Magnani, 2005).
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Figure 3.5 Relationship between photosynthetic ratg)(And sub-stomatal GQconcentration (§
under low (0.47 to 0.55 kPa) and high (0.86 to kB8) water pressure deficit.

3.5 Response of mesophyll conductance to varying CO, concentration

Simultaneous measurements of gas exchange anaghidrfluorescence allowed.g
to be measured for all; Concentrations used, except the very low one pigspwhere
A\ was close to zero, resulting in not reliablevalue.

Variable J method is based on the relationshipvéet G and A+ R,
assuming™ to be fixed. If so, there is a family of curvegmesenting different values
of J. Harley et al. (1992) found that if the slope of the curve wa® fgreat,
the sensitivity of g to small errors was too great. On the other hdrtde slope was
too low, the data were often unbelievable. Sucl dad not fit the expectable values.
Therefore, Harlewt al. (1992) introduced the criterion suggesting tisin@ates of g
could be questionable when @dAy is lower than 10 or higher than 50. So,
the threshold values are set and only estimates that fulfill that criterion are
generally accepted as reliablag. 3.6 A, B— shaded regions).

Applied Harley’'s criterion is more empirical thetmeoretical approach
for examination of reliability of the g estimates. Thereby it disclaims not only
negative or unlikely high gvalues but also values which are presumable. i@ sp
of obscurities in Harley’s criterion our data wetested by it to demonstrate
the significance of the effect of G@nd ABA on g.

For sunflower, there are some data for control$ shauld not be accepted

according to the criterion. However, they were rdgd as acceptable in the present
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study since they all were very close to the thrigskalue of the criterion. Moreover,
all data for 1QuM ABA-treated plants fulfill the criterion.
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Figure 3.6. Response of mesophyll conductance to varying €@hcentration of control and ABA-
treated plants (10 and 20) in sunflower @), and of control and ABA-treated (8M) plants in poplar

(B). Values are means + SE of 9 (A, controls), 8 Z8,uM ABA), 3 (10, uM ABA) and 6 (B, both

controls and .uM ABA) replicates. The unshaded region indicatgglgta with a dgdAy between 10

and 50, which are reliable according to Hadewl. (1992). Light-grey region indicate data out aditth
range in controls; dark-grey region indicate dataaf that range in ABA treated plants. For simipic

only light-grey region for controls is shown in flomver. All g,, estimates in 2@M ABA-treated plants

were slightly out of the range. Contrary, all gstimates in 1@M ABA-treated plants fulfill Harley’s

criterion.

At ambient CQ concentration, g varied from 0.1 mol i s* in poplar to 0.2
mol m? s* in sunflower. Mesophyll conductance was observetita be constant
along the range of CQOconcentrations but to respond to varying,G@ previously
described by Flexaat al. (2007a) and Vrabdt al. (2009). In both species, non-linear
proportionality between ,gand G was found Fig. 3.6 A, B. After initial growth
inlow G, gn-Ci relationship continued with the exponential decayCa higher
than 150umol mol™ air with decline being steepest up tpdE 500 umol CO, mol™*
air. Thereafter g almost stabilized. In general,, glecreases as; @creases. At high
Ci, gn values were as low as 26 to 32% of those at I&@yer

For ABA-treated plants, the same non-linear reteghip between ¢C; was
observed with initial growth, subsequent exponéntiecrease and stable values
at high G eventually. However, peak of,gwvas shifted and appeared at higher C

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

Addition of abscisic acid allowed us to introduce diffusional limitation
to photosynthesis by closing the stomata and tbe¥efecrease stomatal conductance
(gs) markedly (see chapter 3.4). Contrary tprgesophyll conductance was increased
after ABA addition in both sunflower and poplar,cept for the highest ABA
concentration used (3@M) in sunflower where g slightly decreased~g. 3.6 A, B.
Mesophyll conductance in ABA-treated plants incesbever the entire range of @O
concentrations. The increase ranged from 3 to 10i%unflower and from 25
to 119% in poplar. Differences in,detween controls and ABA-treated plants were
most remarkable at low; @om 100 to 30mol CQ, mol™ air.

Generally, values of ,gwere higher in sunflower than in poplar, which is
in accordance to the previously observed estimédesherbs and woody species
(Warren, 2008a; Flexas al., 2008).

3.7 Effect of enhanced mesophyll conductance on chloroplastic CO,
concentration

Sub-stomatal C@® concentration ( increased with increasing ,Cin linear
relationship in all treatments and species. WhenAABas applied, stomatal
conductance was lowered since Oix through stomata was restricted. Therefore,
in comparison to controls with more opened stonaaid high g sub-stomatal CO
concentration of ABA-treated plants was lower otlez entire range of £n both
species, especially at higheg Eig. 3.7 A, B. In sunflower, decrease ranged from 6
to 35% of G of controls in both the 20 and 1M ABA-treated plants. Since lower
ABA concentration was used in poplar, decrease;iwds less extensive (from 0O for
very lowest G to 8% at higher ¢ but significant especially between 300 and 1500

umol CQ, mol air.
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Figure 3.7. Relationship between the sub-stomata) €@d ambient (§ CO, concentration of control
and ABA-treated plants (10 and gM) in sunflower @), and of control and ABA-treated (BJ) plants
in poplar B). Values are means + SE of 9 (A, controls), 826.uM ABA), 3 (10,uM ABA) and 6 (B,
both controls and oM ABA) replicates.

Mesophyll conductance with

its sub-components, dsscribed in
the Introduction, represents a great diffusionalitition to photosynthesis since it
decreases chloroplastic @@oncentration and therefore amount of ,G®ailable for
carboxylation by Rubisco. In present work, mesopbkghductance increased after
addition of ABA (at concentration lower than 20M) in both species studied.
The enhancement in thg, ghould affect the C£concentration in the chloroplastJC
We found that €was the same (in sunflower) of slightly higher jgoplar) in ABA-
reated plants than in controlsiq. 3.8 A, B. Therefore, the increase of gorresponds
to increase in Ewith respect to C

Overall, the @C, ratio was higher in controls than in ABA-treatddmnts of both
sunflower and poplar. {C, ratio ranged between 0.79 and 0.86 in sunflowatrots;
and between 0.84 and 0.99 in poplar controls. IPAARated plants, Ci/Ca ranged
between 0.56 — 0.79 in both 20 anduM ABA treatments of sunflower; and between
0.81-0.87 in poplar.

Contrary, G/C, ratio was higher in all ABA-treated plants (0.5540 in

sunflower and 0.47-0.68 in poplar) in comparisordotrols (0.41-0.72 in sunflower

and 0.23 —0.64), except for sunflowers treatedyN ABA.
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Figure 3.8.Relationship between the chloroplasti¢)(&d ambient (§ CO, concentration of control
and ABA-treated plants (10 and gM) in sunflower @), and of control and ABA-treated (8J) plants

in poplar B). Values are means + SE of 9 (A, controls), 828.uM ABA), 3 (10,uM ABA) and 6 (B,
both controls and M ABA) replicates.
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4. Discussion

4.1 CO, response of mesophyll conductance

Although CQ concentration is crucial for physiology of photo#esis and g
represents its great diffusional limitation, ongveral studies have been dealing with
CO; response of g In the presented studyy,gesponded rapidly to varying GO
in two species that belong to different functiommbups, herbaceous (sunflower)
and woody (poplar) species. Absolute valuesptiffered between these two studied
species. In sunflowergwas twice higher than in poplar over the wholegeanf CQ
concentration with respect to actual. Qhis is in accordance with previously
published data that show that annual and biannedishpresent the largest values
of gn and, in woody deciduous angiosperms being two dihogver (Flexaset al.,
2008).

However, @ response to varying GOconcentration was of the same
magnitude and relationship in both the sunfloweat paplar. At low G g, increased,
peaked from 150 to 250mol CO, mol* air and decreased exponentially until steady
state was reached at ligher than 50¢umol CO, mol™ air. g, decreased as much as
three to four-fold [Fig. 3.6 A, B).

Such type of response was initially suggested bsirig (2003) who observed
six-fold decrease of ,g when increasing Cfrom 300 to 1000umol mol* air
in grapevine. Later, Flexagt al. (2007a) provided a more detailed analysis @f g
response to COin six different species supporting presented ifigg. Although
magnitude of g response was higher (6 to 9-fold decrease ovegerasf G),
the relationship between,g; was similar to that presented here. Moreover,datia
are consistent with most recently published resoit¥rabl et al. (2009), Hassiatou
etal. (2009) and Yinet al. (2009) from measurements on sunflowBanksia and
wheat, respectively. In summary, here presentedpaedously published data support
hypothesis that gcould be affected by GQOconcentration. So far, two types of-g
CO; relationship have been published (if study of Eagbal. (2009) is omitted).
Firstly, g, increases at low COconcentrations, peaks, and declines exponentially
thereafter [Fig. 4.1, line §. Secondly, only exponential decay without initigbwth
and peak was observedd. 4.1, line .
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Im b

Cco,

Figure 4.1. Schematic illustration of two possible types gfrgsponses to varying G@oncentration
as described mostly in the literature.

Although Loretoet al. (1992) and later Tazaat al. (2009) found no sensitivity
of gn to varying CQ concentration, their data could be insufficiemicsi they
measured g over the three times smaller range of ,G@ncentrations (from 100 to
500pmol CO2 mot air) than in studies proving G@ependency of.g

Recently, results of Ethier and Pepin (2010) hagyested that g response
to CO, could be species dependent and/or that some natigichl obscurities are
presented, sincepgresponded to COin Nicotiana tabacum but not inHelianthus
annuus andPopulus x jackii using isotopic method. On the other hang rgsponded
to CG in all species using variable J method.

In addition, on canopy-scale, no changes in vgere found in response
to varying CQ concentration in sunflower grown in growth cabimpeior to ABA
treatment (Schaufelet al., 2011). However, measurements on mesocosm-scale

and leaf-scale can be different due to severabfaaiscussed in the next chapter.
4.2 Effect of abscisic acid

Abscisic acid (ABA) is a stress hormone with widenge of effects on plant
physiology. Primarily, it triggers closure of stommao prevent water losses (Zhang and
Davies, 1990). Therefore by application of ABA tlands, we can introduce a great
diffusional limitation for photosynthesis since statal conductance is suppressed.
The ABA treatment applied in the present studg wafficient to decrease g
over the entire range of; @Fig. 3.4 A, B. However, Ay was slightly decreased in
sunflower and no decrease qf wvas recorded in poplar during the ABA treatmeiix (1
uM ABA in sunflower and 5uM ABA in poplar). Moreover, & was enhanced
between 400 and 1500mol CO, mol™ air in poplar Fig. 3.2 A, B. Similar effect
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of ABA was observed in case of electron transpate (J) (Fig. 3.3 A, B.

These findings are in approximate accordance thitke of Vrabkt al. (2009).
Using 20uM ABA, they found no significant decrease ig And J, although the ABA
addition caused 38 to 60% reduction of stomataduotance over the entire range
of Ci. Additionally, neither g nor photosynthetic capacity of leaves at ambie@t C
was significantly changed after ABA addition. Thayodifference observed between
controls and ABA-treated plants consisted of gdnsh#t of ABA-plants towards
the lower G (Vrabl et al., 2009). This displacement was caused by closustomata
and reduced dn ABA-plants and was recorded also in the presgistudy Fig. 3.2
A, B). On the other hand, supplying sunflower plant20yM ABA, Schaufeleet al.
(2011) observed decrease ig Bver the entire range of G@oncentrations used. This
was, however, on mesocosm scale in contrast teskdé used in the presented study
and study of Vrabét al. (2009).

In presence of higher concentration of ABA (2®1) in sunflower, g was
observed not to differ from control plants whichtiee same result as previously
published by Vrablkt al. (2009) but opposite of that published by Schauéelal.
(2011). However, using halved (1) and even lower (M) ABA concentration in
case of sunflower and poplar, respectively, enhaec¢ of ¢ in comparison
to controls was observed over the entire range@f €édncentrationsHig. 3.6 A, B.
ABA was previously proved to decreasg (flexaset al., 2006b), but in much higher
concentrations of 10@M. To my best knowledge, this is the first time, amh
experimental evidence was provided that ABA lethtoeased g.

Canopy-scale measurements of Schauwdede (2011) brought contrary results.
However, canopy-scale and leaf-scale measurememifd differ due to several
factors. On leaf-scale, different growing and meagulight was used and measured
leaf was exposed to different @Ooncentration than rest of the plant, in conttast
whole canopy-scale measurements where all leaves #gosed to the same €0
concentration and growing and measuring light viaessame (Schaufett al., 2011).
Moreover, only young leaves were used in the leafesmeasurements of Vradilal.
(2009) and in presented study, whereas all leafeatggories of plants contributed to

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

Simultaneous decrease of and ¢, was often described in drought and salt stressed
plants (Bongi and Loreto, 1989; Flexaisal., 2002, 2006b; Centritet al., 2003;
Peeva and Cornic, 2009; Warretnal., 2004) indicating some association with ABA.
Studying salt stressed olives, Centgtal. (2003) found linear relationshig? (¢ 0.68)
between g and g suggesting that response ¢f t environmental factor can be as
fast as that of g Moreover, besides simultaneity of gnd g, response to stress
connected with drought,;gvas found to respond to light and €@ a similar way as
gs does (Flexast al., 2007a; Yinet al., 2009). This led to suggestion thatamd g,
could be intrinsically co-regulated (Peeva and @pra009). However, it would be
disadvantageous to decreasg when g is decreased since diffusional limitation
for photosynthesis would be much higher. Theref®i@pl et al. (2009) speculated
that there might be an advantage in terms of cagaonm in enhancing.gat low g,
and hence, keep the photosynthetic assimilatiemwathanged.

This hypothesis was proved by results presenteel Néhen applying ABA to
induce stomatal closures decreasedi@b. 4.1) which led to significant decrease qf C
in comparison to controlsF{g. 4.2. In some cases, however, differences were
statistically insignificant due to high variabiliof data and small number of replicates.
For instance, mean value of m ABA-treated plants of poplar was lower than in

control plants, but not significantlyfdb. 4.1).

Table 4.1.Mean values + SE of rate of photosynthesis, ¢mol m? s®), ambient, G, sub-stomatal, Cand chloroplastic, C

CO, concentration imol mol™ air), stomatal ,g and mesophyll g conductance (mol ths"); at CO, 400 umol mol* air for
control and ABA-treated plants of sunfloweétdianthus) and poplarRopulus). T-test was used for statistical analysis to care
controls with ABA-treated plants.

Plant Treatment Ay C, C C. Os Im

Helianthus ~ Control 30.14+1.08 387+043 326+3.87 160.5+5.02 0.94+0.06 0.204+0.014
10uM ABA 25.09+2.8% 390+1.08 269+19.28 153.3+7.8%8° 0.38+0.07 0.316+0.045

Populus Control 16.82+0.9% 393+0.45° 338+3.17 208+12.f° 058+0.05° 0.131+0.008
5uM ABA 19.09+1.2% 393+020° 320+491 230+13.5° 0.49+0.08° 0.219+0.022

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

Nevertheless, insignificantly decreasedvas able to significantly decrease C
However, photosynthetic assimilation rate decreasigghtly in 10 uM ABA-plants
of sunflower and was increased inuBl ABA-plants of poplar Tab. 4.1; Fig. 3.2 A,
B) although Cwas significantly lower than in control plants.
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Figure 4.2.Drop of CQ concentration from ambient {Cto sub-stomatal (& and chloroplastic (§
CO, concentration in controls and ABA-treated plantssonflower @) and poplar B). Values are
means + SE of 9 (A, controls), 3 (A, 1M ABA) and 6 (B, both controls and BV ABA) replicates.

Explanation for this provides comparison @f i controls with ABA-treated
plants. @ was significantly higher in presence of ABA. THed to unchanged
(in sunflower) or slightly increased (in poplar) @-ig. 4.2 and finally to almost
unchanged or even slightly increased @ab. 4.1) These results indicate that, g
could be somehow linked tq gnd that both of them could be regulated in aldaek
way to keep the maximal GQ@oncentration in the site of carboxylation. Thesd lus
to the hypothesis illustrated on Fig. 4.3. Whemwta are fully opened-{g. 4.3 A,
CO, uptake is sufficient, therefore; Gs high enough and .gdecreases since
photosynthesis is not limited by G@vailability. On the other hand, when stomata are
closed, e.g. after ABA addition or in drought ssrefig. 4.3 B, CO, uptake is
restricted and Cdecreases. As a reaction to decreasgedyCincreases to enhance

the CQ flux into the chloroplast.
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Figure 4.3. Simplified model of leaf section showing possilitd between g and g in the case when
stomata are fully opened as in controfs) (@nd closed as in ABA-treated planB).( Red arrows
represent a magnitude of @ux from ambient (¢) to sub-stomatal cavity (Cand from sub-stomatal
cavity to chloroplast stroma {C The cuticle (cut), upper epidermis (ue), palesg@érenchyma (pp),
sponge parenchyma (sp), lower epidermis (Ip) amohatis shown.
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Om-Ci curves show that at low; Q) increasesKig. 3.6 A, B but when Cincreases,
Om decreases as photosynthesis is not more limited\availability. As discussed in
Flexaset al. (2007a), a sustained high gt high G, when the C@assimilation rate is
saturated, would almost double the £gncentration in the chloroplast stroma)(C
Maintaining g, high at high C®@ concentrations would result in problems involving
low stromal pH detrimental for photosynthetic enegr(Berkowitzet al., 1983) or
high energy requirement (Flexetsal., 2007a). Alternatively, gneeds to be increased
at low CQ concentrations where energy is in excess to thequired
for photosynthesis and increased LCvailability would be better for photosynthesis
as Flexat al. (2007a) speculated. Therefore, fine-tuned coietigm of g and g, is
needed.

However, depression of; ue to low g and high g may force the stomatal
opening accompanying with consequent increase ah@ this may lead to oscillation
of photosynthesis (Saritek et al., 2003). Nevertheless, ifngincreases enough
to remove CQ@from sub-stomatal cavity,@an decrease enough to create a gradient
of CO, concentrations between the ambient and sub-stbcetdy. Hence, C@flux
would possibly be enhanced even through the haHferl stomata. As a result, rate
of CO, assimilation does not change or is enhanced waker loss through stomata
decreases. This will lead to enhancement of water efficiency (WUE = A/E)
without any depression of photosynthesis. In tres@nted study, increased WUE over
the entire range of CQOconcentrations was observed in ABA-treated plamtboth

sunflower and poplaf=g. 4.4.
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Figure 4.4.Response of water use efficiency of controls aBé\Areated plants to {n sunflower (A)
and poplar (B). Values are means + SE of 9 (A, mds)t, 3 (10,uM ABA) and 6 (B, both controls and 5
uM ABA) replicates.
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Following the same experimental procedure as @ésgmted study, Vrala al.
(2009) did not find any increase of, (h ABA-treated sunflower plants, although A
was unaffected by ABA addition that led to decreiasg. The authors discussed that
all values were close to the saturated part ofwtel-known curvilinear relationship
between A and g, i.e. that at ambient GOAy in these plants was more limited by
photosynthetic capacity than by g@vailability (Flexast al., 2006b). In other words,
although g was reduced after ABA-addition, it was not low egb to cause a high
CQO; limitation for photosynthesis. Thereforg gemained unchanged. Using the same
species and procedures, however, we were ablesernab g, enhancement described
above. This was probably due to greater differermsseen the gof controls and
ABA-treated plants (drop from 0.94 to 0.38 mol O@7 s* at 400umol CO, mol™*
air) than in the study of Vralet al. (2009) (drop from 0.45 to 0.27 mol & s* at
400 pmol CO, mol™ air). Therefore, in our case greater diffusionalitation was
introduced which finally led to higheg,dound in ABA-treated plants.

4.4 Possible role of aquaporins in regulation of mesophyll conductance

Presented study proved significant enhancementpingABA-treated plants in
comparison to controls. By studying temperatur@aase of g, it was suggested that
Om is controlled by protein-facilitated process (Bmschiet al., 2002) and aquaporins
were proved to be connected with @lexaset al., 2006a; Hanbat al., 2004). These
results suggest possible involvement of ABA in tagan of g, through modulation
of aquaporins activity since ABA was previously mouto enhance AQP activity
for water permeability (Wanet al., 2004). Therefore, regulation of mesophyll
conductance by ABA could be either direct or indirgseeFig. 4.5. Direct regulation
could be possible if ABA enhances £€@ermeability of aquaporins together with
the water permeability. If so, GQrould permeate through the central or side pore
of AQP tetramer (Wangt al., 2007) Fig. 1.9 A). Indirect regulation of g by ABA is
possible by enhancing flux of water through AQRusthreducing the thickness
of unstirred layers on the surface of the membthatrepresents barrier for G@nd
finally allowing CG; to permeate only through membrane.

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

its regulation. However, if ABA regulates, @lirectly or indirectly should be further
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5. Conclusion

The assessment of mesophyll conductangg & different CQ concentration in
absence and presence of abscisic acid conduct@desented study has provided
an insight into diffusional limitations of photogihesis. g was observed to respond
rapidly to varying CQ@ concentration in both the controls and ABA-treafgants.
For the first time, an increase qf gver the range of C{Oconcentrations in presence
of low concentration of exogenously added ABA wasind. Based on obtained
results, it was suggested that ¢puld be somehow linked tQ gnd that both of them
could be regulated in a feedback way to keep thgime CQO, concentration in
the sites of carboxylation even when stomata argafig closed. By doing this, plants
can reduce water losses but keep the photosyntretecunchanged. Additionally,
by using ABA-treated plants, possible way of, gegulation by ABA through

aguaporins was outlined with appeal for furthetibgs
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Appendix

Possible sources of errors of g, estimation

Estimation of g by variable J method involves several parameters used in
calculations. These parameters are: day respirdiRg)y CO, photocompensation
point (), leaf absorbtancex), light partition between photosystems Il andg) (
and the absence of alternative electron—consumaagtions, such as the Mehler
reaction.

Parametero*f were not affected by COconcentrationsince relationship
betweerndps; anddco,estimated at variable G@oncentration under lowQvas not
affected as well (seleig. 3.1). However, besides photosynthesis and photordgpira
other reactions such as Mehler reaction or nirégduction have been shown to
consume as much as 10% of (Miyake and Yokota, 2000; Laiskt al., 2006).
In addition, R may be underestimated using the method of Laiste(iPand Loreto,
2003). R and alternative electron consumption can be atebly CQ concentration
(Miyake and Yokota, 2000; Gonzalez-Mektral., 1996; Bruhret al., 2007). Finally,
using G as a proxy fof can also bring some uncertainty.

All these possible sources of errors were testedifnulation as described in
Flexaset al. (2007a). An example of such simulation is showiiable Al for a leaf
of sunflower (simulation for poplar resulted in Gtaively similar results, not
shown). At ambient C§(400umol mol* air) and high C@(700umol mol* air), leaf
temperature was 23°C n80 and 35umol CO, m? s?, G was 326 and 59{imol CO,
mol* air, and dwas 209.1 and 208.@mol m? s'. These data, together with
estimations of R(-0.48 umol CO, m? s%) and G (33 umol CQ, mol™* air, used as
a proxy forI") obtained form the Laisk method, resulted jp estimates of 0.194
and 0.101 mol COmM? s* at ambient and high GQOrespectively.

Two simulations were performed for each paramdested. Alternative
electron-consuming reactions were considered tswoe 10% of total;JSecondly,
these reactions were assumed to consume 10%;: adnly at ambient CO
concentration. Two possibilities were tested remay&Ry. Firstly, it was assumed to be
twice the estimated one (i.e. close tg, Rs suggested by Pinneli and Loreto, 2003).

Secondly, it was assumed to be reduced by 30%ght@Q concentration (Gonzalez-
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Meler et al., 1996; Bruhret al., 2007). Regarding, two values for gm that could
appear at compensation point were used for teStnl CQ m? st (as judged
from Fig. 3.5 A) resulting in d of 34.4 pmol C@mol™* air and value of glowered

by 10 %, i.e. 0.27 mol COM? s?, resulting in a of 48.3 pmol C@mol™. I may

be equal at ambient and high £€nce it reflects an intrinsic property of Rubisco
At ambient CQ, all simulated g values ranged between 0.201 and 0.270 magl CO
m? s® which is close to original value of 0.194 mol £@7 s* except whed™ was
48.3 umol C@ mor* air was considered which yielded in much highg(@399 mol
CO, m? s%). In addition, at high C® all simulated values ranged between 0.100
and 0.149 mol COm? s* which is, again, very close to original value of@L mol
CO, m?s™.

Therefore, these simulations proved that altholngeet parameters tested can
bring some variation in absolute value @f gspeciallyr, none of them would impair
the result that g responds to varying GOconcentration. Together, it provides
certainty that decreased, @t high CQ has a physiological basis, and does not result
from artifacts in the methods (Flexetsal., 2007a).

52



APPENDIX

6¥T°0 66€°0 €8y €8
0TT'0 9220 AX> z'Le

(;S ;W 0D |ow) (;s ;WO |ow) (are jow 0D jowr) (ure jow D jowr)
©2 ybiH *6 02 weiquy “6 0O UbIH 1 OO Wealquy 1

e s w OO jown g gy Jo L I9ybly 94ez ul Bunnsal S W DD lowMpg gamo] 9%0T 29 01 pawnsse sem juiod uonesuadwod
ayy feauimol puodss ayj Ul e s W 0D jown z' /€ Jo e Ul Buninsal . ©3YSW €0 99 0} pawinsse sem juiod uoresuadwiod ay Jeau "6 ‘mol isiiy sy}
U] "opew alam suonewnss om] (. Juiod uonesuadwodsoloydFd ansejdoiojya Joj Axoud e se Y wiod uonesuadwoaoloyd® waredde Buisn Jo 10043 D

00T°0 102°0 882°0 960
€070 1020 960 960

(;S ;W OO |ow) (;s ;W OO |ow) (;S ;W OO |owr) (;S ;W OO |owr)
©2 ybiH “6 620 waiquy “6 02 ybiH Py 60 walquy Py

OOMO] Je Yeyl %0¢€ Ajuo aq 0} pawnsse s1 HD Ybiy 1oy uonippe Ul ‘Mo puodas
ayl W) Gurep ayl ul uonesidsal 0] enba aq 01 pawnsse sy ‘mol 1sa1) 8yl UDD uo asuspuadap su pye fo sarewnss Buipes|siw 9|qissod Jo 19943 9

T0T'0 0.2°0 8'802 €'88T
8ET0 0.2°0 6'28T €887

(;8 ;w00 |ow) (;S ;W OO |ow) (;s w jown) (;s ;w |ownr)
©2 ybIH “6 0 weaiquy “6 ©OUBH T OO0 walquy

2 ybly 1e a|qibi6au
Buiag D 1sIque 1e AUEI0] JO 940T 9Sh 0] pawnsse ale sucadeINSU0I-U0IID9|9 SAITRUIBIR MOJ PU0I3S 3yl Ul ajiymc)(*arel yodsuel] uoi129 [B10)
DT 9SN 0] PaWINSSE aJ®IFiEal BUILLNSUOI-U0J103|9 dAIRUISYE ‘MOJ 1Sl 9yl Ul GO U0 2ouagap S)i pue Moj} U0J103]9 aAlTeulale a|qissod Jo 1093 VY

(O uby) Jre s, w OO jowripo, Jo GO BIqwe) Jie s , W DD [owrpoy e snnuue snuyjuelpHO Jea)| e ul (Z66T) “[e ¥alleH Ag poylew
aouaosalony [lAydolojyo ayr Buisn sarewnsy @bueionpuod jjAydosaw uo suondwnssrasueled syl ul Siodd 9)qissod Jo 1998 ay) Jo uonenwIS "IV a|qel

53



