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Relations entre discrimination isotopique du carbone-13 et Zchanges gazeux foliaires
pendant la photosynthese: Estimations et variations rapides de la conductance
mZsophyllienne au CQ

RZsumZ:Les travaux de cette these se sont situZs autour de la relation entre discrimination isotopique
du carbone 13 et Zchanges gazeux foliaires. Le modele Ztabli par Farquhar et al. (1982) permet de
prZdire la discrimination contre ¥C pendant la photosyntheseC) en tenant compte des processus

de diffusion, de carboxylation et dZcarboxylation engagZs pendant la photosynthese. Cette relation
permet dOutiliser *C comme indicateur de IQefficience dQutilisatiotddau (WUE, quantitZ de
carbone fixZ en fonction de 10eau consommZe), un paramstre particulierement important dans un
contexte de changement climatique, dOagriculture et de sylviculture. Le mod+i€ de Zgalement

A7 utilisZ pour estimer la conductance mZsophyllienne a gz} un parameter qui limite fortement

la photosyntheseia la disponibilitZ en carbone dans le chloroplaste. Au cours de nos travaux, nous
avons analysZ le modele"*C pour identifier les parametres les plus influedtns le modele, et mis

en Zvidence que IQutilisation du Omodele simple® e (ignorant g, et les processus de
dZcarboxylation) peut induire un biais important dans IQestimation de WUE. Dans un second temps
nous nous sommes concentrZs sur les possibles variations ~ court-tegpeutiedomaine encore

sujet a dZbat. Nous avons confirmZ @geZtait sensible aux variations de €@ dOirradiance sur

toutes les especes dOarbres mesurZes dans cette Ztude. Nous avons aussi montrZ que ces variation
rapides ne peuvent pas stre dues a des variations des autres parametres du modsle, ~ IOexception
possible du parametri (discrimination pendant la carboxylation). Nous suggZrons que les prochaines
Ztudes dans ce domaine portent sur (i) la possible variabilitZ environnementale et gZnZtique du
parametreb et (ii) les mZcanismes "~ |Qorigine des variations rapidgs tiuaporines et anhydrases
carboniques).

Mots-clefs: discrimination isotopique du carbone, photosynthese, conductance mZsophyllienne,
variabilitZ environnementale.

Relationship between carbon isotopic discrimination and leaf gas exchanghring
photosynthesis: Estimations of mesophyll conductance to GO

Abstract: This work was focused on the relationship between isotopic discriminatit@ afuring
photosynthesis! (*C) and leaf gas exchange. The model of Farquharcalelagues (Farquhat al.

1982) predictd °C by accounting for diffusion, carboxylation and adaoxylation processes during

the photosynthesis. This relationship is widely used!df@ is frequently considered as a proxy water
use efficiency (WUE, the amount of water required to fix a amount of carbon), an interesting
parameter in the context of climate change, crop production and sylviculturé **thenodel is also

used to assess mesophyll conductance tg (@f), that strongly limits photosynthesida the
availability of carbon in the chloroplast. Along this work we analyzed ti@& model and identified

the most important parameters, and highlighted that using the Osimple formO of the model (which
ignoresg,, and the decarboxylations) could lead to misestimgatVUE. We also focused on the
possible rapid variations af,, a subject still under debate. We confirmed thatvas sensitive to
rapid variations of C@and irradiance in all species tested in this stidg.also showed that apparent
rapid variations ofy,, could not be induced by variations of other paramsein the model, with the
exception of parametdr (discrimination during carboxylation). We propose that future studies should
focus on (i) the possible environmental and genetic variability of parantetemd (ii) the
physiological processes able to chagget short time scales (aquaporins and carbonic aabgjl

Keywords: isotopic carbon discrimination, photosynthesis, mesophyll conductance, environmental
variability
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Symbol  Unity Descritption

ABA Abscissic acid

A pumol m? s* Net CQ assimilation rate

a a Discrimination during CQdiffusion in boundary layer

ab a Discrimination during CQdiffusion in air

ai a Discrimination during CQdiffusion in liquid phase

A pmol m? s* CO, assimilation rate limited by electrons transport rate

A, pumol m? s* CO, assimilation rate limited by RubisCO

b a Discrimination during carboxylation

b, a Discrimination during carboxylation of CO2 by RubisCO

b, a Discrimination during carboxylation by of HGGPEPc
(including CQ hydration fractionation)

b,* a Pure discrimination during carboxylation by of HC®EPc

# Relative amount of carbon fixed by PEPc

C, pumol motf* CO, mole fraction in the atmosphere (arround the leaf)

C. pumol mot* CO, mole fraction in chloroplast

C. pumol motf* CO, mole fraction entering the photosynthesis chamber

C pumol motf* CO, mole fraction in intercular air-space (sub-stomatal cavit

G, pumol mof* CO, mole fraction leaving the photosynthesis chamber

$°C a Carbon isotopic composition

I BC a Discrimination againsfC during photosynthesis

e a Discrimination during Rd

eO a Discrimination during Rd corrected by Wingates et al. (2007

eb a Discrimination during dissolution of Cn water

es a Discrimination during hydration of COn HCO;

f a Discrimination during photorespiration

"k pumol motf* CO, compensation point in absence of Rd

O pumol m? s* Mesophyll conductance to GO

Oew pumol m? s* Stomatal conductance to water vapour

ol pumol m? s* Stomatal conductance to GO

O pumol m? s* Total conductance to CO

J pumol m? s* Electrons transport rate

Jax pumol m? s* Maximum electrons transport rate

k Carboxylation efficiency

Kc Michaelis-Menten constant for carboxylase

Ko Michaelis-Menten constant for carboxylase and oxygenase

@) kPa O, partial pressure in the chloroplast

PEPC phosphoenolpyruvate carboxylase

PPFD pmol m? s* photosynthetic photon flux density

Ry pumol m? s? Non-photorespiratory respiration

RubisCO ribulose-1,5-diphosphate carboxylase/ oxygenase

V cmax pumol m? s? Maximal carboxylation rate



INTRODUCTION




A Dbrief history
Carbon is present in the biosphere in the form of two stable isotGfeshe most

abundant 198.9%) and '°C, less abundant (1.1%), as well as in the form of a radioactive
isotope*'C. The first data about the carbon isotope rdfi6/A°C) were reported at the end of

the 300s by Nier and Gulbransen (1939). They observed that components like plants,
atmospheric C@or lime-stone have different isotope ratios. The development of isotape-rat
mass spectrometer, as they are known now, was initiated by Nier (1947), based on the
observation that particles of ionized gas are deflected by a magnetic field with a curvature
depending on their mass. Such devices rapidly allowed the study of isotopic abundance at a
largest scale, and the first OscreeningO studies were published. Wickman (1952) and Craig
(1953, 1954) measured carbon isotope ratios in several plants. They observed that the relative
abundance of°C differed among plant species and habitats. The first important information
was that plants are depleted {fC compared to the atmosphere, meaning that some
discrimination occurs between the source of carbon (the atmosphere) and the product (plant
material). In his paper of 1953, Craig identified a grass species with a clearly higher carbon
isotope ratio '(C enriched) compared to others species. He had actually foundpeties

but was not aware of this carbon fixation pathway, and it would be another 10 years before
the C4 pathway was described (Kortscledlal., 1965). After these first Oscreening studiesO,
Park and Epstein gave rise to another step in the knowledge of carbon fractionation in plants.
Their work on tomato (Park and Epstein, 1960) first proposed an explanation foCthe
depletion in plant tissues. They observed that overall discrimination ag¥insias the result

of a first fractionation againstC during CQ transfer from the atmosphere to the cytoplasm,

and a second fractionation occurring during fixation of dissolved. @De year later, they
pioneered work of the fractionation during respiration, pointing out that respirech&0a
different isotopic ratio than plant tissues, and that such differences could be dependent on the
respiratory substrate used by the plants (Park and Epstein, 1961). Thus by 1961 the main
bases for carbon isotope fractionation in plants were identified, allowing latter the
establishment of a general model. However, it was not until 1982 that Farquhar and
colleagues established a mechanistic modéf®fdiscrimination for @ plants (Farquhaet

al., 1982), based on the relationship between the ratio intercellalaatmospheric CO
concentration (€C;) and the isotopic discrimination during photosynthesis. They
demonstrated that the overafC discrimination reflects the balance between carbon diffusion

to the site of carboxylation and the process of carboxylation. The relative contribution of each



component (diffusiorvs carboxylation) explains a large fraction of the variability of carbon

isotope ratio in plants.

A model linking between®C discrimination and plant gas exchange
The model of discrimination of Farquhetral. (1982) established a link between leaf

gas exchange and discrimination agaffi€t during the photosynthesis. Because of its easy
use and high predictive power, this model was widely used to approximate plant water use
efficiency (WUE) from the *°C signal (Farquhar and Richards, 1984). WUE represents the
amount of water consumed to fix a given amount of carbon, and is especially interesting for
genetic selection of crop species or to assess changes in plant ecophysiology under natural
conditions. WUE can be computed as the net assimilation rate efdi¥fded by the
transpiration rate (WUBA/E). This ratio can be computed at the ecosystem scale, the entire
plant, or at the leaf scale as well on several time scales (plant life span until instantaneous).
SinceE is partially controlled by environmental factors (VPD, water vapour pressure deficit),
plant physiologists use preferentially stomatal conductance to focus on the genetic component
of WUE and compare data from different environments. In this study we thus focused on
intrinsic WUE (W = A/gy) and its positive linear relationship with*C predicted by the
discrimination model.

The model (in its simple form, see below for details) is based on the fact that both W
and ! 3C are related to iCthe CQ mole fraction in the intercellular air-space. ThEC -
WUE relationship was observed in several trees at the intra-specific scale, (kesiious
robur (Ponton et al., 2002; Roussel et al., 208hus pinaster (Guehl et al1995), and in
others conifers (Creggt al., 2000; Grossnickle et akR005; Zhang and Cregg, 1996) or
deciduous (Lautert al, 1997; Roupsardt al, 1998;). The original formulation of the model
predicts the relationship between #nd! **C discrimination at the instantaneous scale, but
for convenience most studies usé@ abundance in leaf tissues or even in tree rings. This
integrates the **C signal more or less over the leaf life-span, and includes a number of
compounds with different turn over rates in the leaves. This leads to a discrepancy in time
scale integration between the isotopic signal and gas exchange récd@isan also be
measured in soluble sugars extracted from leaves, integrating the signal over a few (1-2) days
(Brugnoli et al. 1988), or on starch, integrating over tens of days (Rouwtsal, 2009;
Scartazzat al, 1998). These differences in time scale integration can loosen the'{@
relationship. Moreover, measuring*C from bulk leaf tissue introduces another source of

variation. The different components of a leaf display different isotopic signatures, with

3



sugars, starch, protein and organic acids being less depleted compared to bulk leaf tissue,
while lignin and lipids are more depleted (Bowlirgal, 2008). Thus, differences in the
proportion of these components in tissues can create a variabilitf®fot related to the
variability of gas exchange (W

To avoid such sources of variability, some studies telstd@ variations during gas
exchange measurements at an instantaneous scale. Such direct estinidt€ dring
phobsynthesis are recorded by comparing isotopic compos#og)(of a gas before and
after passing over a photosynthesising leaf. This approach was developed by Evans et al.
(1986) who observed that variations of leaf gas exchange (basically pets€i@ilation and
stomatal conductance) were well correlated to variations '6€ at instantaneous scale.
Nevertheless, they observed that the recorded discrimination was different from that predicted
by the! *C model. This was interpreted as due to the fact that the discriomnaidel
assumed that the GQ@oncentration in the intercellular air spaceg (as the same that the
onein the chloroplast stroma {i.e., that mesophyll conductanag.), which influence the
CO, flow between Cand G, was infinite. They consequently highlighted the importance of
mesophyll conductance and decarboxylation processes occurring during photosynthesis,
processes not accounted for in the simple (and most used) form! df¢hmodel. Mesophyll
conductance induces a drop of £@ole fraction between the intercellular air-space (the sub-
stomatal cavity) and the site of carboxylation and thus influences the discrimination by the
leaf. Decarboxylation processes (Oday respirationO and photorespiration) progwit @O
different $°C from that in the atmosphere, also affecting the measured discrimination. All
these components have to be considered to intdrpi@tmeasurements and their relationship
with gas exchange. Conversely, the deviation of observ&@ from that predicted by the
simple model was used as a way to estingate

Since a few years, a new topic emerged in the estimation of mesophyll conductance
and the interpretation df'*C variations at the instantaneous scale: the assessment of rapid
variations ofgm. Initially, gn was considered to depend only on leaf structure, thus remaining
constant in the short-term. Nevertheless, some studies suggesteg twatld vary rapidly
unde varying conditions (Lloycet al., 1992; Centritt@t al, 2003). Practically at the same
time, other studies suggestggwas influenced by protein activity, especially aquaporins b a
groupof proteins that facilitate trans-membrane water transport (Terashima and Ono, 2002).
A number of subsequent studies have examined rapid variatigapsnoth CO; or irradiance

(see for a review Flexast al. (2008)). Nevertheless, the rapid variationg,pfs nowadays



still under debate, regarding studies whgkevas found to be stable with G@nd irradiance
(Tazoe et al., 2009). Sinag, can be estimated frotn'*C via the model of discrimination,

that the parameterization of the model is still problematic and that the impact of the
parameterization of this model was not examined thoroughly yet, it is therefore timely to
perform global sensitivity analysis of thé°C model and check wether variations of the

different parameters could induce apparent artifactual rapid resporges of

This work was focused on the measurement of leaf gas exchange coupled with online
discrimination during photosynthesis to improve our understanding of the relationship
between! °C and leaf gas exchange. Initial experiments demonstrated that mesophyll
conductance had the largest effect on $H€-WUE relationship, and thus we concentrated
on the estimation of, and its ability to change with environmental conditions at the short-
term scale. We estimated the influence of Oday respirationO and that of photorespiration
during photosynthesis 0g., estimation. We used variations of irradiance and, G®le
fraction to assess rapid variations of mesophyll conductance and variations rabl®
fraction in the air to change the influence of photorespiration. This work was carried out on
four tree species (three Eucalypts and one Poplar) to extend the range of species tested. We
addressed several questions:

- How sensitive id °C to the different parameters of the discrimination model? As

amore specific question we will also address this for the estimation wftg the

isotopic method.

- Does g respond to short term changes of Q@ncentration and of irradiance in

different species?

- Does accounting for the respiratory term change our estimatgg ahd their
responses to COand irradiance variations, and does the presence or absence of

photbrespiration alter the response to irradiance?

This manuscript is organized in four chaptersChapter | we will provide a full description
of the /*C model, a sensitivity analysis to highlight the respectivauénfte of each
parameter, and we will discuss the likely occurrence of rapid variations of each parameter
under varying irradiance and CQin Chapter Il we provide estimates of,ginder varying
CO, and irradiance for three eucalypts species and check the importaribe oéspiratory

term, inChapter 11l we estimate variations of,gvith irradiance under high and low Qo



vary the influence of photorespiration, and finallyGhapter IV, we perform estimations of
Om in three poplar clones under varying €@nd irradiance, and discuss the effects of a

stable or avarying g, on net CQ assimilation rates. InPAnnex |, we present the gas
exchange systems used to provide data.



CHAPTER |

Relationship between'>C discrimination and leaf gas exchange:
Analysis of the model, influence of the parameters and
implications for estimating mesophyll conductance to CQ



INTRODUCTION
In the early 800s, a robust model based on a semi-mechanistic appedrishes for

Cs plants the relationship between discrimination agdit@tduring photosynthesis {iC)

and leaf gas exchange (basically net,Gf3similation rateA, and stomatal conductance to
water vapourgsy) (Farquhaet al. 1982). This model in its complete form is based on the fact
that the overall observed discrimination is the result of fractionation steps due to diffusion,
carboxylation and decarboxylation processes, while under a simple form it ignores the
decarboxylation processes and the influence of mesophyll conductaice*¢C predicted

by the simple model! () is computed as:

" :a+(b#a)3
Can ! ! ! ! ! ! ! HHTEEgL 1)

with C, the CQ mole fraction in the atmospheeejs the fractionation during CQliffusion

in air andb the fractionation during carboxylation by RubisCO and phaapiioarboxylase

(PEPc) (see detailed equations below). This mechanistic model predicts that higher CO

availability inside the leaf (i.e. higheri/C,) leads to a larger discrimination agaifi3t.

Beyond the simple need to understand the variability**6f abundance in plants, some

authors established a relationship betwk&C and water use efficiency (WUE), which is the

ratio of the amount of carbon fixed to the amount of water consumed (Farquhar and Richards,

1984). WUE can be assessed at different spatial (ecosystem, whole plant or leaf) and temporal

(leaf life-span or instantaneous) scales, but we will focus here at the leaf level and the

instantaneous scale. Intrinsic water use efficiency=AA) is a computation of WUE

independent from VPD (vapour pressure deficit), allows to compare studies between

themselves. \\is related td **C by:

w :A:&b #.

Osw 16b"a Eq 2
and reciprocally:
. :b#Wi(l.(CS:(b# a)) Eq. 3

a
whereA is the net C@assimilation rate ands, the stomatal conductance for water

vapour; the term 1.6 accounts for the lower diffusivity ofZ£@mpared to water vapour.
Assessing the temporal, phenotypic and possibly genetic variability of intrinsic water

use efficiency (W was the first main use of monitoring carbon isotope discrimination.

Screening studies for genetic variability were used for selecting efficient crops in terms of



water consumption in regards of carbon gain (Farquhar and Richards, 1984). The large
majority of studies used™*C based on leaf bulk biomass to assesiWgrated over the leaf

life span. The relationship was tested among genotypes in many species including conifers,
deciduous and evergreen broad-leaved trees and annuals, or under varying water, nutrient or
light availability. Nevertheless, the use of leaf bulk tissue complicates our ability to relate
$'°C to leaf gas exchang8™C of bulk tissues is an average of $EC of the different
components of the leaf. Since lignin and lipids &i@ depleted, and sugars, starch and
cellulose are enriched respective to bulk (Bowletgal, 2008), the proportion of these
components induces a variability 6f°C not related to gas exchange. Secondly, it is
sometimes difficult to relate B'°C signal integrated over several weeks, months or years (for
conifers) with instantaneous gas exchange measurements. The difference in time scale
integration could induce another bias in tHeC-W, relationship. Finally, the simple and

most common form of the discrimination model (described above), is based on correlation of
W; and! **C with CQ, mole fraction in intercellular air-spaces (or sub-stomatal caviytC

is now accepted that mesophyll conductangg) (decreases CGOmole fraction in the
chloroplast (G) compared to CSince the fully developed modellof°C is then related to £

not accounting for the difference betweena@d G possibly induces another bias in theéC

- Wirelationship (Warren and Adams, 2006).

In this study, we firstly reportV - | **C relationships described in the literature to
evidence the variability of this relationship, and then attempt to identify the sources of this
variability (i.e. the parameters that influence the model). We then describe the Ocomplete
formO of the discrimination model and the different values found in the literature for each
parameter of the model. We perform a sensitivity analysis of ¥@ model to quantify the
potential effect of the variability of each parameter for the estimates®6f We then centre
the next part of this study on the estimation of mesophyll conductance with online
discrimination (instantaneous measurements), with a sensitivity analysisgaf éisémation.

Then, for each parameter we test the effect of using several values comprised in the range
found in the literature on thg, estimation, changing one parameter at a time, or two
parameters to explore the Ocumulative effectO. We analyse data of the resmpnse of
irradiance inEucalyptus sieberiDoutheet al.,in press), and test whether rapid variations of
other parameters could induce variation$ 5 independently ofj,. We explore the effect

of other sources of variations and their potential effect on other parameters in the model, like



variations of @, known to change the rate of photorespiration, agds@spected to change

the relative amounts of RubisG@ PEPc carboxylation.

Diversity of the W/ *°C relationships found in the literature
We provide here a comparison of 23-MFC relationships from 16 studies (Table 1

and Figure 1, upper panel). The selection of data was restricted to tree species.
!

Figure 1: Upper panel: relationships between intrinsic water use efficiengyc@@ulated withA/gs,, in " mol

CO, mol* H,0 and! **C (in &) measured on leaf bulk biomass. Each lineaigelationship of mean values

induced by genetic (clones, populations or seed source) variations, except n¥8 and 21 with genetic and drought
confounded. Each arrow is a relationship induced by environmental variations, with the symbol at the beginning
of the arrow determining the type of environmental variation (square for drought, circle for fertility and triangle

for light). The direction of the arrow indicates from high to low drought or fertility or shade. Each number
corresponds to the OIDO column in Table 1. Thick black line/arrow is for broad-leaved deciduous, thin black
line/arrow is for broad-leaved sempervirent trees and grey line/arrow for conifers. The dashed grey line is the
relationship predicted by the simple Farquhar model of discrimination (Eq. 3)b»80& and C,=400" mol

mol %,
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Lower panel: W! *3C measured with online discrimination &ucalyptus salignalants (filled circle,
each is an average bt*C and W recorded during 15 min) arRbpulus deltoides x nigrauttings (empty circle,
each is an average bt*C and W recorded during 30-45 min). Irradiance was useiddace variations it **C
and W, under 21% @ ! *3C was recorded with a calibrated tunable diode labsprption spectrometer (TDL-
AS) coupled to a gas exchange system. The dashed grey line is the relationship predicted by the simple model of

discrimination (Eq. 3), with=30a and C,=350" mol mol * (i.e. the averaged.@uring the experiments).

The range of variation was from 10 to 1"t9ol CO, mol* H,O for W, and from 16 to 244

for | °C. We collected data from studies presenting data jofo"WA and gs,) and isotopic
discrimination performed from leaf bulk tissue. The very large majority of studies assumed
$"*C.ir to be -84; when not indicated otherwise we assumed this value tocreate! °C

from leaf bulk$™C. In all studies there was a negative relationship beti&€hand W, as
predicted by the model, but there was a very large diversity in slopes (from -0.03 to -0.52) and
intercepts (from 21.2 to 39.94) of the W **C relationship (see Table 1). The majority of
broad-leaved trees presented values qf B&tween 20 and 6Gmol CO, mol* H,O while
conifers presented higher values, between 50 and'm@d CO, mol* H,O. On the other

hand, the whole range df**C was covered by both tree types. In all studies, the observed

| 13C for a given Wwas systematically lower than predicted by the mbdel.

The shift between predicted and measur&iC was as large as 84 in some studies
(Pontonet al. 2002). The large range bf°C found for a given Wand the systematic shift
with the predicted *C can be explained by several hypotheses: (i) some fractionations steps
and model parameters are not accounted for in the simple form of the model, (ii) differences
in the time scale integration between &d! *C, or (iii) variability in! **C due to varying
leaf composition (e.g. lignin, lipid=tc...).
- (i) since the simple form of the'*C model ignores the influence gf, (C>C,),
this model should in theory overestimat&C compared to the complete form.
This rationale fits with the observed data (obsetvEg < !;).
- (i) the difference in time scale integration could also create a bias inBen;
relationship, since instantaneous measurements;afoMot reflect all variations
over leaf Blife-span integrated by the obserV&tC signal. We can note that this
factor could either under or over-estimafeéC for a given W
- (iii) the $'°C of the different leaf components tends to decrease the obsenzd

compared to that only influenced by;Wndeed, if we consider th&"C of
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soluble sugars is closely related to short-term integrated gas exchange (Betignoli
al. 1988), the proportion of others components in the leaf (lignin, lipids, proteins,
cellulose etc..) and their respect$€C will decrease the observeéd®C by 114
compared to that of soluble sugars (from data provided in Bowdiral. 2008),
and thus the instantaneou$’C. This difference could partially explain the shift
observed in our data (Figure 1).
When W and! *C were recorded instantaneously and in parallel (Figure 1, lower
panel) we still found an equivalent shift between measured and prediti@d This
shows that the artefacts described above about integration time and leaf composition
were probably not the main cause of the discrepancy. To take into account this shift,
we have to account for more discriminating steps and for the fact that due tofinite g

Ci differs from G, and thus use the complete version of the discrimination model.
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Table 1: Slopes and intercepts of theMFC relationship described in sixteen studies. Theral OIDO identifies curves of Figure 1, the column OSourceO describes the
source of variation used to establish the!WC relationship. In the column OFunctionnal groug@iddous and sempervirente refers to broad-leaved trees. The column
OcaseO precises different conditions used in the same study: for Bauaheir998 the measurement were performed at two different dates, for Eregjg2000 the

comparative plantation was repeated in two different sites, and for Datsaln2004 the W! *°C relationship was established for Male and Fentakest under two water

regimes.

ID study source species functional group Case Slope Intercept
1 Boucheret. al 1998 sylviculture Pinus strobus conifer June -0.15 27.46
2 Boucheret. al 1998 sylviculture Pinus strobus conifer October -0.17 29.14
3 Cregget. al 2000 provenance Pinus ponderosa conifer Plattmouth -0.17 31.12
4 Cregget. al 2000 provenance Pinus ponderosa conifer Norman -0.23 39.88
5 Grossnickekt. al 1998 clones Picea glauca x engelmanii conifer -0.03 21.98
6 Grossnickekt. al 2005 provenance Thuja plicata conifer -0.07 24.35
7 Guehlet. al 1995 fertilization Pinus pinaster conifer -0.04 22.28
8 Olivas-Garciaet. al 2000 water+seed sourctPinus ponderosa conifer -0.21 315
9 Zhanget. al 1994 families Larix occidentalis conifer -0.13 27.03

10 Sunet. al 1996 genetic Picea glauca conifer -0.09 25.38

11 Zhanget. al 1995 genetic Pinus ponderosa conifer -0.08 24.48

12 Zhanget. al 1995 genetic Psedotuga menziesii conifer -0.08 24.94

13 Dawsonet. al, 2004 genotype Acer negundo deciduous Male watered -0.46 35.38

14 Dawsonet. al, 2004 genotype Acer negundo deciduous Male droughted -0.32 31.22

15 Dawsonet. al, 2004 genotype Acer negundo deciduous Female watered -0.52 37.90

16 Dawsonet. al, 2004 genotype Acer negundo deciduous Female droughte -0.43 34.88

17 Pontonet. al 2002 shading Quercus robur, Q. petraeadeciduous -0.13 23.57

23 Sullivanet. al 2007 site drought Salix arctica deciduous -0.08 25.88

25 Roussekt. al 2009 genetic Quercus robur deciduous -0.14 29.15

18 Carelliet. al 1999 shading Coffea arabica sempervirente -0.10 22.09

19 Carelliet. al 1999 shading Coffea cenaphora sempervirente -0.14 23.16

20 Cernusalet. al 2007 fertility Ficus insipida sempervirente -0.21 28.02

21 Meinzeret. al, 1990 water+genotypes Coffea arabica sempervirente -0.128 27.73

13



Using the complete form of the discrimination model
To take into account fractionation steps and processes neglected mpheraiodel, a

more detailed model was developed by Fargehat. (1982). This model fot **C accounts
for mesophyll conductanceg{) and the influence of decarboxylation processes due to
phobrespiration as well as respiration. The complete model fi is computed following
Evans et al. (1986) and Farquhar et(4B82):

@4_ f$*

C, #C, +aCS#Ci +(es+a)Ci #C, +b&# k

C. C. C. C. Co 1 mmmmg.4
where a, is the discrimination due to diffusion in the boundary layer.and a the
discrimination due to dissolution and diffusion in the liquid phase, respectevelgdf the
discrimination during Odark respirationQ) (Bnd photorespiration, respectively akdhe
carboxylation efficiency K=(A+Ry)/(Ci-"*)) following (Farquharet al., 1982). This model
predicts a smaller discrimination than the simple formulation due to: (i) thed@@-down
between the intercelullar air-space and the site of carboxylation (i.e., the influempgeaoid
(i) the decarboxylation processes. Because some fractionation occurs dyrargl Rhe
phoborespiration, the respired Ghas a different isotopic signature than the respiratory
substrate. This shift has to be accounted for to fully explain the obsei€d A global
representation of the different carbon flows and associated fractionation factors described
here is shown in Figure 2. The main problem of using this model is the parameterization, i.e.,
choosing the real value for each parameter. For most of the parameters, edpeziatiyf,
we do not know with certainty their absolute value or if they vary among genotypes or with
environmental conditions. We provide here the range of values found in the literature. These

values were used afterwards to set the sensitivity analysis (see Table 2).

Figure 2: Schematic representation of the diffecembon fluxes and discrimination against 13C in a leaf during
photosynthesis. In blue are represented the carbon molar fractiohsn¢ihmol?) the atmosphere (f the
boundary layer (@, the intercellular air-space {{Gand the chloroplast (€ In red are represented the different
BC/?C fractionation factors (in &) associated to G@aseous diffusion in the boundary layeb)( in air
through the stomataa), CO, hydration in HCQ@ (es), CQ diffusion in liquid phase (ai), carboxylation by
RubisCO (k) and by PEPc (), during decarboxylation of glycine in serin® &nd to non-photorespiration

decarboxylationd)
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Table 2: Non-exhaustive list for parameters values of the Farquhar model of discrimination found in the literature

Parameter Description Value or Species Conditions Study Remark
range
a(in &) Gaseous diffusion of CO 4.4 (Craig, 1954) cited by (O'Leary, 1981)
a, (in @) Gaseous diffusion of CO 2.9 (Vogel, 1980) cited by (Farquhaet al,
in boundary layer 1989)
a (in &) Diffusion of CQ, in the 0.7 (O'Leary, 1984) cited by (Farquhaet al,
liquid phase 1989)
29.7+0.8 Spinacea oleracea  25Y4C, pH=7 (Roeske and O'Leary, 1984)
29+1 Spinacea oleracea  25Y4C, pH=8 (Roeske and O'Leary, 1984)
26.4+ 0.6 Spinacea oleracea  25Y4C, pH=9 (Roeske and O'Leary, 1984) cited by (McNevinet al
bs (in &) Fractionation during 29.0+0.3 Spinacea oleracea  pH=7.6 (Guy et al, 1993) 2006) ?
carboxylation by RubisCO 30.3 + 0.8 Spinacea oleracea  pH=8.5 (Guyet al, 1993)
26.2D29.8  Spinacea oleracea  24%C, pH=8.5 (Scottet al, 2004)
28.9+1.5 Spinacea oleracea  25%C (McNevin et al, 2006)
27.4+0.9 Nicotiana tabacum  25Y%,C, pH=8 (McNevin et al, 2007)
2.6+0.2 Zea mays 25Y,C (McNevin et al, 2006)
. . . 27+4.4 Sorghum bicolor 24%,C, pH=8.5 (Whelanet al, 1973)
- Fractionation during . .
by (in &) carboxylation by PEPc cited by (McNevinet al,
2.03 Zea mays 25%C, pH=7.5 (Reibach and Benedict, 1977 2006)
29+05 Zea mays 25%C, pH=7.5 (O'Learyet al, 1981)
Fractionation during 1.1 (Vogel, 1980) cited by (Evan®t al, 1986)
es(in &) di . . 1.06 25%.C (Mook et al, 1974) from 1.184 at 0¥4C to 1.04 a
issolution of CQin water e
eb(in &) Fractionation during -8.97 25%C (Mook et al, 1974) from -124 at 0%C to -8.424
hydration of aqueous GO at 30%C
-8.1to +10.3 15 species Several assumed  from a review by Ghashghaie
respiratory et al. (2003)
substrates
Fractionation during ég Hgllanthus alnnuu; Lea; SHETOSE (Ghashghaiet al, 2001) cited by (Ghashghaiet al,
respiration (B, measured > |cgt|ana sylvestris Lea sucrose . 2003)
- . 14 to -4 Helianthus annuus  Leaf organic (Ghashghaiet al, 2003)
e(in a) in the dark) N .
Nicotiana sylvestris  matter, temperature
Helianthus annuus  from 10%C to 30%4C
-5.8 Phaseolus vulgaris  Leaf sucrose (Duranceatet al, 1999)
-4.5 Phaseolus vulgaris  Leaf sucrose (Barbouret al, 2007)
Fractionation during -0.2t0-0.8  Helianthus annuus  mesocosm level (Tcherkezet al, 2010)

respiration (R, estimated
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in the light)

: 0.5t02 Helianthus annuus  10%C to 30%C (Ghashghaiet al, 2003)
Non-photorespiratory Nicoti vestri
respiration icotiana sylvestris
(measured in the dark) Helianthus annuus
0.4t01.6 Phaseolus vulgaris  10%C to 30%C (Tcherkezet al, 2003)
0.6 Eucalyptus 25Y,C, PPFD from  (Atkin et al, 2000) Laisk method
pauciflora 200 to 2000 mol
m?st
. 0.6+0.1 Phaseolus vulgaris ~ 20v4C, 450mol m*  (Tcherkezet al, 2005) 3C labelling
R(-iz(lq! mol s PPED
m=s?) Non-photorespiratory 0.7+0.2 Eucalyptus regnans  25%C (Warren, 2008a) Laisk method
respiration 0.73+0.07 Solanum 25%C (Warren, 2008b) Laisk method
(estimated in the light) lycopersicum
0.46 + 0.06 Phaseolus vulgaris  25%C (Warren, 2008b) Laisk method
0.6+0.1 Eucalyptus regnans 25v.C (Warren, 2008b) Laisk method
0.41+0.09 Eucalyptus globulus 25v4C (Doutheet al, 2011) Laisk method
0.31+0.09 Eucalyptus saligna  25¥C (Doutheet al, 2011) Laisk method
0.68+0.07 Eucalyptus sieberi 25%,C (Doutheet al, 2011) Laisk method
81to +16 Seven species Several reactants  (lvlev et al, 1996) Large variability induced by
the different reactants
0.5 Triticum aestivum (Gillon and Griffiths, 1997) cited by (Ghashghaiet al,
2003)
2 Phaseolus vulgaris (Gillon and Griffiths, 1997)
f(in 5 Fractionation during 8 Triticum aestivum (Gillon, 1997)
(in &) I .
photorespiration Phaseolus vulgaris
7 Glycine max (Rooney, 1988)
11.6 Three species (Laniganet al, 2008) Determined from a statistica
approach
11 (Tcherkez, 2006) Determined from a
theoretical approach
33t0484 18 species 25%,C (Evans and Loreto, 2000) Several methods
(values not corrected fay,)
. _ 3743 Nicotiana tabacum  25%C (Bernacchiet al, 2002) 0" method
P (_'ln mol  CO, compensation pointir-g g5 1 Juglans regia 25Y%C, sun leaves (Piel et al, 2002) Laisk method
mol) absence of R 49.4+2 7 Juglans regia 25v4C, shade leave:
35t042.3 four species 25YC (Pons and Westbeek, 2004) Laisk method
38.6 Spinacea oleracea  25%C (Von Caemmereet al, 1994) Isotopic method
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Diffusion of CQ from the atmosphere to the chloroplast

The fractionation factor for diffusion in the aia (n &, see Table 2) is
assessed from theoretical assumptions. Discrimination duringd@fdsion in air
occurs because gas diffusion in air is modulated by the ratio of molar mas&e©.of
and °CO, (see O'Leary, 1981 and Farquiehml. 1982). Becaus&CO, is heavier
than YCO, (molar masses of 45 and 44, respectively), the subsequent difference of
diffusion leads to a discrimination (agaif&t0,) of 4.44 during diffusion in the air.

This estimation was taken as discrimination factor for gas diffusion by Fargualar
(1982) in their model. Such a relationship is not likely to vary with temperature,
pressure or COmole fraction (O'Leary, 1981). The parame#eimn the model is
therefore considered constant and independent of environmental conditions and
genotypes.

Fractionation associated to dissolution of gaseousi@@ater (parametess)
was estimated to be 1.14 (Evanet al., 1986), based on Vogel (1980). This
corroborates an estimation by (Moekal, 1974) withes=1.064 at 25¥4C, whene*C
was measured before and after dissolution. This fractionation factor is relatively
insensitive to temperature and varies from 1.184 to 1.04& between 0%C and 30%C
(Mook et al., 1974).

Once dissolved, COhas to diffuse in the liquid phase to the chloroplast
stroma, with a fractionation fact@i. Reported estimations af are rare, but (Evans
et al.,, 1986) seti=0.7a4 based on previous estimations from O'Leary (1984).
However, the hydrated form (HGQ diffuses faster in the liquid phase than the
molecular form CQ.

Hydration of aqueous Cfinduces a fractionation of -9a at 25 ¥C (Maatk
al., 1974), leading to an overall hydration fractionation with respect to gasegus CO
of -7.94, the negative sign meaninfC accumulation in HC®. This parameter is
not directly visible in EqQ. 4, because it is associated with fractionation by
phosphoenolpyruvate carboxylase (PEPc) fixation (see below).

Discrimination during carboxylation

Since the early 600s, it has been proposed thafixa@on causes the largest
discrimination in plants (Park and Epstein, 1960). Fractionation by carboxylation is
notedb in the discrimination model. Two main enzymes are involved in the fixation

of carbon in @ plants: RubisCO that fixes GGn the chloroplast stroma and PEPc
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that fixes HC@ in the cytosol (see Figure 2), with fractionation facharfor
Rubi€CO andb4 for PEPc. Forbs, a review by O'Leary (1981) reportéa vitro
estimations around 304, but specified that there is a large uncertainty. A recent study
reported very close values for purified RubisCO from tobacco, witB7.4+0.94
(McNevin et al, 2007). They compared their values with other published estimations
and found a range from 27.5& to 294 (data for spinach and soybean), with respect to
dissolved CQ When expressed with respect to gas phasg @@ leads tdas=
28.54a to 304, w ith upper and lower SDs covering a range from 26a to 30.54a.
Fractionation by PEPc (notda- in Farquharet al., 1989) is much smaller
than by RubisCO, witlb,« between 2 and 2.54 (O'Leary, 1981), considering HCO
as the main substrate. These estimations were recently confirmedywi26+0.24
(McNevinet al. 2006), by monitoring CQOsotope concentrationsa membrane inlet
mass-spectrometer in a cuvette with carboxylating PEPc and the basic form of the
Rayleigh equation. Usually, the tetm is expressed with respect to gas-phase, CO
taking into consideration the fractionation due to hydration of GQ94a), thus bs=-
5.7a (F arquhar, 1983).
The relative amount of carbon fixed by PEPc is natéoen b is:
b=bs+(1-Nbs Eq.5
It is well known that RubisCO fixes the largest amount of carbon in leaves, but the
proportion fixed by PEPc and the exact valuel afre uncertain. It is usually set
between!=0.05 (i.e., 5% carbon fixed by PEPc) (Evaesal., 1986), and=0.1
(Farguhar and Richards, 1984). A few studies have estimateding indirect
measurements. Most estimates originate from measurements of the ratio of enzyme
activities as a proxy for the relative amount of carbon fixed. PEPc activity was found
to be 2% to 4% relative to that of RubisCO in wheat (Von Caemmerer and Evans,
1991), 0.6% inBetula pendula(Saurer et al., 1995), 10% iRopulus tremula x.
Populus alba (clone INRA 717-1B4) (Bagard et al., 2008). Vu et al. (1985) obtained
an upper value of 13% iBitrus sinensis. Holbrook et al. (1984) usiti§ labeling
observed that less than 5% of the assimildf&O, was present in Lacids (malate
and aspartate, metabolites related to the PEPc pathway). All these values lead to an
average 5% of carbon fixed by PEPc, with possible interspecific variations.
To the best of our knowledge, no study tested the variability whder

changing irradiance or GQ(the sources of variations we are interested by in this
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study) and is always considered stable during measurements. However, we can note
that studies on ozone fumigation noted modification of both RubisCO and PEPC
enzymatic activities, with a decrease of RubisCO and an increase of PEPc activity
(Saurer et al., 1995; Dizengremel, 2001; Bagsrdl., 2008).

Discrimination during Oday respirationO

The term OdarkO respiration, notgdnRhe discrimination model, represents
the non-photorespiratory respiration by the leaf. When a carbohydrate enters the
glycolytic pathway, it produces pyruvate which is decarboxylated into Acetyl-coA by
the pyruvate dehydrogenase (PDH), resulting a in release 0{s€© Figure 2). Then
Acetyl-coA can feed the lipid biosynthesis pathway, or enter the Krebs cycle (or
tricarboxylic acid cycle, TCA) releasing again £0hese metabolic pathways are
fully functional during the night, but partially inhibited during the day (under light).
Inhibition by light varies around 50% (53% Rhaseolus vulgaris, Tcherkez al.,

2005, 66% inPopulus koreana x trichocarpay PeacgPiel 2002 PhD thesi$45%

at 25% in Eucalyptus paucifiora Atkin et al., 2000)). Tcherkezt al. (2005)
evidenced that such a reduction igviRas due to a 95% inhibition of the Krebs cycle
activity, while the PDH was less affected (27% reduction) in light compared to dark.
The inhibition under light of Rcan occur at pretty low levels of irradiance (il

m? s'PPFD), is maximum at 100nol m? s* PPFD and then stable with irradiance
in Eucalyptus pauciflaa (Atkin et al, 2000).

Isotope fractionation during respirationgfRefers to a difference in isotopic
composition between the respiratory substrate and the releasech@@de in the
model. Park and Epstein (1961) first observed in tomato plants that respiseda€O
enriched compared to the plant material. Later studies observed enriched or depleted
respired CQ@ with apparent fractionation varying between +10 and -8& (data
reported by Ghashghaket al., 2003). It is important to note that the extreme values
are based on the comparison between whole plant material (considered as respiratory
substrate) and respired €@ the dark. Selecting only data based on sucrose, the
morelikely respiratory substrate under non-stressed conditions, leads to respyred CO
enriched by 2-5a (e thus negative) (Barbowt al., 2007; Ghashghaie et al., 2003;
Ghashghaie et al2001). There is a Opositional effect®®fin glucose molecules,
with C-3 and C-4 being morEC enriched than the other ones. Because the PDH

reaction will decarboxylate preferentially carbon C-3 and C-4, respireg f(m
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PDH will be enriched and Acetyl-coA (the product of the PDH reaction) depleted.
Thus, the C@evolved from the Krebs cycle during degradation of Acetyl-coA will

be depleted (Tcherkeet al, 2003). This also explains that lipids, formed from
Acetyl-coA are depleted. The depletion of £énitted from the Krebs cycle can be
increased when plants use fatty acids as respiratory substrate, like under high
temperature or long darkness. It has been concluded that the observed overall
fractionation will be dependent on the relative influence of the PDH reaction
(producing **C-enriched C@) and the Krebs cycle (producingC-depleted CQ
Tcherkezet al, 2003). These processes reflect carbon metabolism in darkened leaves.
Fractionation by respiration in the light is poorly known at present, regarding the
difficulty to clearly separate discrimination by diffusion, carboxylation and
photorespiration from that of R However, CQ respired in the light has been
estimated from experimental data to be depleted by less than 54 (Tchetkaiz,

2011; Tcherkeet al., 2010).

Discrimination during photorespiration

Photorespiration is a complex cycle that includes the fixation of a molecule of
O, by RubisCO, the resulting production of glycolate which enters the peroxysome to
produe glycine (Figure 2). Glycine then enters the mitochondria to be
decarboxylated into serine which releases the photorespiredSeéne comes back
to the peroxisome, produces glycerate which re-enters the Calvin cycle as 3-
phosphoglycerate. The ratio of oxygenation to carboxylatiohy( RubisCO can be
estimated from™, the CO, compensation point in absence of. R* is thus
incorporated in the model of discrimination to account for photorespiration. Evans
and Loreto (2000) provided a list 6f estimated in 11 species, with extremes values
varying between 33 and 4ol mol *, with averagé* | ies around 40mol mol ™.

It has been shown that photorespiratory decarboxylation fractionates against
13C glycine decarboxylationf n the discrimination model, see Ghashgthetiel.,
2003 for a review)In vitro estimations off conducted on glycine decarboxylase
extracted from eight plants species showed that the photorespiredoGi@ be'’C
depleted (-84) or enriched (+164a) with respect to the substrate (lvigval., 1996).
The direction of fractionation was species-dependent, but also influenced by the pH
and the enzyme co-factors used for the reacfiovas estimated from a theoretical

approach which predicted that photorespired, @Bould be'*C depleted by 11&
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compared to glycine (Tcherkez, 2006). A statistical approach provided close value
with f=11.6a (Lanigan et al., 2008). This approach consisted tolsdtandg, as
unknowns and fix known values for*, e and R. The three unknowns were then
estimated simultaneously to fit a modelled and a measttdd in threeSenecio
species. These latter values bring support for a positivalue, which implies
emission of depleted GQand a fractionation around 11a4. We can note that the
enriched serine comes back to the Calvin cycle via glycerate and 3-phosphoglycerate.
This can cause enrichment of the carbohydrate pool fouaettie Calvin cycle. This
influence is not accounted in thé*C model, and was not estimated yet.

Sensitivity analysis of 1°C estimates

To our knowledge, there was no sensitivity analysis performed on the dvEtall
modéd yet. Indeed, quantifying at the same time the relative importance of all the
parameters of a model can be difficult. We chose here two different methods. The
first method consisted to generate a dataset with fixed valugs=0f2, 0.5 and 0.8
Imol m? s (corresponding to a realistic range\f,ax between 103 and 7ol m?

s%) : b=26,28, 304 ; =0, 5, 154 ; e=-15, 1, +154 ; R=0, 1, 2!mol m?s®; and
1*=35, 42.5, 50!'mol mol™, the range of each parameter being chosen following
values found in the literature (Table 2). For each of thpd®sible combinations we
calculated" **C with a fixed value 0A=16.9!mol m s*, G=269.1!m ol mol*and
C.=317.1! mol mol™, corresponding to measured dataEmealyptus sieberi{Douthe

et. al, in pres3. Then, a multiple linear regression was performed to explain the
variations of the computed*C with gm, b, e,f, Ry and!* as covariates and partial

R? for each parameter was compared to the totalfRhe modelg,, appeared to be
largely the most influent parameter in the discrimination model, with a relafieé R
70% (Figure 4, lower left panel). Wheg, is fixed thus not accounted for in the
analysis (Figure 4, lower right paneb),is the most important parameter (partialoR
65%), followed byf (30%) ande (10%). R and!* appeared to have a small effect on
the model.

Another approach was tested to confirm these results. We used the SobolOs
index, which compares the effect of a variation of the input parameters on the
variance of the output variable (heté’C) (see R Development Core Team 2010,
package OSensitivityO version 1.4.0 and Saltelli 2002). SobolOs index is comprised

between 0 and 1; higher values mean a higher relative influence on the given
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parameter. We used the same range of variations for each parameter than for the first
method. Againgm is largely the most influent parameter!oiC (Figure 4, upper left
panel), andb when g, is fixed (Figure 4, upper right panelg and f have
approximately the same influence, andaRd™* are less influential parameters in the

model.

|
Figure 4: Two methods used to perform a sensitiaitglysis of the model df**C (fully developed
form). On the upper panels the SobolOs index (with and wighdat the left and right, respectively),
computed from a random dataset for each parameter and based on the decomposition of the variance of
I 13C following the variations of the input parametevbereg, b, f, e and R, are parameters described
in Table 2 and OgamO refers'toThe higher the index ([0,1]), the higher the influence of the
parameter. Main effect concerns only the effect of the given parameter while total effect concerns also
the interaction with the other parameters in the model (an interaction exists when the effect of a given
parameter on the output variable changes with the value of a second parameter). When main and total
effects are close from each-other, no strong interaction exists. On the bottom panels, Piartiah&h
tested parameter from a multiple regression performed ¥ (with and withoutg,, for the left and

right, respectively), with three values fixed for each parameter (see text) within the range of variation
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found in the literature. Fixed values were used Aet6.9! mol m? s!, C=269.1! mol mol!and
C.=317.1! mol mol* and g,=0.5 ! mol m? s (when g, is fixed) following measured data on
Eucalyptus sieber{unpublished data), under 21%.&ach procedure was performed with b, e, f ,
Rq and! * as parameters, thep, was removed to highlight the effect of the othenlapeeters.

Sensitivity of the 13C-W relationship to parameters variations

To illustrate the impact af,, andb, the two most influential parameters in the
" 13C model, on th& **C-W, relationship, we simulated a leaf presenting a variation of
A from 10 to 14mol m? s* and g from 0.1 to 0.3mol m® s*. The corresponding
" 13C was calculated for different values @f (Figure 3, left panel) and (Figure 3,

right panel).

Figure 3: Left panel: simulation of the™C-Wi relationship (intrinsic water use efficienc/g),
following the simple model of discrimination (broken line), the complete form of the model of
discrimination (using the standard parameterization described in Table 3) but with different values for
mesophyll conductances, in ! mol m? s?). The horizontal dashed line represents the data fingle

value of" *C=144, and each vertical dashed arrow the corresjromdalue ofA/gs.

Right panel: simulation of th&**C-Wi relationship (intrinsic water use efficiend/gs), following the

simple model of discrimination (broken line) but with different values for discrimination during
carboxylation i, in &). The horizontal dashed line represents the data for a single value of

" 1¥C=204, and each vertical dashed arrow the corresjogdalue ofA/gs.

This highlights the large error potentially done when estimaiiggfrom " **C signal if actual values

of g, are not accounted or if theor value is mis-estimated.

The influence ofy, for a given value of *C (=144,) is very large as the estimated
A/gs varies from 150 if using the simple form of the model (ignodpy to 110 if
usng the complete from wheg,=0.6 !mol m? s*, and down to 30 i§,=0.2 'mol

m? s* (Figure 3). Similarly, a value 8f*C=204 using the simplified model leads to
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estimatedA/gs from 100 to 55 for the different valueso{31 to 258). The influence
of these two parameters is therefore quite large.

These results highlight the crucial importance to (i) set an adapted value for
the parameten and (i) account fog, to provide accurate estimates of ffom ! **C.
We also tested the influence of the overall respiratory term and the influence of
respiration and photorespiration separately, but they had little influence bi’@e

Wi, relationship.

Sensitivity analysis of the mesophyll conductance estimation

Since the Ocomplete formO of th#& model was used to estimate mesophyll
conductance to C(gy), it is important to assess the impact of choosing different
values for a given parameter on these estimates. We usgg ¢ogiation as described
in (Ponset al, 2009), firstly established by (Lloyat al, 1992) and based on the fully
developed model of discrimination (Evagtsal., 1986):

g = (b" es" ai)A/C, Eq. 6
m eR /k" f$*
#' ll# n
( I ObS) C

a

where ! ; in the discrimination predicted by the Osimple formO of the model of
discrimination and! s the observed **C. This approach is called the Osingle point
methodO becausgn, can be estimated from one measurement g@f and gas
exchange plus estimates ef andf. This contrasts with the Oslope methodO first
developed by (Evarst al, 1986), which requires a rangefAfind! j-! ,,sto estimate

Om and assumes thgt, is not affected by the source of variationfofTo perform the
sensitivity analysis we used the SobolOs index and the same range of parameter values
as above . To estimatg, the observed *C (! o»9 has to be known. We usédps

19.214 based on measurements from the same dataset &, f@rand G, as
described above.

Figure 5 clearly shows that is the most influential parameter in the
estimation ofg,, explaining over 50 % of variation @, followed byf ande with
around 40%. Rand"* have a small influence on the estimatiorgaf We observed
strong differences between the main and the total effebt bAnde, which denotes
interactions between parameters. In other words, following the values takeridoy

example, the effect dfon g, estimate will change.
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Figure 5: Sensitivity analysis of the mesophyll coctdnce to C@estimate @) using SobolOs index.
Fixed values were used=16.9 ! mol m? s!, C=269.1! mol moltand G=317.1! mol mol* and
observed! 1*C=19.214 following measured data oBucalyptus sieberiunder 21% @ We filtered

data to select only realistig, values between 0 and ol m? s™.

In conclusion, it appears important to use the fully developed model of
discrimination to better interpret observed variations €. On the other hand, the
parameterization of this model is still problematic, particularly for the estimation of
mesophyll conductance. There is still poor knowledge about the OtrueO value of some
parameters, liké orf, or about their genetic or environmental variability. Regarding
the large range of variation reported in the literature, choosing a non-appropriate (but
still realistic) value can lead to misleading valueg@fin the following part of the
study, we focused on the use of th&C model to estimatgy, and addressed two
man questions:

- What is the effect of choosing different values for a given parameter on

the estimated,?

- In the context of rapid variations gf, with irradiance, could variations

of model parameters expldirt°C variations attributed tg,?

On the importance of the b parameter
Results of our sensitivity analysis and literature reports indicateb tharameter

(fractionation during the carboxylation) has a large influence on the estimatipn of
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(Pons et al.,, 2009; Tazoet al., 2011). Following the standard parameterization

(Table 3), and the data set used previously (sensdivity analysis of **C

estimatesO sectior),=0.33!'mol m? s* and we considered this value as reference

for the following analyses. Whelm is varied from the standard 28a to 26&m,

increases by 60%, while b is varied from the standard 284 to 30&),, decreases

by20% respectively (Figure 6). Choosibhg26a affected even morg,, whenf takes
a value of 154 (gm changed by +150%), og=-15a (+100%), highlighting the

interaction found with sensitivity analysis (Sobol index, Figure 5). On the other hand,

when b=30%, g values are less affected by other parameters (Figure 6).

Table 3: Values of parameters used to perform thelsition in Figure 3 and the sensitivity analysis

showed in Figure 6. The range for each parameter is set following literature value (Table 2).

Parameter Range used for sensitivity | Value for OStandard
analysis parameterizationO

b (in &) 26 to 30 28

f(in &) 0to 15 7.5

e(in a) -15to +15 1

Rg (in ! mol m?s?) 0to2 1

L * (in ! mol mol™) 35t0 50 425
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Figure 6:Calculated mesophyll conductance to,CO
(9,) using b=26, 28 and 304, f=0,7.5 and 154,
e=-15, 1 and 154, R=0,1 and 2'mol m? s?, and
1*=35, 42.35 and 50mol mol-1. For each panel, we
testedthe response of,, in function of a second
parameter (see legend). We used fixed value fc
A=16.9 'mol m-? s! C=269.1 !mol mol! and
C,=317.1 'mol mol™.

6"78"9,0+),: 8" 6"78"9,0+), .-
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Could variations of b with irradiance or {&ancel short-term response ofyy

There is an increasing number of studies testing and observing a rapid (within
minutes) response dj, to changes of environmental conditions ¢(C&hd irradiance, in
paticular, see Flexast al.,2008 for review). In these studies it has been considered that other
fractionation factors used in thg, equation remain stable with time. This is a crucial
hypothesis to validate the rapid responseg,pfout has not yet been tested. Here we focus on
possible variations ob during changes of irradiance to tesbitould vary enough to fully
account for the observed changes! 61C. We based this analysis on irradiance response
curves from 200 to 1000mol m™ s' PPFD performed orEucalyptus sieberiiwith a
calibrated TDLAS, under 21% and 1% @ vary the influence of photorespiration, with all
parameters constant with,Oexcept"*=38.7 and 1.85!mol mol ™ respectively (Figure 7).
Consdering thatg,, was stable with irradiance and equal to the maximum value measured at
an irradiance of 1000mol m 2 s* (Figure 7,g.= 0.37!mol m? s* under 21% @), b should
vary from 28a at high irradiance to 26a at low irradiance. The same pattern was observed
under 1% G, according to a constagi= 0.49!mol m? s*, with b should be 274 at low
irradiance. Under 21% a decrease df from 28 to 26& could be explained by an increase
of # (relative amount of carbon fixed by PEPc) from 0.055 to 0.11 (i.e. 5.5% to 11% carbon
fixed by PEPc), fobs= 30& and b,=-5.7& and constants with irradiance. There are however
several possible combinations lefand# to explain this variation (see Figure 8). These values
of b and# are comprised in a realistic range of variation, according to the literature (Table 2),
suggesting thdb variations with irradiance are plausible. Such phenomena could occur since
RubisCO carbon fixation is directly dependent of irradiance (via electron transport chain) but
not that of PEPc. Thu$, could be higher at low compared to high irradiance. However, to the
best of our knowledge, such hypothesis was not directly tested yet. This possibility was
mentioned by Von Caemmerer and Evans (1991) and Lébyal. (1992), but the authors
concluded in favour of a constatht Von Caemmerer and Evans (1991) cited estimatigh of
at low light being of the same range as in high light and L&iyal. (1992) concluded that the
variations ofb needed was very unlikely because too large (from 20 to 35aCfous) to
fully explain the variations of *C attributed tog,. Nevertheless, there is a real need to
estimate# with independent methods. At the moment, only estimations via RubisCO and
PEPCc activities are used to assess the relative part of carbon fixed by each enzyme, but we
donOt know if maximum activities can be systematically related to the effective amount of

carbon fixed.
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Figure 7: We tested the hypothesis of a stajleand calculated the variations of each parametedeteéo
obtain the samé*C as observed with a constapt across irradiance variations, for each parametem(the
top to the bottomb, f, e, Ry and" *). Left panels (filled circles) indicate measurement under 2%%n@ right
panels (empty circles) indicate measurement under 1% D@ata were recorded oEucalyptus sieberii
(unpublished).g,, was calculated with the isotopic method from measiemts performed with a calibrated
TDLAS, using the standard parameterization described in Table 3, éXze§8.7 and 1.8 mol mol* under

21% and 1% @ respectively. Each point is an average of threasmeements taken at 180s intervals.

Using the standard parameterization, we observedgthaicreased ~ two fold when
O, was switched to 1% £compared to 21% £OThere are only few data abagt variations
underchanged @ We can note that Flexas al. (2007) and Von Caemmerer and Evans
(1991) did not observe such variations while measugingvith online discrimination. We

then tested the hypothesis thatould change with £inducing an artefactual variation gf.
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In such a casdéy should increase by on average 44 at 1% (©=30.44 or 32.7& at 1000

and 600imol m 2 s* PFD, respectively) to compensate variationgpfsee Figure 9). Such
variations could happen if the rate of carboxylation by RubisCO is dependent of O
concentration (via the competing oxygenase activity) but not that of PEPc. In that case, we
can expect an increaselofvia a decrease df with decreasing Q. A value ofb=30.5& can

be easily reached with realistic valuesgand ! (Figure 8).

|
Figure 8: Values ob, fractionation during carboxylation according lg (fractionation by RubisCO) varying
from 274 to 324 and ! (relative amount of carbon fixed by PEPc) from 0 to 0.15 (corresponding to 0% and
15%). Each value df was computed frorb=hs(1-! )+b,! (Farquhar and Richards, 1984) and is shown on each
continuous line, withb,=-5.7. The range obs; values was set according to McNewhal (2007) based on
estimations of purified RubisCO discrimination in wild-type tobacco and spinach. The rangepafdsponds to
extremes SDs given by the authors, calculated with respect to gasegudt@Orange of corresponds to
lowest (0%, no carbon fixed by PEPc) and highest values found in the literature (0.13 fremahNul985

estimated from ratio of RubisCO and PEPc activities).

On the other hand, high values like 31.5a4 and 32.7& are unlikely to happen, or
would require both very highs and low! (Figure 8). Moreover, this hypothesis also requires

thatb is influenced by irradiance, regarding the increase and then the decrease of recalculated
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b with increasing PFD (Figure 9). Regarding these results, it appears unlikely ¢batd

vary with G with an intensity such as to fully explain variationgjaf

Figure 9: On the left panel, values of mesophyll dimtance estimated from online discrimination with a
calibrated TDLAS (unpublished data) under varying irradiance for a plabtaclyptus sieberjiunder 21% @
(filled circles) and 1% @(empty circles). We used the standard parametanizaescribed in Table 3, except
| *=38.7 and 1.88 mol mol* under 21% and 1% Qrespectively.

On the right panel, we calculated for each PFD the variatidnrefeded to havg, does not increase with,O

Each point is an average of three measurements taken at 180s intervals.

Could b bechanged by ozone fumigation?

It has been recognised that exposing plants to ozonrg f(fhigation decreases
photognthesis and plant growth. Biochemical modifications occur a few days after starting
the Q@ exposure, with generally a decrease of photosynthesis, photorespiration (assessed by
gas exchange) and RubisCO activity, with a concomitant increase of PEPc activity
(Dizengremel, 2001). These results were confirmed in poplar pRogailus tremula Mich x.
Populus alba L. clone INRA 717-1B4) exposed to 120 ppldd® 13 hours / day. After 14
days of exposure, photosynthesis decreased by 20-40%, photorespiration by 50% compared to
control plants, and the PEPc/RubisCO ratio of total activities increased from 0.1 to 0.3
(Bagard et al., 2008). If the PEPc/RubisCO ratio of total activities can be related to the
relative amount of carbon fixed by each enzyme, then it can be used as a proxy"for the
parameter in the discrimination model. We can note that the value of 0.1 for control plants
corresponds to the value '0et in (Farquhar and Richards, 1984). To test if 0ozone exposure

could changé, we measured the onling'*C of control and ozone exposed plants of poplar,
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using the protocol described by Bagatdl. (2008). After 14 days of ozone exposure to 120
ppb (control plants exposed to air <10ppb), the assimilation rate was decreased from 20 to 15
Imol m? s* (25 % decrease). For the two plants presenting g8, G~0.5) ! °C was
unchanged between control and ozone exposed plants, but for Ci/Ca*30.®as 24 lower

in ozone exposed compared to control plants (Figure 10).

Figure 10: Online discrimination againSCO, versus ¢/ C, ratio measured for four control plants (empty
symbols) and four ozone exposed plants (filled symbols) of poplapulus deltoides x nigyaeach symbol
denotes a different plant. G@ntering the photosynthesis chamber was varied #6fto 950 mol mol™* to

obtain G/C, variations under an irradiance of 550-6566ol photons it s1. Ozone fumigation was set at
120ppb for 13 hours / day during 14 days before starting measurements while air for control plants was usually
<10ppb.

A decrease of **C can be due to a decreasaygfor b, or both since the influence of
(photo)respiration (rate and associated fractionation factors) remains unchanged. Under the
first hypothesis, withh set at 304 and not affected by ozone exposugggwas on average
50% lower than in control plants, decreasing from 0.2 to 0.1 niblsth Under the second

hypothesis, we consideregl, to remain unaffected by exposure to ozone, and usedithe
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response to dneasured in control plants to calculatg.dor plant exposed to ozone. Then,

we adjustedb and results wer®=27.6, 24.8, 21.2 and 22.1a for K5, K6, K7 and K8,
respectively (plants shown in Figure 10). A low b value like 214, bgr30&, means a value

of I of ~0.25. This is very close to the value estimated by Bagaral. (2008) with total
enzyme activities!€0.3). These first results suggest that the parameteould potentially

vary due to ozone exposure. This could be useful to better understand its influence in the
discrimination during photosynthesis, other than using simulation. Nevertheless, confirmatory
studies must be carried out to strengthen this hypothesis. Because of the inextricable
dependence df andg, estimation using th&'*C method, a second approach to estingate

could be a useful solution. Carrying out studies with simultaneously online discrimination and

chlorophyll fluorescence methods appear to be a very promising approach for future studies.

Importance of non-photorespiratory decarboxylatioa:and R
Fractionation during respiration other than from photorespiratig)) §8-called Oday

respirationO, has only a small influence on the estimatiognofas highlighted by the
sensitivity analysis. Using the standard parameterization (Table 3) and chapdmgR to
2 Imol m? s* affectedgy, by only 1% (see Figure 6). Even with extreme valuds, bbr #*,
R4 has a small influence. An exception was whenaRd e varied together. Witle=-154,
increasing R decreasedy, by 0.1 mol nf s® (20%) and where=+154, enhanced R
increasedgy, by 0.15 mol rif s* (35%). This close relationship is obviously induced by the
e*Ry factor in the equation. The parameter has a larger effect gn estimation than R
Variation between extreme values=(15 and +154) changed, by almost 0.1 mol ifis*
(i.,e 30% variation). This effect is larger whénl5a& or b=264 is used (60% or 100%
increase compared to the standard parameterization, respectively).

It has been reported th&°C of respired C@could change with leaf temperature and
by maintaining the leaf under prolonged darkness (Tchexkak 2003). These variations are
mainly caused by a change of respiratory substrate, with decarboxylation of sucrose resulting
in enriched respired GQand that of lipids or proteins resulting in depleted respired. CO
Such changes could impatt®C recorded during photosynthesis, and should be included in
the discrimination model via the parameter. This is the same rationale as (Wingfadé,
2007) who considered that if t1$°C of source C@during the experiment is different from
tha during growth, then the respired €®ould be affected because of a mix between freshly
synthesised and older carbon pool. We tested the possibility that such changes in isotopic

signature of respired GQduring an experiment could give rise to artefactual short-term
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variationsgn. We estimated that would have to change from ~3& to 25-304 under 21%

O,, and from ~3& to 154 under 1% Q with decreasing irradiance to negate the computed
variation of gn. Values ofe for 21% Q are clearly out of the range found in the literature for
darkened leaves. Under 1%,Qhe values oé are within the range found in the literature (for
darkened leaves), except if we consider estimations based on sucrose as respiratory substrate
(thene=2-54). If we now compare to recent estimationseofluring the light periodek14,
Tcherkezet al., 2011; Tcherkeet al., 2010), these variations efare even more unlikely.
However, such rapid variations would need large change of the respiratory substrate during
the experiment but this phenomenon remains very unlikely due to the constant temperature
used in our experiment, and the fact that carbohydrate starvation probably did not occur. This
clearly shows that potential changeseotannot lead to the short-term responsepto
irradiance. We then considered that using values ofose to O for estimating mesophyll
conductance is probably adapted. It is the same story4fofdrfully explain the change in

gm, Rs would have to increase up to 8ol m? s* under 21% @ which is not possible.

Unde 1% O, Rq would have to increase to 2.2 and Yl m? s* at 600 and 200mol m?

s, respectively. These values are far higher than values reported in the literature. Moreover,
there is no study observing increasing R such proportions, with decreasing irradiance
(between 1000 and 20@nol m ? s%). We conclude that ReanOt explain short-term variations

of gn under either 21% or 1%0

Importance of photorespiration: f and *
The fractionation during photorespiration, noteds the second most influential

parameter in the estimation gf, according to the sensitivity analysis (Figure 4). Enhaced
increases the value of,, with g lowered by 20% whefr0a and increased by 30% when
f=15a (Figure 7). In terms of absolute values this represents a chargehyf 0.3 mol nf s

L with f varying from 0 to 154 for b=304, but for b=264 g, changed by0.5 mol m? s*
(highe sensitivity ofgn, to f with low b). Comparatively,!* has only a small effect on the
estimation ofg,, with variations remaining 0.05 molf1s* when!* varies between 35 and
50 !'mol mol™. There is a larger effect wifk154, with g, varied by 0.1 'mol mot.

Changes inf are unlikely to explaimy, variations with irradiance, with respect to the
large range of values needed (Figuref@hould switch from 11& under high irradiance up
to 26a under low irradiance (21% £), which is double recent estimates (Lanigdral.,
2008; Tcherkez, 2006). Moreover, it has been never suggested tmatld vary with

irradiance. We found a very large value, witti50a at 1% O,, clearly a computation
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consequence, regarding of the 16#(1.85 !mol mol™) associated with. To account for
variation ingy, at low irradiance!* would have to increase to 6ol mol™* (compared to
38.7)at 21% Q and 25!mol mol™* (compared to 1.85) at 1%,OThis represents very large
increases compared to the value under high irradiance, and*sneflects RubisCO affinity
for CO,/O,, it is not likely to vary with @ This evidence that neither variations!df or f

could explaingy, variations with irradiance.

Concluding remarks
In this analysis we first performed comparisons of th&C/W; relationship among

several species and functional groups using an integrated sigh&ifecorded from bulk
leaf material. We observed th&t°C can be used as an estimator of, Wt that the
relationship changes between species and with the source of variation (i.e. light, water
availability or genetic). In other words, variations"dfC are related to variations of;Wut
it is not possible to estimate the absolute values;offitls can be easily explained by the fact
tha (i) the" **C signal from bulk is influenced by t#&°C and the proportion of the different
leaf components, and th#3C and the proportion of each component can vary between
species and by the treatment used, and (ii) the use of the simple model of discrimination
ignore important parameters likg,. The second observation explored the systematic shift
between observet*C and" **C predicted by the simple form of the discrimination model
(Eq. 1). This shift was also observed using online discrimination, which avoids differences of
time integration betweeh'*C and W, and the problem with leaf composition. This highlights
the importance to account mesophyll conductance and respiratory components described in
the fully developed model of discrimination to correctly interpré€ information.

In the second part, we focused our attention on the fully develop€dnodel, and its
use to derive mesophyll conductance. A sensitivity analysis highlighted the importance of the
b parameter to obtain absolute valuespf\oreoverb appeared to be a critical parameter in
the assessment of rapid variationsggf (within minutes), there is thus a pressing need to
determine ifb can effectively vary with changes in environmental variations or not. We also
showed that b variations could happen during riations or ozone fumigation.
Nevertheless, the direct inter-relationship betwggand b in the' *C model prevents a clear
undersanding of their specific variations, since one must be fixed to estimate the other.
Chlorophyll fluorescence method could be used as a second approach to egjimaieck

only estimations of Rand!* are shared parameters with the two approaches (eXcaptl
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Ci, but these latter can be considered as known parameters, not estimated), and the
assumptions inferred from the biochemical model of photosynthesis of Farquhar and
colleagues. The estimations gf is also sensitive to values bfbut less so than fob.
Following the last estimationglies around 10-114. A slight under or over-estimation (by 1-

28) of f will not have a large consequence for estimateg,@&nd using !114 should not

strongly misleady, estimations. Foe, only using extreme coupled to highh Rould strongly

affect g, estimation. There an increasing body of evidence that respireds@@ly slightly
depleted € close to 1&), and as fof, even if this value is biased by a few per mil, it will not
affect g, estimation. It appeared that estimategpfrom ! **C are not very sensitive togR

and "* values, thus, the slight errors inferred by the use of the OLaisk methodO should not
have a large impact on tigg estimate. Finally, we estimated that short-term variation, of

are unlikely to be artifactual because of rapid variations of any parameter of the respiratory
component. An independent approach is now needed to confirm previous results. Measuring
simultaneously both leaf discrimination and chlorophyll fluorescence seems to be an

attractive solution, since in the second method is not based on fractionation approaches.
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CHAPTER II

Mesophyll conductance to CQ, assessed from on-line TDL-AS
records of°*CO, discrimination, displays small but significant
short term responses to CQ and irradiance in Eucalypt seedlings.
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ABSTRACT

Mesophyll conductancegg) is now recognized as an important limiting process for
photoynthesis, as it results in a significant decrease of @Gi@usion from sub-stomatal
cavities where water evaporation occurs, to chloroplast stroma. Over the past decade, an
increasing number of studies proposed thatan vary in the short-time (e.g. minutes), but
these variations are still under controversy, especially those potentially induced by changing
CO, and irradiance. In this study we presgptiata estimated with on-liféC discrimination
recorded with a tunable diode laser absorption spectrometer (TDL-AS) during leaf gas
exchange measurements, and based on the single point method. The data were obtained with
three Eucalyptus species. We observed a 50% decreagg when CQ mole fraction was
increased from 300 to 90@umol mol*, and a 60% increase when irradiance was increased
from 200 to 1100 umol m? s'PPFD. We also estimated the relative contribution of
respiration and photorespiration to over&C discrimination. Not taking this contribution

into account may lead to a 50% underestimatiomg,pbut had little effect on the GCGand
irradiance induced changes. As a conclusion, we state that (i) the observed respgnses of

CO, and irradiance were not artefactual, (ii) the respiratory term is important to assess
absolute values ofy, but has no impact on the responses to, @@d PPFD; and (iii)
increasing irradiance and reducing £@ole fraction results in rapid increases of mesophyll

conductance ifcucalyptseedlings.
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INTRODUCTION

During photosynthesis, CQliffuses from the atmosphere (at a mole fractight@
the sites of carboxylation ( inside the chloroplasts (Farqutetral., 1980; Gaastra, 1959).
CO, crosses the leaf boundary layer and traverses stomatal pores into the sub-stomatal cavity.
CO, then diffuses through the gas phase between mesophyll cells before reaching cell walls,
where it is solubilised. In the liquid phase, €€osses the plasma membrane, the cytosol and
finally the chloroplast membranes to reach the sites of carboxylation in the chloroplast
stroma. Most of the carboxylation is by Rubisco while a small fraction (estimated at 5%) is by
phosphoenolpyruvate carboxylase (PEPc) in the cytosol. The mesophyll conductange to CO
(gm) represents the conductance from the sub-stomatal cavities at a mole fractmnh€

sites of carboxylation, and includes gas and liquid phase transfer.

In early leaf photosynthesis modedg, was considered to be infinite. This was
an explicit assumption in the original formulation of FarquharOs model mficfosynthesis.
However, many subsequent studies showed that there was a difference betveeeh @
suggesting that, might be finite (Evanst al., 1986; Lloydet al., 1992) and that it affects
estimation and interpretation of photoynthetic parameters like the maximal carboxylation
activity of RubisCO Ycmay Or the maximal light-driven electron flux{.y) (Epronet al,
1995; Niinemetst al., 2009a)gn, can limit the rate of photosynthesis by 25-30% (Ep@bn
al., 1995) and this limitation may be as large as stomatal conductance @Elexa2007c;
Warren and Adams, 2006). The rangeggfvariation among species is similar to that of
stomatal conductance, from 0.005 up to 0.5 m&l sn (see the reviews by Evans and Von
Caemmerer, 1996 and Flexatsal., 2008), with higly, occurring in herbaceous annuals and
lower values in evergreen gymnosperngs, is apparently influenced by leaf traits like
thickness, tissue density (and therefore leaf dry mass per unitLdiéa,see Flexas et al.,
2008 and Niinemetst al., 2009b, for meta analyses), cell wall thickness or the proportion of
gaseous versus liquid mesophyll phases (Eeaas 2009; Piekt al, 2002; Terashimat al,
2006). Such morphological leaf properties would confer stgblm the short term (e.g., a

few days).

Since the early 90Qg, was shown to be affected by environmental factors. At first,
changes were thought to be rather long-term changes like for instance the decline induced by
leaf ageing (Scartazad al, 1998), by a gradual drought stress (Cosatial, 1989; Roupsard
et al., 1996; Warren, 2008b), or by salinity (Bongi and Loreto, 1989). More recently, short
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term changes were shown to occur in response to temperature (Beetadch?2002; Pons

and Welschen, 2003; Warren, 2008a; Warren and Dreyer, 2006). Similarly rapid responses of
Om (at the minutes scale) were reported to occur under varyingn®@ fraction. A review

by Flexas et al. (2008) reported thgt decreases with increasing €@lata from Harleyet

al.,, 1992, During, 2003 and Flexas et al.,, 2007b). This pattern was also observed by
Hassiotou et al. (2009) among sevBanksia species, by Vrabl et al. (2009)Heelianthus

annus, and by Bunce (2010) @lycine max and®’haseolus vulgaris. Tazoe et al. (2011)
recently observed the same decreasing pattern among three species with contrasting
photosynthetic capacities. Only a few studies have tested the rapid respoggetoof
irradiance. Flexa®t al. (2008) reported an increasegaf with increasing irradiance (data

from Gorton et al., 2003 and Flexas et al., 2007b).

Nevertheless, there is still no consensus about the reality of such rapid respgpses of
to CO, and irradiance. Several studies repoggdo be stable in response to changes in CO
(Loreto et al., 1992; Tazoet al., 2009; Von Caemmerer and Evans, 1991) and irradiance
(Tazoe et al., 2009; Yamoret al.,, 2010). Some of the discrepancy may be due to
measurement accuracy and/or artefacts. This can be true with the two main methods used to
estimateg: the fluorescence/gas exchange technique (Late#d., 1992) and the isotopic
discrimination method (Poret al, 2009). One of the complications with the isotopic method,
which we used here, is that the contribution'i discrimination during respiration and
photorespiration needs to be taken into account (see model description below). Some studies
have ignored discrimination during respiration and photorespiration (F&txal, 2007b,
2007c ; Vrabl et a).2009), or approximated respiration in the light by that in the dark (Tazoe
et al., 2009, 2011). The fractionation factors associated with respiration and photorespiration
can be taken into consideration using recent estimates (Laeigan 2008). An alternate
approach is to limit the impact of fractionation during photorespiration by using lowte

measurement atmosphere (Tazdial., 2009).

To date, there is no consensus regarding whethegsponds rapidly to irradiance and
CO, mole fraction, despite the importance of this for interpreting responses of photosynthesis
to environmental variables. The aim of this research was to assess whether short-term
variations ofgm occur in response to changes in irradiance and i@Qle fraction. Rapid
response ofy, was assessed by recording onfif@0; discrimination during photosynthesis
with a custom built photosynthesis chamber adapted to a LI-COR 6400, and coupled to a

TDL-AS (or tunable diode laser absorption spectrometer). To examine the ubiquity of
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responses we used three specidsugfalyptus with differing rates of photosynthesis, and took
into consideration the respiratory term of on-lffi@ discrimination to reinforce our findings.
Measurements were domn species with contrasting photosynthetic capacity to check
whethergy, variability is species-dependent and hgwis related toA andgs within and

among species.
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MATERIAL & METHODS
Plant material

We used three species in the geBusalyptusE. globulus Labill. E. salignaSm. and
E. sieberiL. A. S. Johnson. Plants were grown for 4 months in a naturally-illuminated
greenhouse at an average daily temperature ¢C28 8L pots filled with compost-based
substrate. They were watered with automatic drip irrigation. At the time of the experiment

they were ~60 cm high.
Gas exchange measurements

We measured the response of net @similation rateA, pmol m? s to variations
in sub-stomatal C®mole fraction (§ and photosynthetic photon flux density (PPkiol
m? s%) in each of four replicate plants of the three species, for each treatment (e.g. 2
treatments x 3 species x 4 replicates = 24 plants). All measurements were made on the
youngest fully expanded leaves. Plants were transferred from the greenhouse to the laboratory
at 28C. To assess simultaneously photosynthesis and discrimination dd@stve used a
LI-6400 portable gas exchange system (LI-COR, Lincoln, NE, USA) equipped with a custom
built chamber of 18 cfnand coupled to a TDL-AS (TGA100A, Campbell Scientific, Logan,
UT, USA).

Before measurements, leaves were exposed to [ i®@0m? s* PPFD and 400mol
CO, mol * for 30 minutes to induce photosynthesis and stomatal openingteS@nses of
photognthesis were measured under a constant PPFD of if@eDm? s* while CG mole
fraction for the reference gaseJ@vas sequentially set at 300, 500, 700 and 286! mol™.
PPFD response at 200, 500, 800 and 1j1®@| m* s*were measured under a constant,CO
mole fraction of 400 pmol mal. During each step of the GOr PPFD responses, we waited
at least 20 minutes foh andgs to reach a steady-state, and recorded three individual points
separated by 180 s. Each set of three individual data points was averaged to characterize the
response at one step in the response curve. The standard error of the three individual points

was used to assess the analytical variability.

Air flow into the chamber was set at 4Qénol s*, and leaf temperature at %5
Irradiance was provided by a LI-COR RGB light source (6400-18, LI-COR-0128), which
covered the entire chamber surface. A sub-sample of air from the sample and reference gas
lines of the LI-6400 was diverted to the TDL-AS. The TDL-AS measured sequentially gas

44



from two calibration tanks, the LI-6400 reference gas and finally the LI-6400 sample gas.
Each intake was measured for 45 s, with the first 15 s ignored to minimise carryover and
enable stabilisation between intakes. The total time for a sequence of measurements was
therefore 180 s.

The TDL-AS gas was connected through a OTO tubing to the reference tube of the LI-
6400 between the console and the IRGA. In the same way, the TDL-AS intake of sample gas
was connected in-between the LI-6400 chamber exhaust. The TDL-AS was set to
continuously withdraw 150 mL mih(~102pmol s*) from each of the sample and reference
fluxes of the LI-6400. This withdrawal of air was much smaller than the flow through the LI-
6400 chamber, which means that the TDL-AS could sample air from the LI-6400 while
maintaining a positive pressure in the LI-6400 chamber. Existence of a positive pressure
inside the LI-6400 chamber was checked through the curvature of the propafilm covering the
top of the chamber. We matched TDL-AS with LI-6400 data by taking into account the time
lag of 37 s that was recorded between the chamber and the TDL-AS. The TDL-AS data were
only used to record the isotopic composition of the reference and sample gas while all

photosynthesis parameters were estimated from the LI-6400 data.

Isotopic measurements and system testing

Discrimination by a leaf was assessed by measuring isotopic composition in reference

(! *C,, &) and sample gas!(*3C,, &). The isotopic composition!(**C) was expressed as:

whereRs is the isotopic ratioR="CO,/*?C0O,) of the sample anByppg is the isotopic ratio of
Vienna Pee Dee Belemnite (VPDB, 0.0112372).

The TDL-AS was calibrated with two tanks (T1 and T2) with,@0Oncentrations of
respectively 419 + 10 and 290 #rfiol mol* (mean + Cl) given by the provider and checked
with a recently factory-calibrated LI-8100 IRGA (LI-COR, Lincoln, NE, USA). Isotopic
composition of the each tank was measured by sampling air into 12-mL exetainers (Labco
Limited, Buckinghamshire, UK) and analysed via the gas-bench inlet of an IRMS (Delta S,
Finningan, Bremen) at INRA Nancy (n= 10 exetainers / tank). For T1 and*twas -36.6
+ 0.084 and -36.9 + 0.24 (mean + § n=10), respectively. Absolute values'd€0, and
13C0O, were respectively 414.51 and 4.4&¥l mol™ for T1 and 286.89 and 3.10ol mol
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! for T2, considering the GQmole fraction indicated by the provider took into consideration
both isotopologues. A linear interpolation was used between these two points for each
isotopologue. For further calibration, we generated a range pfrie@ fractions of 200, 300,
500,700, 1000, 1500 and 20@®nol mol* using the C@injector of the LI-6400 fed with the
same CQ cartridge during the whole test. €@ole fractions above the calibration range led

to a small deviation of +2.54. We fitted a second order polynom to describe the deviation of
apparent! °C from reference values measured at3D0 !'mol mol® (because in the
calibration range) along the extended Génge (+*C=0.000007[C@*0.0035[CQ]-5.2922;

R = 0.92,n=140. We corrected all TDL-AS values and obtained a stabfe signal along

the extended C®mole fraction range.

The noise of the system was assessed by observing the standard de\jatibh'{s
values within each COstep. We observed an averageo$0.16 & for ! **C(n=21). These
values were used for the computation of the standard deviation of the observed discrimination

by the leaf (§' ons S€€ beElow).

Figure 1: Boxplots of the difference Int°C
between outlet and inlet of the 18 Tm
chamber for (i) an empty chamber with inlet
air CG, varying from 200 to 100Qumol
mole* (n=10); (i) the whole set of
measurements under varying [9{0]
concentrations (300 to 90@mol mole?),
n=40; (iii) the whole set of measurements
under varying PPFD (from 200 up to 1100
pmol m? s%), n=40. The middle line
represents the median, upper and lower box
limit the 75% and 25% quatrtiles,

respectively, and whiskers the extreme value.

Finally we used the empty photosynthesis chamber to test the absenc&C of
difference between inlet and outlet that might be caused by leaks and/er CO
adsorption/desorption processes. We observed that ‘i@ - ! *°C, difference was stable
along the CQ mole fraction range used during the test, and confirmed that the empty chamber

did not affect isotopic composition of the air (i.e. leaks and, @@sorption/desorption
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processes were negligible). The obserV&e.-! *C, difference was much smaller than the
1 3C difference recorded during actual measurements (Figure 1), although under specific
conditions (low photosynthesis) the two could overlap. A data filtering procedure was

therefore implemented (see below).

Model description

The observed discriminatiof p9 is usually calculated following Evaesal. (1986):

~ #$Co %$°Co)
%S 1000+ $Co Yt $°Co %$°Co)

(eq. 1)

where:

(eq. 2)

# is the ratio of C@entering the chamber over the £fdawdown induced by the leaf.

" is the result of discrimination by diffusion processes during @0vement from
atmosphere to the chloroplast, and biochemical fractionation during carboxylation processes.
Each fractionation step is characterized by a fractionation factor (due to diffusion or
biochemistry) weighted by the gradient of concentration. In the complete' fisrpredicted
by (Evans et al., 1986):

(eq. 3)

where:

¥ ais the fractionation during CQOdiffusion in the boundary layer (2.9a, Farquhar,
1980);

¥ a isthe fractionation during CQdiffusion in air through stomata into the leaf (4.44,
OOkary, 1981):

¥ esis the fractionation occurring when € dissolved in the cell solution (1.14 at 25
iC, OOkary, 1981);
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¥ a isthe fractionation during CQuiffusion in the liquid phase (0.74, OOLeary, 1981);

¥ bis the discrimination during carboxylation, and is depending on fractionation by both
ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubis0,=30 &) and
phosphoengyruvate carboxylase (PER®,= -5.74),

bis computed ad = (1-") bz- "by (eq. 4)

where " (between 0.05 and 0.1) is the relative amount of carbon fixed by PEPc
(Farguhar and Richards, 1984). In our experiment we used a vdie@&4, i.e., a "
value of 0.055.

¥ f denotes overall discrimination during photorespiration. The valuewas set at
114, according to the theoretical approach of Tcherkez (2006), which was confirmed
later by Lanigaret al. (2008);

¥ e denotes overall fractionation during day respiration relative to photosynthetic
products (R, and can vary between -10 and +10 (Ghashgitaé, 2003)e was set

at 14 before correction following Wingatet al. (2007);
¥ ks the carboxylation efficiency computed as (Farqehat., 1982);
k=(A+R) / (G-1*) (eq. 5)

¥ I/*is the CQ compensation point in the absence of day respiration (Brooks and
Farquhar, 1985).

The estimation ofy, is based on the difference between the observed discrimination by
the leaf (' on9 and the discrimination predicted from the simplified form of the model

(") in which decarboxylation terms are ignored apds considered to be infinite

"= a+(b#a)% (eq. 6)

a

With this Osingle point methodO first developed by ldbgt (1992) and recently described
by Pons et al. (2009),gcan be estimated from a single valué gf
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__ (b"e"a)AC,
On = ) eR /k+ f$* (eq. 7)
i ob C

a

Model parameters

We estimatedRy and!* with the OLaisk methodO (Vét al., 1977) for the three
species, i.e., from the intersection of three Ac@ves recorded at PPFDs of 100, 50 and 25
Imol photon nf s* and G of 125, 100 and 50nol mol™*. The OLaisk methodO provides C
- or OapparentO gEbmpensation point in the absence of day respiration (Von Caemenerer
al., 1994), and was used as a proxy*oBecause these measurements are sensitive to errors
due to CQ leak diffusion (lowA and low G compared to the atmosphere), we estimated the
potential CO, leaks due to diffusion though chamber gaskets (Fletasl., 2007a;
Rodeghiero et al., 2007). We computed a diffusion coefficient of the gaskets with the
procedure provided in the user manual of LI-COR, and found a value of/h®88™ (while
it usually is 0.46 for smaller 6 énchambers). This correction was incorporated into all gas
exchange computations used t6rand Ry estimations. The computed values!of did not
differ between species, so we used the mEaB8.7 + 0.51 pmol mol*, n=13)as a common
value for the three species. HarglobulusE. salignaandE. sieberj Ry was 0.41 = 0.09, 0.31
+ 0.09 ad 0.68 + 0.01imol m?s™?, respectively.

As the isotopic signature of the reference gas provided by cartridges differed from that
used by the leaves for earlier photosynthesisas replaced bgO=e +**Cianc" “*Catmosphere
(Wingate et al, 2007):*°C in the cartridge was measured with the TDL-AS at the chamber
inlet. In our case, the LI-6400 was fed with compressed @f@tridges witH' *Cian varying
between -14 and -44 except for two cartridges with **Cian=-194. €O therefore varied

between +4& and +6&, except for two plants where it was -114a.

C., the CQ concentration at the site of carboxylation was calculated from FickOs Law

c.=C" A (eq. 9)

Finally, we calculated the total leaf conductance to, G&lowing Ball (1988),

assuming resistances in series as:
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1

gt:i-'-i

gSC gm

(eq. 10)

where the stomatal conductance to, @0 = g:w/1.6.

Propagation of uncertainty from measurement td calculation and data
filtering
We estimated the uncertainty (standard deviation),gfdue to the finite precision of
"3C measurements. This was achieved by propagating uncertainty (standard deviations) of

"13C, and "3C, through the equations estimating,s(see Appendix | for details):

Sd - ?#\/Sgliﬁez + S@l%oz + 1+ \/Sglxoz CVO#\/SQHSCeZ + Sq!13C02 ?|.u (eq 11)
obs #($13C0 0/0$13Ce) 1+ $13C0 0/0#($€|.3Co 0/0$13Ce) ;\!— obs

The propagated uncertainty linps (i.e., sdlopg) Was used as the basis for a filter to remove
unrdiable estimates of ., Computation ofg,, is based on the difference betwedenand

Fobs(i.€, 1i-! obg , thus we reasoned thgt, estimates would be unreliable if the difference
between! i-! ops Was smaller than $ehs Consequently we rejected all values whieggs +

Sd, obs>! 1. We applied this filter to the individual points in the data set, rejecting 33 among

238 points
Statistical analyses

All statistical analyses were performed with R (R Development Core Team 2010,

http://www.R-project.orly Mixed-effect linear models were run to assess species and

treatment effects oA, gs, gm, ! i-! , Cc and the EC,; drawdownas shown in Table 1. For the

CO, treatment, OspeciesO (as a factor) ar@ @€ a covariate) were incorporated into the
mode as fixed effects, and Oindividual within speciesO as a random effect. For variations of
C. and the &C.; drawdown, we used @&s covariate. For PPFD treatment, species and PPFD
were set as factors. Normality and heteroscedasticity were graphically checked with QQ-
plots. In case of heteroscedastic data we weighted the mean as a function of the variance. In
case of non-normal distribution, variables were log-transformed. spkeies xtreatment
interaction was tested for each procedure, and was removed from the model when not
significant. In the absence of interaction, we performed comparison of the intercepts to assess

differences between species. In the case of interaction, slope comparisons were performed to
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test if species response differed from each other. Significance was acceptl0t. We
used mean least squares regression to assess the correlation between V@&tiaiie

value).
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RESULTS
Variation of g, under changing G

CO, mole fraction was changed in the air entering the chamber in three steps from 300

to 900 pmol.mol™, inducing a range of@om 185 to 745umol mol™. Net CQ assimilation

1 while

rate (A) was positively related to; @nd varied between 3 and {ifiol mol?s
stomatal conductance to water vapogd) (was negatively related to; @nd varied between
0.02 and 0.8 mol it s* (Figure 2).E. sieberihad significantly highe’A andgs than E.

globulus and E. saligna (t-test P<0.05, Figure 2).

Figure 2: Relationships between £@ole fraction in the substomatal cavities) (@d (A) net CQassimilation
rate @), (B) stomatal conductance to water vapou}, (@) difference between predicted and measurgdpso
discrimination [;-! ) and (D), mesophyll conductance,JgE globulusin black, E. salignain grey, andE.
sieberiin white. SE is provided by the average of 3 measurements taken at 180 s intervals. Measurements were

made at four levels of n 4 plants per species, and were filtered againisy values of *Ce- "**C..
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Table 1: Mixed effects model fdk, g, g and! i-! . SpeciesC, and G or PPFD effects were incorporated into the moddixasl effects, andndividual plant as a random
effect. In case of heteroscedastic data the mean was weighted as a function of the varianesd=Grdegree of freedondf) was 1, for PPFRIf=3, and forspeciesdf=2.

Significant valuesf<0.05) in bold.

= Ca PPFD
A gS gm I|" C:c CI B Cc A gs gm I|'I CC CI B Cc

F 168.11 38.82 18.67 3.70 165.01 102.90 86.01 34.23 6.41 NS NS NS
Variable

P <0.001 <0.001 <0.001 (0.06) <0.001 <0.001 0.001 <0.001 0.002 NS NS NS

F 13.31 26.33 10.11 6.36 4.64 7.65 14.65 (2.91) NS NS NS NS

Species

P 0.002 <0.001 0.006 0.02 0.045 0.013 <0.01 (0.10) NS NS NS NS

F 3.05 NS 3.44 NS 5.84 3.72 14.88 4.55 NS NS NS NS
Interaction

P (0.06) NS 0.047 NS 0.008 0.038 <0.001 0.002 NS NS NS NS
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The difference betweernC, and! **C, decreased with increasing (@ata not
shown). Among all species,qps varied between 124 and 228 and was positively
correlated to @C, (RP=0.79, P<0.001,data not shown). The difference between
calculated with infiniteg,, and no respiratory term (simple model) and obsefved

(" #" obg varied between 3 and 7& but showed no clear trend witfFgure 2, Table
1).

Mesophyll conductancegf) computed by taking into account the respiratory
component of discrimination varied from 0.025 to 0.55 mdlsh (Figure 2).gn was
larger InE. sieberi than in the other two species (t-tesf).05).gn was affected by C
(Table 1), and decreased wheniri€reased. Post-hoc tests revealed Ehaglobulus
andE. saligna displayed)-C; slopes significantly different from zero. E sieberi,
three individuals out of four showed a clear negative pattern wherci€ased, but
not the fourth. The relationship betwegh andgswas significant among all species
(RP=0.54, P<0.001),and within E. globulus ancE. saligna when treated separately

(data not shown).

Figure 3: Left: CQ mole fraction in the substomatal cavities, (@sks) and at carboxylation sites.(C
triangles) as a function of,CThe dashed grey line is the 1:1 relationship. RiGhC.drawdown as a
function of G. Each point represents the mean of 1-3 analytichsurement meah SE, withE.

globulusin black,E. salignain grey, ancE. sieberiin white.
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C. and the GC. drawdown were as expected severely affected poff &ble 1). The
Ci-C. drawdown was around §0mol mol*at G=200umol mol* and increased up to
200at G= 900 (Figure 3). When tested individually, all slopes of the responses of C

and G-C; to G where different from zero.

Variation of g, with changing irradiance

A andgs increased significantly with irradiance (Table Aandgs were larger
in E. sieberithan in the two other species (see Figure 4, t#e$1.05). In each
species,gs increased significantly from 200 to 50mol m? s® PPFD, and then
stabilised (figure 4)A andgs were positively correlated, all species treated together
(Figure 5C,R?=0.76,P<0.001).Across the range of irradiancie,ps varied between
114 and 20& and was positively correlated with/C, (RP=0.74,P<0.001,data not
shown).! ;- ops varied between 3 and 9 & but was not affected by irradiance nor by

species (Table 1, Figure 4).

Figure 4. (A) Net CQ@ assimilation rate A), (B) stomatal conductance to water vapogy), ((C)

difference between predicted and measured isotopic discriminatjdd) (D) mesophyll conductance
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(gm), (E) CQ mole fraction at carboxylation sitesf@nd (D) the €C.drawdown at 4 different levels
of PPFD. Meang SE (n=2-4 replicate plants), wita. globulusin black, E. salignain grey, andE.

sieberiin white.

Figure 5: Relationships between net C&3similation rateA) and (A) total leaf conductance to €0
(ai, black squares), (B) internal conductance to @f), grey squares) and (C) stomatal conductance to

CO; (gse White squares) under varying PPFD.

gm varied between 0.04 and 0.6 mol fhsf, and was positively related to
PPFD. As forgs, the response consisted of a significant increase between 200 and 500
pumol m? s* PPFD with a stabilisation above this threshaig. was positively
correlated with g (RP=0.36, p<0.001, data not shown) aAd(R*=0.49, p<0.001,
Figure 5B), among all species. We also detected signifideug, and gm-0s

relationships within each species (exceptdegn in E. saligna). !

Total leaf conductance to GQg) was strongly correlated t& (R?=0.83,
P<0.001)as shown in Figure 5A. Over the full set of irradiance valugsyat@ied
between 200 and 26@mol mol*, and the GC. drawdown between 40 and fifnol
mol™. None of these parameters displayed any variation with irradiance (Table 1), or

with species.
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DISCUSSION

This study provides support to recent evidence that mesophyll conductance
(gm) varies rapidly (within minutes) in response to environmental conditions. The
rapid responses were observed under two different sources of variationma@®
fraction and irradiance. In seedlings of thEaecalyptus species we found a modest
but significant decrease @f, with increasing C@ mole fraction, and a significant
increase with irradiance. The effect was visible in the three species irrespective of the

photosynthetic capacity.

Importance of the respiratory and photorespiratory terms in the
estimation of mesophyll conductance

The isotopic method estimaigs from the *CO, discrimination during
phobsynthesis by comparing observed values with those derived from a model based
predicting discrimination under infinite mesophyll conductance. This approach
requires a high precision in discrimination records, which is now achieved by
combining precise leaf gas exchange measurements with online TDL-AS records of
changes in**CO,/**CO, in the atmosphere around the leaf (see Pons et al, 2009;
Tazoe et al, 2011 for a discussion of the technique). One of the important problems
with this method is the fact that several discrimination steps during photosynthesis,
respiration, and photorespiration need be taken into account. In particular, a number
of earlier studies omitted the respiratory and photorespiratory terms (fdeghs
2007b; Vrablet al, 2009). Moreover, the responsegafwas affected by the fnole
fraction in the air, i.e., by the occurrence photorespiration during measurements: it

was visible only under low £YTazoeet al., 2011).

In the present study, we incorporated these two terms ingg tstimates
displayed in our results. Absolute values gf were up to 50% larger when these
terms were incorporated, and this enhancement was independent of the treatments
applied (Figure 6). We tested whether this potentially large change had an impact on
the observed effects of changing £@ole fraction in the air or irradiance: the
response ofg, to CQ, mole fraction and irradiance remained significant even when
the respiratory term was omitted (see table 2). We similarly tested the effects of

substituting e (fractionation during day respiration) arid(fractionation during
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photorespiration) with extreme valuds@a, e=-104, e= +10&). Despite the fact

that these changes resulted in significant differences of compptethay did not
result in any loss of significance of the observed effects of @@radiance (data not
shown). Vrabl et al. (2009) compareg, estimated with the fluorescence method
(which takes the respiratory terms implicitly into account) and with the isotopic
method (without taking it into account) and found the same rangg\alues and the
same negative response tp Our computations suggest that the respiratory terms can
be important in the estimation of the absolute valueg,pfbut have only little
influence on the observed €Or irradiance responses @f. The respiratory terms of
isotopic discrimination are unlikely responsible for the discrepancies among studies.
We omitted in this discussion to address the question of chaagangif during the

CO, and irradiance treatments: up to now, there is no reason to assume that these

values are not stable across the whole range of environmental conditions.

Figure 6: Mesophyll
conductance g, as
computed by taking into
account the contribution
of respiration and
photorespiration to
Bco, discrimination vs
without taking them into
account (i.e.,
fractionation factors e
andf set to 0 in Eqgn. 7).
Results obtained under
changing CQ@ (black
squares) or irradiance
(white squares). The
dashed line represents

the 1:1 relationship. Each point represents the mea of a given measurement (n=3).
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Response of g to CO, mole fraction.

There was at maximum a 50% decreasaydnwith increasing C@ mole
fraction (300 to 90amol mol™). This response was general, as all three species
displayed a similar response to ¢Qvith the exception of a single individual Bf
sieberi. Our results contrast with earlier studies reporting no respomgzet@fCQO.

This was the case iQuercus ilex andCitrus aurantium(chlorophyll fluorescence
method, Loretoet al., 1992), Raphanus sativus (isotopic discrimination, Von
Caemmerer and Evans, 1991) afrticum aestivum (isotopic discrimination, Tazoe
et al., 2009). Our results confirm several studies that reported a negative relationship
betweengm and CQ (Flexaset al., 2007b; Hassiotou et aR009; Vrabl et al., 2009;
Bunce, 2010). We found the same magnitude of decreagevath G than Flexaet

al. (2007b) and Vrabl et al. (2009). Tazoe et al. (2011) fouligD& decrease of,
when G increased under 1% ,(but no effect under 21% ,An two Arabidopsis
thaliana genotypes or iNicotinia tabacumwhile we found a significant effect even
under 21% @ The absence of a clear patterrgg@fresponses among studies could be
interpreted as a species-dependent respongg tof G, but no common trait seems to

be shared by the Onon-responsiveO vs. the OresponsiveO species.

There are a suite of methodological reasons and artifacts (e.g., choice or
calculation ofb, e, f, Ry or I*) that might explain the discrepancy among studies. The
case fore andf was discussed above. We used measured valudgsaofd! - (i.e., of
its proxy G*) for each species rather than arbitrary values taken from the literature.
Despite some uncertainties regarding the choick of f (Laniganet al., 2008; Pons
et al., 2009), we conclude that the responsg,dhat we recorded here is unlikely to

be an artefact.

Rapid responses @, to CQ, could be mediated by aquaporins that might
impact the permeability of plasma and chloroplast membranes t¢T@€shima and
Ono, 2002), enhancing CQdiffusion in the liquid phase. Flexas al. (2006) stated
that NtAQP1 aquaporins expression can chapgealues by 20 to 50% iNicotiana
tabacum. These variations @f are of the same magnitude that in our study, but only
direct measurements of aquaporin expression/activity could confirm the role of these
proteins to the diffusion of Chrough membranes. Establishing a parallel between

short term responses gf, and of the expression and activities of aquaporins is still an
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open area for research. Tholehal. (2008) also found that chloroplast movements
can induce a variation @, by 50% inArabidopsis thalianaBut it is not known yet

whether CQ variations can directly mediate a displacement of chloroplasts.

We observed a positive relationship betwggrand stomatal conductange
as did Flexas et al. (2007c). Interestingly, such a relationship was also found by
Flexas et al. (2006) when they compared plants over-expressing NtAQP1 aquaporin
and controls. They suggested that the variationgef primarily induced by
manipulating NtAQP1 expression, probably also lead to an adjustmegt and
subsequently ofA. This potentially indicates a physiological link between these two
parameters (Flexast al., 2007c; Vrabl et al., 2009). Nevertheless, the precise
signalling cascade that could cause a coordinated response of stomatal and of

mesophyll conductance remains to be elucidated.

Response of g to irradiance

Several studies observed an increasg,afith increasing irradiance. Flexas
al. (2007b) reported thaj, increased in tobacco by ~40% when irradiance increased
from 250 to 100umol mi? s*. Data from Gortoret al. (2003), reanalyzed by Flexas
et al. (2008), also showed a positive effect of irradiancgprHassiotoiet al. (2009)
detected a ~22% increase in Bianksia species as irradiance was switched from 500
to 1500 umol rif s*. Our study corroborates this positive effect of irradiance, with an
increase ofg, by 60%, up to a plateau in irradiance reached between 500 and 1100
umol m? s*, depending on the species. We found a slightly larger sensitivify tof
irradiance than earlier studies. Sensitivity to irradiance could be (i) species-dependent
or (i) due to different parameterisation of the model enabipgestimation. For
instance, in our case, removing the respiratory and photorespiratory terms in the
estimation ofgn, led to a slightly smaller response @f to irradiance (table 2). A
systematic analysis of the reported responses, with a standardised parameterisation,

would be very helpful.

Like during the response to £ @, was positively correlated tgs. This
relationship seems to be independent of the method used to vary nas§ifilation
rates. A review by Flexaat al. (2008) insisted thals andg, responded in parallel to

irradiance, CQ, temperature, and drought stress (Warren, 2008b). On the other hand,
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Warren (2008b) reported that, was unaffected by increases in vapour pressure
ddficit while gs decreased strongly, and Vra#tl al. (2009) reported thaj, was
unafected by feeding leaves with abscisic acid (ABA), whereas there was a clear
decrease offs. In the two latter cases net g€@ssimilation rate remained unaffected

by VPD and ABA despite the severe reductiorgofThegs-gm relationship therefore

may reflect a tight coordination between A agg Thus it seems thajk, contributes

to adjust the C@supply to the sites of carboxylation in response to photosynthetic
limitations like light availability, hydraulic constraints or biochemical limitations
(Warrenet al., 2007). In our study, the coordinated variationgs @hdg., apparently

led to a very stable JQand G-C. draw down) across irradiance levels, despite large
variation in A. Such an homeostasis of Was already observed across a range of leaf
morphologies (Hassiotoet al, 2009), during leaf ageing (Ethiet al, 2006; Warren,
2006), and such an adjustment seems to occur also during short-term fluctuations of

irradiance.

CONCLUSION

This study with thre&ucalyptus species confirmed tlgat estimated with the
online **C discrimination method, declines in response to short term increases of CO
mole fraction and increases with irradiance. The response to irradiance is saturated
above 500mol m? s*PPFD. The respiratory term in thi€ discrimination equation
was found to be important to estimate absolute valueg, dfut had little impact on
the CO, and irradiance responses. During the responses ta@@OPPFDgs andgm
were tightly correlated and varied in parallel independently of the source of variation.
Moreover, we observed that coordinated adjustments efde@and A) and supply
(gs andgm) led to a stability of €across irradiance variations, Bomeostasis could
be an advantage for the leaf to prevent large variation of the

oxygenation/carboxylation ratio of the RubisCO, when the @nand increases.
!
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APPENDIX |

Here we describe the procedure to calculate the standard deviatiqps of

(&d, ob9 based on the standard deviation of the isotopic composition of reference and
measured air (Sdsceand Sdisc, respectively). In the equation of Evans etal (1986)

to calculate! ,ps We substituted °C. and"**C, by their respective standard errors
Sd13ceand Sdisco to obtain:

# ﬂSdASCO &Sd/cLBCe)
o 1+ Sd/&.ﬁi?o &ﬁsdﬁ%o &Sdﬁ.fﬁe)

Sd

We  replaced(Sd,,c,# Sdise) and Sd,u, by 1/Sdyps’ + Sy’ and 4/Sd,ec?

respectively, as it is described in (Harris D.C., 1991) to obtain:

$\/Sdﬁ.3C02 + SdAZ%CeZ
Sd obs # 2 2 2
1+ ’\/Sdﬁ.fﬁo &$\/SdASCO + Sdﬁ.3Ce

Then, to calculate the cumulative effect of the upper term and the lower term, we

summed their relative Sd to obtain the relative standard ertqpof

Sd obs — E#\/SQBCOZ + S@l:{lez Z‘+fﬁ-+ \/841:{02 0/0#\/8@13C02 + S@BCez Z.
#Hc,yugc) ¥ 1 1+8°C,oms°Cc, ug°C) ¥

obs

Sd obsis then equal to:

Sd - ?#\/S(ili{.‘,oz + S@lBCez + 1+ \/8@13(302 WO#\/S@BCOZ + SdElBCeZ 1"
obs 7#($13C0 (y0$13ce) 1+ $13C0 (VO#($13CO 0/0$13Ce) :\!— obs
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CHAPTER IlI

Is mesophyll conductance to CQin leaves of three
Eucalyptusspecies sensitive to short-term changes of
irradiance under ambient as well as low G?
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ABSTRACT

Mesophyll conductance to GQgn,) limits the diffusion of CQto the sites
of carboxylation, and may respond rapidly (within minutes) to abiotic factors.
We tested the rapid responsegaf to irradiance in thre&ucalyptus species,
under 21 and 1% £n the atmosphere, with simultaneous measurements of leaf
gas exchange and of on-line discrimination agaff80, with a tuneable diode-
laser absorption spectrometer (TDL-AS). 1% Was used to specifically limit
the uncertainties due to the™C/*°C fractionation occurring during
phobrespiration. Decreasing irradiance from 600 to 286l m? s*led to a
"60% decrease iy in all species under 21%,While this effect was smaller
but still significant under 1% © The decrease @, was partly (17% at most)
dueto the increase of COn the chamber with nevertheless a dominant direct
effect of irradiance aloneg, apparently increased B{80% when Q was
switched from 21 to 1%. Simulations showed tlgat estimates were only
marginally sensitive to changes in most model parameters excépf-i6/*°C
fractionation during carboxylation), which in turn is dependent/ofthe
fraction of CQ assimilated by PEPc). Nevertheless, large irradiance,or O
induced changes ith would be required to fully explain the observed changes in
Ogm- While the response of, to irradiance seems realistic, such a response to O

was never described before and remains questionable.
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INTRODUCTION

Mesophyll conductance to GQ(gn) induces a draw-down of COpartial
presure (or mole fraction) between sub-stomatal cavitie3 &3d the sites of
carboxylation in the chloroplast {C When the biochemical model of photosynthesis
of Cs plants was first developed by Farquleaal. (1980), it was considered that C
was in equilibrium with ¢and thus mesophyll conductance was infinite. During the
past two decades, accumulating evidence suggestedithatnot infinite and gis
substantially smaller thani@Evanset al. 1986; Lloyd et al. 1992; Terashiretal.,
2011).gm varies among species from 0.05 to 0.5 m&lsh and is often of a similar
size than stomatal conductangg(see the review by Flexas al. 2008). Variation of
Om among species is correlated with leaf anatomy, in particular leaf thickness, cell
wall thickness, leaf mass per unit area or the cumulated chloroplast surface exposed to
the intercellular air spaces (Flexetsal. 2008; Hassiotou et al. 2009; Terashanhal.
2006; Tholeret al. 2007, Terashimet al. 2011).

One of the open questions about mesophyll conductance is whether it changes
rapidly (within minutes) in response to variations of environmental conditions.
Support for rapid responses has come from the observatiom,thatreased with
increasing irradiance in thrdeucalyptus species (Douthe et al. 2011) alcbtiana
tabaccum (Flexas et al. 2008) and decreased under increasingo@€entration in
trees and annual plants (Flexas al. 2007), like for instance in threleucalyptus
species (Douthet al.2011), in seveBanksiaspecies (Hassiotcet al.2009), in three
annuals (Tazoet al. 2011) and itdelianthus annuus (Vrabl et a2009). However,
some authors did not detect any responsgn,pfo CQO, and/or irradiance like in
Triticum aestivum (Tazoe et al. 2009) aN@totianatabaccum (Yamori et al. 2010).

This discrepancy among studies is not yet fully elucidated.

Combined measurements of leaf gas exchange and discrimination ataMst
during photosynthesis constitute one of the reference methods for estigalisee
Pons et al2009 and Warren 2006, for reviews). Overall discrimination ag&i@i€h
(!, in @) is the result of fractionation during diffusion of GGrom atmosphere into
chloroplasts, during carboxylation, photorespiration and respiration (Farqtiladr
1982). The computation aj, from gas exchange and onlif¥C discrimination is
affected by a range of uncertainties related to the accuracy of the measurements and

the uncertainty around parameter values (see Boak 2009). Particular attention
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has been devoted recently to discrimination during respiration and photorespiration
(Gillon and Griffiths 1997; Lanigaat al.2008; Tcherkez 2006; Tcherketal. 2011)

and the fractionation factor associated to glycine decarboxylation and production of
photorespired C® has been estimated. In addition, decreasing irO the air
surrounding a leaf is a useful method to reduce uncertainties induced by
photorespiration, since the oxygenase activity of RubisCO and therefore the emission
of photorespired C®Odecreases to almost zero under low i® the chloroplast
(Farguhatret al. 1980). Henceg,, was sometimes recorded under low(Dazoeet al.

2009). Three studies estimatgd unde different Q concentrations and reported a
lack of change ofg, from ambient to low @ Flexaset al. (2007) and Von
Caemmerer and Evans (1991) used the isotopic method, and ebett(1992) used

both isotopic and chlorophyll fluorescence methods. Nevertheless, &éaab&011)
observed thag, was less responsive to changes in,@@der 21 than 1% Qwhich
suggests that the computationgaf might be affected by photorespiration.

Surprisingly, to the best of our knowledge, no study ever considered the
occurrence of potential, irradiance os-f@duced changes in some parameters of the
modéd (besides the obvious change!df directly related to G as predicted by the
modd of Farquharet al. 1980); in particular, changes in the ratio carboxylation by
rubisco to carboxylation by PEPc may occur as a response to changing irradiance or
O,. Given that such rapid changes could have important consequences for the
estimation of @, this is an important shortcoming in our knowledge of short term

responses of g

The first objective of our study was to detect rapid responsgs tofirradiance.
Discrimination against'*CO, by the leaf was assessed by measuring leaf gas
exchange with a custom built gas-exchange chamber coupled to a tuneable diode-laser
absorption spectrometer (TDL-AS) which allows high frequency measurements of
130, and *CO, during photosynthesis. ThreBucalyptus species differing in
photosynthetic capacity were used to investigate the inter-specific stability gf, the
response to irradiance. The single point method was used to estym@@ens et al,

2009). Measurements were performed under 21 and 1% t® modulate
phobrespiration and its influence ofC discrimination. Our second objective was to
checkvia simulations if the rapid response @f @ irradiance and possibly,@ould

not be attributed to an artefact due to uncertainties in parameters 'of°tenodel
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(non-photorespiratory respiratiory; fractionation during non photorespiratory
respiration,e or during photorespiratidnand during carboxylatiom, and finally CQ
compensation point). We first used a range of biologically relevant values for each
parameter, to check whether a responsegpfvas still detectable under different
parameter sets. During a second step, we checked whether rapid variations of these
parameters during changes in irradiance pc@uld cause or at least contribute to the

apparent variations aj,, with irradiance and ©
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MATERIAL AND METHODS
Plant material

We used thredcucalyptus specie<€. globulusLabill., E. saligna Sm. andk.
sieberiL. A. S. Johnson. Plants were grown for 5 months in a greenhouse under
natural light at an average daily temperature ¢C25 8L pots filled with compost-
based substrate. They were watered with automatic drip irrigation. At the time of the

experiment they were ~70 cm high.

Photosynthesis and isotopic measurements

We used the experimental set-up described in Dagitak (2011). It includes a
LI1-6400 portable gas exchange system (LI-COR, Lincoln, NE, USA) equipped with a
18 cnf custom built chamber, and coupled to a TDL-AS (TGA100A, Campbell
Scientific, Logan, UT, USA). Air flow into the chamber was set at 466l s, and
air temperature at 2&, leading to leaf temperatures of 25.5%C * 0.58%C (n=90).
Irradiance was provided by a LI-COR RGB light source (6400-18, LI-COR), which
covered the entire chamber surface. A sub-sample of air was diverted from the sample
(at chamber outlet) and from the reference gas line of the LI-6400, into the TDL-AS.
The TDL-AS measured sequentially gas from two calibration cylinders, the LI-6400
reference gas and finally the LI-6400 sample gas. Each intake was measured for 45 s.
The data from the first 15 s were ignored to minimise carryover and enable
stabilisation between intakes when switching sources. The total time for a sequence of

measurements was therefore 180 s.

Total CQ concentration in the two calibration cylinders was given by the
cylinder supplier and checked with a recently factory-calibrated LI-8100 IRGA (LI-
COR, Lincoln, NE, USA) whilel °C was analysedia the gas-bench inlet of an
IRMS (Delta S, Finningan, Bremen) at INRA Nancy (n= 10 glass exetainers/tank,
(Labco, Buckinghamshire, UK). Absolute values $CO, and °CO, were
respectively 414.5 and 4.487 pmol nidior cylinder 1 and 286.89 and 3.104 pmol
mol™ for cylinder 2, which corresponds to €&ole fraction and **C of 419 + 10
Imol mol?, -36.6 + 0.084 and 290 + 7, -36.9 + 0.2&, for cylinder 1 and 2,
respectively (means + sd). A linear interpolation between the two points for each

isotopologue was used for calculatilgC.and! **C,. All CO, mole fractions used
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during our measurements remained within this calibration range.

Measurements were made under photosynthetic photon flux densities (PPFD) of
1000, 600 and 200mol m™2 s* under 21 and 1% Qon a single leaf of five
individuds per species (i.e., 3 levels of irradiance x,21tle fractions x 5 replicate
leaves x 3 species). All measurements were made on the youngest fully expanded

leaf.

For measurements under 21% @mbient air was pumped at approximately 2 |
min™ to the LI-6400 inlet via a OTO junction and vent (to prevent over-pressurisation).
CO, was removed with the LI-6400 soda lime and then the desiredn@® added
with the LI-6400 CG-controller. For measurements under 1% &@nbient air at 0.1 |
min™ was mixed with high purity nitrogen (99.99%, Air Liquide) at 1.9 | frim feed
the LI-6400. In this latter case, the LI-6400 configuration was adjusted to account for
the effect of @ on calibration (Bunce 2002). When ®as switched from 21 to 1%, a
constant offset of +1.2874 was detected IM°C at the inlet due to changes in
sensitivity of the TDLAS. All records of inlet and outlet®C under low @ were

thereafter recomputed with this constant offset.

The measurement sequence was 1000, 600 antir20@n % s*, each irradiance
step being measured sequentially under 21 and 1%\N@ waited at least fifteen
minutes at each PPFD / Gtep to homogenise the air inside the measurement circuit
and let the leaf reach a steady state, @@le fraction at the inlet of the chamber was
set at G=400 !mol mol®. Controlling CQ at inlet rather than in the chamber
improved the stability of COand !**C in the chamber. As a result, small but
significant changes of CQwere recorded in the chamber,(€ee supplementary table
1): C, decreased with increasing irradiance due to changes in neagsnilation
rates. This decrease was taken into account by includingsCa cofactor in the
statistical analysis of the results. During each irradiance arsdep we recorded three

measurements at 180 s intervals.

Estimation of mesophyll conductanced;,)

Om Was estimated from the difference between the observed discrimination by
the leaf ('ob9 and the discrimination computed from the simple form of the

discrimination model of Farquhar:
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(eq.1)

wherea is discrimination by diffusion in air and the discrimination during
carboxylation. This model assumes mesophyll conductance to be infinite, and a lack

of impact of decarboxylation process&s &nd photorespiration) on discrimination.

| ops Was quantified by comparing tH&°CO; of the air entering and leaving the

chamber, following Evanet al. (1986):
(eq. 2)
where:

(eq. 3)

! is the ratio of C@entering the chamber over the Cdrawdown induced by

theleaf.gn is then estimated as:

__ (b"e"a)AC
gm - (# "# N eF%/k‘l' f$~k (eq 4)
i obs) C

a

We used values a&=1.14 (CO, dissolution in the liquid phase) aag-0.7a
(CO, diffusion in liquid phase, O'Leary 1981). The valuef @fractionation during
photorespiration) was considered to be 11&, based on theoretical calculations by
Tcherkez (2006), subsequently confirmed by direct measurements (Laatigdn
2008). The value db was set at 284, considering that:

b=t#th, + (1-#)ks (ep.5)

with bg the fractionation factor by RubisC@Q4&a), b, the fractionation factor
by PEPc (-5.74), and#! 0.055 the fraction of leaf carbon fixed by PEPc (Farqgehar
al., 1982).

We used the apparent @@hotorespiratory compensation point*j@s a proxy
for $* (von Caemmereet al. 1994). We estimateldy and Ci* with the Laisk method
(Viil etal.1977) for the three species from the intersection of #w€ecurves (G of
125,100 and 50mol mol™) measured at three irradiance levels (100, 50 and 25 "mol

m? s%). G* did not differ between species (t-test >0.05), so we used the mean (C

71



=38.7 + 0.51'mol mol™?, n=11) as a common value for the three species. When
measurements were performed under low \@ used € =1.85!mol mol™* (Von
Caemmereret al. 1994). As we expectegh, to vary with irradiance, we did not
attempt to compute actual values'tfMoreover, we showed during simulations that
errors on the estimate 6f had only a limited impact on the estimates @f which
shows that using € instead of actual* had only limited consequences on our
results.Ry was 0.41 + 0.09mol m?s’ in E. globulus 0.31 + 0.09 (n=4) ift. saligna

and 0.68 + 0.07 (n=2) ik. sieberi (n=5), and we assumed that these estimates
correctly assessed respiration in the light, assuming no or very little chanBgs in
with irradiance (Peisker and Apel, 2011).

As the isotopic signature of the reference gas provided by cartridges differed
from that used by the leaves for earlier photosynthesis, and since respRation
probaly uses partly carbon pools assimilated before the gas exchange measurements
(Tcherkez et al 2011),e was replaced byeO=e +°Ciank" “*Camosphere following
Wingateet al. (2007). This procedure is not perfect as the fraction of recently fixed
carbon probably increased during the measurement sequence, but there is no
satisfactory alternative to take such changes into accounte,Fee used 14 as
suggested by Farquhar et €1982) and as done by Tazekal. (2009). The LI-6400
was fed with compressed G@artridges with"**C varying between -5.914 and -

5.514. This resulted ine® " 3.24+0.084 across all measurements.

We estimated the uncertainty (standard deviation}&f due to the finite
predsion of "**C measurements. This was achieved by propagating uncertainty
(standard deviations) df**C. and"*3C, through the equations estimatitgys(see

Doutheet al. 2011 for computation):

Sd - (Eg#\/sglé}(:oz + S@l%ez + 1+ \/8@1:{:02 cyo#\/S@la’Coz + SdElBCeZ 1.. (eq 6)
obs 7#($13C0 (y0$13ce) 1+ $13C0 (VO#($13CO 0/G$13Ce) ;|- obs '

The propagated uncertainty #aps (i.€. Sdon) Was used as the basis for a filter
to remove unreliable estimates#fy,s As the computation dfy, is based o#;-#, we

set thaigy, estimates were unreliable#f-# was smaller than $g,s Consequently we

rejected all values wher#ops + Sdions>#i. We applied this filter to individual data
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points.

Assessment of the sensitivity of mesophyll conducte@ estimatesvia

numerical simulations

Given the uncertainties around several parameters of the discrimination model
(eg. 4), we performed several simulations to check to what extent they could influence

the computed values gf, and the observed responses to irradiance.

In a first analysis, we considered that values of fractionation factors and fluxes
remained constant across the range of irradiance andl@es. We used different but
gtill realistic values forRy, e, f, I* andb to check whether recomputgg remained
sensitive to irradiance as compared to the values obtained with the initial parameter
set Ry! 0.5"mol m?s*, e= 3.244, f= 114, ! * = Ci* = 38.7" mol mol* andb =
28). We used values 6t from 0 to 3'mol m? s* which largely covers the range of
values recorded under similar temperature (Agtial. 2000, Ghashghaiet al. 2003).
We variede between -15 to +15&, which covers the range of variation reported by
Ghashghaie et al. (2003) in a number of species and experimental conditions. The
values off ranged from 0 to 154 (Ghasghaiet al. 2003). In the case bf we used
values found in the literature that range from 26 to 304 (Lanigaml. 2008; Von
Caemmerer and Evans 199%)was changed between 30 and 50 to reflect the range
of variations reported by Evans and Loreto (2000) and to take into account the
potential error made while consideriffgC ;*. We tested with a mixed effect model
whether the effect of irradiance and: @mained significant despite the changes in

each parameter, one parameter being changed at a time.

In a second analysis, we tested what would be the effect of potential changes in
e,Ry, f, I* andb with irradiance on the observed responsgofVe used the data set
describing the change @f, induced by switching irradiance from 600 to 2000l m’

2 s' under 21% @in E. sieberi ancE globulus, as these two species represented the
two extremes of absolute assimilation apdrgour data set. We simulated the impact

of a change of each parameter on ghevalue measured under 20tol m? s*

PPFD, and checked to what extent such a change was able to alleviate the observed
decrease dj,. The same approach was used with the whole data set to investigate the

impact of the change ih under changing @ In the latter case, we restricted the
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analysis td , because it is the most likely change induced by switchyfgo® 21 to
1%. Moreover,! was detected in our analysis as having the largest potential impact

on gy estimates.

Statistical analyses

All statistical analyses were performed with R (R Development Core Team

2010, http://www.R-project.or)y Mixed-effect linear models were performed to

assess species and treatment effectAprgs, G, the drawdown @EC. and gn.
Irradiance, Species and, Were set as fixed factors and & a cofactor, to take into
account the fact that {8vas not homogenous among irradiance levels. Normality and
heteroscedasticity were graphically checked with QQ-Plots. In case of heteroscedastic
data we weighted the means as a function of their variance. In case of non-normal
distributions, variables were log-transformed. All interactions were tested for each
procedure, and were removed from the model when not significant. To compare
slopes of theyrirradiance response, we set irradiance as a covariate and species and
O, as fixed factors. Significance was acceptedP<d.05.Post-hoc tests were then
performed to compare simultaneously the different slopes within each species and O
We used mean least squares regressions to assess the correlation between variables
(R? and Pvalue).
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RESULTS

Observed response of mesophyll conductancg,f) to irradiance treatments
andto O,

Under 21% G, when irradiance was decreased from 600 to!2@d m? st A
declined from 15 to 5'mol m? s* and gs from 0.7 to 0.1 mol M s* while G

increased slightly irE. globulus andk. saligna (Table 1 and Figure 1).

Figure 1. Net CQ@ assimilation rate A), stomatal conductance to water vapogy), (mesophyll
conductance to CO(gm), CO, mole fraction in the intercellular airspace;))(@nd difference of CO
mole fraction between intercellular airspace and chloroplast€JGs recorded under three levels of
irradiance (PPFD) in seedlings &fucalyptus globuluysk. saligna and E. sieberi Measurements
conducted under 21 (black bars) or 1 %(®hite bars). Means and standard deviations).
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Table 1: Effects of irradiance, species ant® net CQ assimilation rateX), stomatal conductance to
water vapour ) and mesophyll conductance to £@.) computed with standard and stable
parameters with irradiancé,(e, f, Ry and! *). Irradiance, species and €ffects were incorporated into
the model as fixed effects, amttlividual plant as a random effect. In case of heteroscedastic data the

mean was weighted as a function of the variance. Degrees of freedom are indicated as subscripts.

A Os Om
e Foeco 77342 8954 100.62
P <.0001 <.0001 <.0001
) Fory 1149 7.89 10.86
Species P 0.001 0.007 0.002
5 Faey 39745 NS 62.15
2 P <.0001 NS <.0001
)  Fuey 1466 16.22 217
Irradiance x Species 5 <0001 <0001  0.004
) Fosy 8.5 NS 3.60
Irradiance x @ P 0.0007 NS 0.03
) Fosy 3.8 NS NS
Species x @ P 0.002 NS NS

Figure 2: Variations of observed discrimination agai Bco, ("ops &) with the ratio of
intercellular/atmospheric mole fraction(C,) ratio under 21 (black points) and 1 % @hite points)
in three Eucalypt species. Each point is the mean of three measurements at 180s intervals. The dotted
line represents the discrimination computed from the simple form of FarquharOs"mdgtelL].

E. sieberidisplayed a larger photosynthetic capacity than the two other species,
with 50% higher values & andgs. The slope of thé gwsirradiance relationship was

not different from 0 in any specieP$0.05, data not shown). Nevertheless, we
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observed a significant and positive correlation betweggand G/C, across species
(Figure 2).! ops varied between 14 and 214 andi/C, between 0.6 and 0.9. The
difference between the predictéd)(and observed discriminatidnys did not change

with irradiance in any species.

Table 2: Effects on mesophyll conductangg) (of switching irradiance from 600 to 206nol m? s*

under 21 and 1% DOt-test comparisons.

Species 0, (%) t-value p-value
Eucalyptus globulus 21 3.93 0.001
1 2.90 0.067

Eucalyptus saligna 21 5.01 <0.001
1 2.13 0.43

Eucalyptus sieberi 21 5.62 <0.001

1 4.22 < 0.001

Under 21% @, the mean value d, across species significantly declined from
0.40to 0.07 mol rif s* with the drop in irradiance (fwo= 100, P<0.0001). In all
three speciesgn declined when irradiance dropped from 600 to péfol m? s*
(Table 2), but not when it was switched from 1000 to 861 m™? s*. This pattern
matches closely the one detected forandgs. gm was positively correlated witA
(RP=0.77,P<0.0001)andgs (R?=0.39,P<0.0001)(Figure 3). We checked whether the
observed responses were due to the sensitivity, od gradiance or to changing,@
the measurement chamber with a covariance analysis (Table 3). The analysis indeed
detected a significant effect of,,Gvhich did not alleviate the much larger effect of
irradiance. In the following, we present responses to the irradiance treatments that

include a small but significant response t0,CO

Switching from 21 to 1% @increasedA on average by 30% whereas stomatal
conductance remained unaffected (Figure 1, Table 1). There was still a positive
relationship betweeA andgs (R*=0.65, P<0.001) under low,{but the slope differed
from that under 21% O(P=0.02,Figure 3). As a consequence, Was 10% lower
underlow O,. The G-C. draw-down was not significantly affected by Figure 1).

C. was not affected by the change ia @der low irradiance, but was under higher
levels of 600 and 1000mol m 2 s*. C. was"20% lower under 1 than 21%.Gn all
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species (not shown).

Table 3: Effects of irradiance, species, @&d G on mesophyll conductance to €@y,). Irradiance,
species and Peffects were incorporated into the model as fixéfgcts, G as a covariant, and
individual plant as a random effect. In case of heteroscedastic data the mean was weighted as a

function of the variance. Degrees of freedom are indicated as subscripts.

Om
_ F2.60) 106.46
Irradiance P <.0001
. Fi.12) 25.06
Species P 0.002
5 F.69) 74.49
> P <.0001
c F169) 58.38
a =) <.0001
_ . F.60) 4.17
Irradiance x Species = 0.004
_ Fe.60) 7.00
Irradiance x @ p 0.001

Decreasing @also impacted ,,s that was still positively correlated with/C,,
but!1d higher under 1 than 21%,@Figure 2). A significant interaction between
irradiance and ©@ can be seen in table 1. under low, @Ghe response of, to
irradiance was still clearly significant i&. sieberi, marginally significant irk.

globulus but no longer significant Ex saligna (Table 2).

Surprisingly, the computed valuesgf were on averag80% larger under 1%
than under 21% ©(Figure 1, Table 1). The respective changeg.odndA with O,
were tightly coordinated, as we detected a uniflgg, regression under ambient and
low O, (Figure 3).gm was significantly increased by the decrease iru@er 200
"mol m? s?, but less so under 600 and 10060l m? s PPFD (Figure 1). The
covariance analysis showed that the differencgdfetween 21 and 1%,®@emained
significant even after taking into account the impact of the small changeqTrakle
3).
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Table 4: Effects on mesophyll conductancg) (of decreasing irradiance from 600 down to 2080l m? s* under 21 and 1% OThe OlnitialO column refers to the effect

observed omy,, with the initial parameterization (R0.5! mol m? s', e"+34a, ! *=38.7 or 1.85 mol mol® (for 21% or 1% @, respectively)f=114 and b=284), the other

columns indicate whether the effect remained significant once the indicated parameter was chahdeditirased the first value indicate under 21%while the second

under 1% Q. *** P<0.001, **P<0.01, *P<0.05, P<0.1, NS not significant.

. . 1*=30 1 *=35 1 *=50
0, = = = =- =- = = = = = = =
Species % O, | Initial | R&=0 | Ry=2 | Ry=3 | e=-15| e=-5 | e=+15 f=0 f=5 | f=15 or142 | or166 | or23s b=26 | b=27 b=30
*%k% *%k%k N S *%k% *%k%k **k% *%k% *% *%k% *%k% *% *%k% *%* *%k%
E' gIObU|US l * NS NS *%k% *%* NS * * NS NS NS * *% *%k%
. 2 1 *%k%k *%k% *%k%k *% *%k%k *%k%k *% *%k% **k% *%k% *%k% *%k% *%k% *%k% *%k% *%k%
E. saligna
1 NS NS NS NS i NS NS NS NS | NS NS NS NS * * *x
. i 2 1 *%k% *%k% *%k% * *%k%k *%k% *%k% *%k% *%k% *%k% *%k% *%k% *%k% N S * *%k%
E' SIEberI l *%k%k *%k% NS *%k%k *%k% NS *%* *% *% *%k% *%k% *%* * *%k%

Figure 3: Relationships between mesophyll conductance tg CO

(computed with standard and stable fractionation factors) and stomatal

conductance (left), between mesophyll conductance and net CO

assimilation rate (center) and between net,@Ssimilation rate and

stomatal conductance (right). Measurements conducted under 21

(black points) or 1% @(white points).

79



Uncertainties on g, values due to model parameters

The same mixed effect model was used with different sets of parameters to
check whether the observed responsegypfo irradiance and Owas still significant
(Suppl. Table 2). No change was detected for the main effects irradiance, species, O
compared to the model established with the initial set of parameters. To investigate
minor changes in more detail, we performed separate analyses for each species,
concentrating on the most important decreasen0fi.g., the one observed between
600 and 200 !mol rif s* (Table 4).

According to the mixed effect modely, remained responsive to irradiance
underthe full range of values dRy ande. IncreasingRy or e resulted in increased
absolute values of,, (Figure 4). This effect was particularly large whgn was
small: below 0.1 mol /i s* we observed up to 50% increaseyin but this represents
alimited increase of absolute values (0.05 mdl ). However, the responses @f
to irradiance were still significant in the majority of cases, except vigenok the

extreme value of 3mol m 2 s* or e=154 for two species (see Table 4).

With respect to photorespiration, increasifigand f increased the absolute
value of gn (Figure 4). However, the response @f to irradiance remained
significant, independently of values taken!by30, 35 and 50 versus 38.mol mol~
Yin the original model) of (0, 5 and 154, compared to 114) (Suppl. Table 1 and
Table 4).

Parameteb had clearly a larger impact on estimateg,p€ompared to all other
parameters (Figure 4y, was increased on average by 86% viatf26a and 37%
with b= 274, and decreased by 28% whdar30a compared to the initial value
(b=284). Using b=264 resulted in very high values @, up to 1.2 mol i s*. The
Om response to irradiance within each species nevertheless remained significant under
21% O (Table 4), with an exception f&. sieberi atb=264) and 1% G irrespective
of b. In summary, the absolute valuegafis clearly dependent of the value used for

b, but theresponse of gto irradiance remained significant with alvdue used.
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Figure 4: Relative deviation @, (in %) recalculated with different values of (fraire left to the rightRy, ! *, f andb, and compared to values gf computed with the
initial parameterisation (horizontal axis). Each symbol corresponds to a different value used for the analysis (see legend for details). The origin&;\valk0aBd: and
0.68! mol m?s? for E. globulus E. salignaandE. sieberj respectivelyg" +34, ! *=38.7 | mol mol*, f=114 and b=284. The scale of the left paneb(parameter) was

modified to fit with the range of values.
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Uncertainties in the responses dj,, due to potential changes in parameters

due to changing irradiance or Q.

We tested the effect of a potential change of these parameters with irradiance on
the response ofg,. The results are very clear in the two species used for the
simulation (Figure 5): none of the simulated changes,iRy, f or I* was able to
alleviate the observed responsegpfto irradiance. The only parameter that could
potentially alleviate it would béd, but this would require a change from 28 to 25.1a
under decreasing irradiance. Such variationd afould occur via variations of
(relative amount of carbon fixed by PEPc, see EqQ. 5): an increase from 0.055 to 0.14

with decreasing irradiance would be required (considerng0# and b,=-5.74).

Figure 6: Impact of switching in equation 3 from 0.055 under ambient 10 a variable value under
low O, on the ratiog, under low vs. under ambient,dgn: and gmo1, respectively). Values of
decreasing' resulted in a convergence of the ratio towards 1. The grey area represents the uncertainty
of absolute values af,, recorded under ambient.O/alues of' below 0.01 resulted in non significant

differences betweegy, recorded under ambient and low. O
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Figure 6 similarly shows the change¢ ithat would be required to alleviate the

apparent 30% increase @ when switching from 21 to 1%OIn this case! would

need to drop from 0.055 to O to cancel the apparent respogse®iO,. In Table 5

we specifically compared the effects of the differentt@atments wheh was kept
stable, or when it was switched from 0.055 under 212t0®.00 under 1% ©The

results show that the £effect was no longer visible in the latter case.

Table 5: Mixed effect model for the effects of ir@tte, species and,®nole fraction on computed

values ofg,, under the hypothesis of (i) a constant value ofptaieameter (fraction C fixed by PEPc)

with O, mole fraction {=0.055, thu$=284), and (ii) an O,-sensitive value of (! =0.055 at 21% ©

and 0 at 1% @ thusb varied from 28& to 304). Non-significant interactions were removed from the

model.

Om Om
(constant’ with O)) (O,-sensitive!)
iradiance Fe2.60) 100.62 132.26
P <.0001 <.0001
. Fe.12 10.86 10.67
Species 5 (100 0.002
o, Faeoy  62.15 NS
P <.0001 NS
irradiance  F 60 4.17 6.36
X Species P 0.004 0.0002
irradiance  F 60 3.60 5.38
x O, P 0.03 0.006
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Figure 5: Ratio of mesophyll conductan@g£dgmeod recorded under low (200) and medium (§0@ol m? s* PPFD) irradiance. Empty circles represent the nredsu

ratio. Black dots are recalculated ratios resulting from a change of the model parameter (see equation 4) when switching irradiance fromr2éon 660wWe used as
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starting point (i) the data (A;,as, E.) observed under 21% £n the species with the large& Gieber) and the smallesE( globulu$ absolute change of, (andA) and (ii)

the standard parameteR0.5" mol m? s, el +34, ! *=38.7" mol mol*, f=114 and " =0.055, i.e.b=284) under 600pmol m?s* and computed what would be the value
of g, under 20Qumol m? s* due solely to a change in the parameter. The data mormalised to 1 with respect tg gnder 60Qumol m? s* PPFD. The figure shows that
even the full range of parameter values is unable to explain the observed chagpgexoept for*, for which switching from 0.55 to 0.14 could explain a large fraction of

the apparent change dp, with irradiance. The grey area represents the taiogy of the ratio betweegy, under 200 vs. 60@mol m?s™.
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DISCUSSION

Rapid response of mesophyll conductance to irradiance under 21 and
1% O,

We observed a rapid decrease (within minutes)g@efwith a decrease of
irradiance in 3Eucalyptus species under 21%, @s has been previously reported
(Flexas et al.2007; Hassiotou et al. 2009; Doutheal. 2011). A fraction of then
response may have been induced by the small increase,im@lae chamber (§ as
irradiance decreased. We used the,@duced decrease o, reported by Douthet
al. (2011) for the same species to compute the potential contribution of the response
to CO to the overall change ign. A maximal contribution of about 17% was
estimated. Such a computation assumes that the effects pa@Dirradiance are
additive, while there is currently no information available in the literature about
potential interactions between the two factors. Moreovegrar@ irradiance were
tightly correlated in our experiment, and we are therefore unable to further
disentangle the individual effects of each of the two factors. In the following
discussion, the response to irradiance integrates a probably minor but still significant
CO;, effect.

We found a larger sensitivity dai,, than reported in earlier studies, with an
average change ¢f60% between high and low irradiance, comparetl46% under
the same range of irradiance levels (Fleatal. 2007), and tb 22% (Hassiotou et
al. 2009). In the latter case, irradiance varied between 1500 arithns06n 2 s™. In
contrast, two studies claimed thgat was insensitive to a range of irradiance from 200
to 1500"mol m™ stin Triticum aestivumandNicotiana tabacun{Tazoeet al. 2009;
Yamori et al. 2010). The reason for the discrepancy between studies is still unclear
but may be related to species-specific differences, as recently suggested for the
response of, to CQ, (Tazoeet al. 2011). It nevertheless appears that the range of
irradiance used could also influence the conclusion about the respomze tof
irradiance. If the response @f, to irradiance is non-linear, and further if it even
declines under high irradiances (>10G@0l m™ s*, Tazoeet al. 2009; Yamoriet al.
2010), then the range of irradiance levels used may impact the final outcome of the

tests.

In summary, our results suggest tlggt is truly responsive to irradiance as
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suggested earlier (Flexas al. 2008), and that the uncertainties due to fractionation
during photorespiration can not cause the apparent respoggdafrradiance since

On remains responsive under 21 as well as 1% (With a small exception).
Nevertheless, these conclusions remain valid only if the paranbe®By, f and!*

used in the computations are close to reality and remain stable with irradiance. We

address these questions below.

Sensitivity of g, estimates to changes of model parameter values
Could the observed responses be caused by a mis-estimation of model

parameters?

Since (i) our simulations indicated that only extreme valud®; ¢#2 Imol m
s%) could alleviate the responsegf to irradiance and (i) our estimationsRf from
the Laisk method provided values close to those found in the literature (&itkih
2000 for Eucalyptus paucifloraand Warren 2008 foEucalyptus regnans, under
similar temperature and irradiance), we may safely conclude that the observed
response ofg, to irradiance was not due to the use of erroneous valuég,. of
Similarly, the response djn to irradiance remained significant independently of the
value taken bye (except specific cases aewdl54, see Table 4). Such extreme values
of Ry ande are expected to occur only under large variations of temperature and/or
respiratory substrate (Atkiet al. 2000; Ghashghaiet al. 2003). Thus, we also
concluded that the response gf to irradiance was not due to the use of poorly

estimated values d®y and e.

The precise value of, discrimination due to the decarboxylation of glycine
during photorespiration was a matter of debate during many years (Gillon and
Griffiths 1997; lgamberdieet al. 2001; Ivlev et al. 1996) but recent theoretical as
well as experimental studies showed that it is close to 10a (Tcherkez 2006; Lanigan
et al. 2008). Our simulations indicated that even with a large shift in the estinfate of
(from 0 to 15&), the response of, to irradiance remains significant. The actual
value of I* is not yet well established and may change with species and environment
(Evans and Loreto, 2000y addition, we recognise that usingF @s a proxy oft*
could bias the g estimates. Nevertheless, the simulations showed that under the range
of I* tested, the response di, to irradiance remained significant, suggesting that

potential errors in the parameterization !8f(and thus the absence of correction of
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C*) cannot be at the origin of the observed response to irradiance.

Similarly, gn was responsive to irradiance independently of the value takien by
except in specific cases (f&. sieberi wherb=26& under 21% Q). Such a range of
b is still likely, regarding the uncertainty observed lier(fractionation by RubisCO,
between 28.5 and 304, see McNeviat al. 2007) and for (relative amount of
carbon fixed by PEPc, betweefi and 0.15, see Saumral. 1995 and Vet al. 1985
for extreme values). Combining such extreme values in Eg. 5 led to a ran@®wf
30 to 234, but the lowest value used in the literaturé¥264a (Lanigan et al. 2008,
from a statistical approach). The dramatic effect of chaniging the absolute value
of gm highlights the pressing need to improve our estimatésaofl even moré, but
our simulations nevertheless showed that the possible ertowumikely underpins

the apparent responsegpf to irradiance.

Wasthe observed response caused by a potential shift of model parameters in

response to changes in irradiance o020

To the best of our knowledge, this question was never explicitly addressgd in g
studies, or expressed differently, the exclusive cause of the divergence of observed
and modelled discrimination was considered to be changeag, iand complete
stability of other parameters. Figure 5 clearly showed that variatioed=af f and!*
with irradiance were unlikely to explain the variationgafwhen irradiance dropped
from 600 to 200'mol m™ s the variations ok, Ry, f or I* required to level out
changes ofg, with irradiance are clearly out of the range of commonly accepted
values (Ghashghaiet al., 2003; Evans and Loreto 2000; Atkihal. 2000; Tcherkez
2006). Such large variations are unlikely to hapns usually significantly down-
regulated in the presence of light, but the intensity of inhibition is rather stable above
200 "mol m™ s* (Atkin et al. 2000; Peisker and Apel 2001, Yén al. 2011). The
required change & would mean a severe change of respiratory substrate (Tcherkez
et al. 2005).f as well as!* should be stable with irradiance as long as énd
temperature remain stable. This clearly indicates that rapid variatian&Rgff or !*
with irradiance are unlikely to occur, and should be of a much too large amplitude to
be really considered as a potential cause for the rapid response of agpatent

irradiance.

On the other handy would have to vary from 28a to 25.07a with decreasing
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irradiance to alleviate the observed changg.pfSuch a variation db would require

a variation of! from 0.055 to 0.15, under the likely hypothesis thmtremains
constant and close to 304 (McNevist al. 2007) and, to -5.7a (O'Leary 1981).

This would imply a very large increase of the relative contribution of PEPc to total
carbon fixation.! is usually assumed to vary between 0.05 (Melzer and O'Leary
1987; Von Caemmerer and Evans 1991) and 0.1 (Farquhar and Richards 1984), but a
higher value of 0.13 was found @itrus sinensigVu et al. 1985). Is such an increase
realistic? Decreased irradiance affects C fixation by rubisco, but possibly not the
fixation by PEPc. Therefore, a temporary increaskeaainnot be excluded, although

we have no experimental basis for further discussing this option. Clearly, an improved
assessment of the absolute valuéanid its genetic and environmental variability is a

prerequisite to further studies in this field.

A last line of arguments is that rapid responses,dbdrradiance have also been
detected when using chlorophyll fluorescence instead of isotopic discrimination
(Flexas et al. 2008; Hassiotou et al. 2009), as the fluorescence method is not
dependent oh We conclude that is unlikely to give rise to an artefactual response
of gm to irradiance, but a clear confirmation that only little affected by irradiance

will be necessary to definitively make this point.

Are the observed variations ofg,, with O, realistic?

The observation of a 30% increasegafunder 1% Q@ was a surprise. As the
simulations described above showed that changbeswere the most likely to impact
the computation ofj,, we concentrated our analyses on this parameter. Indeed, it is
very unlikely thate or f varied with @(Tcherkezet al. 2004.

With respect td, we showed that the difference gf, between 21 and 1%,0
disappeared whel=0.055 under 21% @and approaches 0 under 1% Ohere is no
experimental evidence thatcould change with @, and to our knowledge no study
has ever tested this hypothesis. Nevertheless, a realistic hypothesis could suppose that
because only carboxylation by RusbisCO is directly affected by the dropioftie
chloroplast yia the balance with the oxygenase activity, Fargudtaal. 1980), it
could result in an increase of the relative amount of carbon fixed by RubisCO, i.e., in
a decrease df Indeed, our results do not allow to conclude definitively whether

or! (or both) change with ©which highlights the need to better understand possible
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changes of with environmental conditions (hereAD Interestingly, Tholen and Zhu
(2011)recently presented a three-dimensional model of photosynthesis incluging g
tha predicts that a decrease of Would increas@, due to the spatial distribution of

CO, emission (in mitochondria) and carboxylation (in the chloroplasts). This tends to
confirm our observations, but further studies are needed to definitively assess whether

I'or gm really change with @
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CONCLUSION

In this study we found that mesophyll conductarg:g (esponds positively to
increasing irradiance in thrdgucalyptus species under ambient &nd under low @
for E. sieberiandE. globulus. We explored several ways to have an improved view of
the influence of the different parameters in the model linkil§ andgn. Firstly,
recalculatinggn, values with different values fdRy, e "*, f andb still resulted in
significant response @, to PPFD under 21% £and did not fundamentally change
the smaller response observed under 190T®e parametds had the largest influence
on the estimation df.,, and dramatically affected the estimation of the absolute value
of gm. As b is influenced by the ratio PEPc/rubisco carboxylatio)) {t would be
useful to obtain additional estimations offor more species, and assess whether it

varies among species and with environmental conditions.

The response @, to irradiance cannot be explained alone by rapid variations of
e, Ry, f or "* with irradiance. We highlighted that only extreme variationsbofvith
irradiance, via variations of, could alleviate the apparent responseggf to
irradiance. Future studies should focus on such potential variatidnssohilarly, the
unexpected response @f to O, would be reconsidered iIf dropped temporarily to

zero, which has never been tested.
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Supplementary material

Supplementary table 1.Mean values of C®mole fraction in the measurement

chamber (@ according to the different treatments of irradiance apdv@ilability
(mean = SD, n=15).

Irradiance (PPFD)| 21% G 1% O

1000 pmol nfs* | 335.5 + 18.1 umol molé | 320.4 + 23.0 pmol molé

600 umol m?s* | 344.1 + 12.9 pmol moleé | 327.5 + 17.9 pmol molé

200 umol m?s* | 373.2 + 3.5 umol molé | 361.9 + 3.6 pmol molé
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Supplementary table 2: Effects of irradiance (PPFD, 3 levels), specidsulyptus species) and @1 and 1%) om, computed with

different values of the model paramet&s f, !* andb (see equation 4). Parameter values were kept stable across irradiance levelsO
except for!* which was recalculated under low QOlrradiance, species and ©ffects were incorporated into the model as fixed effects, and
individual plant as a random effect. In case of heteroscedastic data the mean was weighted as a function of the variance. Degrees of freedom

indicated as subscript of F value.

R~=0 Ry =2 Ry =3 e=-15 e=-5 e=+15 f=0 f=5 f=15 1 *=30 I *=35 I *=50 b=26 b=27 b=30

PPED Feeoy 95.84 48.37 30.88 14953 126.35 39.12 138.53 116.03 74.20 92.58 107.70 79.84 83.03 73.90 195.40
P <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001

Species Fiy 9.45 10.36 10.28 8.19 6.80 11.89 10.08 10.76 10.81 10.64 10.90 10.75 10.28 16.39 8.84
P 0.003 0.004 0.002 0.007 0.01 0.001 0.002 0.002 0.0042 0.002 0.002 0.0042 0.002 0.001 0.004

o Fuespy 62.14 4282 36.54 104.71 71.88 41.66 185.75 136.40 16.68 89.59 75.85 24.36 3240 2255 109.09

2 P <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
PPFD X Fugeo 4.78 NS NS 7.48 6.23 4.77 4.51 4.36 3.10 4.04 4.34 3.41 NS NS 8.87
Species P 0.001 NS NS <.0001 0.0001 0.01 0.002 0.003 0.02 0.005 0.003 0.01 NS NS <.0001
PPFD X Fpeo NS 3.82 4.67 15.21 NS NS NS NS 5.12 NS 3.24 4.86 NS NS NS
0O, P NS 0.027 0.012 <.0001 NS NS NS NS 0.008 NS 0.04 0.01 NS NS NS

93



CHAPTER IV

Mesophyll conductance of poplar leaves varies rapidly with
changes in CQ and irradiance: an assessment from on line
130, discrimination records with TDL-AS.
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ABSTRACT
An increasing number of studies estimate mesophyll conductance, to CO

diffusion into leavesgy,) due to its large effect on photosynthesis vig @@ilability

in the chloroplastg, was initially considered to be dependant only on leaf structure,
and thus stable in the short-term. Several studies have now shovgp, t&t change
rapidly (within minutes) in response to GOr irradiance, while other studies reported

Om Was unaffected by these sources of variations. The absence of a clear consensus
means that the rapid responsegafto CQ, and irradiance still needs confirmation.

We estimated dynamic changes of, from combined leaf gas exchange
measurements and on-line records &0, discrimination on poplar leaves by
modulding successively irradiance and then Qb the same leaf. We observed a
clear increase of, with increasing irradiance and a decrease with increasing CO
Unde irradiance variationsy, was positively correlated with assimilation rate and
stomatal conductance. We performed a simulation analysis to test the impact on the
assimilation rate of a variabg, (measured datajersusa stableg,, with irradiance.
Simulations have shown that at low irradiance differergqivalues have a negligible
impact on photosynthesis, while as under high irradiance photosynthesis was

drastically reduced by a log4, but not increased by a high.
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INTRODUCTION
Similar to stomatal conductancgs)( which is the conductance between the

atmosphere (at [CE=C,) and intercellular air space (at [g€C;), mesophyll

conductance to CO(gn) can be seen as an equivalent conductance between

intercellular air spaces and the site of carboxylation, in the chloroplast (a=HC{Q

As a result, net C@assimilation rateX) can be expressed, following FickOs law, as:

A=g(CqCi)=gn(Ci-Co)

(Ea. 1)

On was identified as a potential resistance to,Qlfusion in the leaf by the

pioneering work of Gaastra (Gaastra, 1959) on photosynthesis, but has long been very

difficult to estimate. Estimations @, were greatly facilitated by establishment of

methods combining gas exchange measurements and chlorophyll fluorescence (Epron

et al, 1995; Harleyet al, 1992; Loretcet al, 1992) or isotopic discrimination against

13C0O, (Evanset al., 1986; Lloyd et al., 1992; Von Caemmerer and Evans, 1991).
Nowadays,gn has been estimated in many species and functional groups

(Flexas et al. 2008), and there is some support for the ability of mesophyll

conductance to vary rapidly (within minutes) to changes in environmental conditions.

Several studies reported thgat was negatively correlated with [GJQ(Doutheet al.,

2011; Flexas et al., 2007; Flexas et @008; Tazoet al., 2011; Vrabl et al., 2009),

or gm was positively correlated with irradiance (Douttteal., 2011; Flexas et al.,

2008; Hassiotou et al., 2009). Nevertheless, other studies reggrieds unaffected

by CO, or irradiance (see Taze al., 2009), showing that rapid responsegpfo

changes in irradiance and g@re still a matter of discussion.

An important question emerges with the possibility of varigglén the short term:

wha is the impact of such variabig, versusa stableg, on the assimilation rate, and

thuson G and G? A simulation analysis have shown that a Ilgwwill decrease

phobsynthesis, a direct consequence of reducing &Q@ilability in the chloroplast

(Farquhar et al., 1980), and increase the, @&@w-down (GC.) (Niinemetset al.,

2009). But this simulation was set in constantd@adiance and with a constagt

(i.e several leaves simulated with for each a constant valgg with a varyingA).

The next step could be to perform a simulation of assimilation rate vgaere

constantversusstable and confront it with measured data from a living leaf. Since

variations of CQ@ around the leaf will obviously vary;@nd G by forcing CQ
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diffusion inside the leaf, irradiance variations appears as good solution to vary
assimilation rate, and let the leaf modulate G via gs andgm,. This could help to
better understand possible rapid variationgas a rapid functional adjustment in a
context of varying environmental conditions.

The aim of this study was to test the rapid responsgg, ohder varying C©@
and irradiance, using online discrimination agaitiO, during photosynthesis, in
poplar leaves. We used a custom-built gas exchange system equipped with a large
photosynthesis chambe200 cm? allowing measurement of a whole leaf), coupled
to a TDLAS. For each lead, was estimated fai8h while irradiance and then GO
were varied. Finally, we performed a simulation of the assimilation rate under varying
irradiance for a low and high but stalgg, and compared with the measured data
based on the hypothesis of a variatple to assess how a varialgg versusa stable

Om influences the assimilation rate under varying irradiance.
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MATERIAL & METHODS
Plant material

The experiment was carried out on four-month-old cuttingsPabulus
deltoidesx nigra (clones OSoligoO and Ol-2140)Papailus deltoides trichocarpa
(clone ORaspalgeO). Cuttings were planted in October 2008 in 7L pots containing a
50/50 (v/v) mixture of peat and sand with fertilizer added at the beginning of the
growth (Nutricote 100, 13/13/13 with oligoelements, 40 g per pot) and maintained in
a growth chamber at Champenoux (France) under a controlled temperature of 25;C
and relative air humidity of 50%, with an optimal irrigation regime and a photoperiod
of 16/8 hours day/night. One week before measurements started, plants were moved
to the site of measurement (University of Nancy, Vandoeuvre-les-Nancy) and put in a
climate chamber with the same conditions as during growth.
Gas exchange measurements

Measurements of leaf photosynthesis were carried out on fully expanded
leaves in a custom-built leaf chamber of 13x26cm designed to enclose a whole leaf.
The working air flow through the chamber was 5L thgontrolled by a mass flow
controller (Bronkorst). Leaf temperature ) was measured with a nickel-chrome
thermocouple, and da was maintained constant at 22.124C7 (meant SD) using
Peltier elements to control air temperature within the leaf chamber. Photosynthetic
photon flux density (PPFDmol photons m? s*) was monitored with a quantum
sensor (LI90SA,; Li-Cor, Inc., Lincoln, NE, USA) inside the chamber. Irradiance was
provided by two 20cm x 20cm LED panels (P.S.l. Photon System Instruments, Brno,
Czech Republic). Chamber air was well stirred with fans to homogenise gas
composition and temperature inside the chamber. Boundary layer conductance,
estimated with a filter paper leaf replica, was 1-2 mélsh calculated for each leaf
as a function leaf area from estimations based on the filter paper method (Jones 1989).
Air pressure inside the chamber was measured with pressure sensors and maintained
slightly above atmospheric pressureé’®.7 + 3 mbar (meart SD) to avoid influx
into the chamber. Water vapour at the inlet of the chamber was controlled with a dew-
point generator equipped with Peltier elements and air pressure sensor. All measured
variables were recorded with a datalogger (CR23X; Campbell Scientific Inc.) every
second and averaged every three minutes. Water vapour in the sample circuit was
measured with a calibrated gas analyser (Li-700@OR, Lincoln, NE, USA). After
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recalculating the air flow leaving the photosynthesis chamber to account for the efflux
of water by the leaf (Ball, 1987 Eq.11b), transpiration r&jewas assessed by mass
balance and stomatal conductance to water vampir Was calculated from FickOs
law based on leaf temperature (Ball, 1987) and accounting for boundary layer
conductance and a stomatal ratio of 0.7 for Poplar (Le-Thiec, personal
communication) with equations from Li-6400 manual (eq. 1-9 and 17-9). Stomatal
conductance to CJgs) was calculated witlg= gsw/1.6. CQ entering the circuit was
provided by ambient air (for PPFD variatiods>C ! -8 &) or by mixing ambient air

with pure CQ from a compressed tank (Air Liquide, with’C ! -30 &) for CO>
variations. CQ concentration in inlet (¢ and outlet (§ was measured with a
TDLAS (TGA100A; Campbell Scientific, Inc.). Because air flow was dried before
entering the TDLAS, the measured £€»ncentration was different from that in the
reference and the sample circuits because of dilution in water vapoandC; were

then recalculated following Ball (1987):

C = Crotas” W)
) 1" Wipias

(Eq. 2)

where Gpas iIs CO concentration measured by TDLAS in dried ai &6d WipLas

are water vapour concentration in reference (dew point) and in air flow after drying,
respectively, with Wp as assumed to be zero. The same calculation was applied to
Ca using W, the water vapour concentration in the sample. Knowingmd G, net
assimilation A) was assessed by mass balance, andh€ CQ concentration in
intercellular air spaces was calculated following (Ball, 1987).

The TDLAS was frequently calibrated during the experiment with three
calibration tanks (see Table 1). The cycle of measurements consisted in successively
measuring inlet/outlet/inlet/tank3/tank1/tank2, each during thirty seconds, with the
fifteen first seconds skipped to prevent measuring concentration resulting from the
actual air flow with the remaining air from the previous sampled gas in the sequence.
The two inlet measurements were averaged to determine air composition at the inlet
of the leaf chamber. This sequence allowed measurements with a three-minute

resolution.
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Table 1: Total C@mole fraction (CQy; in ! mol mol ™), isotopic composition! ¢°C, in &), and mole
fraction of each isotopologué fiol mol ™) in the three calibration gases used to calibfaeTDLAS

during the experiment*C for each tank was measured with mass spectrometer.

Tank CO0ot 1 3¢ co, “co,
T1 300.4 -38.3 297.20 3.20
T2 703.3 -35.2 695.79 7.51
T3 401.5 -35.2 397.22 4.28

Five out of eight measured plants (see Table 2 for details) were subjected
successively to an increasing irradiance fraB0 to "800 !mol m 2 s* PPFD, and
then to an increasing &rom "400 to "900 !mol mol *. PPFD variations were carried
outunder constant Cwith G slightly varying between plants (between 390 and 420
Imol mol?, see Table 2). Cvariations were performed under constant PPFD, but
differing between plants, from 560 to 9ol m 2 s* PPFD (Table 2).

Table 2: For each plant, the irradiance used duhiegCQ variations, and COconcentration entering
the chamber (g during the irradiance variations. Irradiance ari@) @sponses are shown in Figures 2
and 3.

CO, experiment PPFD experiment

Clone Plant PPFD during €experiment C. during PPFD experiment (mc

(' mol m?s%) mol™)

1214 11 409.4+0.84

12 965.6:2.7 398.3:2.9

S1 794.6:0.6 419.2:1.2

Soligo S2 843.#0.3 391.#1.5
S3 617.8:1.2

R2 863.40.8 419.86:0.3

Raspalje R3 938.81.6 397.24.02
R4 563.5t1.6

Estimation of mesophyll conductanced,)

The mesophyll conductance to €@vas estimated from the difference
between the simple equation of discrimination and the observed discrimination by the
leaf (" obg. The simple equation of discrimination (Farquéial, 1982) is expressed

as:
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C
" —a+(b#a)—
=ar(bra)

(Eq. 3)

wherea is discrimination by diffusion in air arl discrimination by carboxylation,
which assumes mesophyll conductance as infinite and a lack of impact of
decarboxylation processeRy(® respiration rate in the light and photorespiration), and

the observed discrimination by the le&f{y. ! obs can be quantified by comparing the

"13CO; of the air entering and leaving the chamber, following Eeas (1986):

. #$Co %$Co)
%S 1000+ $Co Yt $°Co %$°Co)
(Eq. 4)
where:
_ G
Ce#Co
(Eq. 5)

# is the ratio of C@entering the chamber over the £@awdown induced by the
leaf. gm is then estimated as by taking into accoutn respiration and photorespiration

using the complete Farquhar model for isotopic discrimination (Faralzdy 1982)

as:
g = P'&"AAC ! ! ! ! ! Ty
T ) SR
i ob Ca
(Eq. 6)

wherek is the carboxylation efficiencyk£(A+Ry)/(Ci-$*)), following (Farguhar et

al., 1980). We used values @F1.14 (CO , dissolution in liquid) an@&=0.7a (CO-
diffusion in liquid phase), following (O'leary, 1981). The valuef ¢fractionation
during photorespiration) was set at 11a, based on theoretical calculations of
Tcherkez (2006), that were subsequently confirmed from empirical measurements
(Laniganet al., 2008). To the best of our knowledge, the only study having estimated
Om in poplar with the isotopic method is (Hardtaal, 2003), using a common value

of b=30a for poplar and others species measured in that study. We choose to use the
same value in the absence of a direct estimakeinfpoplar. Respiration in the dark

(Rn) was measured before starting measuremengg, dRespiration rate in the light

(Rg) was set at 66% of Rfollowing estimation of Piel (these 2002) performed on
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Populus koreana x trichocarpzv "Peace", leading to etween 0.58 and 0.90 pmol

m? s. We used estimation of = 37.43 'mol mol * from Bernacchet al. (2002) at
25%C. We corrected this value for the leaf temperature during our experiment
(Tea=22.1%C+0.7@an+SD)) following the same authors, leading!*tovarying
between 35.7 and 39810l mol ™.

Mixing ambient air with pure COfrom a compressed tank changed the
isotopic composition of the CQused during the experiment, with variations from -8.4
to -27.94. e, fractionation during respiration waseplaced byeO=e #%Csource
" BCamospherd Wingate et al, 2007), leading é® wving from 0.534 to -18.934.
Estimation of assimilation rate for a stableg,,

To test the effect of a variablersusstableg, on assimilation rate under
varying PPFD, we recalculated the assimilation rétewith the hypothesis thaj,
remained stable during the irradiance variation. We based this simulation on plant 12
which showed a variabig, from 0.05 to 0.2%mol m™ s* with increasing irradiance
(Figure 2) and tested stabig, values ofg=0.05 (g, is minimal and stable with
irradiance), 0.1 (intermediary), 0.8,(is maximal and stable with irradiance), and 0.8
(gm is very high and stablemol m? s’. We used an iterative approach with
Arick=f(0ee, Co G, E) (which is the assimilation rate calculated from the Ficks law
accounting for the interaction between(Hdiffusing outward and CQOdiffusing
inward, see (Ball, 1987) eq. 31)¢€Ci-Arick/OMixed aNd Aiocr=MIn{Ac, A}, with

"o
A= (iL(ch1 8" 3)
(Eqa. 7)
and

IR, ! ! ! [ ! [ ! ! M

VC max(Cc ) #*)
C, +K (1+0/K,)

(Eq. 8)
whereJ is electron transport ratésmaxthe maximal C@fixation velocity andO the

Ac:

n Rd” I I | ] | | I

O, patrtial pressure in the chloroplast,; &d K, the Michaelis-Menten constant for
carboxylase and oxygenase, respectivelyaid K, from Bernacchet al. (2002) and
recalculated for Iz were usedJ was estimated with the empirical non-rectangular
hyperbola equation of Von Caemmerer (2000) based on PPFDand/alues of

Jna=110 'mol m? st and Vema=60 'mol m? s! fitted well with measuredA
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(R?=0.99) thus we used these values to calculgign, We used Solver add-in in
Microsoft Excel to determine; @ haveArick=Avioch- IN SUMMary, measured da#y, (
Ca G, C;, g5, andgy) where used to determingmax andJmax Then, we simulated;C
and A, fixing g, and knowing G Gs, Vemaxand dhax
Statistical analysis

All statistical analyses were performed with R (R Development Core Team
2010, http://www.R-project.org). A linear mixed-effect model was used to assess
effect of PPFD and CfQvariations oA, gs, C;, G-C. draw-down and),. For PPFD
variations, clone and PPFD (as factor) were set as fixed effect and individual plants
within each PPFD as random effect. For,G@riations, clone and;Gas covariate)
were set as fixed effect. During G@xperiment PPFD was different between each
individud plant (see Table 2), thus PPFD was set as random effect. We assessed
variations of mesophyll conductance for each plant and within each experiment with
ANOVA, where PPFD was set as factors an@€covariate following the source of
variation used (C@ or PPFD). Normality and heteroscedasticity were graphically
checked with QQ-Plots. In case of heteroscedastic data we choose to weight the mean
as a function of the variance. In case of non-normal distribution, variables were log-
transformed. Significance was acceptedPat0.05. We used mean least squares

regression to assess the correlation between varidlesd P-value).
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RESULTS
Photosynthesis and g under changing irradiance and CQ
An example of the time course of measurements is presented in Figure 1

where irradiance is firstly increased, and then,©0 the same leaf.

Figure 1: Time course of net GQssimilation rate A, black dots), stomatalg{ grey dots) and
mesophyll ¢nopen dots) conductance to €@uring stepwise changes of irradiance (PPFD) faidw
by CO.. The upper panel shows variations of irradiancelt{de line) and C9entering the chamber
(continuous line). Each point is a single measurement by the tunable diode laser absorption
spectrometer (TDLAS, integration of thirteen seconds) and the gas exchange system, at 3 min.

intervals.

When irradiance was increased from 110 to 986l m 2 s* PPFD in three steps, we
observed a significant increase of net assimilation rajeffom 5 to 14mol m 2 s™,
stomatal and mesophyll conductance to,G@ andgy,) from 0.1 to 0.35 mol i s™.
We observed that during each irradiance sigghanged faster thar and reached a
stable value after only 10-15 minutes whereas stabilizatiap r@fquired sometimes 1
hour. When irradiance was maintained constant ang @0le fraction of the air
entering the chamber {Cincreased from 400 to 91énol mol™ in four steps, we
induced an increase @ up to a plateau above 6@@ol mol ™. gs andg, decreased
linearly from 0.35 to 0.15 mol ths® as G increased. For all plants, variationsAf

gs and g, are presented in Figures 2 and 3 for irradiance and @Dations,
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respectively. A mixed-effect model accounting all plants measured in this study

showed that A, gand g, were affected by irradiance and £@able 3).

Figure 3: Variations of net CO
assimilation rate (upper panel),
stomatal conductance to GQmiddle
panel) and mesophyll conductance to
CO, (lower panel) during step-wise
CO, changes. Each point is a mean of
measurement during one step of £LO
(30~40 single measurements), error
bars are standard deviation. | is for
clone 0I-2140, S for clone OSoligoO

and R for clone ORaspaljeO.

Figure 2: Variations of net CO
assimilation rate (upper panel),
stomatal conductance to GO
(middle panel) and mesophyll
conductance to CO (lower
panel) during changes of
irradiance (PPFD). Each point
is a mean of measurements
during one irradiance step
(30~40 single measurements),
errors bars are standard
deviations. | is for clone OlI-
2140, S for clone OSoligoO and
R for clone ORasplajeO.
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We did not observe any significant clonal difference, but>adbne interaction for

CQO, variations. Taken individually, all plants displayed significant variations, gt

and gm with increasing irradiance and gut the range of variation differed among
replicates. In 6 out of 8 plants there were large responses to irradiance and CO
whereas in 2 plants responses were small. All responsive plants exhibited the typical

variations showed in Figure 1.

Table 3: Mixed-effects model fa@, gs, C., G-C. draw-down andy,, under changing irradiance (PPFD)

and CQ (C). For irradiance changes, the irradiance x clorteraction was not significant and
therefore removed from the model. irradiance was set as factor and individual plant was as random
effect within each level of irradiance. For Gariations, ¢ was set as covariate and irradiance as

random effect because each plant was measured under a different irradiance (see M&M).

Experiment A Os C. Ci-C. Om

rradiance  T210 16.91 4.72 28.55 NS 12.78

Irradiance P <.001 0.03 0.0001 NS 0.002
variations Clone F.3) NS NS NS NS NS
P NS NS NS NS NS

C F1.669) 2473.4 372.8 36773.7 6663.3 3420.9

! P <.0001 <.0001 <.0001 <.0001 <.0001
CO, Clone Fe.4 13.6 NS NS NS NS
variations P 0.01 NS NS NS NS
F.669) 29.42 253.1 82.3 73.2 70.6

Cix Clone —5 <0001 <0001 <0001 <0001  <.0001

Under changing irradiance, we observed a positive correlation begaesd
gs (R?=0.69, P<0.001, g,=0.73g+0.04) (not significant intercept), argh and A
(R*=0.94,P<0.001,g,=0.02A-0.04)see Figure 4). To explore how the different,CO
mole fractions inside the leaf varied with variations of &@mand (A)we compared
variations of G, G and G whenA varied with irradiance (Figure 5) considering data
from all the plants. Since we controlled £@ole fraction entering the chamberC
in our experiment, we observed slight decrease,@l@hg the increasing GQiptake

by the plant. WithA varying from 2 to 14mol m 2 s*, G decreased by 6@nol mol™



(significant negative slope), but. @as maintained constant (slope not significantly
different from zero), all plants considered together (Figure 5). THi® @Qraw-down
was slightly decreased b0 "mol mol™ with increasingA. Within each plant, €

droppel in average by 5tmol mol™ with the increase iA (not shown).

Figure 5: During the PPFD experiment, variationsC@, mole fraction in the atmosphere (®lack
diamonds and black continuous line), intercellular airspagegf€y diamonds and grey continuous
line) and chloroplast (C empty diamonds and black dashed line) versus daton rate ). Each

point is mean (30~40 single measurements), error bar are standard deviation.
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Figure 4: Relationship between mesophyll conductance toa@@® stomatal conductance to C@ft)

and net assimilation rate (right) during PPFD experiment. Each point is a mean of measurement during
one irradiance step (30~40 single measurements), errors bars are standard deviation. Dashed grey line
in the left panel in the 1:1 relationship. | is for clone 0I-2140, S for clone OSoligoO and R for clone
ORaspljeO.

How would A be affected if ¢, was unaffected by irradiance?

We estimated the effect of a stalglg on A under varying irradiance using a
simulation approach performed on data from the plant 12 which showed a large
variation ofA > 10!mol m 2 s*, (black dots in Figure 6). Under low PPFD=ol
m? s* (low A andgs), the impact of differeng, values onA was very small (<0.5
Imol m? s%). At medium PPFD =380mol m? s, using g»=0.8 mol n¥ s*
increasedA by only"0.5 'mol m 2 s, meanwhile lowgy, (0.05 mol nf s*) decreased
A by "3 Imol m™ s*. Comparison betweef calculated with] limitation andVemax
limitation showed tha®A wasJ limited at this part of the curve i.e under low and
medium PPFD. The impact gf, was much higher at high PPFD=9600 m? s?,
with g=0.1 and 0.05 mol ths® (while measured,=0.25!mol m? s*) decreased
by 3 and 6lmol mZ s* (i.e 25 and 50%). On the other hand, a high0g8 mol n¥ s*
only increasedA by 1!mol m? s, Under high PPFD, assimilation Wélgnaxlimited.
Finally, we usedy,=0.3 mol n¥ s* which correspond to the maximum (high PPFD)
measuredy,. We observed no change Afwith a stableg,, compared to the variable
(measured)gn. With the measuredy, the G-C. draw down was 50mol mol* and
constant with PPFD (and thi§ variations. For a stable and Igw = 0.05 mol rif s
! G-C. draw down increased from 50 to 1%®ol mol* during PPFD andA
variations, while for a higiy,= 0.8 mol n¥ s* C-C. varied from 3 to 1Zmol mol™*

(not shown).



|
Figure 6: Relationship between net assimilation vatesus stomatal conductance for different values
of mesophyll conductancegy). Blacks dots are measured valuggié variable between 0.05 and 0.26
mol m? s?) and the grey dashed line is the fitted hyperbola-rectangular witldy.=110! mol m? s*
and Vema=60! mol m? s*. We selected points wegg was stable (variations < 0.05 mol’ra?) for the
individual plant I2. Continuous black line is recalculatefbr g,=0.8 mol n¥ s, dashed black line is
recalculated for g,=0.3 mol n* s*, and dot-dashed black line is recalculatefdr g,=0.1 mol n¥ s

! and dotted black line is recalculatédor g,=0.05 mol n¥ s™.
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DISCUSSION
We found a rapid response of mesophyll conductagget¢ PPFD and C©

in poplar clones. In response to PPFD or,Gfxespectively increased and decreased
in an experiment conducted over several hours. Under PPFD varigtionas of the
same range ofjs (i.e from 0.05 to 0.4 mol ths?) and positively correlated i and

A. These variations led to a rather constapt€oss all PPFD all plants considered
togeher. Recalculation oA using a stablg, showed (i) since PPFD in low and thus
A is Jmax limited g, had no impact o\ and (ii) that under high irradiande can be
reduced by up to 50 % i§,=0.05 mol nf s* compared to measured, but was

prectically not affected by a higim.

Rapid variations of g,, with PPFD and CO,
We confirm thatg, changes rapidly (within minutes) to change in PPFD or

CO,. The positive response gf, to PPFD in poplar clones is consistent with previous
studies onArabidopsis thaliangFlexas et al., 2007 Eucalyptus species (Doutles.

al, 2011) and irBanksia species (Hassiotou et al., 2009). However, in wheat (Tazoe
et al., 2009) andNicotiana tabacun{Yamori et al., 2010, was found to be stable

with irradiance.

The reason(s) for the discrepancy between studies is not known. We can firstly thinck
that different parameterizations (i.e. different values choserb.f@a or f) could
possibly induce differeng-response to PPFD. The estimation of rapid-response of
Om IS based on the assumption that other fractionation factors are not affected by
PPFD. There is little probability tha (fractionation during i was PPFD sensitive
because this parameter is generally affected by variation the respiratory substrate,
which is unlikely to happen under a variation of PPFD, and the temperature
(Ghashghaie et al., 2003) which varied by only 2¥C on the overall dataset. It is a
similar story forf (fractionation during photorespiration), which is unlikely to have
varied during our experiment because temperature ameK@ constant. There are no
studies comparing the parameter(fractionation by Rubisco and PEPc), at various
PPFD. The relative amount of carbon fixed by PEPc, (dertasuld change with

PPFD if the amount of carbon fixed by RubisCO increases with PPFD (because the
availability of ATP, NADPH and RuBP increases), but not that of PEPc. We tested

such hypothesis, considerigg, constant at maximum measured valge=0.25 mol
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m? s1). We recalculated to explain all the variability of **C measured. In such
cases)p has to take a value of 264 at low PPFD and increase to 304 at high PPFD.
These values cover the overall rangd dbund in the literature. Assumirg=314,
b,=-5.7a and both are unaffected by PPFD, the large randeraquires'=0.025 at

high PPFD (forb=304) and 0.14 at low PPFD (fob=264) (assumingb=(1-")bs
+"b4)). A value of"=0.14 is high but still possible regarding estimations provided by
(Vu et al, 1985) with" =0.13 estimated from enzyme activities. Nevertheless, it is not
sure that enzyme activities really reflect the amount of carbon fixed by each enzyme.
Moreover, it has been never shown thabould change with irradiance. Hence, we
could consider that variation Inor b should not lead to the apparent variatiogin
with PPFD. Nevertheless, due to the dramatic influencé af estimations ofgy,
thee is a pressing need for better estimates' @nd its possible response to
environmental factors, especially irradiance.

With the exception of one recent paper (Taebal, 2009), all studies have
observed a decrease @f with increasing C® (Bunce, 2010; Centrittet al., 2003,
Doutheet. al 2011; Flexas et al., 2007; Flexas et al., 2008; Hassiotou et al., 2009;
Tazoe et al., 2011; Vrabl et al., 2009). The average decreagg with increasing
CO; is about 50%, but varies between studies from 20% (Tetzale, 2011) to 60%
(Flexas et al., 2008), with {Cfrom 200 to 700!'mol mol*. Here we foundgn
decreased by an average of 60% over the same range, ddtréngthening the
hypothesis thatg, is truly responsive to CO As is the case for PPFD, these
conclusions depend directly on the hypothesis that fractionation factors are stable with
CO..

Impact of a stable g, on net CO, assimilation rate under PPFD
variations

To examine the implications of the PPFD responsgndbr photosynthesis,
we simulated rates of photosynthesis for a hypothetical plant in whjdioes not
vary with PPFD. At low PPFD (<100nol m 2 s*) Awas not affected by the different
values taken by, higher or lower than estimated by’C method (Figure 6). On the
othe hand, at high PPFD and with open stomAtaas strongly decreased compared
to measured wheg, is low and stable. This effect is especially important wiés
Vemax limited. This highlights the fact thag, has to be important under high PPFD,

i.e. when CQ availability become very limiting fof, but not necessarily under low
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PPFD (limitation byJ). On the other hand, a very high (0.8 mol n¥ s*, more than
three times maximum measureggl) is not necessarily an advantage regarding the low
gan in A (11 "mol m™ s%). This approach suggests that a varighlappears to be an
advantage for the leaf, only high when £6 limiting. This suggests that a possible
cost could be induced by such apparatus, which is in accordance with the hypothesis
that biochemical processes (which probably represents a metabolic cost) are involved
in the rapid variations ofi, like carbonic anhydrase or aquaporins (Fles@sl.,
2006; Terashima and Ono, 2002; Uehletral., 2008).

We observed that all plants treated togethgrisGnaintained quite constant
for A variations between 2 and 1ol m? s* under PPFD variations, all plants
considered together. This appears to be a direct consequence of rapid adjustments of
gs andgn, during PPFD changes because with an increasingde®and (A)f the
CO, supply would remain constangs( gm), then G should drop severely. A large
dropin C; would decrease the G, ratio and then disadvantage the carboxylation
compared to oxygenation activity of RubisCO. These results suggest that rapid-
change ofgm could be an advantage for the leaf to prevendrGp and the following
limitation (estimated to be 50% decreased wjtf0.05"mol m? s* at high PPFD)

of photosynthesis with increasing irradiance.

CONCLUSION
We observed thgt, increases with PPFD and decreases with, @@ich

bring support for the hypothesis thagt is able to rapidly change (within minutes) to
environmental conditions. Under varying PPFD, the rangg,ofalue was very close
to that of g, gm was well correlated witlgs and A, leading to a constant.Glespite
increasing C@demand. This suggests a coupling between d&and and supply at
the minutes scale, and thus that some mechanism can nopdifgpidly to prevent
large decreases incCWe tested the possible effect of a stajpleon A and showed
that a very high (three times higher than maxigaameasured) and stahig, should
not be an advantage for the plant. On the other hand, a low (miggnaleasured
underlow PPFD) and stablg, could decreas& up to 50% under high irradiance.
These results suggest that a variaiplecould be an optimal solution to adapt £O
supply with rapid changes in G@emand, assuming a possible cost for maintaining a

high gy related to candidates like aquaporins or carbonic anhydrase.

11¢



CONCLUSIONS
and PERSPECTIVES

114



Influence of the different parameters in tHé€C model

This work was focused on the use of the discrimination model of Farquhar and
colleagues (Farquhagt al., 1982), which predicts the discrimination agaitit
(! **C) during plant photosynthesis following the leaf gas exchange. Since this model
is widely used to estimate water use efficiency at different scale, it appeared
important to better understand the parameter able to influence ‘feWUE
relationship. In Chapter | we provided a literature review of studies comparing leaf
bulk tissue! **C and measured gas exchange, highlighting a large variability in the
observed! *C-WUE relationship. We pointed that such variability in partially caused
by the use of leaf bulk tissue to measutédC, which induce (i) difference in time
scale integration betweehC and WUE and (ii) an additional variability 6f°C
caused by the different'®C of each leaf component (Bowlingt al., 2008).
Moreover, our simulations showed that not accounting for mesophyll conductance
(gm) or setting different values @f, dramatically affects the estimation of WUE from
| °C measurements. It was the same conclusiorbfdthis clearly shows that the
estimation of WUE (or more generally leaf gas exchange) frbi@ measurements
have to be used with caution. If possibig, should be estimated and incorporated in
the ! *3C model, or in other words, preferentially use the complete form rather than
the simple form of the *C of Farquhaet al. (1982) to estimate leaf gas exchange
from ! **C. This can be difficult, regarding the possible variationsggfwith
environmental conditions (see below). That is why we decided to focus the next part
of our work on the estimations gf,, its influence on the complete form of th&C
modé and its possible ability to change with environment.

Estimating @ from isotopic measurements: the importance of the parameterization

By rearranging the equation linking leaf gas exchange ai@ it is possible
to estimateay, the mesophyll conductance to €&vanset al, 1986; Farquhaet al,
1982). A sensitivity analysis of thg, estimation to the parameters in the first chapter
showed thab, the fractionation during the carboxylation, affects dramaticallygthe
estimation. Taken individualy, fractionation factors during decarboxylatierandf)
are less influent, and finally jRand #* (non-photorespiratory respiration and
photorespiration, respectively) are weakly influents on the estimatiogy, dkee
Chapter 1). On the other hand, accounting or not for the respiratory term can change

On by up to 50% (Chapter Il). Finally, the sensitivity analysis showed some
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interactions between the parameters in ¢heestimation: the effect of a given
parameter oy Will change with the value taken by another parameter. For example,
combining highf (fractionation during photorespiration) and Idvcan double the
value ofgn. These findings evidence that the absolute valgg, eSsessed by isotopic
method is dependant of the choice of parameters. On the other hand, the rgnge of
values is likely to be of the same order @9 stomatal conductance), because both
isotopic and chlorophyll fluorescence methods give approximately the same range of
values (see Centrittet al.,2009; Loretcet al., 1992; Vrabl et al., 2009).

The response ofgo varying CQ

This work took place in the context of the rapid responsg,db changing
irradiance and C@ CGO; variation was the most used source of variations among the
literature, but no consensus was reached yet when this thesis was started. We clearly
showed that, was responsive to GQvariations when estimated with the isotopic
method, and confirmed it in four different tree species (one poplar and three
eucalypts). We especially accorded attention to the importance of the respiratory term
(Chapter II), and observed thgt was still responsive to GOncluding or not the
influence of decarboxylations. We nevertheless recommend to include this term when
Om is estimated from the isotopic method, regarding the decrease up to 50%gef the
absolute value when estimated without the respiratory term (Chapter II). When
compared to the literature, we found the same negative responge whder
increasing C@ and approximately the same relative decreasdp®y, when G
increased from 300 to 90Gmol mol™. This is a comparable range that found by
recent studies using the isotopic method (Tambeal., 2011), the chlorophyll
fluorescence method (Hassioteual., 2009), or both of them (Vraét al., 2009). In
chapters | and lll, we discussed about the possibility that rapid variations of other
parameters in the model could make ¢herapid response artifactual under varying
irradiance (this point is detailed below). We did not performed this analysis on the
CO, gn response becaugg was found to clearly vary with GQusing two different
methods (see Vraldt al.,2009). Indeed, if rapid variations of, for examgieyould
occur during CQvariations (meaning that, would remain stable with G there is
little chance that, would be found to vary using the chlorophyll fluorescence
method. This fact, combined with our results repeated on several species and a careful

parameterization, clearly evidence thatgheesponse to CQs not artifactual.
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The g, response to irradiance variations

Compared to C@variations, this source of variations was less studied since
Om IS suspected to vary rapidly. Our work strongly brought supporgfovaries
rapidly with irradiance in tree species. We confirmed results from Febas(2007)
who observed a positive relationship betweggrand irradiance in tobacco using the
chlorophyll fluorescence method. On the other hand, two studies tpusidble with
irradiance (Tazoet al., 2009; Yamori et al., 2010). To ensure our results, we firstly
checked whether such response was not an artifact induced by the parameterization.
To do that we firstly observed a positigig response to irradiance including or not the
respiratory component (Chapter 1l), we provided detailed irradiance responses on
three eucalypts under two different @ole fractions (Chapter Ill) to evidence that
the presence/absence of photorespiration does not cgnaelsponse to irradiance,
and we finally eliminated possible rapid variations of other parameters in the model
susceptible to vary instead @f by simulation. These simulations evidenced that non-
realistic variations of each parameters are needed to fully expfa® variations
instead of gn, confirming thatg, effectively varies with irradiance. We found
exception for theb parameter, able to vary in a realistic range with varying irradiance.
Moreover, we reasoned that an increaseb ofvith irradiance, as simulated, was
plausible since only the RubisCO fixation is directly dependent of irradiance (via
electron transport rate), but not that of PEPc. This suggests a possible varidtion of
with irradiance, with less relative amount of carbon fixed by PEPc (thus sthalidr
higherb) at high irradiance. Our results evidenced thais very likely to vary with
irradiance, but a final confirmation is needed concerning the possible variatibns of
This information could be approached using ratio of PEPc over RubisCO activities or
by the labelling of metabolites under rapid variations of irradiance.

Possible interest of a varying,gvith changing CQ@or irradiance

Our results confirm rapid response gf under varying C@and irradiance,
and we explore here possible explanation such rapid response.
Under varying C@ we observed a decrease ggf with increase Cg@ thus when
phobosynthesis is high. A decrease gf could be explained by a reduction of a
possible cost while the photosynthesis is still maintained. This hypothesis was pointed
by Hassiotou et al. (2009), and follows the same rationale proposed fays the

negative response to GQ(Brodribb et al., 2009). Under varying irradiance, we



showed by simulation that there is not interest for the plant to maintain @heth
low irradiance (Chapter 1V). Concomitantlgy, is very limiting for photosynthesis at
high irradiance. An optimization of the possible cost-induced by a bigwould
induce such investment only when the return benefit on photosynthesis is high (higher
gain on assimilation rate). Such conditions occur at low @igh irradiance. This
point of view could fit with the fact thag, is apparently related to proteins
facilitating CQ transport through membranes, the aquaporins. This implies that a cost
should be induced to have higher aquaporins content or a higher proportion of
activated aquaporins. The cost hypothesis is not elucidated, since the regulation of
aquaporins activity at the short-term is not clear yet.

Another approach can be used to understand pidariations, not focused
on a cost/benefit point of view, but based on the repetijive, correlations. The
possible role of aquaporins is, again, an attractive hypothesis. It has been shown that
aquaporins gating property significantly affect conductivity to water at the cell scale
(Kim and Steudle, 2009) and at the leaf scale (Cochtad., 2007), in response to
short-term variations of irradiance (within minutes) (see for review Heateal.,
2009). In both studies, increasing irradiance increased cell or leaf conductivity to
water. Since PIP family aquaporins are involved in both water andti@@sport
(Maurel et al.,, 2008), we can suppose that irradiance-induced variations in water
conductivity should be accompanied by variations of, Cnhductancegy). It has
been shown that the same NtAQP1 aquaporin is present in both plasma membrane
and in chloroplast envelope in tobacco (Uehletnal., 2008). Interestingly, the
authors concluded that the NtAQP1 aquaporins was more involved in water transport
when present in the plasma envelope, but more involved in t&@sport when
preent in the chloroplast envelope. Thus, if changes in the leaf hydraulic status
affects aquaporins content or activation, this would have an impact on the CO
diffusion. Since high irradiance is known to incregsand thus the transpiration rate,
which as consequence increases the hydraulic demand, a higher water conductance
through aquaporins is needed to prevent drop in bulk leaf water potential, as discussed
by Cochard et al. (2007). This fact combined with findings by Uelderl. (2008)
suggest that changes in leaf hydraulic status will affect both water antta®®port
thoughaquaporins, and explain well the higlggrfound under high irradiance. This
also fit with the decrease af andgn at high CQ. It is well known that high CO

decreaseg)s, and this decrease probably decrease the overall hydraulic demand. Thus,
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as discussed by Cochard et al. (2007), in conditions of low hydraulic demand the
water pathway mediated by aquaporins should be lowered, probably related to an
energetic cost associated, which in turn decreasedifdsion. As we proposed in

the Discussion of Chapter IV, it could be more pertinent to congjdesariations in

the context of both water and carbon fluxes. This could explain the repetitive
correlations betweegs and g, at the instantaneous scale.

Seansitivity of g, to others source of variations

Some studies found a disconnection betwgeand gm, especially under abscissic
acid treatment (ABA; Vrabkt al., 2009), whilegs was decreased with ABA but not
Om- This experiment can highlight the fact that specific factors can affebtt not

On. The sameays-gn disconnection was observed by varying VPD (Warren, 2008),
with agaings affected by VPD but nail,. We repeated the same VPD experiment on

poplar, and observed the same pattern as Warren (2008) (see Figure D1).

Figure D1: Temporal course of net assimilation rétkcks dots, A, inl mol m? s%), stomatal
conductance to CQ(grey dots, g in ! mol m? s*) and mesophyll conductance to £@mpty circles,
Om, in ! mol m? s?) in response to varying VPD from 1.8 to 0.8 kPastdal lines) in poplar leaf
exposed to C®concentration around the leaf of 3Bfol mol* and irradiance of 700mol m? s?
PPFD.

Thus, thegsgm relationship is clearly effective under some conditions ,(@@d
irradiance) but not systematically. This evidences the complexity of the short-term
regulation ofgm,, and probably different sensing mechanisms betweandgn. This

address an unresolved questions at the moment: by which mechanism external
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conditions (irradiance, C{etc..) affecyy, thus probably aquaporins regulation? The
0s-Om disconnection (i.e the presence / absence of a relationship) is a promising topic,
which should help us to identify and separate the different sensing mechanisms

behind rapid regulations gf and g,

In conclusion, this work was focused on the relationship betweénl3C and leaf
gas exchange. We highlighted the importance of mesophyll conductance on th&’C
signal, expecially to estimating water use efficiency. We secondly focused on the ability
of gm to change rapidly under varying irradiance and CQ. We extended the range of
species whereay, was found to change with both sources of variation, demonstrate that
these responses were not artifactually caused by neither the respiratory term, the
presence of photorespiration or rapid variations of other parameter in thd **C model.
We found exception for theb parameter under irradiance variations, highlighting the
need to better estimate this parameter and its possible rapid variations. We finally
showed that the limitation imposed byg, changes with irradiance, suggesting that a
variable g, should be more advantageous for the plant. The role of aquaporins appeared
to be an attractive hypothesis to explain rapidy, changes, and its relationship withgs,
suggesting the need to consider both water and carbon fluxes under varying

environment to better under gy, regulation.

In consequence, we suggest that future studies can be focused on the following
topics:
- Perform g, estimations using simultaneously both isotopic and fluorescence

methods,

- Estimate the parameterb and especially" under different irradiance conditions,

using enzyme activities, or pulse carbon labeling,

- Verify if short-term variations g, variations are accompanied to variations of

aquaporins content or activation,

- Finally, we suggest that an effort should be done on the modelling gf, rapid
variations, using a mechanistic approach, probably based on its relationship witA
and/or gs. Beyond the simple fact to know howg,, varies rapidly, a mechanistic
comprehension of such variations should allow to incorporate rapidy, changes in
photosynthesis models at the plant or ecosystem scale, and prediction models €

signal.
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Annex |

The aim of this section is to describe the gas exchange systems coupled to a
Tunable Diode Laser Absorption Spectrometer (TDLAS) (TGA100A, Campbell
Scientific, Logan, UT, USA) used to measure discrimination agai@sd, during
phobsynthesis (}°C), and the subsequent estimations of mesophyll conductance to
CO; (gm). For each of the two circuits used, we then describe the tests performed to
assess the potential influence of leaks, a crucial points to valid our measurements. The
first part is focused on a commercial portable gas exchange system (LI-COR, Lincoln,
NE, USA) used in Sydney based on a classical leaf clamp system. The second part
will describe the system used at the UniversitZ de Nancy, based on a custom-built
chamber which allowed us to enclose a whole leaf.
Part 1: Using a LI-COR 6400 coupled to a TDLAS

Measuring gas composition

We used a LI-6400 portable gas exchange system to measure all
photosynthesis parameters, s, G etc..), while the TDLAS b for tunable diode laser
absorption spectrometer was used to measure isotopic composition of air entering and
leaving the photosynthesis chamber. Infra-Red Gas Analyzer (IRGA) are based on
absorption of infra-red (IR) signal by G@nd water vapor molecules in the measured
gas. The main problem is that G@nd water vapor absorb in the same wavelength.
IRGA uses a broad-band source (non specific) emitting in a large range of
wavelength, and a detector sensitive to only, @@sorbed wave-length allows to
calculate absorbed energy by £anly (idan for water vapor).

The TDLAS is based on the same principle but emits in specific absorption
lines to focus IR absorption BYCO, and **CO, only. This requires a laser source
with a temperature regulation with liquid nitrogen and a controlled-current to obtain a
stable wavelength focused on the desired absorption line. Changing the current of the
laser source allows to select different absorption lines and scan altern¥i@}y
and°CO;, at a frequency of 10Hz.

Description of the gas exchange circuit

The system is described in Figure Al. The LI-6400 allows to control air flow,
CO, and water vapour mole fractions in the air entering the photosynthesis chamber,
as well as irradiance and leaf temperature. The LI-6400 was equipped with a custom-

built chamber of 18 cfusing a classical leaf clamp system. The, @lixer control
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of the Li-COR 6400 was used vary €@ole fraction in the circuit. Water vapour

mole fraction entering the circuit was varied following the needs by scrubbing the air
through a desiccant (drierite). Once air composition was set correctly, the TDLAS
was plugged to the LI-COR 6400 circuit to sample a part of the air flow to analyse
isotopic composition. The TDLAS was connected through a OTO tubing to the
reference tube of the LI-6400 between the console and the IRGA. In the same way,
the TDLAS intake of sample gas was connected in-between the LI-6400 chamber
exhaust and the match valve. The TDLAS was set to continuously withdraw 150 mL
min® (~111 Imol s') from sample and reference fluxes of the LI-6400. This
withdrawal of air was smaller than the flow through the LI-6400 chamber (%00

s), which means that the TDLAS could sample air from the LI-6400 while
mantaining a positive pressure in the LI-6400 chamber. Existence of a positive
pressure inside the LI-6400 chamber was checked through the curvature of the
propafilm covering the top of the chamber. Ambient air (at a flow rate of 0.1 £)min
was diluted with pure nitrogen @N at a flow rate of 1.9 L mif) to perform
measurements under 1% .@~or 1% Q measurements, the LI-64@0nfiguration was
adjusted to account for the effect ofdd calibration (Bunce 2002).

Calibration and measurement sequence

A manifold was used to switch continuously between the three calibrations
tanks, the reference and the sample intake, each intake being measured during 45
seconds with 15 first seconds not accounted to prevent any mix with the previous gas
measured. The TDLAS was calibrated with two tanks (T1 and T2) with CO
concentrations of respectively 419 + 10 and 290imal mol * (mean + Cl) given by
the provider and checked with a recently factory-calibrated LI-8100 IRGA (LI-COR,
Lincoln, NE, USA). Isotopic composition of the each tank was measured by sampling
air into 12-mL exetainers (Labco Limited, Buckinghamshire, UK) and analysed via
the gas-bench inlet of an IRMS (Delta S, Finningan, Bremen) at INRA Nancy (n= 10
exetainers / tank). For T1 and T2°C was -36.6 + 0.084 and -36.9 + 0.24 (mean =
Sy, N=10), respectively. Absolute values'8€0, and**CO, were respectively 414.51
and 4.487'mol mol ™ for T1 and 286.89 and 3.1040l mol™ for T2, considering the
CO, mole fraction indicated by the provider took into consideration both

isotopologues.
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The isotopic composition! {°C) is expressed relative to the Vienna Pee Dee

belemnite (VPDB) standard as:

Erreur ! Des objets ne peuvent pas stre crZZs " pairtdes codes de champs de mise en forme.

where Rs and Repg are the isotopic ratio (computed as'&&O,/**CO,) of the sample

and the standard, respectively. To estimate total, G&@ncentration from
measurements of2CO™0'® and *CO™0" it is necessary to account for the
concentration of other isotopologues

Erreur ! Des objets ne peuvent pas stre crZZs ~ partir des codes de champs de
mise en forme.

where §ineris 0.00474 following Griffis al. (2004).

The sequence of TDL measurements included two calibration gases and these were
used for calibration of each measurement sequence. This involved calculation of the
deviation between the measured values of calibration tanks and the known values to
determine a gain and offset for each isotopologue in each tank being measured
(Bowling et al. 2003). The gain and offset were used to calctfta@ and**CO; of

LI-6400 sample and reference gases in each measurement sequence.
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Estimating leaks of the gas exchange system

It is known that classical clamping systems allow,Q0@ diffuse through
chamber gaskets (Rodeghiexbal, 2007). Thus, it is important to quantify these,CO
leaks during experiments to check if they can affect our estimation of photosynthesis
parametersA, G etcE), and the measurements !dfC used to estimatg,. The CQ
leaks are enhanced whenever the,@@le fraction in the chamber differs from that
in the air surrounding the chamber (i.e. ambient air in the lab). We performed
measurements of the difference in g@ole fraction entering (£ and leaving () in
an empty chamber (without leaf) to estimate the impact of [@é@ks. We repeated
this experiment under 21%.,@nd 1% Q. Source C@was provided with compressed
CO, cartridges fixed on the GOinjector of the LI-6400, with!*C=-5.884
(estimation from TDLAS at &300 !mol mol™).

Results are presented in Figure A2. Under 21%te G-C. difference was
comprised between -0.Imol mol™ at G=200 !mol mol* and 1!mol mol* at
Ce=1000!mol mol* (Figure A2, upper panel), the same range ofised in the CO
variations experiment presented in Chapter Il. AEZD0O0 !Imol mol?, the G-Ce
difference increased up to®ol mol . We observed the same pattern under 1% O
but with sightly lower G,-C. difference for the same.QFigure A2, upper panel).

The ! *C,-! °C, difference was not affected by the changes gfafd remained
constant between -0.5a and 0.5a (except noisy points, see Figure A2, lower panel).

No difference was observed between 21 and 1% O
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Figure A2: Upper panel: Difference between L@olar fraction entering and leaving the
photosynthesis chamber{@nd G, respectively i1 mol mol™) versus C@ mole fraction entering the
chamber (G). Measurements were performed under 21 (black @oitd)1% Q (empty circles).

Lower panel: Difference between isotopic composition of air entering and leaving the photosynthesis
chamber (*C, and! **C,, respectively in &) plotted versus COmolar fraction entering the chamber

(Ce). Measurements were performed under 21 (black éwoi3)1% Q (empty circles).
The derivation of **C with variations of ¢

We observed that the absolute valué '8€ increased exponentially with the value of

Ce, With ! *%C=-5.884 at Ce=300!mol mol*, and!*°C=-1.66& at Ce=1000 'mol

mol™ (Figure A3), for measurements under 21% The same pattern was observed

for measurements under 1%. Gince calibration tanks covered a range between 290
and 419!mol mol ™, that ensures a linearity of tHE3C signal, but not above£419

Imol mol™*. We applied a correction to compensate for the observed deviation based
on the deviation from reference values. Reference values were those measured at

Ce=300!mol mol™, which is within the range of calibration tanks. The equation to



compute the correcteld®C was! **C.obs-(0,000004*¢ + 0,0024G -1,3397) with

I 3C.obs the not correctdd®C, leading to corrected values showed in Figure A3.

Figure A3: Observed isotopic composition of Céhtering the photosynthesis chamberQ,, black
dots) plotted versus GOnolar fraction entering the chamberCCorrected values to compensate the
deviation are shown in empty circles. The same, @dmpressed cartridge was used along this
experiment with! *C=-5.884 (estimation from TDLAS at =300 ! mol mol?). Since calibration
tanks covered a range between 290 and!4t6l mol*, the derivation is due to the lack of calibration

tanks above 419! mol mol™.

The effect of changing,@n the observed°C value

We observed that, with the sarh€C of source C@ !**C of air measured under
1%0, was systematically 1.37a higher than under 21% Q-igure A4). We
suspected that an interaction betweena®d the TDLAS detector induced such shift
in the measured™C, since calibrations tanks had air only with 21% We thus
corrected values by subtracting the observed shift on the medst@deading to

corrected values shown in Figure A4.
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Figure A4: Observed™C, in 21% Q (black dots) and the shifted>C. values observed in 1%,0
(empty circles) plotted versus@,. The shift was calculated from the interceptd B€. under 21%
and 1% Q (shift=1.37264). Corrected values under 1% @re represented by empty triangles. Each

point is a single measurement with TDLAS from 30s integrated signal.

Conclusions

We concluded that this gas exchange circuit provided satisfying precision data since
(i) CO;, leaks influence at maximum the-C, difference by Imol mol™, and (ii) the
measurements of **C had a precision below 0.54. We also compensated the
deviation of ! **C with the variations of Cand Q, ensuring no artifactual data of
1%,

Part 2: Using a custom-built photosynthesis chamber coupled to a TDLAS

Description of the gas exchange circuit

For measurements of leaf photosynthesis conducted at the UniversitZ de
Nancy, we used an aluminium custom-built leaf chamber of 13x26cm. The main
advantage to use such a photosynthesis chamber are: (i) to enclose a whole leaf and
thus exclude problems induced by clamping systems (mechanical stress on the leaf
and photosynthesis recorded on only a part of the leaf) and (ii) to considerably reduce
leaks since the custom-built chamber was equipped with OOO rings sealed with ten
bolts. The complete gas exchange circuit is presented in Figure A5.

The working air flow through the chamber was 5L thaontrolled by a mass

flow controller (Bronkorst). Leaf temperaturet) was measured with a nickel-
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chrome thermocouple, ang.f was maintained constant at 22.124C7 (meant SD)

using Peltier elements to control air temperature within the leaf chamber.
Photosynthetic photon flux density (PPRBol photons m? s*) was monitored with

a quantum sensor (LI90OSA; Li-Cor, Inc., Lincoln, NE, USA) inside the chamber.
Irradiance was provided by two 20cm x 20cm LED panels (P.S.l. Photon System
Instruments, Brno, Czech Republic). Chamber air was well stirred with four fans to
homogenise gas composition and temperature inside the chamber. Boundary layer
conductance, estimated with a filter paper leaf replica, was 1-2 thef'nralculated

for each leaf as a function leaf area from estimations based on the filter paper method
(Jones 1989). Air pressure inside the chamber was measured with pressure sensors
and maintained slightly above atmospheric pressuvE8al + 3 mbar (meas SD) to

avoid influx into the chamber. Water vapour at the inlet of the chamber was
controlled with a dew-point generator equipped with Peltier elements and air pressure
sensor. All measured variables were recorded with a datalogger (CR23X; Campbell
Scientific Inc.) every second and averaged every three minutes. Water vapour in the
sample circuit was measured with a calibrated gas analyser (Li-ZO@OR,
Lincoln, NE, USA). After recalculating the air flow leaving the photosynthesis
chamber to account for the efflux of water by the leaf (Ball, 1987 Eq.11b),
transpiration rateH) was assessed by mass balance and stomatal conductance to
water vapour (g) was calculated from FickOs law based on leaf temperature (Ball,
1987)and accounting for boundary layer conductance and a stomatal ratio of 0.7 for
Poplar (Le-Thiec, personal communication) with equations from Li-6400 manual (eq.
1-9 and 17-9). Stomatal conductance to, @9 was calculated witlge= gs/1.6. CO,
entering the circuit was provided by ambient air (for PPFD variatioh€, " -8 &)

or by mixing ambient air with pure GGrom a compressed tank (Air Liquide, with

1 3C " -30 &) for CO, variations. CQ@ concentration in inlet (§ and outlet (§) was
measured with a TDLAS (TGA100A; Campbell Scientific, Inc.). Because air flow
was dried before entering the TDLAS, the measured €@@centration was different

from that in the reference and the sample circuits because of dilution in water vapour.

C. and G were then recalculated following Ball (1987):

Ce = M (Eq. Al)
1 WTDLAS
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where Gpias is CQ, concentration measured by TDLAS in dried aig &dd Wrpas

are water vapour concentration in reference (dew point) and in air flow after drying,
respectively, with Wp as assumed to be zero. The same calculation was applied to
Ca using W, the water vapour concentration in the sample. Knowingrd G, net
assimilation A) was assessed by mass balance, andh€ CQ concentration in

intercellular air spaces was calculated following Ball (1987).
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exchange system used in Nancy

record online discrimination agains
O, during photosynthesis. Air flow
pass throught buffer volume and then
pump, a dew-point generator control &
humidity, mass flow controlers se
desired air flow. A customizec
phosynthesis chamber allows to enclo
a whole leaf with the needed sensors
monitor air pressure, temperature al
irradiance. A water vapour analyser ai
a TDLAS allow to monitor water
vapour, CQ mole fractions and isotopic
composition of air before and afte

passing over the leaf.
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Test of the circuit

To test the presence of leaks in the gas exchange circuit, we firstly flushed the chamber with
pure nitrogen (Air Liquide) and recorded the O@olar fraction with a LI-7000 $D/CGO;,
analyzer placed after the chamber. We did not detected|€x®Rs since the measured £0
molar fraction in the chamber was < Qrilol mol *, thus below the detection threshold of the
LI-7000 (not shown). We then flushed the photosynthesis chamber witm@l@r fraction at
1000!mol mol™* provided by calibration tanks (Air Liquide). Again, the recorded 6®@lar

fraction in the photosynthesis chamber was not different from ho@iomol * (not shown).

Figure A6: On the left panel, recorded difference betwé&g, - | *C, (isotopic composition of air entering and
leaving the photosynthesis chamber) with an empty chamber during 15h. On the right panel, the corresponding
correlation betweeh™C, and! **C,, the grey dashed line represent the 1:1 relatipngtie variation of *Ce

(from -9.34 to -10.64) was due to changes in the atmospheritC at the UniversitZ de Nancy on Julian day

112, 2009.

To test if isotopic composition of a gas entering the chamber was not modified when passing

throughthe circuit (i.e. if any discrimination was induced by the circuitOs components), we

recorded *C. and! **C, in the empty chamber (no leaf inside) during 15 hours.! Tf@ -

| 3C, difference was comprised between -0.1 and 0.14 (Figure A6).

Conclwsions

This circuit equipped with a custom-built photosynthesis chamber provided data not

influenced by CQ@leaks, due to the absence of a clamping system and an OOO ring with high
sealing power. The discrimination by the circuit was considered as null, since the precision

measurement was about 0.14.
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