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Figure 1. Leaf of Populus wilmattaga.k.a.Populus cinnamomoidgs a fossil record (58
million years B.P.) Photo by D. Dickmann.

Figure 2. Natural range oPopulus nigran Eurasia and Africa. Redrawn from Vanden Broeck
(2003).

Figure 3. Natural range oPopulus deltoidesRedrawn from U.S. Geological Survey Earth
Surface Processédtp://esp.cr.usgs.gov/data/atlas/little/
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INTRODUCTION

Poplars have a long cultural history. They are a part of agro-forestry systenaseand
managed to supply timber, fuel wood, forage, and serve as windbreaks. During the period
between 1830 and 1848, poplar has been planted in France as a symbol of liberty and
ambassador of the peopRopulug. Fossil traces of poplar leaves date from Paleocene (55-60
million years BP) for the sectiohacamahacaand Miocene (10-15 million years BP) for the
sectionAigeiros (Fig. 1). Populus nigraand Populus deltoideseem to descend froRopulus
latior and Populus glanduliferarespectively. AlthoughPopulus nigracv. Italica has been
present for a long time in the Mediterranean regions of Europe, it has sprEeahce from
1749 on the banks of the Briare canal via It&gpulus deltoidesvas introduced to Europe

from North America in the late 17th and 18th century as cuttings.

1.1. The gnusPopulus

Poplars are deciduous or rarely semi-evergreen trees with a wide natural dstribut
the Northern Hemisphere, from the equatorial tropics to the limits ofdistgbution area.
Taxonomically, poplars are divided into six sections (Tablé>tjpulus deltoidesind Populus
nigra belong to the sectioAigeiros and are also known as eastern cottonwood and black
poplar, respectively. Barriers to gene flow amdtwpulusspecies in natural populations are
frequently ineffective, so spontaneous hybrids are common. Interspecific hyboidizati
common within mostPopulus sections. Table. 2 illustrates some inter-specific and inter-
sectional hybrids in the genuRopulus but inter-sectional hybrids betweekigeiros and
Tacamahacalso occur in nature. Successful mating occurs with difficulty or ndt atrss
sectional lines iMAbasq Turanga Leucoides andPopulus(Zsuffa 1973; Stettleet al. 1980).

The dominant poplar in southern Francéapulus nigra(for the natural range see Figure 1).
Populus deltoidesnative to North Ameda has been introduced in Europe. These two poplars
are parents to many cultivated clones (for the natural range see Figure 2).

The vegetative propagation of poplars uses 20 to 30 cm long sections of dormant, one-
year-old woody shoots as planting stock. If these OcuttingsO are plantedspnintyethey
quickly produce roots from existing primordia in the inner bark and new shoots from latera
buds. Due to their fast growth, planted cuttings grow from 1 to 4 meters talgdbe first
growing season, depending on genotype, local environment and site conditions. Theoability t
produce adventitious roots also allows the use of entire young, several angtshbots (sets)
to be used as planting stock.
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Table 1. Taxonomic classification of the genRspulus(FAO/IPC Poplars and willow in

the world 2008)

Section Taxon English common name Notes and synonyms
Abaso P. mexicanaVesmael Yaqui cottonwood Monotypic section
Turanga P. euphraticaOlivier Euphrates poplar IncludesP. dversifolia

P. ilicifolia (Engler) Rouleau

(Afro-Asian poplars)
P. pruinosaSchrenk

Kenyan poplar
Desert poplar

Formerly synonymous witR. euphratica
Formerly synonymous witR. euphratica

Asian swamp cottonwood
Swamp cottonwood
Heartleaf poplar

FormerlyP. wilsonii

Leucoides P. glaucaHaines
(Swamp P. heterophylldinnaeus
P. lasiocarpaOliver
Aigeiros P. deltoidesarshall
(Cottonwoods

P. fremonii S. Watson

black poplar) P. nigraLinnaeus

Eastern cottonwood

Fremont cottonwood
Black poplar

IncludesP. sargentii, P. palmeyi
andP. wislizenii
IncludesP. arizonica

P. angustifolialames
P. balsamiferd.innaeus
P. cathayandRehde

Tacamahaca

(Balsam poplars)

P. ciliataRoyle

P. koreanaRehder

P. laurifolia Ledebour
P. maximowicziHenry

P. simoniiCarriere
P. suaveolenEischer
P. szechuanic&chneider
P. trichocarpaTorrey & Gray
P. yunnanensiBode

Narrowleaf cottonwood
Balsam poplar
Cathay poplar

Himalayan poplar

Korean poplar

Laurel poplar
Japanese poplar

Simon poplar
Siberian poplar
Szechuan poplar

Black cottonwood

Yunnan poplar

FormerlyP. tacamahaca
May be synonymous witR. suaveolens
Heretofore in section Leucoides; the forme
Likely synonymous wittP. suaveolens
or P. maximowiczii
May be synonymous witR. suaveolens
IncludesP. przewalskiandP. kangdingensis

May be synonymous witR.balsamifera

P. albaLinnaeus
P. guzmanantlensiazquez & Cuevas
P. monticolaBrandegee

Popuus
(White poplars
and aspens

P. simaroaRzedowski
P. adenopodéaximowicz
P. gambleHaines
P. grandidentatdMichaux
P. sieboldiiMiquel
P. tremulaLinnaeus

P. tremuloidesMichaux

White poplar
Manantl¥n poplar

Baja poplar

Balsas poplar
Chinese aspen
Himalayan aspen
Bigtooth aspen
Japanese aspen
Common aspen
Quaking aspen

May be synonymous witR.simaroa

A.k.a.P. brandegeeimay be naturalizeB.

IncludesP. jesoensis
IncludesP. davidianaandP.
rotundifolia
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Table 2. Some naturally occurring hybrids among taxa in the g&umilus(Eckenwalder

1996)

Hybrid parents

Hybrid binomial

English common name and notes

P. adenopod# P.#tomentosa

P. alba# P. adenopoda

P. alba# P. grandidentata
P. alba# P. tremula
P. alba# P. tremuloides

P. angustifolia# P. balsamifera

P. angustifolia# P. deltoides

P. angustifolia# P. fremontii
P. angustifolia# P. tremuloides
P. angustifolia# P. balsamifera

x P. deltoides

P. #berolinensis# P. simonii

P.#canadensi¢ P. balsamifera

P. deltoidest P. trichocarpa

P. deltoidegt P. balsamifera

P. balsamiferat P. tremuloides
P. balsamiferat P. deltoidest
P. tremuloides
P. deltoices# P. nigra
P. deltoidest P. tremuloides
P. fremontii# P. deltoides

P. fremontii# P. nigra
P. grandidentata& P. tremuloides

P. laurifolia# P. nigra

(P. laurifolia# P. nigra)# P. balsamifera
(P. laurifolia# P. nigra)# P. deltoides

P. nigra# P. simonii

P. tremula# P.#tomentosa

P. trichocarpa# P. fremontii

P.# pseudotomentos&/ang & Tung

P.# tomentosaCarrisre

P.# rouleauianaBoivin
P.# canescenSmith
P.# heimburgeriBoivin
P.# brayshawiiBoivin
P.# acuminataRydberg
P.# hinkeleyaneCorrell
P.# senniiBoivin

None

P.# charbinensidvang & Skvortzov

P.# rollandii
P.# generosadenry
P.# jackii Sargent

P.# dutillyi Lepage
P.# polygonifolia Bernard

P.# canadensidloench
P.# bernardiiBoivin
P.# euramericana
P.# inopinaEckenwalder

P. # smithiiBoivin

P. #berolinensiDippel

None

None

P.# xiaoheiHwang & Liang

P.# hopeiensidiu & Chow

P.# parryi Sargent

Backcross hybrid

Peking poplar or Chinese white poplar; aspe

parent may b@. tremulavar. davidiana

Gray poplar

BrayshawOs poplar

Lanceleaf cottonwood; a.k.B. # andrewsii

Trihybrid

Unverified trihybrid

Interamerican poplar; a.k.B. # interamericana

JackOs hybrid poplar or heartleaf balsam pop

a.k.a.P. balsamiferavar. subcordate?.

candicansorP.# gileadensis

Trihybrid

Euramerican poplar; a.k.B. #euramericana

Bernard poplar; may actually Be# jackii

Ak.a.P.# barnesii
Berlin or Russian poplar; a.k.B. #
rasumowskyanar P.# petrowskyana
Trihybrid

Trihybrid

Lesser black poplar; a.k.B. # gansuensisr P.

# xiaozhuanica
Hebei poplar, a trihybrid

Parry cottonwood
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Table 3. Area (in ha) planted with wood producing poplars in 2003 and 2006 in France

according to regions (http://www.peupliersdefrance.org).

Regions 2003 2006
Alsace 2000 2176
Aquitaine 17200 24974
Auvergne 1400 3329
Basse Normandie 4700 4586
Bourgogne 11900 14442
Bretagne 6100 8235
Centre 22600 22814
ChampagneArdenne 21100 26864
Franche-ComtZ 2900 4134
Haute Normandie 1600 1890
lle de France 2400 9576
LanguedocRoussillon 900 1143
Limousin 900 329
Lorraine 3600 3540
Midi -PyrZnZes 12500 14824
Nord Pas de Calais 9000 12863
Pays de la Loire 18900 22147
Picardie 23900 32108
Poitou-Charentes 13000 12177
Provence Alpes C™te d'azur 900 418
Rh™neAlpes 7700 10836
Total 185100 233406
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Easy vegetative propagation from hardwood cuttings is a remarkable trait sheaitdveed the
widespread and successful planting of selected pure species and hybridsspeeis|ly in the
sectionsAigeiros and TacamahacaOn the other hand, AspenBapulus tremula cannot be
propagated from hardwood cuttings, although they can from root cuttings, or leafy softwood
cuttings. Thus, plantations of poplars outside these two secAgyarposandTacamahacpare
less common worldwide. During 2008, 52 million ha of poplars were growing all over the
globe. Poplar cultivation is well developed in most countries of the northerisgiesreas

compared to the southern hemisphere

1.2. Poplar hybrids

Spontaneous hybrids have been used in commercial culture for several decades. In
addition to that, geneticists bred hybrids that were deployed in poplar cultittattarghout the
world. The most common of these commercial hybrids belongofmulus# euramericana,
which is the cros®opulus deltoide¢#) ! Populus nigra($). To date, tree breeders continue
producing new hybrid cultivars using microculture and biotechnology techniques to cross
mating barriers.

In France, apart from a few genotypesRaipulus deltoides, Populus trichocarpad
Populus albapoplar cultivation is dominated by @uramericanahybrids Populus deltoideg
nigra (ii) interamericanahybrids, stemming from the cro®opulus deltoide# trichocarpa
Interamericanahybrids have been present in the French national catalogue since 1982. Over the
past 20 years, the resistance of these genotypes to fungal attacks droslative share of
these two types of hybrids in french plantatioiméeramericanahybrids showed remarkable
hybrid vigour. Thus, between 1987 and 19@iferamericanahybrids, represented mainly by
'BeauprZleft very little room foreuramericanaultivars. Nevertheless, these cultivars grown in
dense plantations suffered severe rust attaeldafmpsora larici-populinaKleb.) after 1997
due to their low quantitative resistan@owkiw & Bastien 2007). They were less and less used
thereafter. Until 1998, sales afteramericanahybrids increased meagerly but thereafter
decreased sharply in favour of thera@mericana hybrids (Breton 2000; Paillassa 2001;
Balzinger & Ginisty 2002). For almost 20 years, a strong increase in the rgladp@rtion of
Euramericanacultivars growing in France, especially for the cloi#4 since 2000was
detected by FCBA (Forst, Cellulose, Bois-construction, Ameublement; Thivolle-Qa0a).

This shows that after fall in interest forEuramericanacultivars between 1987 and 1997,
farmers are showing a renewed interest in these hybrid poplars (see Figuits di&tribution
in 2003).
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Figure 4. Distribution pattern of poplar cultivation in France (ha) in 2003 (Ministere de IO
Agriculture et de la Peche 2004).
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1.3. Poplar cultivation

Traditionally, poplar has been cultivated in France since tHec@8tury. Due to import
ban against trembling aspen for matches and okoume for plywood, poplar cultivation has
regained farmerOs interest. Poplar cultivation was once again boostdukbafteation of "The
French Poplar Commission™” in 1942, which became the "International Poplar Coonnhi&sS|'
in 1947. It was a substantial initiative of France to promote poplar cidtivat collaboration
with FAO (Food and Agriculture Organization of the United Nations). Since #uelitjonal 28
countries have joined in and have enlarged the list of 8 pioneer members who rdspahée
call of attending the poplar week in April 1947. The tasks of IPC are multgplstudy the
scientific, technical, socio-economical aspects of poplar culture; togpeothe exchange of
ideas and materials among researchers, producers and users; to creatsepioh ngrogras
and stimulate organization of meetings (Viart & Fugalli 1997; Viart 1999). Incéradue to the
long efforts of IPC and other forestry related organizations, the area under popationlt
increased from 100000 ha in 1939 to almost 185100 ha in 2003 (Table 3), which increased to
235000 ha in 2008.

Region wise, Picardie (32000 ha), Champagne-Ardenne (27000 ha), Aquitaine (25000
ha) and Centre along with Pays de la Lq#4000 ha) share most of the area under poplar
cultivation (Table 3 & Figure 4). Such a large area makes poplar the thirdshigivod
producing species in France after oaks and beech in 2003 and the second one ire2088saft
(1.5 million n? of wood per year, FAO 2008).

Poplar wood is very versatile and widely used. It is light in weight (Spegpidvity 0.3
to 0.4) because of its porous anatomy. The wood is soft, creamy white in colcept (Bxca
dark, pale brown heartwood or wood core), straight-grained and uniform in texture. Some
species readily produce tension wood characterized by a low cell wdikchdgion which results
in a woolly aspect of the wood. Wood of many poplar species displays a |logtkirstiffness,
shock resistance, decay resistance and bending properties. However, the woodvoesedte
easily with hand or machine tools. In addition, poplar wood can be easily gtweded and
nailed. Staining can be patchy but paints and varnish are easily applieat. Woptl is widely
used to manufacture pulp and paper, peeled and sliced veneer, composition boadiadincl
oriented-strand board), sawn lumber, crates, boxes, matches, chopsticks, poles,, foafiture
logs, and excelsior. In 2008 in France, 32% of the harvested poplar wood volume whs used
light peeling, 7.9% for veneer plywood, 24.4% for export veneer, 24.7% for sewing palettes and
11% for sawing crates and bedding.

11
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Well irrigated

T Water stress

Well irrigated

Figure 5. Boxplots for the values of the discrimination agaiffiét(! **C) recorded in the bulk
leaf matter of a range &fopulus# euramericanagenotypes grown in a factorial experiment in
the field at OrlZans, during 2003 and 2004. During 2004, a moderate drought treatment was
applied to half the individuals and induced a decline’™3E€. Values recorded during 2003 were
influenced by the heat and drought stress that happened during that year. Based on SpearmanC
rank correlationrg), the genotypic ranking remained same as found in 2003. Modified from
Moncluset al. 2006.
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1.4.Research questions anthesis objectives

Poplars occupy an important place in the timber industry. To meet the cumendigising
industrial demand, growers are bringing new areas under poplar cultivation sucha®ays
de la Loireand Garonne regions. As a result of this extension in addition to predictedeclim
change, an enhanced risk of drought events might have a negative influence on theriyoduc
of poplar genotypes. In this scenario, the question of the effect of water smppipductivity
is becoming more and more important. In this context, the concept of transpiftmney
(total biomass accumulated with respect to water transpired) gainsintdme transpiration
efficient poplar genotypes, selected on the basis of reduced water cowsuoptstomatal
conductance) could ensure efficient water use and a sustained production by ngnhanci

conservation of soil water and allowing plants to remain physiologically active.

In this respect, the work done during this thesis fits the long chain of sumieson
poplar genotypes during a collaboration between two laboratories, Forest Ecology and
Ecophysiology (EEF, UMR 1137 INRA/UniversitZ de Lorraine) and Laboratoire de Biologie
des Ligneux et des Grandes Cultures (LBLGC, BBEA 1207, University of OrlZans). The
aim of these two labs is to identify the ecophysiological and molebalses controlling the
genetic and phenotypic variation of complex traits in trees. Traits of shiek@dude water use
efficiency (WUE) and drought tolerance. In this regard, their main focus is on the
commercialized poplar cultivars likopulus# euramericanaand wild typePopulus nigra
The aim is to detect genetic material that is lvedlteruse efficient and adapted to the different
cultivation regions. In this context, the detection of genotypes, noticeabRopiilus #
euramericana were the centre of interest (thesis dissertatioN.oMarron 2000-2003, R.
Monclus 2002-2006 and L. Bonhomme 2005-2009).

Poplar hybrids are known for their potential to produce high volumes of wood in short
periods of time Marron et al. 2005; Marron & Ceuleman006; Marronet al. 2007 but are
generally sensitive to drought. Their productivity is very closely linked to wasgiahility that
can limit growth, wood quality and eventually favour the installation of pathogéaais et
al. 1993; Barigahet al. 1994; Pinon & Valadon 1997; Loustat al. 2005). Therefore, it
becomes a very important issue to detect genotypes that combine productivityydudh
quality and tolerance to biotic and abiotic stressesPdpulus# euramericanagenotypes,
previous studies have highlighted a wide range of genotypic variation for growth pptentia
transpiration efficiencytleaf level (estimated throudfC discrimination; see Figure 5 b;
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Figure 6. PCA from Moncluset al. (2005) showing (a) lack of correlation between istopic
discrimination againstC (! ) and productivity traits like above ground biomass (ABiom), stem
diameter (dDiam) and maximum leaf area (Tl4 as they are present on the opposite axis on

the PCA (b) and large genotypic variability for productivity traits artween tested 29

genotypesRopulus deltoideg nigra).! varied between873 for Pannonia (Pn) and
21.51 for Eco-B (E28). Reprinted from Monclust al. 2005.
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Marronet al. 2005; Dillenet al. 2008) and tolerance to moderate drought (Monetws. 2005;
Moncluset al. 2006; Bonhommet al. 2008). A large genotypic variability has also been found

in the amplitude of the drop of productivity in response to water shortage among poplar
cultivars (Gebreet al. 1994, 1998; Liu & Dickmann 1996; Chenal. 1997; Harvey & van den
Driessche 1997; Robison & Raffa 1998; Tschaplirslal. 1998; Marroret al. 2003; Monclus

et al. 2006).

These initial studies were based on the measurement of instantratospefficiency
(TE) through leaf gas exchange measurements artmefintegratedTE using the natural
abundance of stable carbon isotop#sC) in leaf tissues (Marroet al. 2005; Moncluset al.
2005, 2006; Bonhommet al. 2008; Dillenet al. 2008, 2009). Along with the variability
detected among genotypes in the discrimination agai@sfrom the atmosphere to the leaf
matter($*°C), morphological indicators for productivity were identified such as the maximum
area of single leaves and total leaf area. Furthermore, no relationvidasnoed between
productivity and $°C (Fig. 6 a, b) both in open field experiments and under controlled
environment. Under moderate drougBt’C decreased but the genotypic ranking remained
intact, evidenced through SpearmanOs rank correlations (see Figure 5; Momt!2006).
Along with this large genotypic variability for productivity and the stabilitgenotype ranking
for $°C, stomatal conductance was found to be responsible for genetic variati$iCin
(Monclus et al. 2006). More recently, Dilleret al. (2008) also evidenced the lack of direct
relationship between stomatal traits and plant growtt$'8€ in Populus# euramericana
genotypes. Such results in various poplar genotypes (i.e., the absence or weakshgati
between $*°C and growth) open the possibility of selecting genotypes combining high
productivity and high transpiration efficiency.

In thesestudies, the genetic variability ®E was exclusively measured throughC (as
an estimator oTE). Furthermore, experiments included very young individuals (up to 2 years)
grown in a greenhouse or in open-field experiments. Extrapolating the conclusionsdhtaine
leaf scale and concluding about stability of genotypic variability for whaetdE can be
tricky. Factors like% and %, (carbon lost during respiration and water lost during night
respectively) may vary between genotypes, thus the observed genotype variaBiffty inay
not perfectly match the genotype variability in whole plBEBt Previous studies have found that
variability in $*°C does not necessarily reflect the variability in whole pEB{Sunet al. 1996;
Piconet al. 1996a; Turneet al. 2007; Matzneet al. 2001). Thus, to select genotypes for lower

| 3C, we need to be sure that observed genotype differen@¥in
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really reflect differences in whole plaftE. Another important question is the temporal

stability of genotype ranking fag™*C. $'°C decreases in many species with increasing age and
the intensity of the decrease varies among species (Francey & Farquhar 19&2;aB&1997,
Duquesnayet al. 1998 McCarroll & Pawellek 2001). A 2.84 range of genotype valuessbiC

has been detected ass®9 Populus# euramericanagenotypes. This range and the genotype
ranking is susceptible to change with age. Thus, it becomes important yoifvdréd genotype
ranking for$"*C remain stable till the end of a rotation. Around these two main objscfiver

experiments were designed along two general objectives:

1) To check whether genotypic differences#iC reflect genotypic differences in whole plant

TE (upscaling from leaf to whole plant).

¥ under optimum growth conditions: the upscaling approach was tested inFsipulus
deltoides# nigra genotypes showing contrasti®|J°C (Monclus et al. 2006). Plants
were grown under a controlled and stable humid environment where optimum light,
temperature and soil moisture were provided. Water transpired, biomass pratlt€ed,
(leaf soluble sugars and bulaf matte), diurnal variations in net Cassimilation 4)
and stomatal conductance to water vapa@dr &nd $'°0 (bulk leaf matterand leaf
water) were measured (Chapter 1);

¥ under different evaporative demands:the upscaling approach was tested in six
Populus nigragenotypes originating from natural populations along the Loire river with
contrasting$™*C (Chamaillardet al. 2011). Plants were grown in two growth chambers
under 75% and 45% relative humidity. Optimum light, temperature and soil moisture
were provided. Water transpired, biomass produ&if; (leaf soluble sugars and bulk
leaf matte), diurnal variations imA andgs and $'%0 (bulk leaf matterand leaf water)

were measured (Chapter 2).

2) To check for the stability of genotype ranking rC with age with:

¥ a diachronic approach: $°C was recorded in annual rings along tree cores. Different
genotypes of similar age and growing under a similar environment (common garden)
were used. This approach was repeated on three different sites (Chapter 3);

¥ a synchronic approach: $=°C was recorded in the last annual ring (2009). Three
Populus deltoide# nigra genotypes were tested and samples were taken from trees of
different ages growing under different environments. Using this approach, the effect
long term environmental changes were minimized and tree age effechaxa®ized
(Chapter 4).
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Spacial
Temporal
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Figure 7. Theoretical relationship between transpiration efficiency measured at different

integration levels. At leaf level through gas exchange, at whole plant level by estimating
biomass accumulated and water transpired and through isotopic discrimindfierirothe

organic matter with respect to source (Modified from Konate thesis dissertation 2010).
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2. STATE OF THE ART

2.1. Water use efficiency at different integration scales

Water use efficiency has become a trait of interest in variowsfiagronomy, forestry
or ecology. In agronomy, improving water use efficiency in crop plants means to écreas
production under a given water supply (Richatlal. 2002). This can be done: (i) by reducing
runoff and drainage, (ii) by reducing evapotranspiration, (iii) by improving transpiration
efficiency TE, (iv) by improving the harvest index. Evapotranspiration in a crop can be reduced
simply by increasing crop density. This will reduce the water loss direotty the soil surface
and will increase the fraction water used by the plarEscan be increased by acquiring more
carbon in exchange of water transpired by the plants, and harvest index can lmedbrea
increasing of the ratio harvestable product vs. the achieved biomass.

In forestry, TE is often studied at plant scale as well as at ecosystden(seathe gain
of ecosystem carbon vs. actual evapotranspiration; éaal. 2002). At plant scale, several
definitions of TE coexist, allowing access to different spatial and temporal integtatiets. At
whole plant scaleTE is measured as the ratio between biomass accumulated and the amount of
water transpired by the plant for a certain period of time.

2.1.1 At leaf level

At leaf level, TE can be defined as Ointrinsic" or "instafEXFigure 7;A/g and A/E
respectively). Intrinsid@E or A/gs (umol CO; mol™* H,0) is the ratio of net CQassimilation A,
pmol CO, m? s?) and stomatal conductance to water vapgyrriol HO m? s%). The influx
of CO; (A) from atmosphere to the leaf interior is described as product of the raotmri
difference of CQ between the atmosphere and the intercellular spaces respeciiv&\X, in
pumol CQ mol! air) and stomatal conductance to £@. mol CQ m? s%), which is the
inverse of resistance, hende= g (C,- C). As water vapour diffuses 1.6 times faster than,CO
then:gs =1.6 g thus,

A_CC_cacgic,)

1
9 16 1.6 @)

InstantTE, i.e.,A/E, depends on instrinsitE and another environmental component, narfely
(the difference in water vapour mole fraction between the leaf and the atmosphere), which can
be highly variable with time.

19



Fahad Rasheed PhD Dissertation 2012

20



Fahad Rasheed PhD Dissertation 2012
A/E (umol CQ, mol™ H,0) represents the ratio of influx of G@ntering the leaf and the flux of
water vapour out of the leaf (or transpiration, denotedEbin mol H,O m? s%) during
photosynthesis. Transpiration is calculated using the product betweed the mole fraction
gradient of water vapoufgmmol HO mol aii*) between the leaf{, mmol HO mol aif') and
atmospherev(,, mmol HO mol aif') (%= w; - w,), henceE = g %
A_C,("CI/C)

E 1le/ @)

2.1.2 At whole plant level

Whole plantTE is the integrated value of instafE over time across the entire plant.
Whole plantTE is usually recorded oveseeral weeks or months and is based on gravitational
measurements of accumulated dry biomaB#$/1)( and water loss through transpiration
accumulated over the entire period of the experimeftd; (Figure 7). Thus, whole plafiE is

expressed in M g*H.0.

The estimation of whole plafiE is laborious because it includes weighing potted plants
at leastvery day toassesshe total water transpired over a given period. On the other hand,
measuring whole plarfiE on a mature tree is very difficult. Olbrieh al. (1993) measuredE
at whole tree level, which was measured from total biomass gain (ingluabts), which is not
easy to determine. IntrinsitE being much simpler to measure could be used to deduce whole
plant TE based on the theoretical relationship betweentweterms (Farquhar & Richards
1984):

_C,1+/)(L! G/C,)
1.6"(1+/,)

TE (3)

where % is the fraction of carbon lost during respiration in non photosynthesising
tissues and during night, anés, is the fraction water lost during night and in non-
photosynthesising tissues. This relationship between intririsiand whole planTE has been
experimentally detected in different species, under varying environmental condstichsas
different water supply (Osorio & Pereira 1994; Matzeeal. 2001) or under different doses of
nitrogen fertilization (Ripulloneet al 2004). Only a few studies have found correlations
between these traits at intra-specific level, under non-limiting conditikasin Eucalyptus
populations (Li 2000). At times, relating intrinsic and whole plEtan be very tricky as both
traits are very plastic under natural environment. Since intrifiSis measured at leaf scale,
while whole plantTE is integrated to whole plant and over long periods of time, different
environmental factors affecting both traits can interfere during this upgcali
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Figure 8. Diagram showing the main environmental facto&igncing$*°C (reproduced from
McCarroll & Loader 2004).
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This question becomes even more important when the objective is to upsthéng approach
among closely related poplar genotypes for testing if differences in intiigsactually reflect

the differences in whole plarfiE. While scaling up from intrinsi¢co whole plantTE, the
proportion of carbon fixed during photosynthesis and lost through respiration of roots and stems
during the day and the roots, stems and leaves at §ightand the proportion of water lost by

the plant independently of photosynthetic proces$g3 play an important role. On the other
hand, intrinsicTE is highly reactive to the diurnal variation in irradiance, temperaiifg),

CO, concentration. Other influencing factors are summarized in Figure 8. Sasdimse
factors become so important that we are unable to evidence any correl@veerbetrinsic

and whole planfTE (e.g. Suret al. 1996 for white spruce). Thus, such relationships must be
verified. A first step was taken in this study by testing this upscalpgoach under controlled
environmental conditions and under different evaporative demands, i.e., different vapour
pressure deficitsPD).

2.2.13C discrimination as an estimator of intrinsic TE

In nature, there are two isotopes of carbon, the lighter isdt6p@8.9%) and the heavier
isotope °C (1.1%). The composition i°C (#°C) is expressed with respect to a tandard,
namely Pee Dee Belemnite.

#°C = (Rsample/Rstandara-1)1000 (4)

where Rsample and Rstandara are the'®C/°C ratio in a sample and in the standaRkd Dee
Belemnite), respectively?°C values are negative as organic matter always contains*@ss
than the standard (Farquhar & Richards 1984). Isotopic discriminatd@)(is defined as the
isotopic composition of the plant material with respeét td the air on which the plant has fed:

AlSC _ '/13Cair =! 13C
1000+/*%C

p'a“‘g) 1000
plant (5)

where#°C,, and" l3Cp|am are the isotopic composition of air and sample, respectively. The two
traits ¢**C and $*°C) are negatively related to each other. nplants, this discrimination is

partly caused by the diffusion of G&om the atmosphere into the intercellular spaagarid
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Figure 9. Diagram showing the main fractionation factors that contribute to the carbon isotope
discrimination during photosynthese&ndb); modified from McCarroll &Loader 2004).

Figure 10.Carbon isotope discriminatioh X displays a positive correlation with the ratio of

internal to ambient CQconcentration@/C,) and a negative one with intrinsie€ (WUE) in

western red cedar. Changes in both traits were induced by changel.iReproduced from
Grossnickleet al. 2005
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the initial reaction of carboxylation (mainly ribulose-1,5-bisphosphate carboxylase ¢& uis
Other fractionation processes are also involved like the dissolution andftisodi of CQ in
the liquid phase, photorespiration and respiration during the day (Faejudlat988; Farquhar
et al. 1989). Initially, the effect of these fractionation factorsdtC values was considered to
be small; but there is now a consensus that they are significant (Brugm@rguhar 2000;
Ghashghaiet al. 2003). Farquhaet al. (1982) established a discrimination model linkiig
discrimination of CQ@during photosynthesis and tk&¥C, ratio (the mole fractions of GOn
the intercellular spaces and in the atmosphere), which is inversely reléteg to

| 5C = a+(b" a)g 6)

a

wherea is the discrimination again$tCO, during diffusion through stomata (4.44) ardis
the discrimination at the time of carboxylatidmvaries between 27- 30&; Warren 2006 (Figure
9).

Given the relationship betwee#t’C andCi/C, and betweem\/gs andCi/C, (Equation 4
and 1 respectively), for £plants, $*°C is related negatively té\/gs and positively toCi/Cs
(Farquhar & Richards 1984). The theoretical relationship bet&égrand $'*C was validated
experimentally in trees (see Figure 10), in intra-specific and severalsbtitiges (Zhangt al
1994; Lauteriet al. 1997; Roupsareét al. 1998; Cregget al. 2000; Grossnicklet al. 2005). In
oaks, Pontoret al. (2002) showed a negative relationship betwaép and $*°C. However,
some studies failed to obtain this relationship, such as in white s(@uoest al. 1996), in
sessile oak (Picoet al. 1996) and in six lentil genotypes (Turner al. 2007). The lack of
relationship betwee$*C and A/gs is often due to (i) time scale integration; instantaneous
measurements of gas exchang®gd being highly sensitive to variable environmental
conditions; (ii) variation in the quantity and turn-over rate of different lesttbolites; some
metabolites being enriched and others depletetfGn(addressed in detail in the following
discussion).

In many earlier studies, a shift was observed between predicted (using E¢)atiuh
observed values of discrimination. The magnitude of this shift differed bptggeciess has
been summarized in Figure 11. It is well established now that this uriteatssn is dueat
least partly to limitations in the pathway of @d¥fusion from sub-stomatal cavities to the sites
of carboxylation inside the chloroplast (often referred to as mesophyll condudga)joghich
is not taken into account in the simple discrimination model. Theswtioms imply thaC; >
C.. Several methods have been used to estigyatehich includes online
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Figure 11. Upper panel: relationships between intrinbiEcalculatedasA/gs in wumol CG, mol

1 H,0 and! **C (in &) measured on leaf bulk matter in different species. The dashed geey li
is the relationship predicted by the simple Farquhar model of discriminatjpaign 6), with
b=30& and C;=400umol mol*

Lower panel: Relationship betwe&’C measured with online discrimination and intrin$ie

(A/lgs) for Eucalyptus saligndeaves (filled circle, each is an average$biC andW recorded
during 15 min) andPopulus deltoides nigra cuttings (empty circle, each is an average '5€

and W recorded during 30-45 min). The dashed grey line is the relationship predicted by the
simple model of discrimination, witb=304 and C,=350 umol mol “(i.e. the average€,

during the experiments). Reproduced from Cyril Douthe dissertation 2010).

Figure 12.The product of whole plaftE of C gain (TE) and daytime vapour-pressure deficit
of ambient air () plotted against whole-plaiC discrimination. Different symbols refer to
different species. Reproduced from Cernusia&l 2008.
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measurement ofC discrimination and\/gs (from gas exchange measurements) or comparing
A/gs with the isotopic signatures recorded in the primary photosynthetic product (saigate s

in leaves, Brugnoliet al. 1988). These limitations impose a significant slow-down to the
diffusion of CQ inside the leaf. They are variable among genotypes (Bagiair2010). By
combining the**C/*°C fractionation associated to respiration and the diffusion of tB@ugh

the mesophyll layers and assuming that these effects are eithemntmrshegligible, Farquhar

& Richards (1984) produced a complete descriptiorl BE, which can be represented as

follows:

n n n '* n I*
Co CoyaS G +q)iSeqplerflne B G
C C C C A+R, C, @)

#C =a,

wherea, (2.98) and a (0.74) are the fractionation associated with the diffusion through leaf
boundary layer and leaf watdy, is the fractionation as GOnoves in to the solution which is
taken as 1.1& at 25jCcs andc. are the C@concentration at the leaf surface and at the site of
carboxylation respectivelyeCandf are the fractionation associated to mitochondrial respiration
during the day and to photorespiration respectivelyis the CQ compensation point in the
absence of non-photorespiratory respiratiBg.(Thus we can weight the fractionation during
carboxylation as a ratio between £&bncentrations in the chloroplast to ambient @y)
rather CQ concentrations in the intercellular spaces to ambienCdas).

InstantTE at leaf level and **C can be extrapolated to the whole plant scale. Indeed, by
combining equations 3 and 6, we obtain a theoretical relationship begtizand wholeTE.
Cernusalet al. (2008) found a negative correlation betw@fC and whole planTE in tropical
tree species (see Figure 12). The same way as for the relationshigrbatat@ant and whole
plantTE, factors (evaporative demartl;, $,,) may intervene at times and can result in lack of
correlation betweefiE and! **C (Guehlet al. 1995; Matzneet al 2001; Ripullonest al. 2004;
Turneret al. 2007). It is therefore important to verify whether variabilityt 41C among poplar

genotypes reflects the variability in whole plaii

2.3. Other sources of variation in'*C signals: isotopic signature of different
organic compounds

3¢ isotope composition't3C) can be analysed for different compounds or organs. At
both ends of time scales from instant valuesAaf and the isotopic composition of total
organic matter, there is a long chain of physiological and biochemical precEssh of these
processes is likely to add additional isotopic fractionation and thus nugg changes in the
carbon isotope signature (for a review see Bowdihgl. 2008 and figure 13).
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Figure 13 An update from Boutton (1996) comparing the isotopic composition of compounds
isolated from leaves of{plants, expressed relative to bulk leaf biomass. The boxes encompass
the upper and lower quartiles of the data, the line shows the median, the symbol shows the
arithmetic mean, and the error bars show the upper and lower 10th percentiles of the data. The
vertical dashed line is included for easy reference t&*@ef leaf sugars. Reproduced from

Bowling et al. 2008
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Plant organs consist of complex mixtures of molecules with different iso®gnatures.
Leaves and stems are composed of cellulose, hemicellulose, lignin agdthar compounds.
These molecules form a stable pool of carbon accumulated over leaf grdvethsetond
reservoir of carbon molecules displays a rapid turnover, and includes soluble sugstescnd
The isotopic composition of total organic mattethe sum of that of each of these pools. Any
discrimination and the use of certain substrates enriched or depléfeddaring the process of
mitochondrial respiration may contribute to alter the isotopic signature of leaf matter.

In addition, the isotopic composition of organic matter also depends on the dhatiom
involved in the respiratory and photorespiratory processesa(feview, Ghashghaiet al
2003). During photorespiration, the g@eleased is depleted HC, and this affects the
discrimination observed during measurements of gas exchange. The impact of pinatanesp
on the isotopic composition of the plant is considered to be small (Detigle2012). Some
authors concluded that non-photorespiratory respiration does not significantly ledfeszitbpic
composition of the leaf (Lin & Ehleringer 1997), as hypothesised by Far@uler (1982,
1989), Farquhar & Richards (1984) and Farquhar & Lloyd (1993). However, stuiles
Phaseolus vulgarid.. (Duranceauet al. 2001), Nicotiana sylvestrisand Helianthus annuus
(Ghashghaieet al. 2001) invalidated the previous statements: the @@kased during non-
photorespiratory respiration can be enriched with respect to organic matter by Gésa
shown by Xuet al. (2004). However this fractionation caused by non-photorespiratory
respiration varies according to species, stage of plant development andnwittnmental
conditions including drought (Ghashghatieal. 2001; Xuet al.2004).

Differences in the®®C signature of different organs (Brugnoli & Farquhar 2000;
MacFarlaneet al 2004; Peukest al 2006; Cernusakt al. 2007a,b), and changes during leaf
development (Holtum & Winter, 2005) and along the growing season @aglj2002; Keitel
et al. 2003) have also been observed. The isotopic discrimination between atmospher@CO
leaf soluble sugars (glucose, fructose and especially sucrose), the first ramfuct
photosynthesis, reflect an integration of gas exchange over a few days (Beigaloll 988;
Brugnoli & Farquhar 2000)**C signature of starch is an integrator in the medium term
(approximately one week, Jaggiial. 2002). The analysis of components with longer life spans,
such as cellulose, leaves, helps to integrate isotopic discrimination dumigh larger period
(formation period of the leaf, or different types of wood). Moreover, post-photosynthetic
fractionation results in changes of isotopic signals depending on compound ([@radyoli &
Farquhar 2000; Bade@k al. 2005, Bowlinget al. 2008). Thus, the relative quantity of these
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molecules present in bulk material can significantly influence the dvEi@lsignal and
deconnect it from the values expected fromsAfthus, care must be taken while interpreting
the results. One way of dealing with this potential discrepasaye extraction of single

components close to the photosynthetic process.

2.4. Use of oxygen isotopes as estimator of stomatal conductance

It is of importance to identify the relative contributionfdfind ofgs to the variability of
intrinsic TE (=A/gs). The use of°C alone brings no clue to this question. Analysis of'fe
isotopic composition"¢?0) of leaf water and leaf organic matter is another tool that migpt hel
overcome this limitation. It can indeedtimategs independently oA, and thus can be used to

differentiate the changes In°C due toA orto gs.

2.5.%0 enrichment in the leaf

There are three stable isotopes of oxydé®, 'O and*®0. *°O is the most abundant
(99.76%), followed by®0 (0.20%).0 isotopic composition'{?0) of a sample represents the
180/*0 ratio of the sample with respect to that of the internationatiatd V-SMOW (Vienna
Standard Mean Ocean Water).

/0= %Mi’( 1§! 1000
& I:\)standard # (8)

where Rsample @Nd Rstandard are the'®0/*°0O ratios in a sample and standard (Vienna-Standard
Mean Ocean water). Isotopic discrimination in the plant material is then extiasat
#/ 180 n 1180 &

0 :?éiu Tooo+ /o, ) 1000 ©)

a
where " 0g, represents the enrichment of the plant material (leaf bulk or leaf)watth
respect to the source watét®0s,).

The enrichment of total leaf watet'fOy,) with respect to source water depends on
various factors. First®0 isotopic composition of soil water (or source) reflects the avéfage
composition of precipitation, and is influenced by the direct evaporation frospthsurface.
No isotopic fractionation is expected as the water moves into the nodtéram the roots
towards the other parts of the plants (leaves). Thus, the isotopic composkidarfwater and
the water flowing through the petiole is assumed to be the same thaof the soil water
(Sternberget al. 2003; Garet al. 2002). Leaf water is enriched with respect to xylem water.
This enrichment occurs at the sites of evaporation,&©Hevaporate slightly faster than'fO.
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2.5.1.*%0 enrichment of leaf water at the sites of evaporatin

The enrichment of water at the sites of evaporatldfiog) with respect to source water
is described by following model (Craig & Gordon, 1965; Dongmetrad. 1974):

1180, =1, +/*+(1 %0, " !k)% (10)

where $*0, is isotopic composition of water vapou$'f0, = #°0, - #%0q, ; #%0sw is the
isotopic composition of the source water).

(x is the kinetic fractionation as water vapour diffuses through the standtshe boundary
layer and is calculated by the following equation:

/= 32r,+21r, (11)
I’.s-'-rb

wherers andr, are stomatal and boundary layer resistance to water fluxgi=atd 14,),
respectively.

(* is the fractionation associated with phase change from liquid wateater vapour and is
sensitive to temperatur€: (&) is calculated following Majoube (1971):

" 0
I* = exrﬁl'lf’?! 0'4156! 0.0020667/5) 1 (12)
T T &

where T is in K;
Computations show thét* is 9.1a at 25;C and 9.5a at 20;C.
e is the mole fraction of water vapour in the intercellular spaces (mp@hibl* air)

g =10*(6.1078*exy /"7y 1 g (13)

where) isleaftemperature in j C angl the atmospheric pressure (mbar)
e, is the mole fraction of water vapour in the atmosphere (mrs@!rHol” air )
wheree,= € * 100/RH with RH, relative humidity (%)
given thatv is the difference betweenande,, e.J/e can be replaced with (l/e)
"8Q, =4 +#*+("1°0, ! #)(1! vie) (14)

thus $'%0, is predicted to increased with increased

Enriched water is likely to flow back inside the leaf and dilute #peeted"®0 signals
of the leaf water. This process called "PZclet effect" (FarquHdoyd 1993) was described as
a continuous isotopic gradient in the leaf, with maximum enrichment attéseof evaporation,
and exponentially decreases until it reaches the isotopic signature safuttoe water"¢%0s.)
near the veins. Th&O enrichment of mesophyll water *f0,) is also connected tb*%0,
(Farquhar & Lloyd 1993) by the following equation:
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Figure 14. The relationship between measured and modelled laminar mesophyll water
enrichment'(,) for tree species grown at high and low humidity: (A) the Craig-Gordon model,
(B) the PZclet effect model using a single fitted effective length, and (C) the Piéciemefdel
using effective lengths for Alder, Birch and cottonwood. Reproduced from Bagbalf004.

34



Fahad Rasheed PhD Dissertation 2012
1% =10, 1" e® ) I# (12)

or' *®o. = "*®0, "0y, or "**0y is the isotopic composition of water from the mesophyll

() and # the PZclet number:

_EL
CD

whereE = gs * %with %the difference in mole fraction water vapour between the atmosphere

! (15)

and the intercellular space®% € g - e,, in mmol HO mol aif');

-L is the effective distance between the sites of evaporation and lveiages between

4 to 166 mm, after Wanet al. (1998);

-C is the molar concentration of water (55.5 mofyn

-D is the diffusivity of water k%0 (2.68 10°° m*s* ; Barbouret al. 2004).
Since leaf water is a mixture in varying proportions of depleted and enrichted fr@m
different pools, the enrichment of mesophyll water (or total leaf watd®,) is lower than the
enrichment observed at the sites of evaporatioiOf) (Farquhar & Lloyd 1993). This
discrepancy was explained by the fadtor which depends on the effective distance between

the sites of evaporation and veihs Figure 14). The actual distance between the veins and the
stomata is about 100m for most of the leave&. depends on the route by which water passes
(symplasmic through the plasmodesmata, transcellular through aquaporins or apoplasm), but
also of the site from which it is evaporated (intercellular spacessteutatal cavities or cells
surrounding the cavities sub-stomatal and stomatal) (Barbour & Farquhar 2003). Thé factor

is also determined by transpiratiok)( However, E is defined as the product of stomatal
conductance to water vapour)(@nd the vapour pressure deficit between the atmosphere and
the intercellular space®) When the changes i& are caused by changes %while gs is
constant, the relationship betweefO,. andE (and hencé} is positive. On the other hand,
where %is constant and that changesgnare a cause of changesEnthen the relationship
betweer *0, andE (and thusys) is negative (Farquhat al. 2007). This negative relationship
is caused by different processes: an increasgsihas the effect of reducing the kinetic
fractionation during diffusion of water vapour through the stomata and boundary (gyer (
which leads to a decrease 'if®0.. In addition, when the stomata close and transpiration
decreases, leaf temperature increases andsthwaich also results in a decrease 1O, and
vice versa. The change in temperature can also influence the fractidaatmmbounded to the
equilibrium phase: changes from liquid water to water vap@r§ut the impact on *°O are

low.
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In addition to this heterogeneity, diurnal cycles® isotopic enrichment of leaf watér'0y)
were detected in lupineg %O, ranging from 0 to 25 &; Cernusalet al. 2002), eucalyptus
(' ®0, between 6 and 20 &; Cernusait al. 2005) or Scots piné ¢°0, ranging from 4 to 25
a; Barnard et al 2007).

Studies that compared observed and theoretical values'd@, found a good
correspondence between the two (Cernustaéll. 2002; Cernusalet al. 2005; Barnarcet al.
2007; Gessleet al. 2007). So, despite these variations in time and space, the isotopic signature
of 0 in leaf water can be used as a tool for estimating stomatal d¢endecif the other
parameters of the equation are known (water vapour deficit between tlandeatmosphere,
path length from veins to evaporation sites). This model makes it possildecess an
instantaneous measurementgaf The use ofO isotopic signature of organic matter can, in

turn, access to a more time-integrated statug (Barbour 2007).

2.5.2.*%0 enrichment of leaf organicmatter

The oxygen present in leaf organic matter is derived from three sourcgsO£f@om
the air and leaf water (Schmielt al. 2001). However, leaf water is the most important source of
oxygen. Due to transpiration®0 of leaf water gets enriched. There is afsfractionation
during biosynthetic reactions, resulting in the formation of various organic malecite
isotopic composition of organic compounds is variable since, during their biosynthesis,
oxygen atoms are introduced by different mechanisms that have differerdrfagicin effects.
Once these compounds are synthesized, some of their chemical functilikedyate exchange
oxygen with water in which they are transported or stored. Organic matter f&s signature,
which reflects both the sourc&'{Os,), and that of leaf water enrichment that varies with
transpiration, and in some cases, with stomatal conductance. The isogopiture of leaf
organic matter integrates the signals from molecules formed from variougntbietc
pathways. Thé®0 enrichment of total leaf organic matter is therefore interestiitgraiegrates
gs over longer periods of time (leaf life-span).

Given the spatial and temporal heterogeneity of the composition of the s@ieré®O,
%0 signature of leaf organic matter (soluble or total) is supposed to réflese changes.
Indeed, several studies show diurnal cycles of leaf soluble organic maitghngent (taken
from phloem) and total leaf (Cernusekal. 2002; Gessleet al. 2007). However, these diurnal
variations aresmaller (4 & difference between maximum and minimum) than those of leaf
water (about 10-20 &). In some cases, no variation' itfO,, is observed during the day
(Gesslert al.2007). Variations igs caused by soil factors (water stress; Cernesak 2003),
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Figure 15.The"*®0-"13C relationship for the organic matterffrubra, P. aureandA. (+SE,
n=6). Reprinted from Scheideggetral. 2000.
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by addition of stomatal closure signals (abscisic acid, Barbour & Farquhar 2000) tw due
genetic affects (Barbouet al. 2000) affect the'®O isotopic signature of organic matter
(Farquharet al. 1998). Given thags varies with time, using th0O signature in the leaf water
and leaf bulk is a tool that could prove to be very useful, since it coulddzkas an indicator of

instant and time-integrated stomatal conductance.

2.6. Dual isotopic approach ¢C and *%0)
The®0 isotopic enrichment in leaf water and leaf organic material is aiumef transpiration
rate, which is strongly related tg when the leaves are under the same conditions of vapour
pressure deficit between the atmosphere and the intercellular sgaddsié, isotope variations
of ®0 can be used to differentiate whether differencesnirinsic TE (A/g) are due to
differences ings or in A (Roden & Farquhar 2012). Figure 15 recapitulates the three different
kinds of relations that can be observed while usffigto differentiate the relative effect gf
andA onC (Scheideggeet al.2000).

() When the slope of the relationship betwe#fC and $'°0, is close to zero: the
changes ir$*°C are caused predominantly by the variatiodirather thargs, since
changes irA have no effect onfO enrichment, while on the other hand an increase
in A would decreas&™C.

(1) When$"C and $*%0, are negatively correlated with a sharp slope: the changes in
$3C are predominantly due @, as an increase i would result in decreaseéfo
enrichment and increas&i°C mainly due tags.

(1)  When $°C and $'°0, are negatively correlated but with a shallow slope: in this
case changes in$™3C are caused by and gs simultaneously. As increasing,
would decreas&®O enrichment but increase #°C would be both due té andgs
and would result in higher variation on its axis.

This dual approach isotope can be very helpful in analysing the causes bilitsairathe
wateruse efficiency. However, to date only few studies have used the dual isgppEch
through comparisons of genotypes in intra-specific and non-limiting conditions. Barbour &
Farquhar (2000) studied variation in carbon and oxygen isotope ratio in cotton leaves induced

due to different relative humidity and ABA application and found that the enrichment was

39



Fahad Rasheed PhD Dissertation 2012

Figure 16.%3C content in cellulose recorded in tree ringS¢) and basal area increment
recorded during the period from 1940-198&\mes albashowing the effect of tree age using
synchronic approach. Reproduced from EBtil. 1997

Figure 17."*3C recorded along with mean correspondiig; showinganage effect. Two
different silviculture systems were studied: high forest (closed circles) and copgice wit
standard (open circles). Reproduced from Duqueshai; 1997
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negatively related tgs due to increase in leaf temperature with in each treatment andsiedrea
under higher low relative humidity.

2.7. Age effect and potential causes

One of the key questions facing tree-ring isotopic research is whetherrhageaelated
trends in the isotope ratios obtained from tree rings. Several studiesndiingual trees have
reported age-related trends in the carbon isotope ratio (e.g.eBait 1997; McCarroll &
Pawellek 2001, Figure 16). Duquesretyal. (1998) reported a clear age effecC increasing
with age) in high forest beech trees by sampling trees in different age<li#r the same years
(Figure 17). Several interpretations have been formulated to explain this dgd-tedémd: a
first interpretation refers to recycling of respired air, already depletétCirby young trees
growing close to the forest floor (Schleser & Jayasekera 1985). Decreasing ciomiribarn
bark photosynthesis was suggested as potentially responsible for this trendosyrhates
from the bark refix respired GdCernusalet al. 2001). An alternative explanation relates this
decreasing trend with age to changes in the hydraulic conductance of tileeg age (Ryan &
Yoder 1997; McDowellet al. 2002). This decrease in hydraulic conductance was held
responsible for the decrease in leaf water potential as the tree haigases. Thus, this
decline in hydraulic conductance results in declines in leaf-water pdtestid in lower
stomatal conductance as trees grow higher, which would eventually have a eféekedn**C
discrimination. Schafeet al. (2000) have detected a declining stomatal conductance in beech
trees Fagus sylvaticp with tree height. Monserud & Marshall (2001) correlated carbon
discrimination with tree height and showed clear negative trends in twospewes Rinus
moniticola and Pinus ponderoga However no such trend was found for Douglas fir
(Pseudotsuga menzigsibut for the same species, McDowetlal. (2002) have shown a clear
trend of declining discrimination and stomatal conductance for three heiglsesldndeed,
hydraulic conductivity can be estimated from measurements of wood anatomy hin bot
angiosperms and conifers (Pontenal. 2001; McDowellet al. 2002, 2004), but it remains
complicated to scale from the conductivity of stem tissues to whedeconductance. Thus,

potential for modelling changes in stomatal conductance as trees ages might be helpful.

To date, there is insufficient isotope data available from individuaktte determine
whether this age effect is similar among species or not. This qudstmmes even more
important in the case of poplar, which is a short rotation tree specig¢beandltivars that are
commercially available are genetically closely related. Thus, any change age effect

pattern among genotypes could result in a change in genotype rank#tdd@nd needs to be
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investigated. Till now studies have suggested that age effect resuliégative trend i**C
with tree age. More data are required from individual trees of varying agerayelity, before

this question can be fully addressed.

2.8. Sampling strategies taletect potentialage effect

Due to the recent advances in the tree ring isotopic research, physiolagtalsc
responsible for the variation in tree rings isotope ratios are reasonablyndefistood. Thus, a
retrospective study of these isotopic ratios, noticeably*, can be used to check long-term
stability of the genotypic ranking in poplar foE. These studies offer the opportunity to scale
up the greenhouse observation to forest level tree plantations. Tree-ring isotagcedach in
information. They contain trends and variability related to climate, agereseht natural
declinesin in *3C in atmospheric CO The aim of data treatments should be to remove the
extraneous Onoised without weakening the desired signal. This was found surpfigintily di
to achieve, thus a wide range of dendrochronological approaches has been usedltofget ri
other signals and maximizing the desired signal. In dealing with long term shangese
physiological functions as recorded in the tree rings, we need to take inidecatisn that
there are two types of effects recorded in tree rings: one is relat@aged often known as the

Osegment length curse® and the other is OenvironmentalO.

In this context of making a distinction between the effects due toOOage
OenvironmentO, there are two possible approaches to study age effects: Q€ynahcbni
OdiachronicO approachés.diachronic approach is suitable for trees growing in common
gardens. For this approach, tree cores are sampled from bark to pith from treieg gnow
common gardens aridC signals is recorded along the tree cores. This approach relies on the
asumptions that trees growing in common garden sheoenmon environment, and that long-
term " °C signals recorded along the radial core represent age-related trends under the given
environment while they may also be due to long term environmental trends. A syachroni
approach requires a very large sampling with trees of different ages, semgtiowing in quite
different environments. In this approach the age related trend is separat@shyremvironment
trend as the'**C signal is recorded in tree rings build during the same iye#rees with
different ages. In this way the long-term environmental signal is minih@nd the age related
trend is maximized. In this approach, poss#ite-effectsare limited by pooling th&’C signals

from different sites with different environments.
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Figure 18 Carbon isotope series from a tree ring sequences in oak revealing a consistent
cellulose - lignin offset of 34.2°C composition in tree ring4 ¥C) as recorded from: cellulose
(grey rhomboids), whole wood (white triangles) and lignin (grey circles). Reproduced from
Loaderet al.2003.
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2.9. Comma problems in tree ring isotopestudies

The study of stable isotopes in tree rings is facing other common problemsofpa
sefrating environmental from age effects. Presently, there are severathatlezutline the
basic principles of isotopic trends in tree rings.

2.9.1. Choice of a wood component for the isotope analysis

Early work on stable isotope ratios in tree rings used whole wood (Craig 1954; Farmer
& Baxter 1974; Libbyet al. 1976), but Wilson & Grinsted (1977) demonstrated that different
components of wood differ isotopically (Figure 18). Wood is a complex matetiah range of
chemical components including cellulose, lignins, hemicelluloses, resinsing, etc. The
biochemical processes implicated in the formation of each component fremnitial
photosynthates differ widely, and may include a diversity of metabolic istéypsing additional
isotopic discrimination; as a consequence the stable isotope ratius @sulting components
may diverge significantly (Barbowst al. 2002; Loaderet al. 2003). Presently, most studies
concentrate on the analysis of cellulose, as the dominant and mogisdated component of
wood. The reasons for this shift away from wholewood tow&rdsllulose are due to several
important issues. Firstly, the cellulose of each annual increment mgunsbiguously linked to
a specific growth period since it is cellulose that forms the primatyalls in wood tissues.
Secondly, extracting a single chemical component reduces problems asssitfatetiability
in the lignin:cellulose ratio that could occur between individuals or witleacaence through
time. Third reason is the greater level of homogeneity that is attainedpayatinga single
component from the others. Large isotopic variability has been demonstratedutomibm
individual tree ring (Loadeet al. 1995; Switsuet al 1995; Schlesegt al. 1999) consequently

homogeneity of sample material remains an important consideration.

However, the extraction of cellulose a limiting step due to the complex procedure
required, so several authors have suggested considering again the use of wholewood
(Leuenbergeet al. 1998; Schlesest al. 1999; Barbouet al. 2001). Isolating a single chemical
component of the wood removes the variability due to differences in the proportddferdnt
components between rings and between trees, but this is not the main sotadability in
isotopic ratios. On the contrary, there is clear evidence of a great deafiability between
trees (McCarroll & Pawellek 1998; Ponteh al. 2001). The'**C values obtained from lignin

and cellulose are offset by about 34, with no apparent temporal trend (Leadé2003;
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Figure 19. Carbon isotope chronologies from tree-ring bulk wood and celluld3mirs nigra
spplaricio. Grey line represents the offset between bulk wood and cellulose isotope values
which decreased with timeproduced from Szymczak al. 2011

Figure 20. The"*C of CQ» in the Cape Grim Air Archives (CGAA), which decreases with
time. Reproduced from Francey al. 1999.
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Figure 18) and little evidence that isolating the cellulose significaedluces the variability due

to different wood components. Loadstral. (2003) foundn oak tree-rings that theC content

of cellulose was more tightly correlated with climate variables that of lignin, but that the
strongest correlations were obtained using bulk wood. Borella & Leuenberger (1998) found no
difference in the climate signals of cellulose and wholewdbtC for oak and beech,

concluding that cellulose extraction is unnecessary in such a case.

Even if there is some doubt about whether there is a slight loss of sigaal using
wholewood rather than cellulose, this must be taken into consideration. In pelagostudies
the aim is to maximize the precision of the estimate of thenpeat the precision of the
individual measurements. The mean offset ifC between cellulose and wholewoisd14
(Loaderet al. 2003) and the initial cellulose/lignin ratie 2:1; however, this latter ratio is
susceptible to change with agzymczaket al. (2011)showed inPinus nigrassp laricio that
the offsets in°C of bulk wood and cellulose are not constant over time (Figure 19). Thus, the
results imply that extraction of cellulose is still a pre-requisitettie reconstruction of high-
resolution long-term chronologies from stable isotope series and selectieltutdse in place

of whole wood remains a critical choice.

2.9.2. Correcting chronologesfor trends in atmospheric**C

Since the beginnings of industrialization, the burning of fossile fuels (@band gas)
depleted in*C has increased the concentration of,@Othe atmosphere, and lowered tHéC
value of air by about 1.54. Since fractionation is additive, this trend is cedtein tree rings
and evidenced in most tree- riltfC series (February & Stock 1999; Treydteal. 2001). We
now have reasonable annual estimates of'{fi@ of the atmosphere: ice cores provide air
samples to estimate tHé°Cy;; from early and preindustrial period. Franayal. (1999; Figure
20) compiled a high precision record of atmospheli€ based on Antarctic ice cores, which,
for the purposes of correcting tree-ring data, can be summarized by two strggientse
between 1850 and 1961, with an annual decline of 0.00444 and between 1962 and 1880 and
steeper annual decline of 0.02814 later on (McCarroll & Loader 2004). If the latter is
extrapolated to the end of the last century the estimated valuedifitith those obtained from
firn (compacted snow) in the same area. The estimated value for th20@€ais B7.994. This
can further be extrapolated (annual decline of 0.02814) to obtain"tf€ value of the
atmosphere of a given year. Thus these data are considered to be syfiicemisie to provide

a standard method for extracting the atmospheric declitt€infrom tree-ring data.
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CHAPTER 1

Upscaling from leaf level to whole plant level trpimation

efficiency in 6Populus deltoides nigra genotypes
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Transition

Previous studies oopulus deltoided nigra genotypes presented large genotype
diversity for ' **C both controlled condition (Marroet al. 2005) and under field conditions
(Moncluset al. 2005). This genotype diversity for3C was shown to remain stable under
moderate drought evidenced using SpearmanQOs correlationieoefMoncluset al. 20086.
Extrapolation of these results based'd¥C to whole planfE remained an open question. Up
scaling from leaf level to whole plant lev€E can be very important to verify due to the
underlying important traits like genotypic differences arbon lost during photo and dark
respiration () and water lost through nocturnal transpiratieR)( Genotypic differences in
these traits could result in shuffling in the rankingdedor ' **C. In this context, ®opulus
deltoides! nigra genotypes were selected representing contrastit@ properties (Monclus
et al. 2006) and were grown under controlled conditioiC was measured in both leaf bulk
and leaf soluble sugars with respect to atmosphereg aldh leaf levelTE (A/gs) and whole
plant TE (biomass produced/ water transpirefD enrichment was also evidenced in leaf

bulk and leaf water with respect to source water asdicator forgs.

51



Rasheed et al. 2012  3C as an estimator of whole-plant transpiration efficiency in poplar

52



Rasheed et al. 2012  3C as an estimator of whole-plant transpiration efficiency in poplar

Genotype differences in  **C discrimination between
atmosphere and leaf matter match differences in
transpiratio n efficiency at leaf and whole -plant level in

hybrid Populus deltoides x nigra

Fahad RASHEED*, Erwin DREYERY?', BZatrice RICHARD'?, Franck

BRIGNOLAS®** Pierre MONTPIED'? & Didier LE THIEC*?

1INRA, UMR 1137 Ecologie et Ecophysiologie Forestieres, F-54280 Champenoux

ZUniversitZ de Lorraine, UMR 1137 Ecologie et Ecophysiologie ForestiffacultZ des

Sciences, F-54500 Vandoeuws-Nancy

% Universitz dOOrlZans, UFR-FacultZ des Sciences, UPRES EA dl¥fratbire de
Biologie des Ligneux et des Grandes Cultures (LBLGC), rue de CHaBRe6759, F-45067

OrlZans Cedex 2, France

* INRA, USC1328 Arbres et RZponses aux Contraintes Hydriques et Envientaes

(ARCHE), rue de Chartres, BP 6759, F-45067 OrlZans Cedex 2, France.
Running Title: *3C as arestimator of wholelant transpiration efficiency in poplar.

Correspondance: E. Dreyer, INRA, UMR EEF, F-54280 Champenoux, Frafmajl:e

dreyer@nancy.inra.fr

Emails: frasheed@nancy.inra.fr dreyer@nancy.inra.fr richard@nancy.inra.fr

franck.brignolas@uniwrleans.fr montpied @nancy.inra.flethiec@nancy.inra.fr

53



Rasheed et al. 2012  3C as an estimator of whole-plant transpiration efficiency in poplar

ABSTRACT

13C discrimination between atmosphere and bulk leaf matta€y,) is frequently used as
a proxy for transpiration efficiency. Nevertheleds, fielevance is challenged due to: (i)
potential deviations from the theoretical discriminatiolodel, and (ii) complex time
integration and upscaling from leaf to whole-plant. Sixrliylgenotypes oPopulus deltoids
X nigra genotypeswere grown in climate chambers and tested for whialetgranspiration
efficiency (i.e., accumulated biomass/water transpird@gt CQ assimilation ratesA) and
stomatal conductancey were recorded in parallel to: (ifC in leaf bulk material ECy,)
and in soluble sugars&Cs) and (ii) ®0 in leaf water and bulk leaf material. Genotypic
means of &Cy, and &Cgs were tightly correlated. Discrimination between aspteere and
soluble sugars was correlated with daily intrinsic tpaasion efficiency at leaf level (daily
meanA/gs), and with whole-plant transpiration efficiencyné&ily, gs was positively correlated
to %0 enrichment of bulk matter or water of leaves atviidtlial level, but not at genotype
level. We conclude that3Cy, captures efficiently the genetic variability of whqlent
transpiration efficiency in poplar. Nevertheless, iscalfrom leaf level to wholg@lant
transpiration efficiency requires to take into ac¢owater losses and respiration independent

of photosynthesis, that remain poorly documented
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Keywords intrinsic water use efficiency, transpiration effincy, carbonisotope

composition, leaf soluble sugars, oxygen isotope comppslaaf anatomy.
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INTRODUCTION

Transpiration efficiency TE), the major componéerof the efficiency of wateuse by
plants, is a complex trait that attracted much atienbver the past decades. In particular, a
large number of investigations aimed at detecting and quangityie genetic variability of
this trait (in trees for instance, Brendsl al. 2002; Cernusalet al 2008; Moncluset al
2005).TE at wholeplant level is the ratio between accumulated bioraasistranspired water
(Richardset al. 2002). At leaf levelTE is approached by intrinsi€E (W), i.e., the ratio of
net CQ assimilation rat€A) vs. stomatal conductance to water vap@dy (Condonet al.
2002). An indirect method of assessing intrinBicat leaf level (i.e.A/gs) was proposed by
Farquhar, OOLeary & Berry (1982) and relates discriminatigainst **C during
photosynthesig '**C) to the ratio of C@ mole fraction in the substomatal cavity and in air
(C/Cy and therefore to intrinsi@E. In turn, ">C is often assessed from the difference
between the isotopic composition of source,@®Othe air( &C.;) and of bulk leaf maer
( ECp). "3Cp has been widely used to evaluate the plastic respafrsgecies to changing
environments, and the occurrence of an intra-specificetgewariability in crops (Condoet
al. 2004; Rebetzket al. 2006) and in trees (Gue#t al. 1996; Lauteret al. 1997; Roupsard,

Joly & Dreyer 1998 among many others).

The relationship between intrinskE and "*°Cj, was validated experimentally during
several intraspecific studies in trees (Zhang & Marshall 1994; Lawgesl. 1997; Roupsard,
Joly & Dreyer 1998; Cregg, Olivas-Garcia & Hennessey 2000; GrddeniEan & Russell
2005). However, some experiments failed to detect thisaeshnip (Suret al. 1996, in white
spruce; Picon, Guehl & Ferhi 1996, in sessile oak). Suctkafaelationship can be ascribed
to problems with time integration astrinsic TE is highly variable due to fluctuating

environment (VPD, temperature, irradianceE) and subjected ¢asarement uncertainties
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(Flexaset al. 2007), while "**Cy, integrates discrimination over the whole leaf lifeus. One
of the approaches to reduce such discrepancies is to tbeoigbtopic signal in the primary
photosynthesis products, soluble sugatSGss Brugnoliet al. 1988; Lauteri, Brugnoli &
Spaccino 1993; Kodamat al. 2008; Merchangt al. 2011) which provide a signal integrated

over a single or at most a few days.

The simple model that relate$°C and G/C, takes into account fractionation due to: (i)
CQ;, diffusion to chloroplasts and (ii) carboxylation by RwbisIn this approach, mesophyll
conductance to CQgn; Evanset al. 2009) is taken as infinite. It is now established that
has a major effect offC discrimination independently a/C, (Warren & Adams 2006;
Kodamaet al. 2011; Dobutheet al. 2011). In addition, fractionation due to photorespiration
and respiration may contribute to the signal indepehdentCi/C, (see a recent synthesis by

Tcherkez, MahZ & Hodges 2011).

Moreover, the use of3Cy, or even "*Cs as indicators ofvholeplant TE needs a
careful attention, as it requires to scale-up traasipm efficiency from instantaneous leaf
level to wholeplant level during their life cycle (Condast al. 2002). Direct estimates of
whole-plant TE require a precise estimation of transpiration and bismaasumulation. The
relationship between genetic variation 8fC and wholeplant TE in tree species has only
seldom been established (Guehlal. 1996; Roupsard, Joly & Dreyer 1998; Cernusatlal.
2007b, 2008), while that heeen wholeplant and intrinsic leafE has been more frequently
described (Os—rio, Chaves & Pereira 1998; Hobbie & Colpaert Qesalet al. 2008).
In the latter case, some studies again failed to detectreationship (Matzner, Rice &
Richards 2001; Ripullonet al. 2004). Although intrinsicTEis consideretio be the primary
source of variation in wholpltant TE, the fraction carbon lost during respiration overnight

in non-photosynthetic organs { and the water lost independently of carbon uptake (
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may also have an important influence on whadéat TE (Matzner, Rice & Richards 2001;
Hobbie & Colpaert 2004). This shows the importance of aiity "**C as an indicator of

the genetic variabtly of whole-plant TE among genotypes.

Intrinsic TE and "**C depend on a number of environmental factors that affeandA
alone or in combination (Farquhar, OOLeary & Berry 198®). the contrary,'®0
discrimination between source and leaf w4téfOy,) or organic mattef ‘°0y,) reflects the
enrichment in'®0 due to transpiration and may therefore indicateexfices ings and
transpiration rates among genotypes (Barb&urFarquhar, 2000; Barbour 2007%°0
enrichment is sometimes directly proportional to thegpa&ation rate (DeNiro & Epstein
1979; Sheshshayest al. 2005) while in some cases a negative correlation mdgurel due
to the PZclet effect (Saurer, Aellen & Siegwolf 1995ty et al. 2007). The combined use of

"13C as an indicatorfoTE and "*%0 as an indicator dds, is a powerful tool to dissect intrimsi
TE into its componenta andgs (Farquhar, Ehleringer & Hubick 1989; Yakir & Israeli 1995;
Barbour 2007) but was surprisingly little used to analyse giweetic variability inTE

(Scheideggeet al 2000; Cabrera-Bosquet al. 2009).

Identifying poplar genotypes with high whagsant TE may be very useful for the
adaptation of poplar cultivation to areas with lowettevavailability (Braatne, Hinckley &
Stettler 1992). In spite of the fact that productivity ofplao severely depends on water
availability (Ceulemans & Deraedt 1999), a large variabitityi*Cj, as indicator of intrinsic
TE has been found amoippulus deltoide! nigra genotypes (Monclust al 2005, 2006)
Furthermore, productivity (i.e., biomass accumulation$ wamany cases independent from
(*Ci, both under controlled and open fieldnditions (Raet al. 2004; Marronret al. 2002,
2005; Moncluset al. 2005, 2006). Such genetic differencestbC in the young plants were

maintained with age, as shown willi°C recorded from the cellulose in annual tree rings
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(Rasheectt al. 2011).

Given the importancd E may gain for breeding poplar genotypes, and the sources of
discrepancy betweedt’C and TE, it was of importance to calibrate the use ®IC as an
indicator of the genetic diversity OE at leaf and whole-plant scale in poplar. THhe main

aims of the present research were to check whether:
x "3Cyp, and/or "*Cssare reliable estimators of intrin$i€ among poplar genotypes;

x the genetic variation found in**Css reflects the differences in whogant TE among

genotypes;

X the obsergd differences of intrinsi€E could be ascribed to net G@ssimilation rate
(A) or to stomatal conductance to water vap@dr, and those of wholpfant TE to

biomass accumulation or to transpiration;

x "0, and ‘%0, differ among genotypes and indieatlifferences in stomatal

conductancégs) as a driver of the genetic differences in wholleat TE.

Six commercialPopulus deltoide$ nigra genotypes were grown under controlled
environments andE was measured (at instant and time integrated scales deaf and

whole-plant levels) and compared to the isotopic compositidfidand™®0 in leaves.
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MATERIALS AND METHODS

Plant material and growth conditions

Six commercial genotypes of hybrid popRopulus deltoide$ nigra, Agathe F (A)
Cima (C), Flevo (F), 145/51 (145), Pannonia (Bx)dRobusta (Rwere selected on the basis of
contrasting values of**Cy, (Moncluset al 2005, 2006). Ten liter pots were filled with a 1/1
v/v peat/sand mixture, heavily watered and extra water lefato drain overnight to reach
field capacity. The weight of filled pots was homogenized 0000 g by adding substrate at
field capacity with a precision of 1%. Eight soil conssre sampled randomly and dried
(70iC) to a constant weight to assess water contefie¢ldtcapacity of the substrate, which

was estimated at 28.6%.

Shoot cuttings (16 copies of 6 genotypes) were planted during ZJf9 and left to
grow in a greenhouse at INRA-Nancy (France), under natlaglight. After one month,
diameter at collar and height were recorded on afitplanmediately before the transfer to
two climate chambers fitted with a rotating plate to bgemize the irradiance received by
each plant (Rotoplant, Strader, Angers). Six randoeligcsed individuals were harvested per
genotype, ovendried at 60jC till constant weight to calibrate a unigektionship between

height {), diameter D) and biomassBH) across genotypes (see suppl. Figure 1):
B = 0.062H%%x D**#(r* = 0.988;P < 0.001) (1)

This allometric equation was used to estimate the iniainass of each remaining

individual in the experiment (recorded mean: 15 * 4 g).

Five individuals per genotype were randomly distributed ieach of the 2 growth
chambers. Microclimate in the chambers was: day/nig#3 h; air temperature, 25/18;C;

relative humidity, 85/45 %; irradiance at the top of pients, 450 + 15tol PPFD m s™.
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The light in the climate chambers was switched-omyeglay at 8:00 am.

Growth, daily water use and transpiration efficiency

Plant heigh{H) and diameter at coll§D) were measured twice a week. The soil surface
of each pot was covered with a polyethane sheet to dimect evaporation. Each pot was
weighed daily (Sartorius-AG GSsttingen, QC65EDE-D, Germaagguracy: + 0.1g) and
watered back to the reference weight of 9428g (= 80% figddaty). The weight difference
over 24h was assumed to represent daily water use. Ciechwater useWU) was computed

for each plant over the duration of the experiment.

After one month, plants were harvested, oven driggDgC till constant weight and dry
mass of each compartment (leaves, stem and rootsjescdBiomass incremenBl) was
computed for each individual from the difference betwearvested dry mass and biomass
estimated at the start of the experiment. Wipddext TE was computed per individual as
biomass increment/total water use, and total leaf ared) (measured with an area meter (Li-

Cor area meter, A1000 IGor, Lincoln, NE, USA).

Leaf gas exchange and intrinsic transpiration efficiency

Intrinsic TE at leaf level was recorded on one leaf per individ@galunder saturating
irradiance as the ratifsai /gsar @and (ii) under the standard irradiance available ingtiosvth
chamber A/gs). Asarand gsa: were measured with a portable photosynthesis syst&40Q;
Li-Cor, Lincoln, NE, USA) with a 6 cfrthamber and artificial irradiance provided by blue-
red LEDs. Conditions were: PPFD, 1200 um@lsh Cine, 380 pmol mof; VPD, 1+0.2 kPa
and leaf temperature, 25i@. andgs were monitored with a portable photosynthesis system
(Li-6400) equipped with a 6 énshamber covered with a transparent lid. Measuremests w

repeated six times between 8:00 and 18:00 during the coursengfeaday. A fully expanded
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and well-lit leaf of the same age was used on each i Microclimate in the
photosynthesis chamber was close to ambient, i.adiamce: 450 + 15 pmol“s?, CQ; in
the chamber@): 352 + 20 pmol mal, vapour pressure deficif.5 + 0.15 kPa and leaf
temperature, 25iC. At the end of the measurement cyweleaf was clipped off, frozen in
liquid nitrogen and stored at -80;C. No diurnal trend was dedefcr A andgs (see suppl. Fig.
2). We therefore used the mean value of the rAfm as the value for diurnal, time-
integrated, intrinsi@E at leaf level and the mean diurralues oiCi/C, was used to calculate
the discrimination as predicted by the simple discritmmamodel (Farquhar & Richards
1984):

Coa (b a)% 2

a

witha=4.4dand b = 27 a.

Leaf sugar extraction

Half of each stored leaf was freeze-dried at -196;C, gtaamd 60 mg of leaf powder
was weighed in 2 ml microtubes. The protocol for solublgas extraction was modified from
‘DQHN +HLQWHU DQG 5LFKW H U-chloroform-waterQMBW, RH3BK D QR O
v/viv) was added and the samples were placed in a Wwathrat 70;iC for 30 min. After
cooling, the microtubes were centrifuged at 114009 for 3 mirs Step was repeated three
times and the supernatant was collected into a new 2igrotmbe. To induce phase
VHSDUDWLRQ — O FKORURIRUP DQG WR QV KH L\RXBLHHED I
vigorously mixed. The samples were left for a few minutiesn centrifuged at 11400 g for 3
min. The aqueous phase was transferred to a new 2 mdtaobe and complemented with 300
— O IUHVKO\ K\GUDWH® mesh IiJlform resin, (Fluka France) converted to

[HCO,]" with sodium formate. The samples were agitated duringa® room temperature.
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After centrifugation, the supernatant was transferoed hew 2 ml microtube complemented
ZLWK — O IUHVKO\ K\GUB00 heésh' piE-Hdrm, resin (Sigma Aldrich
France). Samples were again agitated during 2 h at roogetature. After centrifugation,
the supernatant was transferred to a pre-weighed micrandberied to complete dryness on
a rotary evaporator (HETO, DK3450, Aller¢d, Denmark). 1 mg budlas was diluted with
60 R water, transferred into tin capsule and freeze dfi@dgZone, Labconco, Kansas City,

USA).

Carbon isotope discrimination between atmosphere and bulk leaf

matter ( “**C;,) or soluble sugars ( "°Css)

A fully mature leaf (below the one used for leaf gashexge) was selected from each
individual and was finely ground after drying at 60;C to a tamtsweight. 1 mg powder was
weighed in tin capsules®C content in both leaf bulk and leaf soluble sugarswel as
carbon and nitrogen content were analyzed with anezieahanalyzer (Carlo Erba, NA 1500-
NC, Milano, Italy) coupled to an isotope-ratio mass gpeatter (Finnigan, Delt&; Bremen,
Germany) with a precision of 0.18*C discrimination between the atmosphere and leaf bulk

matter or soluble sugars was calculated as:

éGC,

1130 air GC

GgCair
1000

plant (3)

where &C,; is the isotopic composition of air measured in the gnmwvth chambers.
&C.ir was similar in the two chambemB £ 0.548, n = 46).ECy; was-9.014 (SD + 0.954)

with small fluctuations during the diurnal cycles.
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Leaf water extraction

The second half of each stored leaf was used for ttracton of leaf water, with a
cryogenic vacuum distillation. Sealed tubes containingoaefr leaf were connected to the
extraction apparatus with a collection tube at the ogmel. Air inside the whole apparatus
was evacuated to remove any trace of external wateruvapaer approx. 8 Pa. The vial
containing the sample was heated using a water batlt@iséant temperature of 70;C and
the collecion tube placed in a Dewar containing liquid nitrogen in ptddreeze the vapour
emanating from the sample (see West, Patrickson &rkigler 2006). The extracted water

was collected and used to measti® composition.

Oxygen isotope discrimination between irrigation water and leaf bulk

matter ( “®0y,) or leaf water ( "**0,)

0.3-0.4 mg of leaf powder (the same than'far analysis) and 0.4 pl of leaf extract were
used to measur®O composition of leaf bulk matterOy,) and of leaf water EOy)
respectively. Analyses were done with a high temperagiementar analyser (Pyrocube,
Elementar, Hanau, Germany) coupled to a mass spectro(teiprime, Manchester, UK).
Samples were combusted and pyrolised at 1270jC. The oxgg&ype composition was
determined with respect to the three laboratory stalsddraboratory standards were pre-
calibrated against the international standard V-SMOWelfWa- Standard Mean Ocean

Water). Accuracy of the measurements was + 0.34.

The O content in irrigation water ¢Os,) was recorded from 9 samples collected at
different dates during the experiment. The mean value -W&8& (+ 0.46& ) with no

difference between the two chambd?s=(0.780, n = 9).

80 discrimination between irrigation water and leaf buiatter or water was computed
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as:
.130 é'8()plant é'{s()SW (4)
G*Ogyy
1000

Leaf anatomy

Three 1crhidiscs were harvested on one leaf per individual to deleaf thicknessL(T)
and stomatal densityspD) and were immediately frozen in liquid nitrogen and stoae b
80ijC. As poplar leaves are amphistomatous, each disc wa$osghe separate analysis of
adaxial and abaxial sides. Sample discs were stuck toralumistubs on a Peltier stage (b
50ijC) before being examined under a controlled-pressure sgamf@ctron microscope
(model 1450VP, Leo, Cambridge, UK; 20D30 Pa inside the chaadwererating voltage 15
kV, working distance 12 mm). Nine microphotograph800) were taken on each disc and
stomata were counted with an image analysis soft\i8ILOG, Noesis, France). Total
stomatal density was calculated as the sum of adaxinbbaxial stomatal densities. On the
other three discs, five semi-thin cryo-sections wereqgraphed per disc to measure mean
leaf thickness. Additional five discs of 1 tmere sampled fotMA and weighed after oven

drying for 24h.LMA (g m? was determined as a ratio between dry weight and area.

Statistical analyses

All statistical analyses were made using STATISTICArgien 8.1, StatSoft, Maisons-
Alfort, France). Normality and homoscedasticity of adavere checked graphically with
residues vs. predicted and normal quatbleuartile plots. Genetic effect, growth chamber

effect and their interaction were assessed with tag-2NOVA and the following model:

Y, PG B, GuB H
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With: Y, , response variablef, intercept;G , genotype effec;, growth chamber
effect; G, uB,, interaction between genotype and growth chamber fndesidue. A Tukey

HSD test was used to evaluate pair-wise differencesngngenotypes. In the absence of
growth chamber and interaction effects, data from kgthwth chambers were pooled.
Correlations between the measured traits were testgdnotype level with a general linear
regression model. All tests and correlations were taleesignificant whe® < 0.05. Means

are expressed with their standard deviation (SD).

The variability of the recorded traits was assessecddividual level with a principal
components analysis (PCA). Variables were represemdideomain plane defined by the two
main factors of the PCA (F1 and F2 axis); their coordinatese their linear correlation
coefficients ¢; PearsonOs correlation coefficient) with these riac@orrelations were taken

as significant wheR < 0.05.
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RESULTS

Table 1 presents a list of the recorded variables and Patileir genotype means. No
climatechamber effect was detected for any variable and thesenwanteraction between
climate charher and genotype effects on any variable. The presentafiaie results
therefore concentrates only on the genotype effectaar®p@ correlations for the recorded

traits at individual level (phenotypic correlationgatisplayed in Table 3.

Plant height and stem diameter

Time courses of heightH), diameter D) and daily water useWU) displayed a
continuous and gradual increase (Suppl. Fig. 3). At the etiek &xperiment, large genotypic
differences were detected fdr(P < 0.001) and to a lesser entdor D (P = 0.034).Pannonia

displayed highest and5/51 lowest values ol andD.

"13C between atmospheric CO , and bulk leaf matter ( "*Cy,) or soluble

sugars ( "“Css)

Leaf tissues contained about 3.1% N and 46.5% C as expectgdpiar leaves, with no
genotype effect for N and a very small one for C (T@)leSignificant genotypicitferences
were found for "°Cy, (range: 21.5 to 22.5 &) Pannoniashowed lowest ant#5/51 highest

1
3Ci.

The purity of the soluble sugar fraction was tested ftogir N and C contents.N
content was as expected very low (around 0.1%) with notgesaeffect. C amounted 42%
approx., which is very close to the 40% expected for pufdgobsidrates. The soluble sugar
extract contained sucrose, glucose, fructose and a siggdified as mannose, representing

between 45 and 55% of the extracts (not shown). A smaditgpe effect was detected for the
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C content, withAgathe F displaying slightly larger values than the other genotypée.
fraction of soluble sugars in the leaves was rather (i§tb + 0.36% of total dry matter) and

stable across genotypes.

"13Cs also displayed a significant genotype efféet<{ 0.001) and genotype means
ranged between 22.5 and 243( Table 2). A tight and positive correlation was found
between *Css and *3Cp, however "°Cy, was always smaller thari**Css (Fig. 1). The
difference was not constant across genotypes and iedresish "*°Cy,: 145/51 showed a

larger offset thaiPannonia.

Leaf gas exchange and intrinsic  TE at leaf level

A genotype effect was evident f8ga; OsatanNdAsalsar Overall means were 19.8nol m
2 st for Assrand 0.637 mol i s for gsa (Table 2). No diurnal trend was evidenced in instant
net CQ assimilation rateA) or stomatal conductance to water vapay) (ecorded under
ambient conditions (ANOVA with time as a random effé&t 0.748 6r A andP = 0.239 for
Os; Suppl. Fig. 2). Mean daily values &f gs andA/gs were therefore used to address genotype
differences and to correlate with*Css A very significant genotype effect was observed for
A, gs andA/gs. A was around 1ol m? s, i.e., approx. half the values Af.; while gs was
very close tayss: Intrinsic TE ranged between 15.86/51) and 23.5Rmol mol* (Pannonia.
Significant genotype differences were similarly found@JC,, which ranged between 0.871

(Pannonig and 0.945145/51).

Surprisingly, no relationship was evidenced between meanallififgs and Asa{Qsa: (Fig.
2). Genotype values for'3Css were negatively correlated to mean diurAads (not shown)
and positive correlations were evidenced betw@#d, and *Csand *°Cy, as predicted by

the simple discrimination model (Fig. B,< 0.001and® < 0.001)Observed values of'*Css
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were approx. 1.54 below predicted while those 6fCy, were 2.54 below predicted.

Genotype means of*Css were correlated té but not togs (Fig. 4): differences in net
CO, assimilation rates among genotypes had a much largect edh intrinsicTE than

stomatal conductance

Whole-plant transpiration efficiency

Accumulated biomassBM) differed among genotypes and ranged between 191 ¢
(Pannonig and 99.6 glé45/51). Mean values of cumulated water us®U) also differed
among genotypes and ranged between 1Rslbstq and 9.39 (Flevo. As a result, whole
plant TE varied among genotypeBannoniadisplayed highest (16.3 g)land145/51 lowest
values (9.68 g, table 2). Genotype values of whalent TE were negatively correlated to

"13Cssand positively to intrinsid E (Fig. 5). At the same time, whopdant TE was positively

correlated tdM but not towU (Table 3.

80 discrimination between irrigation water and leaf bulk matter

( "*®0y,) or leaf water ( "**Oy,)

Genotype means were around 36.04 fot?0y, and 9.234 for "®0y, (Table 2). Due to
relatively large intra genotype variations, no genotgffect was detected for*®0y, and
80,,. Nevertheless, at individual level*0y, and '*®0,, were correlated tgs and WU

(Table 3).

Leaf mass to area ratio ( LMA), leaf thickness ( LT) and stomatal

density ( SD)

No genotypic variability was found f&T or for LMA that were close to 75 mm and 35 g

m? (Table 2) SD differed among genotypes wifPannoniadisplaying highest ant#5/51
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lowestSD. "**Csswas negatively and positively correlated t&D (Fig. 6).

Correlations among variables

A general PCA was performed with the 15 measured traigs 7. The main plane of
the PCA (F1 F2) explained 56.9% of the overall variability, with 29.166 F1 and 27.8%
for F2 axis. F1 was mostly correlated with traits definmater use efficiency at different
scales like *°Css " Cip, Algs, Ci/Cs, A, wholeplant TE that were also tightly correlated to
BM and SD. The second axis was related to water use and oxyg@pésobmposition, with

correlations torLA andgs.

Along the F1 axisA/gs, A, wholeplant TE and SD were positively inter-correlated and
negatively correlated t6**Css "*°C, and C/C.. Along the F2 axidVU scaled positively with
TLA andgs and negatively with'*®0y,. (see Table 3 for- values of PearsonOs correlation
coefficients between traits). There was a clear graupimong individuals in the A1 F2
planes with some overlaps between genotypeannonia and 145/51 were clearly
discriminated along axis 2, the latter being much less productiveféore® with respect to
water use than the former. Axis 1 was dominated by totdl deca and did less clearly
discriminate the genotypes due to some variability in sig@mgenotypes. This in particular
explains why we were unable to detect any genotype differienc&’Oy, or %0, despite
large differences among individuals and a significantedation with water use and stomatal

conductance at individual level.
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DISCUSSION

In this study the complex trait Otranspiration edficyO TE) was recorded at whole-
plantlevel over a month, and at leaf level during a day witheg@fiange measurements and
13C composition of soluble sugars. We used &f&bcomposition of bulk leaf matter as an
indicator integrating leaf life span. The different agmites provided convengieestimates

for genotype differences ifE.

Discrimination against *C from the air to bulk leaf matter (  "**Cy,) or

to soluble sugars ( "*Css)

The tight correlation observed betweel’Cp, and *°Cs at individual as well as at
genotype level, confirms that the differences in'ti&signal recorded in soluble sugars that
display a rapid turmver, were stilvisible in the bulk leaf matter built over severataks.
This is due to the stable conditions that prevailed éendimate chambers since the start of
leaf expansion. It also confirms that post-photosyntféfidiscrimination had similar effects
in all genotypes and did not modify the ranking of genatypesimilar close relationship was
described in a range of oak genotypes (Rouetsal. 2009a). Leaves were sampled from fast
growing and very actively photosynthesizing poplar custiagthe end of a 16 h illumination
phase. They contained a large amount of soluble sugars(hi6% total dry matter), and the
extracts displayed a high purity indicated by a very lovwedwitent (no contamination by
amino acids) and a C content close to that of seconsof a mix of carbohydrates. In the
forthcoming discussion we will focus oft*Css as a potential index for intrinsiEE, as it is

expected to closely reflect discrimination during phottsysis.

TE at leaf level: correlation of ~ "*C,s with A/gs
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The genotype means of*Css were negatively correlated to mean diurA#d over tre
whole illumination phase. In this respect, our datdfioorthat ' **Cssis a relevant indicator
for genetic differences iA/gs as predicted by the model of Farquhar, Ehleringer & Hubick

(1989), on-line with numerous earlier results (Brugabhl 1988 for poplar).

To our surprise, **Css was larger than'*3Cy, while bulk leaf matter is usually depleted
in *3C with respect to carbohydrates, due to the presenceid$ land lignins (Bowling,
Pataki & Randerson 2008; Momi al. 2006). Such was the cafee leaves ofFagus sylvatica
(Gavrichkovaet al 2011) or ofQuercus robur(Roussekt al 2009a). We are not aware of

any published result similar to ours. Several hypothesgserain this discrepancy:

(1) a contribution to leaf structure of C stored before ttansfer to the stable
conditions of the climate chamber. This hypothesisnigkely, as the leaves
did expand after the transfer to the climate chandoed, as the biomass gain
during the experiment was 9 times the initial biomassctntribuion of "old"

C to the construction of new leaves was probably venpmi

(i) diurnal changes have been recorded several times®ss (for instance,
Gavrichkovaet al. 2011) and as a consequence in‘fisignature of respired
CO;, (see Werner & Gessler 2011 for a synthesis). Such ceangg partly be
due to changes in the environment (irradiance, temperaté@), which did
not occur here. They may be due also to switches betwespiratory
substrates with different isotopic signatures. Suchcét@g mainly occur
during day-night transitions and are associated for instanpest-illumination
respiratory bursts (Gesslat al. 2009) and are unlikely to impactCes

recorded at the end of an illumination period;

(i)  the isotopic fractionation by aldolase results in ad~&8enrichment of the C-3
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and C-4 atoms of fructose in the chloroplasts (Gleixn&ckmidt 1997), and
in a small but significant enrichment for starch acclated in chloroplasts,
while in the meanwhile, glucose and sucrose in the olgoxl the vacuole are
slightly depleted (Brugnokt al. 1988; Badeclet al. 2005; Bowling, Pataki &
Randerson 2008). This depletion remains visible in the seexqsorted to the
phloem. This is no longer true during night, when the dtostarch is

hydrolysed intd*C enriched sucrose.

The third hypothesis fits best with our situation aslselsugars were sampled at the end
of 16h illumination, with permanently high photosyntheaisqg a large starch accumulation
during the day (see Brugnat al. 1988 for an illustration of starch dynamics in poplabis
is likely to result in a depletion of soluble sugars wikpect to the primary photosynthesis
products (i.e., 3PGA), while leaf bulk matter containgdaamounts of slightly enriched

starch.

The tight and linear correlation betwe@hC, and '**Css paralleled the predictions of the
simple form of the discrimination model of Farquhar &lirirds (1984). The negative offset
of 0.9 to 1.6, depending on the genotype, is partly due to the occurrehee finite
conductance to CQransfer in the msophyll,gn (Evans & Von Caemmerer 1996; Evaats

al. 2009; Flexa®t al 2012): this offset is the basis for indirect estiraaitgm.

There are a few small uncertainties around our estinaté*Css due for instance to our
estimates of&°C in the clamber atmosphere. We used a mean value computed from records
over several days&°C in the atmosphere of the chamber may have undergonaticycles
due to the production of depleted £&¥er night, and photosynthesis during the day, resulting
in an incease of°CO; in the air. As photosynthesis rates remained stablegltiie day, the

use of a mean value @&°C in the atmosphere probably minimized this artefact.
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There are still a number of uncertainties around¥8ediscrimination model (Douthet
al. 2012; Farquhar & Cernusak 2012). In particular, the valuesrafmader ObO vary between
27 and 304 in the literature (Warren 2006; Doutke al. 2012). In our case, the use of a
value of 304 instead of 27& would have amplified the offset.aherefore avoided a direct
computation ofgn from our data set. Nevertheless, we may safely adecthat: (i) the
different genotypes displayed as expected finite albelbgily large values @, and (i) gm
probably differed significantly among genotypes, with $emalalues (i.e., larger offsets) for
Agathe Fandl45/51 with respect to the others. Nevertheless, thesereiiites had only little

impact on the ranking of the different genotypes as shawrig. 3.

Correlation of whole-plant  TE with intrinsic  TE and "**Cqs

Instant TE may be modulated by VPD and by genotype differencestrimsic TE. For
individuals grown under a common VPD, like here, genotygferénces in intrinsicTE are
expected to be the main source of variation for wiptdet TE (Farquhar & Richards 1984,
Hubick & Farquhar 1989). We indeed found a strong positive genatypelation between
whole-plant TE and intrinsicTE like in many specied:arix occidentalis(Zhang & Marshall,
1994), Pinus pinaster(Guehlet al. 1996), Eucalyptus globulugOs—rio & Pereira, 1994),
several tropical tree species (Cernusihl. 2007b, 2008)Quercus robuigenotypes (Roussel
et al. 2009b). Nevertheless, whagtdant TE can be modulated by factors independent of
intrinsic TE: (i) the fraction of carbon fixed during the day and kbsbugh respiration over
night in leaves, and in stems and roots over the wholé -dyyand (ii) the fraction water loss
not associated to photosynthesis,( Farquhar, Ehleringer & Hubick 1989).. and/or -,
can be modulated by N (Hobbie & Colpaert 2004) or watailahility (Os—rio, Chaves &
Pereira 1998). Genotype difference-ipand -, could severely blur the relationship between

intrinsic TE and wholeplant TE. The tight correlation between intrinsic and whplent TE
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obsewed here suggests that and -, remained rather stable across the genotypes.

Nevertheless, the relative variation of intrin$ke (27.6%) was much smaller than that of
whole-plant TE (40.5%). This is a frequent occurrence: relative vianmat of intrinsic and
whole-plant TE were 21%vs 70% among tropical tree species (Cernusiadéil. 2008), 44%
vs. 55% among acacia species (KonatZ 2010), and ¥%4.5% among oak genotypes
(Roussekt al. 2009b). This shows that in many casesand -, have an impact on genotype
or species-related differences of whplant TE in addition to that of intrinsi@ E and that this
impact still has to be unambiguously quantified through tirecords of respiration of non

photosynthetic tissues, or by records of noctumaalspiration.

Whole-plant TE varied between 10 and 15 g kgSuch values are unexpectedly high
when compared to the current literature. A range of 3 g4§" was found in tropical tree
species (Cernusaét al. 2007b, 2009a, 2009b), 4 - 5 g'kin populations ofFaidherbia
albida (Roupsard, Joly & Dreyer 1998), 4.5 - 5.5 g'kg Quercus robugenotypes (Roussel
et al 2009b), around 10 g Kgin Pinus pinasterand around 14 g Kgin Quercus petraea
under elevated CQand drought (Gueldt al. 1994). Hobbie & Colpaert (2004) did not cite
any value above 11.8 g kdn their review for trees or annual crops. The high \atletected
here for poplar were due to low VPD during the day, longsdagh per photoperiod) and
moderate but constant irradiance and optimal irrigabmd fertilisation. Moreover, our
individuals were juveniles, displayed a very fast growtth Bw level of lignification. Under
such conditions, - is likely minimal (short nights and therefore limiteabcturnal
transpiration) as iprobably - (limited lignification which would be a source of respioa
loss; small amount of lipid synthesis and heavy investnimea photosynthesising tissues).
This may only be a transitory phase, and we expect ematlues of TE at later

developmental stages. Such a surprisingly high trangpiraificiency in a species that is
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usually described as a water spender deserves furthergatests.

Was the genotype ranking of TE similar to earlier studies?

Stability of genotype ranking among different environmesis very important question,
which is only seldom addressed. There is currently no-lsecgle comparative study with the
same poplar genotypes grown under different environmentenmparison of collections of
genotypes grown in common plantations in France and tealgaled very little similarity
between the two sites (Dillest al. 2011). Fortunately, the same set of 6 genotypes was used
by several authors in field and greenhouse experimentscoMputed the Spearman rank
correlation coefficient for **Cy, and intrinsicTE between our results and earlier ones (see
Table 4). The correlations were rather high in most ca&seept with the datset from
Marron et al. (2005) that differed from all others and was conductea gneenhouse under
very low iradiance. We can conclude from this rapid analysisttieatanking for *Cy, and

intrinsic TE was rather stable in this set of genotypes under végyett growth conditions.

Origin of the genotypic differences in intrinsic TE at leaf level.

Genotypicdifferences in intrinsicTE can be due to differences of net £&ssimilation
ratesA or stomatal conductancgs or a combination of both (Farquhar & Richards 1984;
Condonet al. 2004). The positive correlation Afwith intrinsic TE and the negative one with
"13Css show that largeA explained most of the variation of intringi€ and ' **Css Similar
results were detected by Voltesal. (2006) forPopulus! euramericanaWhen we recorded
Asas Ossat Under saturating conditions, we changed significantly theotype ranking of
intrinsic TE. Indeed,Asa: was much larger thaA while gssat Was very close t@s: under
ambient conditions, the stomata were already at n&bemening and were not limiting GO

assimilation. This observation also underlines thahgés in the environment (irradiance but
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also water availability, acting on the two componaitsitrinsic TE) may potentially change

the ranking among genotypes.

This observation contradicts at least partly thataofather tight correlation between
stomaal density 8D) and "°Css (and therefore also intrinsiE). In our conditions, stomatal
density was independent of stomatal conductance; Gatlah (2009) and Fichogt al. (2010)
detected even a negative correlation betwgeand SD. Such a lack of correlation can be
explained by interactive effects of pore depth, effecpere width and actual percentage of

functional stomata (Aasamaa, Sober & Rahi 2001; Frdheke & Beerling 2009).

Correlation between TE and biomass accumulation ( BM)

Whole-plant TE was tightly correlated tBM, but not at all to cumulated water u¥ely).
A positive correlation between whopdant TE and BM confirms that changes iA had a
larger effect thags (Condon, Richards & Farquhar 1987; Virgariaal 1990). Both negative
(Condon, Farquhar & Richards 1990; Martin & Thorstenson 198&riageret al. 1990;
White, Castillo & Ehleringer 1990) and positive (Hubick, Farqua&horter 1986; Wright,
Hubick & Farquhar 1988) correlations were found between wlalet TE andBM in crop
species. We suggest that whelent TE was rather controlled b than bygs under our
conditions. This strengthens the hypothesis that breeplompdar genotypes for improved

whole-plant TE would not necessarily come at the expense of prodyctivit
80 enrichment between source and leaf water ( "*®0,,) or leaf bulk
matter ( "*®0y,)

Leaf water is'®0 enriched with respect of the water source due togirti®n (Barbour
2007; Saurer, Aellen & Siegwolf 1997). If the transpiratiateris driven by dierent levels of

gsthen a negative relationship is to be expected betegemmd "*°0y, (Farquhar, Cernusak &
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Barnes 2007). Due to a large intra genotypic variabilioyganotypic effect was found here
for %0, nor for "“®0p. At individual level, bot "*®0, and O, were negatively
correlated toWU and gs. Similar negative correlations have been evidencedatoitton
(Barbouret al. 2000), in a tropical tredsicus insipida(Cernusaket al. 2007a) and in durum
wheat (CabrerBosquetet al. 2009). %0, and "*®0y, were 9.234 and 36.0a respectively;
with a 26.8a difference. Such a difference is, undermat cellular temperature and pH, due
to isotopic exchanges between water and the carbonyl gufupsganic molecules and is

usually close to 25 b 30a (Barbour 2007), close to the onéowed here.

CONCLUSION

Transpiration efficiency recorded at different integnatiscales (from leaf to whole-
plant) inPopulus! euramericanagenotypes displayed consistent genotype differentég.
recorded from soluble sugars was an efficient prediotdntrinsic TE at leaf level and of
whole-plant TE Nevertheless, the magnitude of genotype variabilityT&fwas larger at
whole-plant level than at leaf level, showing that eithecturnal transpiration or more likely
differences in respiration from ngrhotosynthetic organs had a large impact on whizet
transpiration efficiency and on its variability. Géymic differences ofTE were due to
differences of net CQassimilation rates (ataé level) and of biomass production (at whole-
plant level) rather than stomatal conductance orspiaation rates. Genotypes with large
carbon assimilation and fast growth were also thet rafiient, which shows again that
breeding for improvedlE does not come at the expense of productivityPopulus!

euramericana
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TABLES

Table 1 List of variables and abbreviations used in the study

Variables Descriptio n
D Diameter at stem base (mm)
H Stem height (cm)

ECa Carbon isotope composition of the air (&)

EC Carbon isotope composition of soluble sugars in the(&af

ECy Carbon isotope composition of bulk leaf matter (&)

13C Carbon isotope discrimination between atmosphere dadlssugars in the leaf (&)

3 Carbon isotope discrimination between atmosphere atkddaflmatter (&)
PCoiser Difference between*C, and /°Cy, (4)
Nibs, Ns¢ N content in bulk leaf or in the soluble sugar fraction (%)
Cibs Cs C content in bulk leaf or in the soluble sugar fraction (%)

A, A Net CQ assimilation rate under ambient/saturating conditiBngl m? s*)
Os Gsa Stomatal conductance under ambient/saturating conditiohm? s?)
Asa/Osa Intrinsic transpiration efficiency under saturating conditi@mol mol™)

Alg Intrinsic transpiration efficiency of a leaf over a diurngtle (ol mol?)
CilC, Ratio of CQ concentration in the atmosphere and in the substoszdaés

BM Total plant biomass accumulated during the experiment (g)

wWu Cumulated water use (I)

TE Whole-plant transpiration efficiency BM/WU (g I'")

EO0s, Oxygen isotope composition of source water (&)

&0y, Oxygen isotope composition of bulk leaf matter (&)

EOw Oxygen isotope composition of leaf water (&)

180, Oxygen isotope discrimination between source water anddmflknatter (&)
igoW Oxygen isotope discrimination between source water afisvigar (&)

LT Leaf thickness (um)

SD Stomatal density (mff)

LMA Leaf mass to area ratio (g3n

TLA

Whole-plant leaf area (f)
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Table 2 Genotype means (SD) of traits recorded on 10 individuats 8Populus x euramericangenotypes grown in 2 climate chambers. A factorial AMQUf 5,

1 and 5) was used to test for the effects of geno@pec{imate chamberB) and their interaction@ x B). Different letters represent significant differenaesong genotypes

as tested by post hocTukey test (P < 0.05). See Table 1 for the definitionaofables.

Agathe F Cima Flevc 145/51 Pannonie Robust: G effect B effect GxB

D (mm) 10.5(0.28) b 11.2 (0.28) ab 11.1 (0.50) ab 10.5 (0.46) b 11.9(0.44)a (0QMBa P=0.034 P=0.938 P=0.306
H (cm) 85.9 (3.47)b 95.6 (3.47) a 78.6 (3.47) ¢ 55.5 (3.65) d 93.4(347)a  &&BHB. P<0.001 P=0.956 P=0.153
N (%) 3.06 (0.26) 2.93(0.30) 3.28 (0.29) 3.47 (0.21) 2.59 (0.34) 3.34(0.11) P=0.227 156°=0.P=0.436
Cip (%) 47.0 (0.23) a 46.5(0.26) b 45.9 (0.45) b 47.1(0.50) b 46.5(0.47)b 47.540.24p=0.047 P=0.456 P=0.768
Cp (8) 21.7 (0.15) ab 22.2(0.12) be 21.7 (0.17) ab 22.5(0.25) ¢ 21.4(0.10)a 028)idc P<0.001 P=0.656 P=0.139

Nss (%) 0.124 (0.01) 0.101 (0.02) 0.107 (0.02) 0.092 (0.01) 0.115 (0.01) 0.087 (0. P=0.200 P=0.169 P=0.996
Css(%) 43.2(0.33) a 41.0(0.14) b 42.1(0.23)b 41.1(0.42) b 41.4(0.26) b 42.141.16P=0.021 P=0.065 P=0.086
13C (8) 23.3(0.13) b 23.2(0.14) ab 23.0(0.18) ab 24.3(0.19) ¢ 225(0.17)a 0Z®BY{ P<0.001 P=0.899 P=0.140
Cofset (FCi - Csd 1.47 (0.08) a 0.928 (0.15) b 1.20(0.19) b 1.60(0.18) a 1.01(0.16) b  (OILGRb  P=0.049 P=0.799 P=0.743
Soluble sugar content in leaves ~ 16.5 (0.16) 16.6 (0.32) 16.2 (0.41) 16.4 (0.39) 16.8 (0.27) 16.5 (0.58) P=0.904 326°=0.P=0.648
Asa(umol m?s?) 19.1 (0.14) be 20.1 (0.63) abc 21.1(0.44) a 18.2 (0.64) ¢ 20.1(34)ab (02@pab P<0.001 P=0.362 P=0.848
Gsar(Mol m?s?) 0.518 (0.03) b 0.698 (0.03)a  0.630(0.03)ab  0.572(0.03)ab  0.D& 40 0.660 (0.06) P=0.003 P=0.170 P=0.301
Asa/9sa ( Fmol mor™) 38.4 (2.60) a 29.3(1.59) b 34.1(1.45) ab 32.2 (1.50) ab 27.8(1.68)b 22Bpdb P=0.004 P=0.179 P=0.272
ds (mol m?s?) 0.479(0.03)b  0.580(0.03)ab  0.572(0.02)b  0.572(0.03)ab @BFJab 0.656 (0.01)a P<0.001 P=0.979 P=0.862
A (umol mi%s?) 10.3 (0.68) ab 10.6 (0.40) ab 11.3(0.47) a 8.80 (0.37) b 12.6 (0.44)a (056Ba P<0.001 P=0.480 P=0.160

Alge (Fmol mol?) 21.5(2.03) a 19.2 (1.16) ab 20.5 (1.69) ab 15.8 (1.08) b 21.9(1.52)ab (1.27)%ab P=0.004 P=0.605 P=0.63

G/C, 0.882 (0.01)a  0.893(0.01)ab  0.880 (0.01) a 0.934 (0.01) b 0.8a340. 0.913(0.01) P=0.005 P=0.468 P=0.624
BM (g) 148 (6.69) b 178 (9.57) ab 144 (12.5) b 99.6 (13.9) ¢ 191 (9.18) a A8)14 P<0.001 P=0.889 P=0.053
WU (I) 9.87 (0.52ab 11.9 (0.65) ab 9.39(0.72) b 10.0 (1.11) ab 12.3(1.02)ab  12.5(0.40Rx0.009 P=0.830 P=0.100
TE(g Y 15.3 (0.56) a 15.1 (0.42) a 15.6 (0.49) a 9.68 (0.37) ¢ 16.3(1.01)a OuUBBY P<0.001 P=0.837 P=0.996
"0, (8) 36.2 (0.34) 35.9 (0.34) 35.7 (0.34) 36.0 (0.38) 36.3 (0.34) 35.7 (0.36) P=0.775 85#=0.P=0.803
(**Ow (8) 9.46 (2.14) 7.70 (2.44) 10.6 (3.59) 9.13(1.97) 8.36 (1.88) 9.13 (1.03) P=0.406 874#=0.P=0.502
LT (um) 79.8 (2.67) 76.1 (2.66) 74.5 (2.17) 80.0 (3.31) 74.6 (3.35) 68.1 (3.28) P=0.0930.82P= P=0.552
SC (mm?) 188 (6.18) b 216 (2.25) ab 200 (4.31) b 134 (5.55) ¢ 247 (14.8) a 235 P<0.001 P=0.971 P=0.375
LMA (g m?) 34.8 (0.805) 35.2 (0.402) 35.2(0.982) 33.4(1.87) 39.3(2.11) 32.6(0.643) 0.322= P=0.962 P=0.383
TLA (m?) 0.379 (0.03pb  0.418 (0.03pb  0.320 (0.03) b 0.4120.04p  0.405(0.04pb  0.483(0.01)a P=0.017 P=0.947 P=0.599
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Table 3. PearsonOs correlation table for the traits measured theiegperiment. Correlations were computed at individualéses. Degree of significance indicated

as *, ** and *** indicating P<0.05, P<0.01 and P<0.001, resipely.

By, B A a Algs C/C, BM wWuU TE 180, 180, LT SD LMA  TLA
.13C|b
,13CSS 0 . 537***
A -0.397** -0.336%**
Os 0.179 -0.242 0.096

Algs -0.412%* -0.485"**  0.579*** -0.228
Ci/C, 0.464***  0.453***  -0.726*** 0.224 -0.916%*

BM -0.530*** -0.570***  0.396*** 0.194 -0.009 -0.183

wu -0.166 -0.258 0.138  0.361*** -0.183 0.108 0.183

TE -0.532%** -0.544** 0.283** -0.197 0.428***  -0.482*** 0.431*** -0.182

80 0.002 0.088 -0.119  -0.288** 0.176 -0.091 -0.169 -0.369**  0.160

80w 0.115 0.056 -0.069  -0.257* 0.172 -0.082 -0.163 -0.295* 0.082 0.308**

LT -0.020 0.030 -0.150 -0.247 0.143 -0.034 -0.192-0.257* 0.112 0.178 -0.019

SC -0.393**  -0.447%*  0.387*** 0.100 0.331** -0.378**  0.587*** 0.203 0.401** -0.050 -0.151 -0.204

LMA -0.226 -0.227 0.132 0.082 0.071 -0.172 0.298** 0.178 0.170 0.187 -0.132 -0.026 0.221

TLA 0.050 -0.051 0.069  0.470*** -0.246 0.194 0.213 0.386*** -0.182 -0.308** -0.283* -0.282* 0.219 0.035
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Table 4. Spearman rank correlation table (r) between genotype sméan the isotopic

discrimination between the atmosphere and bulk leaf matt&e,) and for the intrinsic transpiration

efficiency at leaf level recorded for the 6 genotymedifferent experiments including the present one.

Data from the present paper (present), from Fiehatl. (2010, nursery grown rooted cuttings over 2

years), Marronet al. (2005, greenhouse grown cuttings after a few months) andliogtcal (2005,

nursery grown rooted cuttings over 2 years). n=6.

"°C,, Present 'Cy, Fichot

"¥C,, Monclus

"¥C,, Marron

AlgsPreser Algs

Fichot
"1¥C,, Present 1
"*Cy, Fichot 0.657 1
¥Cp Monclus ~ 0.71¢ 0.71¢ 1
"1¥C,, Marron -0.257 -0.14: 0.371 1
Algs Preser -0.88¢ -0.54: -0.82¢ 0.028¢ 1
Algs Fichot -0.71¢ -0.71¢ -0.657 0.31¢ 0.82¢ 1
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FIGURES CAPTIONS

Figure 1. Relationship between genotype means of the isotopicirdisation between
atmospheric C@and the C in bulk leaf mattdr*Cp) or in soluble sugars in the leaf
( "*Cs9. Letters indicate genotype®,(Pannonia F, Flevo, 145, 145/51; A, Agathe E C,

Cima R, Robusty Regression equation was: y = 1.34x - 6.30.

Figure 2. Relationship between genotype means of mean diurnaisiatitranspiration
efficiency A/lgs and ofAsa/gsa: Letters indicate genotypeB, (Pannonia F, Flevo, 145, 145/51;

A, Agathe E C, Cima R, Robusta

Figure 3. Rdationship between genotypic means of the ratio of €ahcentrations in
the intercellular spaces and in the atmosplk¥@, with the isotopic discrimination between
atmospheric C@and the C in (i) bulk leaf mattet**Cj, (closed circles, y = 18.0 x + 6.98)
and (ii) soluble sugars extracted from the |65 (open circles, y = 27.2 x + 0.620). The
solid line represents the simple discrimination modst (ext). Letters indicate genotyp@s (

Pannonig F, Flevo 145, 145/51; A, Agathe F C, Cimg R, Robusta.

Figure 4. Relationships between genotype means of the isotominrdisation between
atmospheric C@and the C in soluble sugars®Css and (a) mean diurnal GQssimilation
rate @), (A = -2.00 *3Cs+ 57.5); or (b) mean diurnal stomatal conductance temapour
(g9). Letters indicate genotypeB, (Pannonia F, Flevo, 145, 145/51; A, Agathe FE C, Cima R,

Robusta.

Figure 5. Relationships between genotype means of whlalet transpiration efficiency
(TE) and (a) the isotopic discrimination between atmosph@@g and the C in leaf soluble
sugars' *Css y =-0.215x + 26.3; (b) the mean diurnal ratiofdf; y = 0.872x + 7.19 (c) the

biomass gained by the plants during the experini& ¢ = 10.1x + 8.72 and (d) total water
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use by the plantsWU) during the experiment. Letters indicate genotyfpgsP@nnonia F,

Flevag 145, 145/51; A, Agathe E C, Cima R, Robusta.

Figure 6. Relationships between genotype means of stomatal damsitfa) the isotopic
discrimination between atmospheric £&nd the C in soluble sugars extracted from the leaf
"13Css ¥y =-0.015 x + 26.3; (b) mean diurn&j y = 0.032 x + 4.48 etters indicate genotypes

(P, Pannonia F, Flevo 145, 145/51; A, Agathe E C, Cima R, Robusta.

Figure 7. Distribution of the 15 variables (a) and projection tbé 6 Populus x
euramericanagenotypes (b) in the factorial plane FIF2 of the PCA. Letters indicate the
names of the genotype®,(Pannonia F, Fleva 145, 145/51; A, Agathe F C, Cima R,
Robusty F1 and F2 are linear combinations of the 15 variables.Table 1 for variable

codes.

97



Rasheed et al. 2012  3C as an estimator of whole-plant transpiration efficiency in poplar
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 6.
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Supplementary Figure 1.Correlation between the product Height x Diameter &ed t
biomass recorded on 6 individuals per genotype at the ohsbe experiment. Each point

represents data from a single individual. No genotype-Bpeelationship was detected.
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Supplementary Figure 2. Time course of stomatal conductance to water vago(a) and
net CQ assimilation rateA (b). Means (x SD) of ten plants per genotype along desing
measurement day. Each point represents a mean valuéeinandividuals. No visible diurnal

trend was identified in any of the genotypes.
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Supplementary Figure 3.Time course of genotypic means of plant he{gt){ diameter
at collar(D) and daily water use/NU) during the experiment in the climate chambers. Each
point represents the mean value from ten individuals.
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CHAPTER 2

Effects of VPD on upscaling from leaf level to whole plant level

transpiration efficiency in @opulusnigra genotypes.
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Transition

In the previous chapter we successfully showed tHa€ recorded in soluble sugars
represented the genotypic differences in leaf and wplalet transpiration efficiency. As
anticipated, the magnitude of genotypic variation inicinBE was much lower than that
evidenced at whole plant level, which was attributed toarailbst during photo and dark
respiraton (- ¢) and water lost through nocturnal transpiratieg)(that remained same across
genotypes. Effects fPD on gs have been well documented, which decreases exponentially
with increase in/PD (Orenet al. 1999), while increasing transpiration rate. Howetvenight
also effect variation of carbon lost during photo andk daspiration ¢.) and water lost
through nocturnal transpiration-§) that could perturbate the up scaling approach. ,Thus
effectof VPD on upscaling from leaf to whole plant transpiratiditcefncy was evidenced in

6 Populus nigragenotypes grown under high and low conditioV&D. Genotypes selected
show contrasting **C values and originated from the natural population alond.tle river
(Chamaillardet al. 2011). ' **C was measured in both leaf bulk and leaf soluble sugsins w
respect to atmosphere, along with leaf IeMelA/gs) and whole planTE (biomass produced/
water transpired):?0 enrichment was also evidenced in leaf bulk and leafrweth respect

to source water as an indicator @r
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Summary

¥Poplar genotypes differ in transpiration efficigr{@¢ E) at leaf and whole plant level. Here,
we test whether vapour pressure defigiPD) during growth affects the genotype ranking for

TE at leaf and whole tree level.

¥ Six Populus nigragenotypes were grown under tW&D. We recorded: (i}*C contentin
soluble sugars; (iij0 enrichment in leaf water vs. source water; (@8fllevel gas exchange

and (iv) biomass accumulation and water use by whotgpla

¥ EnhancedVPD had no effect on biomass accumulation but increaseadriwae which
results inreduced whole planfE. However, it increased intrinsikE due to reducedtomatal
conductanceg). It also resulted in an enhanced enrichment of lea¢mand leaf matter in
80. Whole plant and intrinsic ledfE differed significantly among genotypes avieD had

no effect on genotype rankings had a larger contribution to the genotype variability of

intrinsic TE thanA.

¥Finally, "*C composition of leaf sugars differed significantly fréime modeled one and this
difference was modulated by genotype and was smaller umgle’VPD. This may reflect

changes in mesophyll conductance&@,, which may increase under hiyeD.

WORD COUNT = 195 words.
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Introduction

Tree plantations in different regions of the worldl wkperience an increased frequency
and severity of drought episodes as a consequence of clomabge (IPCC 2007), while
biomass can only be produced at the expense of water nsaf@he potential adaptations to
such a situation could be the use of species or genotyffesnhanced water usdficiency.
Considerable gains in water-use efficiency have been matiegataly in crops, by selecting
plants with enhanced transpiration efficiencyE), i.e., the ratio between accumulated
biomass and transpired water (Rebetzkal., 2002, Richardst al.,2002).TE at whole plant
level is controlled by: (i) intrinsi@ E (A/gs) which is the ratio of net CQassimilation rate\
to stomatal conductance to water vapgui(Condonet al., 2004); (ii.) atmospheri&/PD
which may increase directly transpiration but also el@se stomatal and (iii) scaling factors
from leaf to whole plant, like respiratory carborsdes ¢ and water losses-(,) not
associated to photosynthesis (Farqugtaal. 1989). - . depends on the intensity of respiration
from stems and roots, and of nocturnal respiration,ewvhj} depends on water losses by
stems or fruits as well as nocturnal tqairgtion. TE also displays an importannt phenotypic
plasticity in response to water (Hubiek al., 1986; Zhang & Marshall, 1994; Swet al.,
1996) and nutrient availabilities (Livingsta al., 1999; Cernusakt al, 2007a) and vapour

pressure deficit (Langet al.,1971; Massman & Kaufmann, 1991; Osedral., 1999).

At leaf level, intrinsicTE is tightly correlated to the ratio between £@ole fraction in
the intercellular spacesC vs. in the atmosphereCf), assuming a lack of difference in
atmospheric pressure (Farquleral 1989). Cernusakt al. (2007b; 2008) confirmed that
whole plantTE was correlated t€;/C, across a range of tropical tree species. Nevertheless,
-¢ and -, remained important determinants of whole pla&t (Osorio et al., 1998 and
Hobbie & Colpaert, 2004)n Populus! euramericanagenotypes, genotype values@fC,

were tightly correlated to wholelant TE (Rasheecet al., 2012 although the amplitude of
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variation was larger fowhole-plant TE than forCi/C,, pointing to the importance of. and

- w. as drivers for some degree of genotype variability ludlev plantTE.

The discrimination againstC between the atmosphere and leaf mattéiC) has largely
been used as an estimatoirgfinsic TE (Farquhar & Richards, 1984; Farquiearal, 1989).
In particular, "*C recorded from soluble sugars extracted from leaves, vele&khe primary
products of photosynthesis, is closely correlated tamwiurnalA/gs aand thereforé&i/C,
(Brugnoliet al, 1988; Rasheeet al, 2012).In the simple érm of the discrimination model,
fractionation during carboxylation is correlated to theoratf CO, concentration in the
intercellular spaces to ambient a@i/C,) rather than to the ratio G@oncentration in the
chloroplast to ambient3/C,) (Richards and Farquhar, 1984)

Coa (b a)% Eqn 1

a

This model is an oversimplificatioiC. is significantly smaller tha; due to the fact that
mesophyll conductancgf) to CQ is not infinite (Evans & von Caemmerer, 1995; Flegas
al., 2008). A genotypic variability o§n may therefore modulate the relationship between
"13C andCi/C, i.e., intrinsicTE (Warren & Adams, 2006; Barboet al.,2010). Moreovergn,
varies in the short term and increases with irraciazed decreases under enhanced CO
concentration (Flexast al.,2009; Doutheet al.,2011; 2012). Therefore, if**C is to be used

as an indicator of intrinsic or whole plaF it becomes very important to check the tightness
of the relationship between™*C and Ci/C, and to refer to the developed model*3¢0,
discrimination at leaf level that includes explicity. and fractionation associated to

respiration and photorespiration (Farquhar and Richards 1984):

: : : ** C *"
ulSC ab Cs CI a Cs CI (bs ai ) CI Cc b& f - e- Rd
C C C

a a

a
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Where:Cs is the CQ concentration at leaf sade,.e' and A are the fractionation constants
associated to mitochondrial respiration during the dalypdtorespiration respectively. is

the CQ compensation point in the absence of mitochondriglinason Ry). The difference
between the predictions of the simple model and recorddd is the basis for indirect

estimates of, (Evans & von Caemmerer, 1995; Flexasl.,2009).

IncreasedVPD in the atmosphere is known to impact sever€ly (i) directly by
increasing transpiration and (ii) indirectly by inducinglecrease of stomatal conductance
(Orenet al., 1999). The first component is physical (it acts directty evaporationand
contributes to-. The latter may differ significantly from air tempéure as a function of
stomatal conductance. EnhancélD therefore is expected to result in decreaBEd The
second component relates to the sensitivity of stan@alVPD: enhancedvPD results in
stomatal closure (Monteith, 1995). The short-term effecinocfeasedvPD is therefore to
increase intrinsidE, and consequently to decrea8€C. The relationship betwee*C and
intrinsic TE on the one hand, and whole plafE on the other, is thereforekély to be
severely impacted byPD. Moreover, the sensitivity of stomata WD may display some
degree of genotypic variability (Vadeet al, 2011), although this remains poorly
documented. It is therefore important to investigateldhg term effects of changes WPD

on whole planTE.

For genotypes growing under a common environment, discriminaigainst'?0 between
source water and organic mattét’Op) or leaf water (**0y) reflects the enrichment due to
evaporation in the intercellular spaces and is modulbteds (Craig & Gordon, 1965;
Barbouret al.,2000a; Barbour & Farquhar, 2000; Barbour, 2007). IncredBé&dlis expected
to enhance that enrichment due to enhanced transpirdtois, Scheidegget al (2000) and
CabreraBosquetet al. (2009) used®0 enrichment in leaves as an indicatogofo identify

whether the genetic variability of intrinsiE and **C was related to a variability of stomatal
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control of transpiration or to a variability of asdahion rates. Rasheest al (2012) found a
significant phenotypic correlation betweggnand *®0 enrichment in leaves dfopulus!
euramericanahybrids but no genotypic variability. The effect afPD, which decreasgs
while increasing transpiration rate, needs be checkegbtential genotype effects and for the
interactions with "*C to help identify the physiological basis of genotypeiatin in

intrinsic as well as whole plaiiE (Barbour, 2007; Granet al.,2007).

Although poplars require large amounts of water to sudfa@r productivity, a large
variability has been found fot**C among genotypes of a range of species incluBlimpulus
nigra native to riverbanks in Western Europe (Chamailirell., 2011). Moreover, *C was
confirmed as an efficient estimator for the genotyp@atian in intrinsicTE and whole plant
TE of P. euramericangienotypes (Rasheed al., 2012) under optimal growth conditions. In
the present study we address the effects of environr@®m)(on *°C, intrinsic and whole
plant TE for 6 genotypes dPopulus nigraknown to differ in “*3C. Following questions were

specifically addressed:

x Does "*Cssremain a reliable indicator for intrinsiE (A/gs) at leaf level inPopulus
nigra genotypes under low or higiPD)? This will be tested by comparing the

ranking of genotypes for*Cssand intrinsicTE under high and low VPD.

x Do genotypic differences for'3Css and intrinsicTE reflect the differences in whole

plant TE under differenvVPD ?

X Is there an offset between discrimination values ptediby the simple discrimination

model and observed values, and is it affected by genotyperaflD during growth?
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MATERIAL AND METHODS

Plant material and growth conditions

We selected six genotypes Bdpulus nigral. from a natural population sampled along the
Loire river. The genotypes displayed contrasting vaafesCy, (Chamaillardet al., 2011).
Ten liter pots were filled with a 1/1 v/v peat/sand mixtureavily watered and extra water
was left to drain overnight to reach field capacitiie weight of filled pots was homogenized
to 9000 g by adding substrate at field capacity with a poecsf 1%. Eight soil cores were
sampled randomly and dried (70iC) to a constant weighamsoil water content at field

capacity was 312 g Ku.

Shoot cuttings (16 copies from 6 genotypes) were plantedgdéqpril 2010 and left to
grow for one month in a greenhouse at INRA-Nancy (Flangeer natural daylight. After
this time, diameter at collar and height were recomieall plants immediately before the
transfer to two climate chambers (Rotoplant, Stradage#s, France). Six randomly selected
individuals per genotype were harvested, oven dried at 70i€otistant weight to calibrate a
relationship between the product height-diameter and b®rtizet was common across

genotypes (Fig. S3):
Biomass = 0.0042 x Height®x Diametef-°® (r* = 0.900;P < 0.001) Eqn 3

This allometric equation was used to estimate thelrtibmass of each of the remaining

individuals (mean: 17 * 4qQ).

Five individuals per genotype were randomly distributed ioheaf the two growth
chamlers under either low or high VPD. Chambers were equipptddanrotating plate to
homogenize the irradiance intercepted by plants. Mior@tk in the chambers was:

day/night, 16/8 h; air temperature day/night, 30/18/€D day/night, High: 2.3/0.8 kPa and
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Low: 1.1/0.8 kPa; irradiance at the top of the pla#&§) + 15Rnol PPFD ms™. The light in

the climate chambers was switched on at 8:00 am.

Growth, daily water use and transpiration efficiency TE

Plant height(H) and diameter at collgD) were measured twice a week till the end of the
experiment. Soil surface of each pot was covered withlyethylene sheet to limit direct soill
evaporation. Each pot was weighted daily (Sartorius-ABitgen, QC65EDE-D, Germany;
accuracy: = 0.1g) and watered back to the reference wdi@370 g (corresponding to 80%
field capacity). Weight difference over 24h was assurneeepresent daily water use by the
plant. Cumulated water us&V{J) was computed for each plant over the duration of the

experiment.

After one month, plants were harvested; oven dried af Tilljconstant weight and dry
mass of each compartment (leaves, stem and rootseecdBiomass incremenBI{) was
computed for each individual from the difference betwharvested and initial dry mass.
Whole plantTE was computed per individual as the ratio biomass incréowentilated water
use. Total leaf ared LA) of each individual was measured with an area meteC¢k area
meter, A1000 Li-Cor, Lincoln, NE, USA). Due to a probleluring the last phase of the
experiment, 11 plants (2 per genotype in 5 genotypes and & sixtih) were lost in the high
VPD chamber; as a result, means values of BM, WU amolevplant TE where computed

with a smaller sample while all other data were réedrearlier on all individuals.
Leaf gas exchange and intrinsic TE

All measurements were recorded on fully expanded leavésh#tth grown in the climate

chamber under the local environment. IntrinBEE at leaf level was recorded on one leaf per
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individual: (i) under saturating irradiance as the r#tig /gsa; and (ii) under the standh

irradiance available in the growth chamb&fgf).

Asatandgsa Were measured by placing a fully mature leaf for 15-20intb the measurement
chamber of a portable photosynthesis system (Li6400;0kj-Oincoln, NE, USA). A 6 cf
chamber was used and artificial irradiance was provided byretle€EDs. Conditions were:
PPFD, 1200 pmol ms®*, COuines 380 pmol mof, VPD, 1 + 0.2 kPa and leaf temperature,

25jC.

A, gs and T, (leaf temperature) were monitored with a portable photbggis system (Li-
6400; Li-Cor, Lincoln NE USA) equipped with a transparent lid. Measurements weiee
during a diurnal cycle, five times between 8:00 and 18:00 pm oesalpcted fully expanded
and well-lit leaf of same age from each individual. iEaseasurement lasted 2-3 min for
stabilization of gas exchange in the chamber. Micro¢éniathe measurement chamber was
very close to that in the climate chamber: ambieadiance, 450 + 15 umol’ns*, CQ; in
the chamberC,, 405 + 30 mmol méiof CO,, VPD Low, 1.2 + 0.2; High, 2.07 + 0.2 kPa and
leaf temperature, 30 + 0.6jC estimated through the gabkamege systemVPD in the
measurement chamber was very close to that in thatdiohamber with no genotype effects
(see Table 2)C, did not differ among genotypes under the two treatmentsgluhe
measurementR(= 0.527 and® = 0.326 respectively, data not shown). A significant @lrn
fluctuation was evident for actual net £&ssimilation A) and stomatal conductance to water
vapour (g) recorded in the chambers (ANOVA with time as a ranédfect, P < 0.001 forA

andP < 0.001 forgssee Fig. 1a,b).

At the end of the measurement cycle, the leaf wapetl off, frozen in liquid nitrogen and
stored at -80;C. As a diurnal decline was evidencetl (ifig. 1a) a dailymean value of\/gs

weighted byA was calculated as:
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A/
(A/gs)n‘ean % Eqn 4
n

Extraction of soluble sugars from leaves

Half of each stored leaves was freeze-dried at -35i@ded and 60 mg of leaf powder was
ZHLIKWHG LQ PO PLFURW Xéhlendform-waterGMRW, R25/8 KMIVQ)R O
was added and the samples were placed in a water badiCator 30 min. After cooling, the
microtubes were centrifuged at 11400g for 3 min. This step waategpthree times and the

supernatant was collected into a new 2 ml microtube.

7R LQGXFH SKDVH VHSDUDWLRQ — O FP'WBRUMHBHPODBQHC
the supernatant and vigorously mixed. The samples werdolett few minutes and then
centrifuged at 11400 g for 3 min. The aqueous phase was tradstera new 2 ml microtube
DQG FRPSOHPHQWHG ZLW KDowex1K8,1206+A08 @asHK[OB &yt G
(Fluka France) converted to [HGJOwith sodium formatél'he samples were agitated for 2 h
at room temperature. Following centrifugation, the sugamavas transferred to a new 2 ml
PLFURWXEH WR ZKLFK — O R U HMOBO0esKk (GatibD ¥xdh&hgeR Z H |
H* form; Fluka, France) resin was added. Samples were aggtiated for 2 h at room
temperature. Following centrifugation, the supernatant trassferred to a pre-weighted
microtube and dried to complete dryness on a rotary eapofHETO, DK3450, Aller¢d,
Denmark). After being weighted, 6B of water per mg of bulk sugar was added to move 1
mg of bulk sugars into tin capsule and freeze-dried (Freedoabconco, Kansas city, USA)

and stored for isotopic analysis.
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Carbon isotope discrimination between the atmosphere and bulk leaf matter

( "*Cy,) or soluble sugars ( "**Css)

1 mg dry leaf powder was weighed into tin capsules and esewasuré*C composition in
bulk leaf matter. A similar procedure was used forgblible sugar poolC content was
analysed relative to PDB using an elemental analysedo(@ba, NA 1500NC, Milano,
Italy) coupled to an isotope-ratio mass spectrometemig@n, Delta-S, Bremen, Germany)
with a precision of 0.1 &.3C discrimination between the atmosphere and leaf butkemar

soluble sugars was calculated as:

' 13C gcair éC

gcai r

1000

plant Eq n 5

where &Cy;; and (1§’Cp|am are the isotopic composition of air and plants messur the two
growth chambers. Air samples were collected in 8 mk#aduring 4 days (n = 36) and
analyzed in a CF-IRMS (Finnigan, Delta-S, Bremen, Gegnhavith an accuracy of 0.14. A
small but significant diurnal increase was recordedsiB,;, in parallel to the decrease An
(Fig. S4). For the computation of a mean daily discritmmawe used a daily weighted mean
for &°Cy; to take into account thab’Cy; changed with time in correlation with the values of
A

B 3C2 UA
s EECLW

Eqgn 6
aiean neA q

No chamber effect was detected #iC,; (P = 0.356, n = 72) and mean values were -10.0 +
0.41 & (Low VPD) and -10.3 + 0.43 & (HighvPD). Carbon isotope discrimination predicted

by the model **Cy) wascalculated using the simple discrimination equation:

BC, a (b a)% Eqgn7

a
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Wherea was taken as 4.4& and as 29 & (OOLeary 1981; Farquherr al. 1998; Warren

2006).

Leaf water extraction

The second half of the stored leaf was used for leadrvadtraction with a cryogenic vacuum
distillation. Sealed tubes with a frozen leaf werararted to the extraction apparatus with a
cadllection tube at the other end. Air inside the whole agparaas then evacuated to remove
any trace of external water vapor under approx. 8 Pa.vitheeontaining the sample was
heated using a water bath at a constant temperature of af@QGhe collection tube was
placed in a Dewar containing liquid nitrogen in order to feeeapors emanating from the
sample (Weset al, 2006). The extracted water from each leaf sample wleted and used

to measuré®0 composition.

Oxygen isotope discrimination between irrigation water and bulk leaf matter

( "*®0y,) or leaf water ( *20,,)

0.3 - 0.4 mg of leaf powder (the same than'far analysis) and 0.4 ul of leaf extract were
used to measurfO composition of leaf bulk matterdOp) and **0 composition of leaf
water (B0y) respectively. Analyses were done using a high temperalementar analyser
(Pyrocube, Elementar, Hanau, Germany) coupled to a masstremeter (Isoprime,
Manchester, UK). Samples were combusted and pydobgel270;C. The oxygen isotope
composition was determined with respect to the threerdéwy standards (ATL1, U Prye,
Snow D). Laboratory standards were pre-calibrated agtwestinternational standard V-

SMOW (Vienna- Standard Mean Ocean Water). Accurachefrieasurements was + 0.34&.
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The *®0 content in irrigation water ¢’0,.) was recorded from 9 samples collected during

different days. The mean value was -6.28a (0.3B&vith no difference between the two

chambersi = 0.824, n = 12).

180 discrimination between irrigation water and bulk leadtter or leafwater was

computed as:

' 180 é§C)plant é'gOSN

&0,

1000

Eqgn 8

where é80p|am and &°0,,, are the isotopic composition of the plant matenial source water.

Leaf anatomy

Three discs of 1 cirwere harvested on 1 leaf per individual to record leakttgss [(T) and
stomatal density§D) and were immediately frozen in liquid nitrogen and staae D80;C.
Because poplar leaves are amphistomatous, each dissplitakor the separate analysis of
adaxial and abaxial sides. Sample discs were then stadltntonium stubs on a Peltier stage
(B50iC) before being examined underaamtoolledpressure scanning electron microscope
(model 1450VP, Leo, Cambridge, UK); 2030 Pa inside the chaadmererating voltage 15
kV, working distance 12 mm). Nine microphotographs 280 were taken on each disc and
stomata were counted using an image analysis softwafL®@, Noesis, Frangde Total
stomatal density was calculated as the sum of adaxinhbaxial stomatal densities. On the
other two discs, five semi-thin cryo sections were phatolged to record mean leaf thickness
Additional five discs of 1cfwere taken fot MA and were weighted after oven drying until

constant weightLMA (g ni®) was computed as dry weight per unit area.
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Statistical analysis

All statistical analyses were done using STATISTICAitware (version 8.1, StatSoft,
MaisonsAlfort, France).Normality and homoscedasticity of data were checked gralbhic
with residualvs predicted and normal quartile-quartile plots. Genetic effect, treant
effect and their interaction were evaluated using a way- ANOVA with the following

model:
Yo PG T, GuI, H

With: Y, , response variable;f, intercept; G, genotype effecT;

I 1

VPD effect; G uT;,
interaction and £, residue. Apost-hocTukey HSD test was used to evaluate page

differences among genotypes. Correlations between thesurexl traits were tested at
genotype level in eacN'PD treatment with a general linear regression model. r&mea
correlation coefficients were used to check the stabilitgenotype ranking between the two
treatments. All tests and correlations were takenigasfisant whenP < 0.05. Means are

expressed with their standard deviation (SD).
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Results

Table 1 displays a list of the recorded variables and Tatie overall means of the different
variables in the two treatments along with their steshdigviations and the probability of the
different effects YPD, genotype and their interaction). Interaction effesisre mver
significant except for stomatal conductanag):(in the following, we will therefore
concentrate on the main effects. Detailed mean vallg® different genotypes are displayed
in Table S1. Spearman correlations at individual levetHerrecorded traits are displayed in

Table S2.

Plant height (H), stem diameter (D) and leaf traits (table 2).

Time courses oH andD displayed a continuous and gradual increase (see Fig. S1A S2).
significant genotype effect was found for fikd| whole plant leafrea TLA), leaf masgo-

area ratio (MA) and leaf thicknesd.T) while VPD had no effect on these variabl&?D
effects were found in addition @enotype effects: findD was smalleland stomatal density
(SD) higher under highvPD. LMA was rather large (around 100 g®mLeaf N (i) was

very small (below 1%), differed among genotypes (from 0.736L.i) and remained
unaffected byWPD. Leaf C was close to 43.5% and remained stable among genotypes and

treatments.

"13C between the atmosphere and bulk leaf matter ( "**C;,) or soluble sugars

( ,13CSS)
The fraction of soluble sugars in the leaves was rdtigdr (8.5 £ 0.28% of total dry matter)
and stable across treatments but differed among genoBypety. of the soluble sugar extract

was assessed by recording N and C contéygsremained very small (0.16%) with no

genotype norVPD effect (Table 2), whileCss was stable among genotypes but differed
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slightly acrossVPD treatments but remained close to the 42% as expected fi@ction

probably dominated by sucrose.

Significant genotype an¥PD effects were found for**Cp. High VPD resulted in smaller
values with a shift around 1&. Significant genotype aviBD effects were similarly evident
for "3Csswhich declined also by 1.3a under highPD. A tight and positive correlation was
found between*Cy, and "**Csin the two treatments, and the two regressions did ffet.di
"13csswas larger than®*Cy, by about 1.5 to 1.84 and this offset was affected by genotype

but not byWPD (Fig. 2 and Table 2).

Genotype and VPD effects on leaf gas exchange and intrinsic transpiration

efficiency at leaf level (A/gs)

Under saturating condition®sas, Osat aNdAsalGsat Significantly differed among genotypes but
were not affected byPD during growth. The overall mean 8k, was 14.8Anol m? s* and

for gsar 0.382 mol nif s* (Table 2). The situation was quite different under amtbie
conditions. Daily courses oA displayed significant decreases (figure la) but were not
affected byVPD, while those ofgs displayed constant values but lar§y®D-induced
differences. Diurnal meamd A were not affected by genotype, treatment or interaetifact,
while diurnal meamys varied significantly among genotypes and was much smailger high
VPD. An interaction effect was also evident for meg@nas the genotype effect observed

under lav VPD was completely absent under high under M&.

Tight positive correlations were evident between aisiion weighted mean diurnal/gs
and instantAsa/{gsa; but the correlations differed betweéRD levels (Fig. 3). This was due to
the fact thathe differences betweeviPD treatments recordeid situ were alleviated when

gas exchange was recorded under similar and optimal corsliifter sufficient induction
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time; in particular, stomatal conductance of leavesnftbe highVPD treatment increased

rapidly during the induction for thgamaxrecords.

Genotype means of**C¢s were negatively correlated to mean diurAdds under both
VPD treatments. Genotype meansAdfs and “°Css were correlated tgs under lowVPD,
but no longer under higiiPD, and never tA (Fig. 4 a,b). This shows that differencegin

had a major effect oA/gs and "*Cssas compared tA.

A tight correlation was detected between genotype meénhe isotopic discrimination
predicted with the simple discrimination model from tieeordedCi/C, ( *Cyv) and the
observed "*Cgin each of the two treatments (Fig. 4). The diffeeehetween predicted and
observed discrimination ‘¢°Cqs) differed significantly among treatments and was 3.5 &
under low and 2.3& under higlVPD. It was also significantly different among genotypes,
with values ranging from 2.1 to 5.3a under loWPD. However, the genotype ranking of

"13C4r remained stable across both treatments (Table'&Jq; was positively correlated to
LMA under the two treatments (Fig. 5a). It was also nedgpto@related to leaf thickness

under highvPD (Fig. 5b).

"13cswas not correlated to A in any treatment, and onty tmder low VPD (fig. 6).

Scaling from leaf to whole plant transpiration efficiency (TE).

Produced biomassBM) was similar across the treatments but differed a@mgenotypes
(Table 2). Cumulative water us&VU) was different both across treatments and among
genotypes. Consequently, whole plafrE displayed very significant genotype aliPD
effects. Mea values were 6.6 ¢'lunder low and only 4.6 g'lunder highVPD. Genotype

means oflE were negatively correlated t§*Cssand positively toA/gs with two different but

130



Rasheed et al. 2012 Transpiration efficiency in black poplartgpes as affected by VPD

parallel regressions in the two cases (Fig. 7 a,b)hésame time, no correlation was evident

between genotype meansTd andWU or BM.

Discrimination against **O between source water and leaf water ( '**0,,) and

bulk matter ( "**0y)

Leaf water and bulk matter were as expected signifigamttiched in®0 with respect to the
source water by approx 8 and 26&a. Strong genotype ¥R effects were found for this
enrichment, with a range of about 2 & among genotypes f§0y, and a difference of
almost 8 & between the two treatments (Table2). As epecleaf water enrichment 10
was much larger under higtPD. The results were very similar for%0y, in bulk leaf matter
with a difference of 9 & betveen the two/PD. Leaf temperature was larger under low than
high VPD, as a result of a larger transpiration relat@oling in the latter case; as a result, the
actual difference in water vapour pressure between mesaissyes and the atmosphere was

larger than the recorded atmosphé&fieD under lowVPD.

Genotype means of*?0y, were negatively correlated tg under lowVPD and to "*Ces
under both low and higilPD (Fig. 8 a,b). The lack of correlation under h\gRD was due to
the small variability observed igs. "*®0Ow was also negatively correlated ggand "*°Css
only under lowVPD, which confirmed that variation ifME and A/gs was controlled bygs

rather than b.

131



Rasheed et al. 2012 Transpiration efficiency in black poplartgpes as affected by VPD

Discussion

13C discrimination as recorded in soluble sugars ( "**Cs) and bulk leaf matter

( " °Cp)

The tight positive correlation between genotype meaxns™Css and **Cp, under the two
VPD treatments confirms that the effects of the isotdjscrimination during photosynthesis
were not wiped out by post photosynthetic discriminatioteaves. "**Css was larger than
"13C, while the reverse was expected from our knowledge oftitepic composition of leaf
products (with depleted lipids and lignins in the bulk mattarsimilar result was found in
Populus deltoid$ nigra genotypes grown under controlled conditions (Rasketadl 2012).
Causes for this apparent discrepancy were probably verkasio those already discussed by
Rasheeckt al., (2012): (i) a pollution of the soluble sugar fractions by s or lipids can
be excluded based on this and Css contents in the soluble sugar fractioi); &n effect of
reallocation of carbon stored prior to the start & #xperiment (i.e., in the greenhouse)
cannot be excluded, as the final biomass was only twe&eénitial one due to the relatively
slow growth of the plants (Lautedt al., 1993); (iii) substantial diurnal variation in the
amount of starch might be one of the causes. Popéaues are rich in starch, and starch
synthesis results in a 3a enrichment with respect to Blglisugars (Brugnokt al., 1988).
The amount of starch reaches a maximum late in tleenatbn, which results in parallel in a
depletion of*3C in soluble sugars; during the night, starch is hydrolisgsisucrose which is
exported to the phloem:; this results in complex diurgabdhics of-*C as recorded in soluble
sugars (Tcherkeet al. 2011). We collected leaves probably at the peak starctetadon,
which resulted in a temporatyC impoverishment of the soluble sugar pool. This effect was

nevertheless smaller in tHiopulus nigragenotypes used here thanHopulus deltoides x
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nigra genotypes, given the lower amount of soluble sugars,ripivetosynthesis and slower

growth in the former (Rasheed al. 2012).

Correlation between **C discrimination recorded in soluble sugars ( "**Cs) and

mean daily intrinsic transpiration efficiency (A/gs)

The negative correlation found betweéHCss and assimilation weighted diurnal mean TE
(A/gy) under the twoVPD treatments confirms that'*Cs is a reliable indicator of/gs as
predicted by the model of Farquledral. (1989) and in agreement with Brugnetial. (1988),
Lauteriet al, (1993). Surprisingly, while we expected a unique relationstiipsa the two
VPD treatments, we obtained two separate and parallel stgmeswith a very stable
genotype ranking as shown in Table 3. Some clues aboutisiciephncy were given by
analysing the difference'**Cqi) between the expected values of discrimination obdaivieh

the simple model (Equ 1) and the observed data in solubes

Variation in "*Cg can be due to the additional terms in the completeidismtion model
like the mesophyll conduatae to CQ (gm) or respiration Ry, Equ 2), or to variation of the
primary parameters of the model likgdsee Doutheet al., 2012). For instance, differences in
mitochondrial respirationRy) could contribute to the observed differences, buteéhéweidnt
of Ry in the discrimination model remains small (Doutteal., 2011, 2012). Usually this
difference is attributed to the fact that the simptadel assumes th&t = C,, i.e., that implies
that mesophyll conductanag, is infinite, which is obviously not the case (Evans énv
Caemmerer, 1995}, is inversely proportional to **Cy; (Ponset al., 2009; Flexast al.,
2008), and is considered to be the main driver for chaing&SCgi. (Doutheet al. 2012). In
Populus deltoidés nigra, values of "*Cy4s were similar among genotypes (Rasheedl.
2012). Genotype differencesgn have been recently detected in barley (Barledad.2010).

These differences igy can result from variations in a number of leaf tramduding leaf
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mass to area ratiMA, leaf thickness surface area of chloroplasts exposed to the
intercellular spacesS), mesophyll cell wall thickness, permeability of the ot and
chloroplast membrane and (Evaatsal., 2009, Tholeret al.,2011). The positive correlation
betweerLMA and "**Cg; within each VPD treatment and the negative one wihtleickness
would then be interpreted as meaning that denser leawesL{loand highLMA) display

smaller g, This fits to some extent with recent observatidi®olenet al.,2011).

Shat-term responses d, to irradiance and atmospheric £fave been evidenced many
times in different species (Flexasal.,2007; Doutheet al, 2011, 2012). Soil water depletion
frequently results in decreasegd (Roupsardet al. 1998; Flexaset al. 2008). Longterm
acclimation ofgm to VPD has never been described before. Warren (2009) detedimuata
closure and no change @y in response to increasing”D. Our observation would mean

some compensation of stomatal closure by higher mesommductance decreasiy

Integration from intrinsic leaf TE to whole plant TE

Whole plantTE varied between 5.56 and 8.28 g'kgnder lowVPD and between 3.06 and
5.93 g k@' under highvPD. These values are high when compared to the published Vatues
other species. Very high values of whole plaRBt(up to 15 g kg) have been evidenced in
Populus deltoides x nigrgenotypes (Rasheed al. 2012). This shows again that poplar can
be highly efficient in terms of biomass production per rLinater transpired while these

species are expected to be water spenders.

Variation in whole planTE between the plants grown in the common environmenbcaur
due variation in intrinsic leafE or VPD or a combination of both. A¢PD was controlled
within in each tratment,intrinsic leafTE can be considered as a major source of genotypic
variation in whole planTE. Positive correlations between whole plant andnsic TE under

the two environmental conditions confirm this hypothesis. fEselts are in agreement with
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Rasheeckt al., (2012) inPopulus! euramericanaunder controlled environment. However,
the genotypes growing under hig#D displayed higher intrinsi®E but lower whole plant
TE as compared to the genotypes under \4RD. This was obviously due to VPD induced
stomatal closure (Langst al., 1971; McCaughey & lacobelli, 1994) while transpiration rate
increased. A close examination showed that the relatagnitude of variation in whole plant
TE was smaller than that oftrinsic TE under lowVPD (32.9% and 54% respectively). Under
high VPD however, it became larger under higi@D (48.3% and 29% respectively). In
Populus deltoides x nigrgenotypes Rashead al. (2012) found 27.6% relative variation in
A/gs vs 40.7% variation in whole plaiitte. As we move from leaf level to whole plant level,
inter genetic variation iTE can be affected due to variation of relative proportionasbon
fixed during photosynthesis which is subsequently lost thoegpiration ¢ .; Os—riet al.,
1998) and the proportion of water loss not associateddtmgynthesis across genotypes |

Hobbie & Colpaert, 2004). Our results suggest thaand - ,, were higher under higiPD.

Correlation between whole plant transpiration efficiency (TE) and biomass

production (BM)

The bck of correlation between whole plahE and BM opens an opportunity to select
genotypes for simultaneously enhancéd and BM. Theory explains that this lack of
correlation might be due to significant changes in stahtzatnductancégs) that had a greater
effect onTE than net CQ assimilation(A) (Ehleringeret al. 1990; Condoret al. 1987).
Among thepopulus nigragenotypes used here, the variationimfinsic TE was mainly
explained by variation in stomatal conductafgg rather than in net CQassimilation rate
(A). These results are in contrast to Rasleted. (2012) where intrinsi@ E was controlled by
A under optimum growth conditions. The lack of differenteproductivity BM) between
the genotypes strengthens the hypothesis that selectimigyges for higheimE would be

possible without sacrificing productivity.
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%0, and '*®0,, in relation to genotype variability of g ¢

The transpirationnduced enhanced 180 in leaves (either water or bulk ma#ere used to
access thevariability of stomatal conductance (Barbour, 2007; Saateal., 1997). Thus,
oxygen isotopes can be used as a tool to assess the geresdy of stomatal conductance
(Barbouret al., 2000a). Our results show that within each treatn&at,enrichment in both
'180), and ' 0y, was higher under lowey. These results are in accordance with Barbour &
Farquhar (2000) and under controlled conditioPapulus! euramericanngRasheedct al.,
2012) at individual level. Within each treatment decreasg increasedr, that might have
decreased the ratio between ambient and inter celrdpour pressure and resulted in
increased enrichment. In addition®0y, and ' **0y, increased under higPD, in agreement
with Craig & Gordon (1965) and Barboat al. (2000a). This increased enrichment can be
attributed to the decrease in leaf temperatlijedue to higher transpiration rate despite the
decrease ofs under highvPD (Farquhar & Lloyd, 1993; Barbowt al.,2000a). Sometimes
the actual enrichment of the leaf water is much leas predicted (Farquhar & Lloyd, 1993).
Barbouret al., (2000b) explained this discrepancy as mixing of enriched veaterto high
transpiration with the unfractionated xylem water (BZeffect). Within each treatment, even
if PZclet effect is in practice, log accompanied by lower transpiration ratl{) would
have decreased thg, thus reinforcing the increase in enrichment. Thus,baseour results
we can safely conclude th#lO enrichment in the leaf water and bulk can be usedchas a

indicator ofgs.

Interpreting the relationship between  '*C¢ and '*%0y:

Farquharet al., (1994) proposed that measuring batfiC and "*0 may help separating the
effect ofgs andA on intrinsic transpiration efficiency, because iiegative relationship exist

between the'**C and '*®0, a part of the variation if*C would be due to the variation gf
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asA has no effect of théO enrichment of the plant material. Our results show a negati
correlation between *Css and ' *%0y, within both treatments, which could be interpreted as
positive correlation betweerCss and &0y, These results are in line with positive
correlation found heveen &Css and &0y, in stem cellulose of three tree species (Sagfrer
al. 1997) and in leaf cellulose taken from different heigtithin a tropical forest$ternberg
et al. 1989). However Barbour & Farquhar (2000) found positive coroeldietween the two
traits under glasshouse conditions which are inline aithresults. The relationship between
these two physiological traits must be interpreted wtdlhtion while deducing the results
concerning the relative proportion gf and A on &C. It is dear from the Fig. 6 b that
genotypic variation in **0y, does not fully account for the variation if°Css (shallow slope),
thus the correlation between the two traits cannberpreted as follows (i) the sensitivity of
'180), to the genotypic changes dg were low (i) a part of variation in'*Cssalso reflects
small variations irA. However, on the bases of the results, we are aldbdw that variation

'13Cis largely due to the variation @ rather tharA under both treatments.
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Conclusion

Effect of VPD ongs and eventually on transpiration efficiency was measat different time
scale (from leaf level to whole plant level) in $lwpulus nigragenotypes. The results show
that genotype differences fot**Css matched genotype difference fof*Cyp, under both
treatments. Genotype diversity fot°Css also matched closely to two independent estimates
of water use efficiency; intrinsic transpiration eiéincy @/gs) and whole plant transpiration
efficiency (TE) under both treatments. However, present results sugbastthere was
perturbation of the signals as they were transferresh fome integration level to another.
"13Css and Algs were correlated to stomatal conductiap) (rather than assimilationA.
Significant genotypic and treatmenffeet of *Cy: (difference between the predicted
('**Cy) and observed ¢3Cs9 discrimination) showed that part form other factossassed,
mesophyll conductanceg{) could be the principle factor explaining the genotypic and
treatment effect on"**Cyr. No correlation was found between whole pldi and BM.
Results shows thafO enrichment in both leaf bulk and leaf water can leel s an index for

genotype variability imys.
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Tables

Table 1 Abbreviations and descriptions of the variables used isttiy

Variables

VPD
H
D
TLA
LMA
SD
LT
ECar
Nss, Np (%)
Css, Cip (%)
ec,
TCes
&Cp
30,
[Cofset
A, Asat
Os: Gsat
AsalGsat
Algs
G/Ca
130,
"1Ci (8)
BM

wWu
TE

¢f0q,

¢foy,

¢fo,,

80y,

0w
TI

Description

Vapour pressure deficit (KF
Stem height (cn
Diameter t stem base (mr
Whole plant leaf area (th
Leaf mass to area ratio (g3n
Stomatal density (mH)
Ledf thickness (um)
Carbon isotope composition of the air (&)
Nitrogen contents in the leaf bulk and soluble sugars(%)
Carbon contents in leaf bulk oluble sugars (%)
Carbon isotope composition of leaf solubleansga)
Carbon isotope discrimination between atmosphere afiddéuble sugars (&)
Carbon isotope composition of bulk leaf matter (&)
Carbon isotope discrimination between atmosphere atkddaflmatter (&)
Differencebetween/**Csand /°Cy, (4)

Net CQ assimilation rate under ambient/saturating conditiBngl m? s*)
Stomatal conductance under saturating cond(tiool m? s*)
Intrinsic transpiration efficiency under saturating ctiodi( Fnol mol™)
Intrinsic transpiration efficiency over a diurnal cyclerol mor*)

Ratio of CQ concentration in the atmosphere and in the substosaks
Carbon isotope discrimination predicted by the simpleidisication model (&)
Difference between predicted and observed C isotope disetion (‘**CsJ (8)
Total plant biomass accumulated during the experime
Cumulated water use
Transpiration efficienc

Oxygen isotope composition of source water (&)
Oxygen isotope composition of bulk leaf matter (&)
Oxygen isotope composition of leaf water (&)
Oxygen isotope enrichment between source water and leafriadi&r (&)
Oxygen isotope enrichment between source water and leaf (@it

Leaf temperature (jC)
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Table 2 Means (SD) of morphological and physiological tragisorded on @&opulus nigra

genotypes under low and highPD. A factorial 2 way ANOVA was used to test for the

effects of genotypeQ), treament {YPD) and their interactiond3 x VPD) for each trait and

probability is taken as significant at P < 0.05 (bold$dn

Low VPD High VPD VPD G G!VPD
VPD (kPa) 1.02 (0.242)| 2.07 (0.141) P<0.001| P=0.156| P =0.267
H (cm) 89.4 (3.87) | 88.1(4.14)] P=0.584P<0.001| P=0.518
D (mm) 8.67 (0.35) | 8.06(0.32)| P=0.004| P<0.001] P=0.887
TLA (m?) 0.0852 (0.06) 0.0956 (0.07) P =0.242P =0.009 | P =0.908
LMA (g m?) 96.5 (2.54) | 96.9(3.96)| P =0.257 P<0.001| P =0.387
SD (mm™®) 168 (7.00) 183 (10.9) | P=0.015| P <0.001] P =0.223
LT (um) 219 (3.36) 227 (5.18) | P=0.047 | P<0.001] P =0.501
Nss(%) 0.163 (0.048) 0.165 (0.062) P=0.142 P=0.899 P =0,930
Css(%) 41.2 (1.10) | 41.6(1.13)| P=0.036| P=0.221| P =0.038
'BCes(8) 22.6 (0.27) 21.3(0.24)| P<0.001| P<0.001] P=0.399
Nip (%) 0.817 (0.121) 0.929 (0.208) P =0.135P =0.025| P =0.431
Ci (%) 43.5(0.780)| 43.6(0.737) P=0.103 P=0593 P=0.155
"BCp (8) 20.7 (0.19) 19.7 (0.18)| P<0.001| P <0.001] P =0.059
SScontents (%) 8.62 (0.30) | 8.45(0.23)| P=0.572 P=0.002| P=0.318
G Coiset (&) 1.79 (0.26) | 1.52(0.19)| P =0.064 P<0.001| P =0.691
Agat (FMol m? s 14.6 (1.17) | 15.1(1.16)| P =0.489P=0.021| P =0.395
Osat (Mol m? s 0.374 (0.05)| 0.390(0.05) P =0.630P<0.001| P=0.226
AsadGsa (MOl mol™?) 43.6 (5.94) | 45.9(5.96)| P =0.520P=0.002| P =0.856
mean dailyA (Fmol m? | 7.16 (0.39) | 7.29(043)] P=0642 P=0144 P =0.096
mean daily g, (mol m* | 0.352 (0.02)] 0.156 (0.01] P <0.001| P <0.001] P <0.001
mean daily A/gs (Fmol | 25.8 (2.12) 47.3(2.16)| P<0.001| P<0.001 P =0.505
mean daily C/C, 0.884 (0.01)| 0.782(0.01) P<0.001| P<0.001] P=0.503
'BCy (8) 26.1 (0.26) 23.6 (0.33)| P<0.001| P<0.001] P=0.470
" PCair (8) 3.48 (0.35) | 2.32(0.39)| P<0.001| P<0.001] P=0.227
BM (g) 34.2 (4.32) | 37.2(4.66)] P=0.316P=0.024| P=0.803
WU () 5.21 (0.56) | 8.25(0.99)| P<0.001| P =0.008 P =0.669
whole plant TE (g I') 6.64 (0.28) 4.61 (0.17)| P<0.001| P<0.004 P=0.333
0y, (8) 22.6(0.18) | 30.4(0.19)| P<0.001| P<0.001 P=0.062
"1%0,, (8) 3.73(0.22) 12.6 (0.36)| P<0.001| P<0.001] P=0.290
7€ 31.4(0.36) | 29.4(0.33)| P<0.001| P=0.012 P=0.475
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Table 3: PearsonOs correlation coefficient between theVRD treatments for genotype

means of different proxies for transpiration efficignall correlations were highly significant

(P<0.001).

Traits r - values

' 13C|b 0.943***

"BCes 0.829%**

Algs 0.829%**

Whole plant TE 0.943***

180, 0.943%+*

' 13Odif 0.829***
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FIGURES CAPTIONS

Figure 1: Time course of ne€0O, assimilation raté\, stomatal conductance to water vapour
gs and intrinsic transpiration efficiendd/gs along a diurnal cycle. Each point represents a
mean from six genotypes. Visible diurnal trends wetdent inA under bothvPD and only

under lowVPD in gs andA/gs.

Figure 2: Relationship between genotype means of isotopic distation between
atmospheric C@®and C in bulk leafnatter ("**Cp) and soluble sugars in the leaf-{Cs)
Numbers refer to genotypes. Open circles represent &oav closed circles HighvPD
treatmentLow, Ces= 1.15 "°Cy, - 1.41; High, *°Css= 1.12 "*3Cp, - 0.841) The diagonall

line in panel is the 1:1 relationship.

Figure 3: Relationships between genotype means of diurnal maainsic transpiration-
efficiency (A/g) and of AsafQsar (Low, A/gs = 0.989 AsalQsar + 20.053; High,A/gs = 1.59
AsalQsat X - 31.9). Open circles represent Low and closed diskesept HighVPD. The

diagonal line in panel is the 1 : 1 relationship.

Figure 4: Relationship between genotype means of isotopic digwtion( **Cy) predicted
from the simple discrimination model and recorded frarutsle sugars in leaves*®Css
(Low, "BCss= 1.86"2Cy - 26.0; High "°Css = 1.98"°Cy - 25.5). Open circles represent
Low and closed disks represent HigRD treatmentsSolid regression line represents the 1:1
relationship. "**Cy was computed as in Equ 1 usiag 4.44 and b = 294. The diagonall

line in panel is the 1 : 1 relationship.

Figure 5: Relationship between the difference predicted®@y) vs. observed '(°Cs9
discriminaton ' **Cgs and: (a) leaf mass to area ratidid); Low VPD, LMA = 0.888 *3Cy;
+ 11.7 High VPD, LMA = 0.808 °C4s + 13.0. (b) leaf thickness.T); High VPD, LT = -
17.4' C4i¢ + 267.4.0pen circles represent Low and closed circles MiBD treatment.
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Figure 6: Relationships between genotype means of the isotopirirdisation between
atmospheric C® and C in leaf soluble sugar$™Css and (a) mean diurnal stomatal
conductanceg), (Low, gs = 0.051"C - 0.823; High,gs = 0.006"*°Css + 0.017). (b) mean
diurnal net CQ assimilation rateA). Open circles represent Low and closed circles High

VPD treatment.

Figure 7: Relationships between genotype means of whole Ji&gnand (a) the isotopic
discrimination between atmospheric £&hd the C in leaf soluble sugarSCss Low, '**Css
=-1.28TE + 31.1; High, ' **Css= -1.56TE + 28.5; (b) mean diurnal/gs; Low, A/gs = 5.08TE -
7.95; High,A/gs = 5.45TE + 22.2. Open circles represent Low and closed circlgk WiPD

treatment.

Figure 8: Relationships between genotypeans of'®0 enrichment in bulk leaf matte??0Oy,
(with respect to the source water) and: (a) the maamal stomatal conductancgs); Low,
gs = -0.120 80y, + 3.09; (b) the isotopic discrimination between atrhesigc CQ and the C
in leaf soluble sugars™®Css(Low, '*Css = -2.04 "0y, + 69.0; High' °Css = -2.10 "0y, +

85.1.0pen circles represent Low and closed circles High Ye&tment.
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Fig. 2
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Fig. 3
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Fig. 4
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Fig 5.
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Fig. 6
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Fig. 7
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Fig. 8
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Table S1: Genotype means (SD) of morphological and physiolddredts recorded on ®opulus nigragenotypes under two VPD treatments. A
factorial 2 way ANOVA was used to test for the effeof genotype, treatment and their interaction. kgttepresent significant differences among
genotypes tested by a post-hoc Tukey test (P < 0.05)atticar effect for all the variables is given in tast column. See table 1 for the defimiti

and unites of variables.

UNDER LOW VPD UNDER HIGH VPD
Spm 06 Spm 10 Spm13 Spm 19 Spm 33 Spm 54 Spm 06 Spm 10 Spm 13 Spm 19 Spm 33 Spm 54
VPD 1.09 (0.061)  1.08 (0,089) 1.39 (0,609) 1.07 (0.135) 1.53(0.632) 1.03(0.030) | 2.07(0.091) 2.12(0.088) 2.18(0.092) 1.96(0.107) 2.14(0.113)  1.95 (0.195)
H 75.3 (4.0) 97.7 (4.03) 705 (3.82) 96.3 (2.53) 119 (6.16) 77.8 (2.41) 80.5 (3.05) 97.1 (7.16) 67.7 (4.20) 85.2 (3.38) 120 (3.59) 78.3 (3.47)
D 8.51 (0.40) 8.56 (0.43) 7.47 (0.42) 9.45 (0.22) 9.27 (0.51) 8.76 (0.18) 8.18 (0.25) 7.90 (0.41) 7.13(0.31) 8.35 (0.38) 8.80 (0.25) 8.02(0.33)
TLA 0.065 (0.01)  0.083 (0.01) 0.059 (0.01) 0.118 (0.01) 0.094 (0.01)  0.089 (0.01) | 0.088(0.01) 0.091 (0.02) 0.071(0.01) 0.116 (0.03) 0.111 (0.01)  0.086 (0.01)
LMA 93.3 (5.49) 106 (1.11) 100 (2.80) 90.1 (1.87) 102 (2.32) 87.6 (1.73) 94.1 (0.75) 102 (3.18) 100 (6.02) 90.1 (5.50) 104 (2.34) 91.1 (5.98)
SD 144 (4.29) 180 (7.66) 131 (4.73) 171 (5.41) 174 (9.43) 209 (10.5) 162 (3.35) 189 (7.69) 152 (15.9) 204 (18.6) 196 (8.85) 194 (11.2)
LT 231 (2.27) 210 (1.95) 202 (7.00) 219 (3.01) 209 (2.91) 244(9.93) 237 (1.65) 209 (2.25) 204 (1.50) 238 (10.7) 211 (6.44) 259 (7.41)
Nip 0.776 (0.158) 0.741 ©0.154)  1.01 (0.075) 0.736 (0.035)  0.870(0.158) 0.764 (0.164)| 1.03(0.239) 0.806 (0.149) 0.946 (0.154) 0.858 (0.317) 0.962 (0.133) 0.968 (0.255)
Ci 43.7(0.822)  43.8(0.862) 43.4 (0.757) 43.5 (0.770) 44.1(0.865) 42.4(0.807) | 43.1(0.373) 43.7(0.359) 43.2(0.679)  43.9(1.28)  44.2(0.902) 43.7 (0.824)
3¢y, 21.4 (0.06) 19.3 (0.24) 19.5 (0.29) 22.4(0.18) 19.2 (0.28) 22.5(0.09) 20.8 (0.12) 18.4 (0.29) 18.8 (0.31) 20.7 (0.13) 17.7 (0.12) 21.8(0.14)
Nee 0.208 (0.061) 0.182 (0.056)  0.161 (0.040) 0.139 (0.027)  0.135(0.052) 0.156 (0.055)| 0.202 (0.101) 0.176 (0.076) 0.182 (0.040) 0.160 (0.035) 0.145 (0.068) 0.128 (0.050)
Cs: 40.3(0.824)  42.3(0.457) 42.1 (1.09) 40.7 (1.43) 41.5 (1.23) 40.5(1.57) | 40.7(0.782)  41.2(1.36) 41.8 (1.16) 41.3 (1.53) 41.3(1.35)  41.2(0.581)
ol 23.8 (0.24) 20.8 (0.27) 211 (0.35) 25.0 (0.25) 21.0 (0.20) 24.1(0.31) 22.4(0.23) 19.9 (0.33) 19.8 (0.22) 23.3(0.23) 19.1 (0.17) 23.2(0.32)
cor?tgnts 8.13(0.33)  8.10(0.55) 10.2 (0.32) 8.20 (0.42) 9.83(0.92) 7.20 (0.58) 8.00 ( 0.63 9.04 (0.64) 9.46 (0.38) 8.25 (0.28) 8.11(0.74) 7.70 (0.47)
Asa 16.3 (1.59) 13.9 (1.11) 13.4 (0.84) 16.3 (0.52) 13.5 (1.34) 13.9 (1.66) 18.9 (0.77) 13.1 (1.16) 13.5 (2.05) 14.0 (1.74) 14.9 (0.91) 16.0 (0.34)
Osar 0.435(0.07)  0.312 (0.04) 0.264 (0.04) 0.541 (0.05) 0.288 (0.04)  0.407 (0.08) | 0.562 (0.08)  0.252 (0.02) 0.341(0.03) 0.421(0.09) 0.280 (0.04)  0.484 (0.04)
AsalGsa 41.0 (5.87) 47.4 (6.82) 55.0 (9.05) 31.1 (2.99) 49.3 (5.28) 37.6 (5.66) 36.3 (5.11) 53.0 (4.46) 56.1(9.12) 38.9 (8.63) 56.9 (6.03) 34.0 (2.46)
A 7.67 (0.22) 6.37 (0.20) 7.86 (0.13) 6.68 (0.76) 6.48 (0.62) 7.94 (0.43) 7.69 (0.35) 7.32 (0.50) 7.25 (0.29) 6.56 (0.60) 7.88 (0.40) 7.00 (0.46)
O 0.418 (0.03)  0.309 (0.02) 0.248 (0.01) 0.446 (0.04) 0.225(0.05)  0.466 (0.02) | 0.171(0.01) 0.143(0.01) 0.138(0.01) 0.143(0.0)  0.137(0.01) 0.174(0.02)
Alge 20.3 (1.01) 27.6 (1.77) 34.8 (1.46) 16.8 (1.81) 36.7 (7.36) 18.6 (0.94) 45.3 (1.91) 51.1 (2.38) 54.7 (2.28) 41.8 (2.53) 53.5 (2.73) 38.0 (1.42)
GilC; 0.904 (0.01)  0.885(0.01) 0.842 (0.01) 0.923 (0.01) 0.840 (0.03)  0.912(0.01) 0.778 (0.01) 0.768(0.01) 0.753(0.02) 0.825(0.02) 0.750 (0.01)  0.820 (0.01)
oy 26.6 (0.10) 26.1(0.15) 25.1 (0.20) 27.1(0.27) 25.0 (0.70) 26.8 (0.14) 23.5(0.27) 23.1(0.28) 22.9 (0.34) 24.9 (0.51) 22.8(0.34) 24.6 (0.29)
o 2.82(0.27) 5.34 (0.14) 3.01 (0.31) 2.08 (0.34) 4.03 (0.65) 2.65 (0.38) 1.01 (0.31) 3.26 (0.42) 3.07 (0.52) 1.57 (0.31) 3.06 (0.39) 1.32 (0.40)
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BM 27.1(3.72)  38.3(5.96) 27.2 (3.01) 40.8 (3.93) 41.0(6.28)  305(3.04) | 37.8(1.48) 41.6(7.26)  31.6(3.11)  39.9(7.36) 453 (4.66)  26.9 (4.13)

WU 463(0.61)  4.65(0.58) 4.24 (0.45) 7.29 (0.56) 495(0.68) 550(0.49) | 953(0.16)  7.32(1.39)  6.49(0.76)  9.78(1.74)  7.65(0.90)  8.72(1.03)
TE 5.83(0.18)  8.17 (0.42) 6.45 (0.25) 5.57 (0.19) 8.28(0.46)  556(0.20) | 3.96(0.09) 571(0.13)  4.93(0.46)  4.06(0.10)  5.93(0.14)  3.06 (0.12)

180y, 28.5(0.16)  29.6 (0.18) 28.5(0.10) 28.5 (0.33) 20.7(0.19)  27.7(0.17) | 36.2(0.24)  37.7(0.17)  36.4(0.26)  36.2(0.14)  37.3(0.10)  36.1(0.25)
180, 9.94(0.31)  10.2(0.19) 9.78 (0.14) 9.36 (0.23) 11.2(0.28)  954(0.18) | 18.6(0.19) 19.4(0.17)  18.4(0.32)  18.9(0.62)  19.3(0.33)  18.5(0.54)
7 31.4(0.011)  31.6(0.08) 31.7(0.11) 31.1(0.14) 31.6(0.26)  315(0.12) | 29.7(0.09)  29.6(0.07)  29.5(0.11)  29.1(0.17)  29.5(0.10)  29.2 (0.23)

Table S2 Spearman correlation table for 16 traits measured dureng@xperiment. Phenotypic correlations were computediavidual plant level in
each treatment (white columns represents Low VPD aag golumns High VPD). Correlations are taken as sicamti at P < 0.05. Significant

correlations are sen ibold with (*) representing significance levels.

ey BCes Byt A O Algs G/Ca 180y, 0, wu 'BM TE TLA SD LMA LT
@ @ @ (umal Toll (mmol m* (mmol m* @ @ 0] () @ (m?) (mm?) (g m?) (um)
m*s-) s7) s7)
"3Cp (8) 1 0.867*  -0.827*** 0.006 0.658**  -0.757***  0.562**  -0.678***  -0.402** 0.288 -0.384 -0.863**  -0.056  0.011 -0.572%* 0.6797
13 (8) 0.864%* 1 -0.817%%* -0.157 0.502%*  -0.761***  0.675** -0.552%*  -0.251 0.237 -0.321 -0.719%*  -0.088  0.049 -0.627**  0.560%*
3Ca (8) -0.710%*  -0.834%* 1 -0.133 -0.522%%%  0.474% -0.220  0.532% 0.352 -0.311 0.353 0.882** 0105  0.060 0.527%* -0.572%
A (Rnol mol* m? s% 0.252 0.168  -0.490%** 1 0.620% 0.314 -0.434%* 0.290 -0.435%* 0.281 0.049 -0.219 0.137  -0.062 0.335  0,125™
g (mmol m? s%) 0.808*  0.797**  -0.543% 0.179 1 -0.504%** 0.176 0.280  -0.525*** 0.370 -0.181 -0.646**  0.042 -0.082 -0.150  0.514*
Algs (mmol mol*)  -0.630***  -0.665*** 0.255 0.281 -0.853%*+ 1 -0.731%**  0.535** 0.062 -0.016 0.377 0.518** 0211  -0.135 0.493**  -0.396
CilCs 0.592%*  0.618%*  -0.156  -0.422%  0.721%*  .0.920** 1 -0.423**  -0.005 0.204 -0.167  -0.419 0.051  0.199 -0.531***  0.346
180y, (&) -0.655***  -0.625***  0.604**  -0.556**  -0.669*** 0.394* -0.248 1 0.312 -0.126 0.389 0.674** 0232 0191 0.611%  -0.381
"800 (8) -0.665***  -0.606%**  0.644** 0460  -0.624%* 0.356 -0.180  0.684* 1 -0.647***  .0.268  0.381 -0.412 0356  -0.177 -0.282
WU (1) 0.534**  (0.548***  .0.604*** 0.273 0.407** -0.222 0.148 -0.164  -0.538** 1 0.644*=  .0.293  0.804** -0.076  0.166 0577
BM (g) 0.008 0.064 -0.190 0.009 -0.021 0.088 -0.124 0.304 -0.154  0.806*** 1 0.468%*  0.825**  -0.032 0.571%* 0.02
TE (g1 -0.829%**  0.693**  0.581**  -0.390**  -0.687**  0.456%*  -0.444%*  0.700**  0.554%* -0.297 0.257 1 0.063 0.022  0.605** -0.618%
TLA (m?) 0.336 0.377*  -0.464%** 0.123 0.272 0.177 0.070 -0.018  -0.381**  0.823**  0.798**  -0.038 1 0.157 0.409 0.384
SD (mni?) 0.368** 0.329 0.165 0.285 0.404*  0.476**  0.407** -0.085 0.103 0.361 0.377**  0.049  0.534* 1 0.194 0.273
LMA (g m?) -0.745%*  0.695%*  0.556* -0.068 0.351 0.287 0.253 0.482 0.356 0.136 0.178  0.568**  -0.160 -0.324 1 -0.218
LT () 0.706**  0.564**  .0.560** 0.321 0.611%**  -0.355* 0312  -0.493%* 0553w 0.283 0.019 -0.521**  0.156  0.271 -0.545%* 1
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Fig. S1: Time course of genotypic means of plant height ancheliar at collar under low (a,
c) or high (b, dVPD. Each point is the mean from five individuals per genatjaenbers in

the inlet represent the different genotypes.
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Fig. S2: Time course of genotypic means of daily water W8&J{) during the experiment
under low and highvPD. Each point is the mean from five individuals per gepety
Numbers in the inlet represent the different genotypes.
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Fig. S3: Correlation between the product Height x Diameter thiedbiomass recorded on 6
individuals per genotype at the onset of the experintesmth point represents data from a

single individual. No genotype specific relationship wascded.
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Fig. S4: Daily time course for the3’Cy;; over four days during the experiment. Each curve
represents the diurnal evolution of over the day. Opepesh@presents measurements in low
VPD and closed shapes in high VPD. X-axis representdrtigein hours, where each point

represents a mean of three values. Numbers in the legpresents the sampling date during

the experiment under High (open) or Low (close) VPD.
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CHAPTER 3

Stability of genotype ranking for**C with age: A diachronic

approach
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Transition

Studies on poplarPopulus! euramericanagenotypes) presented large genotype diversity
for '**C both controlled conditioMarronet al. 2005) and under field conditions (Monclus
et al. 2005). This genotype diversity for*C was shown to remain stable under moderate
drought evidenced using SpearmanQOs correlation coefficiemciiMet al. 2006). Further
more it was shown #i the genotype differences fot°C reflects the differences @E both

at intrinsic and whole plant level under both high Hditgiand differentVPD treatments
(Chapter 1 and Chapter 2). In this pursuit, stability ofoggre ranking for' **C s « time
remained unchecked. Previous studies regarding other treesspéd@ has been shown to
vary with age depending upon species and environment ¢Bait 1997; Duquesnagt al.
1998). Genotype difference of 2.784 was detected between highoand **C in 29 Populus

| euramericanagenotypes, which makes them closely relateterms of ' **C (Moncluset

al. 2006) Thus, it becomes important to verify the stability gigpe ranking with age for
*13C. In this context, using dichromic approa¢h’C was measured along the tree cores over
the period of ten years from 5-15 yeas and stability nbtyge ranking was verified on three

study sites.
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