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Abstract — Photosynthetic activity of cereals has traditionally been studied using leaves, thus neglecting the role of other organs such as ears.
Here, we studied the effects of water status and genotypes on the photosynthetic activity of the flag leaf blade and the ear of durum wheat. The
various parameters related to the photosynthetic activity were analysed in relation to the total above-ground plant biomass and grain yield at
maturity. Four local varieties plus two cultivars adapted to the semiarid areas of South Morocco were grown in pots in a greenhouse. Five different
water treatments were maintained from the beginning of stem elongation to maturity, when shoot biomass and grain yield were recorded. The
net photosynthesis (A), stomatal conductance (g) and transpiration (T) of the ear and the flag leaf were measured at anthesis. In both organs
these factors decreased significantly with water deficit, whereas the A/T and A/g; ratios increased. The genotype effect was also significant for
all traits studied. Whole-organ photosynthesis was much higher in the ear than in the flag leaf in well-watered conditions. As water stress
developed, photosynthesis decreased less in the ear than in the flag leaf. Whole-ear photosynthesis correlated better than flag leaf photosynthesis
with biomass and yield. Nevertheless, the relationships of the whole flag leaf with biomass and yield improved as the water stress became more
severe, suggesting a progressive shift of yield from sink to source limitation. For all water regimes the ratios A/gg and A/T of the ear also showed
a higher (negative) correlation with both biomass and yield than those of the flag leaf. The results indicate that the ear has a greater photosynthetic
role than the flag leaf in determining grain yield, not only in drought but also in the absence of stress.

durum wheat / ear / flag leaf / photosynthesis / yield / drought

Résumé — Comparaison des relations entre photosynthese de la feuille étendard et de 1’épi avec la biomasse et le rendement en grain
chez le blé dur sous différents régimes hydriques. Traditionnellement, lorsque 1’activité de la photosynthese de céréales est étudiée,
I’importance est attribuée aux feuilles, négligeant ainsi le role d’autres organes comme 1’épi. Ici, une étude comparative de 1’effet du statut
hydrique sur I’activité photosynthétique au niveau de la feuille étendard et de 1’épi ainsi que leurs relations avec la biomasse totale aérienne et
le rendement en grain a maturité a été menée chez le blé dur. Quatre variétés locales et 2 cultivars adaptés aux zones semi-arides du sud du
Maroc ont été mis en croissance dans des pots en conditions de serre. Cinq différents régimes hydriques ont été instaurés du début de 1’élongation
des tiges jusqu’a maturité. La biomasse et le rendement en grain sont alors enregistrés. Des mesures de la photosyntheése nette (A), de la
conductance stomatique (g) et de la transpiration (T) ont été effectuées au niveau de 1’épi et de la feuille a I’anthése. Pour les deux organes, on
note une diminution de tous ces parametres en condition de stress hydrique, alors que les rapports A/T et A/g; augmentent. L’effet du génotype
a été significatif pour tous les caracteres étudiés. En conditions irriguées, la photosynthese de I’épi est beaucoup plus élevée que celle de la
feuille. Au fur et a mesure que le stress hydrique se développe, la photosynthese de 1’épi diminue moins que celle de la feuille étendard.
Indépendamment du niveau du stress appliqué, on note une meilleure corrélation de la photosynthese de 1’épi avec la biomasse et le rendement
par rapport a celle notée avec la feuille étendard. Néanmoins, a mesure que le stress hydrique s’accentue, cette corrélation avec la feuille étendard
s’améliore, suggérant un changement progressif de la limitation du rendement des organes « puit » aux organes « source ». Au niveau de I’épi,
les rapports A/T et A/g, montrent aussi une meilleure corrélation que celles de la feuille étendard a la fois avec la biomasse et le rendement ;
pour la plupart des régimes hydriques, la corrélation est négative. Ces résultats suggerent I’importance du rdle photosynthétique de 1’épi dans
I’élaboration du rendement par rapport a celui de la feuille étendard, non seulement en conditions de sécheresse mais aussi son absence de stress.

blé dur / épi / feuille étendard / photosynthése / rendement / sécheresse

List of abbreviations: A, net photosynthesis rate; ASW, available water in the pot substrate; g, stomatal conductance; GYP, grain yield per
plant; T, transpiration rate; RWC, relative water content; SBP, total shoot biomass per plant at maturity; TE, transpiration efficiency, the ratio A/T.
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1. INTRODUCTION

Durum wheat is the most widely cultivated cereal across the
Mediterranean basin, mainly under rain-fed conditions, with
drought stress usually occurring during the period of grain fill-
ing [3, 18]. Although the flag leaf has traditionally been con-
sidered the main photosynthetic organ for grain filling [12],
the ear also contributes. However, reports on the photosyn-
thetic contribution of the ear to final grain weight vary widely,
depending not only on species and genotypes, but also on
growing conditions. Thus, for bread wheat and barley, reports
on the contribution of the ear range between 10% and 76% of
yield [4, 9].

Besides its longer duration as a photosynthetic organ or its
shorter distance from the sink (i.e. the growing grains) [11],
there are other factors favouring the role of the ear over the
flag leaf. The relative size of the two photosynthetic organs
may also be involved [5]. For durum wheat the awned nature
of the ear substantially increases the photosynthetic area of
this organ and thus its whole photosynthesis [5] while it shades
the flag leaf. Differences in transpiration efficiency (TE, the
ratio of net photosynthesis to transpiration) between the ear
and the leaves may also be involved in the greater photosyn-
thetic role of the ear during grain filling. Even though the ear
is usually the warmest organ of the plant (Araus et al., unpub-
lished results), in our studies, in well-watered conditions, the
TE of the ear was higher than that of the flag leaf [2]. Never-
theless, in another study (but with detached organs), the gas
exchange did not show a clearly higher TE in the ear than in
the flag leaf [S]. Moreover, few studies have compared the two
organs under different levels of water stress [6]. The high level
of respiration of the ears substantially affects (decreasing) net
photosynthesis and thus the TE of the ears [2]. However, this
respiration is due at least in part to growing kernels and not
produced by the photosynthetic tissues of the ear. Therefore
the real photosynthetic activity and TE of the ear is actually
much higher than that traditionally measured [2] and probably
part of the CO, respired is refixed by the ear [8].

Here we study the effect of the water regime and genotype
on the photosynthetic capacity and the TE of the ear and the
flag leaf. The relative contribution of each organ to yield is
assessed for each water regime via the relationship between
the gas exchange properties of each organ and yield.

2. MATERIALS AND METHODS

2.1. Plant material and growing conditions

The study was performed on six durum wheat (Triticum
turgidum L. var. durum) genotypes. Four were local varieties
traditionally cultivated in arid and semiarid areas of South
Morocco and the other two were cultivars released by the
Moroccan Institut National de la Recherche Agronomique
(INRA), that are adapted to semiarid conditions. These repre-
sent a wide range of variation in the shape and the size of the
ear and the flag leaf blade (Tab. I).

Plants were grown in pots in a temperature-controlled
greenhouse located in the experimental fields of the Universi-
tat de Barcelona, spring 1999. Two-litre pots, 170 mm in
diameter, were filled with a 3:1 (v/v) mixture of peat and per-

lite and seeded with three plants each. After plant emergence,
pots were irrigated at field capacity once every two days, alter-
nating distilled water and a nutritive solution. When the plants
reached booting (corresponding to stage 43 of the Zadoks [31]
decimal code) five different water regimes were imposed and
maintained until maturity (stage 87). They consisted of 100%
(control), 60%, 40%, 20% and 10% of maximum pot water
capacity. For each water treatment the content of the substrate
was monitored according to Sinclair and Ludlow [24]: pots
were weighed every day and plants were watered by hand. A
factorial combination of the six genotypes and five water
regimes was arranged in a complete random block design with
three replications, each pot being an experimental unit. For
each pot the whole shoot biomass of one plant was sampled at
maturity, oven-dried (70 °C) and then weighed. Grains were
further harvested and then weighed.

2.2. Gas exchange and water status

For each pot, gas exchange was measured on the intact ear
(including awns) and the flag leaf blade of the main tiller of
one plant (the same plant later sampled at maturity). A porta-
ble Infra-Red Gas Analyser IRGA) LI-6200 (LI-COR In, Lin-
coln, Nebraska, USA) was used, functioning in closed mode
for 30 s per sample. The traits measured were net CO, assim-
ilation at light saturation (net photosynthesis rate, A) plus tran-
spiration (T) rates and then stomatal conductance (gg) and the
intercellular CO, concentration were calculated after von Cae-
mmerer and Farquhar [29]. A gas exchange chamber designed
to contain the whole organ was used for the ear, and a standard
leaf chamber was used for the blade. Measurements were per-
formed on sunny days (above 1000 mol m~2 s~' PPFD) at
anthesis (stage 69), between 10.00 a.m. and 1.30 p.m. (solar
time), by holding the chamber perpendicular to the incident
light from the sun. Organ temperature during measurement
ranged from 22-26 °C. Gas exchange rates were calculated
either per unit area or for the whole organ. For calculations, the
area of the ear (including the awns) was assimilated to a right-
angled parallelepiped. Transpiration efficiency (TE) was cal-
culated as the ratio between net photosynthesis and transpira-
tion rates. In addition, the ratio between A and g, was also
calculated to prevent the effect of a different vapour pressure
deficit (which ranged between 0.85 and 1.07 kPa) during gas
exchange measurements on transpiration rates.

Relative water content (RWC) was measured on the same
leaves used for gas exchange measurements as RWC = (FM —
DM) / (TM — DM) x 100, where FM, TM and DM are fresh,
turgid, and dry mass of the leaf.

3. RESULTS

Water regime had a significant effect on plant shoot biomass
(SPB) and grain yield (GYP) per plant, and also on the relative
water content (RWC) of the flag leaf and all the gas-exchange
traits measured in the flag leaf and the ear (Tabs. II and III).
The mean squares of the water treatment were greater than
those of the genotype (except for flag leaf A/T). However, the
genotype effect was still highly significant for all the traits. The
relative effect of genotype on gas exchange traits on a whole-
organ basis was similar in the ear and in the flag leaf. Genotype
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Table I. Name, place of collection, and comparative morphological characteristics of the ear and the flag leaf of the 6 Moroccan durum wheat
genotypes used in this study. Size of ears and flag leaves corresponds to the pot plants grown in this study at full pot capacity (100% ASW).

Genotype name I;?)(lil étélo(r)lf Ear shape and bract colour Awn colour —]s?;cltznft:\;/gza(cct;) Ear width (cm) Flag leaf area (cm?)
Lbyed Lkbeb Fairly flattened, yellow White-Pale green 9.0-14.0 1.5 20.9
Boubter Oulmes Rectangular, russet-red, smooth Black 10.5-15.5 2 19.0
Lharcha Ouazzane Curved, shaggy, yellow Black 11.5-17.5 2.7 22.5
Maazouzia Taza Fairly flattened, pale yellow White-Pale green 11.5-14.5 2.8 23.5
Sarif INRA collection Rectangular, pale yellow, smooth White-Pale green 7.0-13.0 1.4 16.9
Sebou INRA collection  Rectangular, yellow, smooth White-Pale green 8.0-13.5 1.6 19.2

Table II. Combined analysis of variance showing the mean squares of the genotype and treatment factors and the interaction genotype x treat-
ment for the relative water content of the flag leaf (RWC), shoot biomass (SBP) and grain yield per plant (GYP) and the net photosynthesis (A),
transpiration (T), stomatal conductance (g,) and the ratio of intercellular versus external CO, concentration (C;/C,) measured in the flag leaf.

Source of RWC (%) SBP(g GYP(g gs(molCO, A (umolCO, A (nmol CO, A/gg(umol c/c T (mmol H,O A/T (mmol CO,
variation ‘ plant’l) plant’l) m2 s’l) m2 s’l) organ’l s’l) mol’l) ra m2 s’l) mol HZO’I)
Water regime 8134.13%%* 255 16%**%* 45.08*** (), 38*** 938.21%**  3075.27**% 58402.60%** (.505%** 1]11.34%** 4.862%**
Genotype 1149.34%%* 118.06%** ],73%** 0.15%%** 221.00%** 744 99%**k 234D ATH*% () ]50%**k 17 3THEE 13.36%%**
Genotype x 37.16%* 9.55%*%  (.06%* 0.03 %3 7.58%%:% 76.67%%%  15404.24%%*% (.015%** 8 00%** 2.05%%:*
Treatment

Error 15.28 1.05 0.02 0.004 1.70 11.57 3677.44 0.004 1.88 0.18

* % k% significant at P < 0.05, 0.01, 0.001, respectively.

Table III. Combined analysis of variance showing the mean squares of the genotype and treatment factors and the interaction genotype x treat-
ment for the net photosynthesis (A), transpiration (T), stomatal conductance (g) and the ratio of intercellular versus external CO, concentration

(G{/C,) measured in the ear.

L gs (mol CO, A (umol CO, A (nmol CO, Algg ) T A/T (mmol
Source of variation m- s_]) m™ s_l) organ‘1 s_l) (umol mol_l) Gi/Ca (mmol H,O m2 s_l) CO, mol HzO_])
Water regime 1.26%%** 1095.70%%** 49010.20%%** 26083.61%**  (.500%** 210.907%*%* 25.41%%*
Genotype 0.07%** 14.66%** 948.10%** 14200.93%** (), 103%*%** 5.64%%% 0.63%***
Genotype x water regime ~ 0.008*** 1.32% 84.59%*%* 2430.64%**  (.005%** 0.22%%% 0.13
Error 0.000 0.66 7.89 263.94 0.000 0.03 0.08

* % k% significant at P < 0.05, 0.01, 0.001, respectively.

by treatment interaction was also significant in all cases. How-
ever, the mean squares of the interactions were much lower than
those of water treatment and genotype, which means the aver-
age of treatments is still informative (Tabs. IV and V). Relative
water content ranged from around 87% to 40%, shoot biomass
was between 20 g and 12 g and grain yield between 6.2 g and
2.5 g for plants growing in 100% (full pot capacity) and 10%
of available soil water (ASW), respectively (Tab. IV). Net pho-
tosynthesis (A), stomatal conductance (g¢) and transpiration
(T) values per unit area of flag leaves decreased around five-,
fifteen- and three-fold, respectively, whereas the ratio A/g
doubled from 100% to 10% ASW. The ratio A/T remained
quite steady from 100% to 20% ASW, and then decreased at
10% ASW (Tab. IV). In the ear, from 100% to 10% ASW, A,
g, and T per unit area decreased about 3, 15 and 3 times
whereas A/gg increased 5 times, respectively. The A/T ratio
almost doubled from 100% to 20% ASW, but decreased at 10%
ASW (Tab. V). The ratio of atmospheric to intercellular CO,
concentration (C;/C,) decreased in both organs from 100% to
40% ASW, increasing again at 10% ASW to values close to

those at full pot capacity. For both organs the decrease in whole-
organ photosynthesis from 100% to 10% ASW was ten- and
eight-fold for the leaf and the ear, respectively. Such a decrease
is larger than that of the photosynthesis rate per unit area and
reflects the changes in organ size as affected by water regime.
For each water regime there were significant differences across
genotypes for almost all the traits (Tabs. VI and VII). Lharcha
and Boubter were the genotypes showing the highest and low-
est shoot biomass, respectively, across all the water regimes.
The two cultivars from INRA (Sarif and Sebou) showed an
intermediate performance. Whereas, at full pot capacity, Maa-
zouzia and Lharcha were the genotypes showing the highest
and lowest grain yield, respectively, among the 6 genotypes
assayed the opposite effect was observed in the most stressed
water treatment (10% ASW). By contrast, Boubter showed
good grain yield across all the water regimes assayed and the
two cultivars of INRA showed fairly good grain yield in the
intermediate water regimes. Lharcha was the genotype show-
ing the highest rates of ear and flag leaf photosynthesis (either
on an area basis or per whole organ) across all the water
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Table IV. Effect of water regime on the relative water content of the flag leaf (RWC), shoot biomass (SBP), and grain yield per plant (GYP), and
the net photosynthesis (A), transpiration (T), stomatal conductance (g,) and the ratio of intercellular versus external CO, concentration (C;/C,)
measured in the flag leaf. Values presented are means + SE for the set of 6 genotypes under the different water regimes. Within columns, means
followed by the same letter are not significantly different according to the t-test (least significant difference, P < 0.05).

RWC (%) SBP GYP g, (mol CO, A (umol CO, A (nmol CO, Algg c/C T (mmol H,O A/T (mmol CO,
? (g plant’l) (g plant’l) m™ s’l) m™2 s’l) organ’1 s’l) (umol mol’l) ra m2 s’l) mol HZO’I)
Water regime (ASW)
100% 86.969+1.63 20.239+1.19 6.23°+0.09 0.37°+0.04 23.95°+0.60 37.61°+3.04 88.94*°+13.09 0.679+0.03 7.91°+0.38 2.69° +0.13
60% 79.37°+1.92 18.32°+0.84 5.929+0.08 0.31"°+0.04 16389 £0.96 22.759+2.34 80.14*+ 17.64 0.59°+0.02 7.85°+0.36 1.94*°+0.22
40% 61.34°+2.03 1525°+071 3.92°+0.10 025 +0.03 14.60°+1.19 17.19°+ 1.81 72.87°+8.73 0.32°+0.03 5.58°+0.57 2.62Y+0.39
20% 4226°+2.52 12.13*°+0.38 3.46°+0.05 0.09°+0.02 1027°+1.21 9.67°+1.13 157.31°+26.52 038" £0.05 3.41°+0.68 3.02°+0.40
10% 39.79°+2.72 11.63*+0.39 2.54°+0.09 0.03*+0.00 4.54*°+0.52 3.64°+0.39 202.54° +22.44 0.689+0.01 2.50°+033 1.81°%0.10

Table V. Effect of water regime on the net photosynthesis (A), transpiration (T), stomatal conductance (g) and the ratio of intercellular versus
external CO, concentration (C;/C,) of the ear. Values presented are means + SE for the set of 6 genotypes under the different water regimes.
Within columns, means followed by the same letter are not significantly different according to the t-test (least significant difference, P < 0.05).

g A A (nmol CO, 1 T (mmol A/T (mmol
(mol COp m2 7)) (umol CO, m2s7)  organtsly /& (molmol™) G/Ca H0m?2s!) €O, mol H,0™)

Water regime (ASW)
100% 0.61° = 0.03 30.26° + 0.20 147.67°£2.04  50.96* = 1.95 0.83¢+0.02 10.54° £ 0.16 2.88+0.03
60% 0.564 +0.02 272394037  122.109+£326  49.49°+1.45 0.78¢ £ 0.03 10.239+0.19 2.67* £ 0.03
40% 0.34 +0.02 26.42°+0.26 101.24°£1.70  84.50°+6.72 0.50° £ 0.01 7.12¢+0.17 3.749 £ 0.07
20% 0.071° + 0.028 20.86° + 0.39 5213°+2.02  302.969+9.54 0.52Y £ 0.02 3.76° £ 0.11 561+ 1.14
10% 0.045% = 0.003 10.48* £ 0.26 1940°+0.92  251.11°+17.33 0.829+0.02 3.35°+0.09 3.14° £ 0.07

regimes. Albeitless markedly, Boubter was the genotype show-
ing the lowest rates of ear photosynthesis (on both an area and
whole-organ basis) and flag leaf photosynthesis (but only per
unit leaf area).

3.1. Photosynthetic performance of the ear versus
the flag leaf

The rate of photosynthesis per unit area at full pot capacity
was about 25% higher in the ear than in the flag leaf (Tabs. IV
and V). These differences may be due to differences in what is
considered as a photosynthetic area in each organ (only one side
in the leaf and the entire area of a right-angled parallelepiped
in the ear) and to the intrinsic difficulties associated with the
shape of the ear. However, when expressed per whole organ,
the rate of ear photosynthesis was four times higher than that
of the flag-leaf' blade at full pot capacity. Moreover, under water
stress the photosynthesis of the ear relative to that of the leaf
increased over 6 times at 40% ASW, remaining fairly stable in
the range 40-10% ASW (Fig. 1a). Within each water regime
the range of variability in the photosynthesis rate either per unit
area or per whole organ was much larger in the leaf than in the
ear (Tabs. IV, V, VIand VII). Also, the effect of genotypic var-
iability relative to that of water regime was much higher for the
leaf than for the ear photosynthesis (Tabs. II and III).

The A/g, ratio was somewhat smaller in the ear than in the
flag leaf at full pot capacity, but this tendency reversed as the
level of water stress increased (Fig. 1b). The A/T ratio was
similar for both organs at full pot capacity, then increasing rel-
atively more in the ear than in the flag leaf as the level of water
stress increased, attaining values 3 times higher in the former
at 20% ASW (Fig. 1c).

3.2. Relationship of the photosynthetic activity
with plant shoot biomass and yield

When expressed on an area basis, the photosynthesis rates
of the flag leaf correlated in general better than those of the ear
with plant shoot biomass (SPB) for each water regime: from
100 to 10% ASW the determination coefficients (rz) of the
relationships (n = 18) were 0.28, 0.63, 0.45, 0.63 and 0.93 for
the flag leaf and 0.68, 0.61, 0.11, 0.33 and 0.47 for the ear,
respectively. However, the relationship between SPB and the
whole-ear photosynthesis was very high regardless of the
water regime considered (Fig. 2a): the slope of the relationship
remained fairly steady in the different water regimes, with the
line of each relationship being different. In contrast, the pho-
tosynthesis of the whole flag leaf blade was weakly correlated
at full pot capacity (Fig. 2b), but increased progressively as
water stress increased (r“ = 0.75 at 10% ASW), although it was
lower than that attained by the ear (r2 = 0.87 at 10% ASW).
Similarly, as for the ear, the slope of the relationship increased
from 100% ASW to 10% ASW, but the line of each relation-
ship did not shift.

The A/gratio in the ear correlated negatively with SPB for
all the water regimes (Fig. 3a). Considering all the water
regimes together the relationship was non-linear. Although the
relationship was stronger at full pot capacity, it remained fairly
steady at the different levels of water stress. The slope of the
relationship increased as the water limitation decreased. The
flag leaf showed a weaker relationship with shoot biomass than
the ear, independent of the water treatment considered (Fig. 3b).
Similar to the ear, the relationship was also negative at full pot
capacity, the strength of the relationship decreasing as the level
of water stress increased. On the other hand, the slope of
the negative relationship decreased as the water limitation
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Table VII. Effect of genotype on the net photosynthesis (A), transpiration (T), stomatal conductance (g) and the ratio of intercellular versus
external CO, concentration (C;/C,) measured in the ear. Values presented are means * SE for each genotype under each of the water regimes
(ASW) assayed. Within columns and water regime, means followed by the same letter are not significantly different according to the t-test (least

significant difference, P < 0.05).

Water g A A N T A/T
regime Genotype (mol CO, (umol CO, (nmol CO, Es 1 G/C, (mmol H,O (mmol CO,
(ASW) m2 s_]) -2 s‘l) organ‘1 s‘l) (pmol mol ™) m2 s‘]) mol HQO‘l)
Boubter 0.03+0.00a 922+033a 14.85%131a 35726+17.60b 0.720+0.006a 293+0.05a 3.15+0.16 ab
Lbyed 0.03£0.00b 1098+0.24b 18.66+0.09 bc 328.51 +23.65b 0.787 £0.003bc 3.12+0.01b  3.52+0.06b
10% Lharcha 0.06+0.00e 11.78+0.35b 26.13+x1.14d 183.68+849a 0.963+0.015¢e 4.03+0.0le 292+0.08a
Maazouzia 0.06+0.00d 10.82+0.10b 21.14+0.46¢c 20099+9.79a 0.883+0.015d 3.53+0.04d 3.07+0.02a
Sarif 0.04+0.00c 934+078a 17.55+1.24ab 23243 +26.68a 0.763+0.012b 3.20+0.0lc 292+0.24a
Sebou 0.05+0.00d 10.76£0.35b 18.07+0.99bc 203.30+4.86a 0.803+0.003c 328+0.02c 3.28x0.09 ab
Boubter 0.06+0.00a 1934+035a 4550x1.15a 34797+1227c 0430+0.006a 3.06+0.03a 632+0.11a
Lbyed 0.06£0.00b 2125+048abc 52.07+1.25b 344.92+12.19¢c 0.460+0.006b 4.00+030bc 540+0.55a
20% Lharcha 0.09+£0.00e 2296+034c 6731+094c 25524+347a 0.643+0.009e 429+0.02c 535+0.08a
Maazouzia 0.08£0.00d 20.34+1.00ab 52.69+2.16b 258.35+10.51a 0.550£0.006d 3.91+022bc 525+045a
Sarif 0.06£0.00b  19.24+0.80a 4145+1.43a 30549+1328b 0.557+0.009d 3.52+0.03ab 547+0.23a
Sebou 0.07+0.00c 22.02+044bc 53.75+1.16b 305.83+342b 0.510+0.006c 3.77+005b 585+0.19a
Boubter 0.19£0.01a 25.69+0.57a 91.98+4.05a 134.78+1281e 0.430+0.006a 6.03+0.04a 4.26+0.08c
Lbyed 026+0.01b 2627+042a 104.07+242b 99.65+2.50d 0.457+0.009b 6.64+003b 3.95+0.05b
40% Lharcha 0.50£0.00f 2721+035a 109.04+146b 5493+0.85a 0.577+0.009d 826+0.03f 3.30x0.04a
Maazouzia 0.41+0.01e 2581x0.26a 103.66+1.78b 63.00+1.41ab 0.500+0.006c 7.73+0.02e 3.34+0.04a
Sarif 032£0.0lc 2641x090a 9347+090a 81.75+x1.13¢c 0.513+0.009¢c 6.89+0.02c 3.83+0.12b
Sebou 037+0.01d 27.15+02la 10527+0.65b 72.84+226bc 0.500+0.006¢c 7.15+0.03d 3.80 £ 0.02b
Boubter 0.42+0.00a 2525+021a 103.66+097a 60.60+0.60c 0.633+0.009a 9.08+0.03a 2.78+0.03b
Lbyed 0.52+0.02b 2623+042a 109.01+2.15a 5098+2.63b 0.677+0.009b 9.86+0.03b 2.66+0.04 ab
60% Lharcha  0.67+0.02d 29.09+0.28b 139.05+1.27d 43.48x125a 0950+0.015e 11.60+0.02d 2.51+0.02a
Maazouzia 0.64+0.01d 28.65+0.72b 13250+2.84c 44.79+136a 0900+0.021d 10.64+030c 2.70+0.10b
Sarif 054£0.02c 2624+027a 11635+1.15b 48.65+0.94ab 0.690+0.006b 10.06+0.01b 2.61=0.03 ab
Sebou 0.58+0.02c 27.90+054b 132.00+231c 4847x185ab 0.813+0.012¢c 10.16+x0.03b 2.75+0.06b
Boubter 0.45+£0.01a 29.22+0.11a 13733+0.65a 6448x1.08f 0.707+0.009a 9.84+0.05a 2.97+0.03c
Lbyed 0.52+0.00b 29.74+0.52ab 139.59+228a 56.82+0.66e 0.780+0.010b 10.12x0.05b 2.94+0.05c¢
100% Lharcha 0.77+0.01f 31.36x0.08d 160.32+0.56e 56.82+0.66a 0.963+0.007e 11.82+0.03e 2.65+0.01a
Maazouzia 0.69+0.00e 30.02+020ab 148.79+0.90c 43.72+028b 0900+0.021d 10.82+0.09d 2.78+0.02b
Sarif 0.58£0.01c 3020+0.38bc 144.61+1.83b 52.07+0.51d 0.807x0.003b 10.22+0.03b  2.96+0.03 ¢
Sebou 0.65+0.01d 31.00+0.14cd 15542+0.70d 4797+0.86c 0.853+0.007c 1042+0.04c 298x0.02¢

increased, shifting to slightly positive at the lowest ASW. The
relationship between the A/T ratio of the ear and SPB followed
a similar pattern to that of A/gg with shoot biomass, being neg-
ative regardless of the water regime. Moreover, the slope of the
relationship decreased as the stress became more severe. How-
ever the strongest relationship was attained at the lowest ASW
(> =0.38, 0.36, 0.44, 0.29 and 0.71 from 100% to 10% ASW,

respectively). The A/T of the leaf was, as for A/g,, more weakly
correlated to shoot biomass than that of the ear, but in this case
all the relationships were negative. As for the ear, the strongest
correlation was attained at 10% ASW (r =0.07, 0.24, 0.31,

0.36 and 0.47 from 100% to 10% ASW, respectively).

The rates of photosynthesis on an area basis for the flag leaf
were, in general, better correlated with GYP than those of the
ear for each water regime: from 100 to 10% ASW, 2 = 0.64,
0.39, 0.87, 0.56 and 0.62 for the flag leaf photosynthesis and
0.36, 0.64, 0.07, 0.47 and 0.52 for the ear photosynthesis. But
the relationships between GYP and the whole-organ photo-
synthesis of either the ear or the flag leaf (Fig. 4) followed a
similar pattern to those between SPB and the whole-organ

photosynthesis (Fig. 2). In general, regardless of the ASW
considered, the photosynthesis in the ear showed a higher cor-
relation with grain yield than the photosynthesis in the flag
leaf blade, and the fitting line within each ASW was different
for the ear but not in the flag leaf. For both organs the strongest
correlation (and the highest slope in the relationship) occurred
at the highest level of stress (10% ASW). For the flag leaf the
correlation was not significant as ASW reached 60% (Fig. 4b),
whereas the relationship for the ear remained fairly steady as
ASW increased (Fig. 4a).

The relationships between grain yield and the A/gg ratio of
both the ear and the flag leaf (Fig. 5) also followed a similar
pattern to those between SPB and A/g (Fig. 3). The ear ratio
correlated negatively with grain yield in all the water regimes
(Fig. 5a). The relationship was strongest at full pot capacity, but
remained relatively high at different levels of water stress. In
addition, the slope of the relationship was much greater at full
pot capacity, decreasing as the level of water stress increased.
On the other hand, the A/gratio of the ear correlated better with
GYP (Fig. 5a) than the whole-ear photosynthesis (Fig. 4a). The
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Figure 1. Evolution of the ear-to-leaf ratio for the whole-organ
photosynthesis (a) and the ratios A/gg (b) and A/T (c) at different
levels of available water in the pot substrate (ASW).

A/gg ratio of the flag leaf showed a much weaker relationship
with grain yield than that of the ear, independent of the water
treatment considered (Fig. 5b). As for the ear, the relationship
was also negative and highest at full pot capacity, decreasing
its strength at lower ASW and shifting the slope to slightly pos-
itive at 20% and 10% ASW. The relationship between A/T for
the ear and grain yield was also negative, regardless of the water
reglme con51dered and weaker than that between A/gg and
grain yield (r? values were 0.44, 0.08, 0.85, 0.57 and 0.56 from
100% to 10% ASW, respectively). The relationship between
the A/T ratio of the flag leaf and grain yield was weaker than
that of the ear A/T, independently of the water regime consid-
ered (r of 0.00, 0.14, 0.46, 0.41 and 0.46 from 100% to 10%
ASW, respectively), but this time the slope remained negative
in all cases.

4. DISCUSSION

The values of relative water content at full pot capacity are
comparable with these reported for well-watered wheat grow-
ing either in the field or in pots. The relative water content val-
ues of 40% attained at 10% available soil water (ASW)
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Figure 2. Correlations between the total net photosynthesis of the ear
(upper) and the flag leaf blade (lower) with the total above-ground
plant biomass at anthesis for plants growing at different levels of
available water in the substrate (ASW). Each point represents a single
measurement (either of gas exchange or biomass) of a plant, with
3 plants measured for each of the 6 genotypes used. ns, not significant;
* ek kEE: significant at the 0.05, 0.01, 0.001 probability level,
respectively.

corresponded to a very severe water stress. The values of gas
exchange traits (A, g, and T) per unit leaf area of flag leaves at
full pot capacity were also in the same range as those reported
as typical for fully irrigated bread [1] and durum wheat [2, but
only g, was reported], whereas the ear values were in general
higher than those previously published in durum wheat [2] and
in different cereals [5, but on detached organs]. An underesti-
mation of the total photosynthetic area (and thus an overesti-
mation of gas exchange rates) of the ear should not be
disregarded in this study. However, whereas in the previous
study on intact plants [2] gas exchange of the ear was meas-
ured during grain filling, in the present study measurements
were done at anthesis, thus avoiding the high respiration rates
associated with grain filling [17], which strongly diminishes
the net photosynthesis rates of the ear [2]. Nevertheless, the C;/
C, ratio was consistently higher in the ear than in the flag leaf,
not only in well-watered conditions but also at all the levels of
water stress assayed, suggesting a higher internal (i.e. respira-
tory) source of CO, in the ears than in the leaf (or a lower
intrinsic photosynthetic capacity).

Both organs showed the same pattern of changes in C;/C, as
ASW decreased. A decrease in the C;/C, ratio is a normal
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Figure 3. Correlations between the ratio of net photosynthesis to
stomatal conductance of the ear (upper) and the flag leaf blade
(lower) with the total above-ground plant biomass at anthesis for
plants growing at different levels of available water in the substrate
(ASW). Each point represents a single measurement (either of gas
exchange or biomass) of a plant, with 3 plants measured for each of
the 6 genotypes used. ns, not significant; *,** *¥*: significant at the
0.05, 0.01, 0.001 probability level, respectively.

response to mild and moderate water stress (60% and 40%
ASW), suggesting stomatal limitation of photosynthesis,
whereas at severe water stress (20% and 10% ASW) the ratio
increased in accordance with a non-stomatal limitation of pho-
tosynthesis [13, 16, 30].

4.1. Comparative photosynthetic performance
of the two organs

In response to water stress, the photosynthesis in the ear
was less affected than the flag leaf, irrespective of how the
rates are expressed: on a leaf area basis or per whole organ.
Similarly, it has been reported that the ear shows a better per-
formance than the leaves in response to water stress [6]. Mor-
gan [19] found that spikelets maintain a higher water potential
than leaves under water stress, while spikelets have also been
demonstrated to be more effective than leaves in osmotic
adjustment [20, 27].

At full pot capacity, TE (the ratio A/T) tended to be slightly
higher in the ear than the flag leaf, whereas the A/g ratio was
more than 40% lower in the ear. For tetraploid wheats, gas
exchange measurements on detached organs also showed a
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Figure 4. Correlations between the total net photosynthesis of the ear
(upper) and the flag leaf blade (lower) measured at anthesis with the
grain yield of plants growing at different levels of available water in
the substrate (ASW). Each point represents a single measurement
(either of gas exchange or grain yield) of a plant, with 3 plants
measured for each of the 6 genotypes used. ns, not significant;
* ok k% significant at the 0.05, 0.01, 0.001 probability level,
respectively.

somewhat higher A/T ratio in the ear than the flag leaf,
whereas no differences were found for bread wheat [5].
Reports on carbon isotope discrimination values from pho-
toassimilates also support a higher transpiration efficiency in
the ear than the flag leaf of durum wheat under well-watered
conditions [2, 7, 8]. The lower A/g ratio in the ear than the
flag leaf could be due to a higher internal (i.e. respiratory)
source of CO,. In fact, the photosynthetic rate as well as the A/
g, and A/T ratios in the ear are normally underestimated dur-
ing gas exchange measurements because the high rates of dark
respiration usually accounted for by the growing kernels are
not considered [2]. The ear bracts probably refix this respira-
tory CO,, therefore improving even more the transpiration
efficiency of the ear [8]. Moreover, in response to water stress,
the higher stability in the A rates of the ear led to a greater
increase in the A/g, and A/T ratios in the ear than the flag leaf.

4.2. Role of both organs in yield

These results indicate that the photosynthetic contribution
of the ear during grain filling is clearly greater than that of the
flag leaf, not only under water stress, as reported before for
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Figure 5. Correlations between the ratio of net photosynthesis to
stomatal conductance of the ear (upper) and the flag leaf blade
(lower) with the grain yield of plants growing at different levels of
available soil water in the substrate (ASW). Each point represents a
single measurement (either of gas exchange or grain yield) of a plant,
with 3 plants measured for each of the 6 genotypes used. ns, not
significant; *,** ***: significant at the 0.05, 0.01, 0.001 probability
level, respectively.

bread wheat and barley [15], but also under favourable water
conditions. This is consistent with the results in durum wheat
under well-watered conditions reported by Araus et al. [2] and
derived from shading experiments as well as from comparing
the stable carbon composition of grains with those of the pho-
toassimilates from both organs. Early experiments for bread
wheat under unlimited water conditions using l4c labelling
indicated that, at mid-grain filling, the ear contributed more
assimilates than the flag leaf to growing kernels [23].

However, as the level of stress increases, the improvement
of the relationship of flag leaf photosynthesis with SBP and
grain yield (although the photosynthesis of the ear still corre-
lated better with shoot biomass and grain yield) suggests the
relative contribution from the flag leaf photosynthesis
increases, which is consistent with the hypothesis of a shift
from sink to source limitation of grain yield [25, 28]. Other
factors may act against a higher relative contribution of the
flag leaf as water stress develops. The senescence of the flag
leaf in response to water stress is usually faster than that of the
ear (which is a common observation in Mediterranean rainfed
environments). Moreover, the relative contribution of ear pho-
tosynthates to grain filling can increase under water stress,

because water shortage reduces photosynthesis and transfer of
assimilates to the grains less for ears than for flag leaves [11].

4.3. Some implications for breeding

These results suggest that breeding strategies to increase
whole-flag leaf photosynthesis (mostly through an increase in
blade area) are less effective in improving yield than increasing
whole-ear photosynthesis, whatever water regime is targeted.
Nevertheless, the best genotype (Lharcha) in terms of biomass
in all the range of water was that combining the highest rates
of both ear and flag leaf photosynthesis (either on a whole-area
basis or per unit area). Moreover, Lharcha was the best in terms
of yield from moderate to severe water stress. It is interesting
to highlight that this is a traditional variety. The results also
show that genotype variability exists for both ear and flag leaf
photosynthesis (as well as for the other gas-exchange-derived
traits) either in well-watered or water-stressed conditions.

Total photosynthesis of the ear was markedly higher than
that of the flag leaf, probably due to the comparatively larger
green surface of the former [5 and references herein]. Blum [5]
has already reported for tetraploid (cultivated plus wild) wheat
a green surface area almost four times greater in the ear than
the flag leaf. The contribution of awns to the total photosyn-
thetic area of ears may be important. Thus differences in
whole-ear area, as a consequence of differences in the total
area of awns, accounts for the greater ear photosynthesis in
barley than in bread wheat [15] and in tetraploid wheat than in
hexaploid wheat [21]. Nevertheless, in Blum [5] net photosyn-
thesis rates per unit area in the ear of the tetraploid wheat were
only 25% of those of flag leaves. As a consequence, total ear
photosynthesis only reached 90% of that of the flag leaf [5],
which is clearly lower than in the present study.

Under well-watered conditions the range of differences in
ear photosynthesis across the six genotypes studied was only
slightly larger when rates were expressed per whole organ
instead of on an area basis, but increased as the water stress
increased. However, Blum [5] reported differences in whole-
ear net photosynthesis and transpiration between varieties and
between species of bread wheat, durum wheat and barley, asso-
ciated largely with differences in surface area rather than rates
per unit area.

Photosynthesis is generally more limiting to yield under
stress than under optimal conditions, as indicated by the higher
association commonly observed between yield and above-
ground biomass at maturity. While selection for higher rates
(usually on a leaf area basis) of leaf photosynthesis has not
generally improved yield under temperate conditions [10; but
see recent results in 14], most probably because the source is
less limiting than the sink, greater success might be expected
for higher rates under water stress.

It may be argued that the better correlation of the photosyn-
thesis of the whole ear with shoot biomass and grain yield com-
pared with that of the whole flag leaf blade merely reflects the
differences in sink size (i.e. total number of florets per ear which
is associated with the size of the ear). However, TE and A/g,
which are independent of the organ size, were again much better
correlated with shoot biomass and grain yield in the ear than
in the flag leaf. These results again emphasise that the ear is
the main photosynthetic organ contributing to grain filling in
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durum wheat, and agree with the conclusion of a previous study
in which the photosynthesis of the flag leaf was prevented [2].

It has been postulated that under limited water conditions,
any improvement in transpiration efficiency (TE, the A/T ratio)
should result in higher biomass if the total water used (i.e. by
transpiration) is similar [26]. However, in our results most of
the correlations across genotypes (within a given water regime)
between either the A/T or A/g, ratio against shoot biomass or
grain yield were negative, suggesting that those varieties show-
ing a higher ratio were those more stressed and used less water.
Moreover, for wheat in Mediterranean conditions lower water
availability during growth frequently decreases water-use effi-
ciency (WUE, the ratio of dry matter accumulated with total
water evapotranspired over the same period), mostly because
of the increase in the evaporative loss due to a decrease in can-
opy coverage of the soil [22, 32]. But, as for TE and A/g, the
relationship of WUE with grain yield within a given water sta-
tus was negative (data not shown), suggesting those genotypes
with the highest WUE were the least productive, probably
because they were more stressed (and thus had a lower stomatal
conductance), therefore transpiring less water but at the same
time achieving lower rates of photosynthesis.
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