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Ensayos Capítulo Localización Condiciones 

experimentales

Material vegetal Tratamientos Análisis

I 1  UB - Invernadero
- Condiciones hidropónicas
- Estrés aplicado en estado 
vegetativo de la planta
- Estrés a largo plazo

114 genotipos: Población de 112 RILs de trigo duro y sus 
parentales

- Salinidad - Parámetros morfológicos
- Análisis de iones
- Intercambio de gases
- Isótopos estables 

13
C,

15
N

II 2 UB - Cámara de cultivo
- Estrés aplicado en estado 
reproductivo de la planta
- Estrés a corto plazo

6 genotipos: 4 trigo duro, 1 tritordeum, 1 triticale - Salinidad
- Déficit hídrico
- Combinación de ambos

- Parámetros morfológicos
- Análisis de iones
- Intercambio de gases
- Isótopos estables 

13
C,

15
N

3 UB
US

- Cámara de cultivo
- Estrés aplicado en estado 
vegetativo de la planta
- Estrés a corto plazo

4 genotipos de trigo duro - Salinidad
- Déficit hídrico
- Combinación de ambos

- Parámetros morfológicos
- Análisis de iones
- Intercambio de gases 
- Isótopos estables 

13
C,

15
N,

18
O

- Actividad enzimática: Glutamina 
sintetasa y nitrato reductasa.

4 UB - Cámara de cultivo
- Estrés aplicado en estado 
vegetativo de la planta
- Estrés a corto plazo

1 genotipo de cebada - Salinidad
- Déficit hídrico
- Combinación de ambos

- Parámetros morfológicos
- Análisis de iones
- Intercambio de gases 
- Isótopos estables 

13
C,

15
N 

III

6 UB
CSIC

- Cámara de cultivo
- Estrés aplicado en estado 
vegetativo de la planta
- Estrés a corto plazo

4 genotipos de trigo duro - Salinidad
- Déficit hídrico
- Combinación de ambos

- Parámetros morfológicos
- Isótopos estables 

13
C,

15
N ,

18
O

- Transcripción: PCR en tiempo real 
en genes de salinidad y de déficit 
hídrico

I + II 5 UB Comparación de las condiciones de 
los experimentos I y II

20 genotipos de trigo duro del experimento I (10 sensibles y 10 
tolerantes a la salinidad)
4 genotipos de trigo duro del experimento II

- Salinidad
- Déficit hídrico
- Combinación de ambos

- Comparación entre los isótopos 
13

C,
15

N ,
18

O en materia seca  y 
fracción soluble
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Capítulo 1 

Shoot �15N gives a better indication than ion concentration or �13C of 
genotypic differences in the response of durum wheat to salinity 

Yousfi, S., Serret, M.D., Araus, J.L. 2009. Functional Plant Biology 36: 144-155. 
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Shoot d15N gives a better indication than ion
concentration or D13C of genotypic differences
in the response of durum wheat to salinity

Salima YousfiA, Maria Dolores SerretA and José Luis ArausB,C

AUnitat de Fisiologia Vegetal, Facultat de Biologia, Universitat de Barcelona, Av. Diagonal,
647, 08028 Barcelona, Spain.

BInternational Maize and Wheat Improvement Center (CIMMYT), El Batán, Texcoco, CP 56130, Mexico.
CCorresponding author. Email: jaraus@cgiar.org

Abstract. We compared the performance of different physiological traits that reveal genotypic variations in tolerance to
salinity in durum wheat. A set of 114 genotypes was grown in hydroponics for over 3 months. Three conditions: control,
moderate (12 dSm�1) and severe (17 dSm�1) salinity, were maintained for nearly 8 weeks before harvest. The genotype
biomass in control conditions correlated with the biomass at the two salinity levels. Subsequently, two subsets of
10 genotypes each were selected on the basis of extreme differences in biomass at the two salinity levels while
showing relatively similar biomass in control conditions. Carbon isotope discrimination (D13C), nitrogen isotope
composition (d15N), and the concentration of nitrogen, phosphorus and several ions (K+, Na+, Ca2+, Mg2+) were
analysed in the two subsets for the three treatments. At 12 dSm�1, K+ concentration, K+/Na+ ratio, D13C and d15N
correlated positively and Na+ correlated negatively with shoot biomass. Under control conditions and at 17 dSm�1 no
correlation was observed. However, the trait that correlated best with genotypic differences in biomass was d15N at
12 dSm�1. This trait was the first variable chosen at each of the two salinity levels in a stepwise analysis. We consider the
possible mechanisms relating d15N to biomass and the use of this isotopic signature as a selection trait.

Additional keywords: NaCl, photosynthesis, potassium, salt, sodium, stable isotopes, Triticum turgidum ssp. durum.

Introduction

Drought is the main abiotic factor limiting productivity in
Mediterranean environments. Durum wheat is the most
cultivated herbaceous crop in the south and east Mediterranean
basin (www.fao.org/statistics/yearbook, accessed 4 December
2008). One of the ways of increasing productivity in these
semiarid environments is irrigation; however, this may expose
soils to progressive salinisation (World Bank 2007). Selecting
genotypes that have a higher salt tolerance is oneway of palliating
this problem (Munns et al. 2002; Munns 2008).

Salt tolerance is dependent on several traits, and presumably
controlled by many genes which have yet to be discovered
(cf. Flowers 2004). The complexity of salt tolerance may
explain the slow progress that has been made in developing
salt-tolerant crops. In this context, more efficient screening
techniques need to be established to identify salt-tolerant
progeny in breeding programs in which genes for salt
tolerance have been introduced by either conventional
breeding or genetic engineering (Munns et al. 2002). This
process is particularly important in durum wheat, since it is
much more salt-sensitive than other cereals like barley or even
bread wheat (Munns et al. 2002). However, the lack of reliable,
large-scale field screening facilities is a major problem in the
genetic improvement of salt-tolerance in durum wheat

(Srivastava and Jana 1984) and other cereals (Isla et al. 1998).
Fast and effective glasshouse screening techniques that identify
genetic variation in salinity tolerance may represent a feasible
alternative (Munns and James 2003).

Among the classic traits of salt tolerance in cereal crops
suitable for large scale evaluation in greenhouses (Colmer
et al. 2005) is ion ‘exclusion’ (Munns and James 2003; Tester
and Davenport 2003). This is defined as the ability to restrict the
rate of entry of potentially toxic Na+ (and Cl�) into the shoots,
combinedwith themaintenance of K+ uptake, evenwhenNa+/K+

is very high in the soil solution (Gorham 1993). Ion ‘exclusion’
may be considered the ‘first defence’ against salinity. To prevent
ions accumulating to toxic concentrations in the shoots, the roots
must exclude almost all the Na+ and Cl� dissolved in the nutrient
solution (Munns 2008). In wheat, Cl� ‘exclusion’ shows little
correlation with genotypic differences in salt tolerance.
Therefore, only Na+ accumulation in the shoots is usually
measured (Colmer et al. 2005).

Evenwhenmost of theNa+ andCl� in a soil is excluded, these
ions still accumulate to some extent in transpiring plant organs.
Thus, aswell as enhancing transpiration efficiency (i.e. the ratio of
photosynthesis to transpiration), a low stomatal conductancemay
reduce the rate at which ions concentrate in the soil solution
(Munns 2008), the movement of salts into the root zone
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(Rengasamy2002), and, ultimately, their accumulation in the root
tissues. However, the reverse may also be true: a genotype with
higher stomatal conductance under salinity may be the
consequence of higher tolerance of this stress (James et al.
2002, 2008). Screening for high stomatal conductance (Munns
and James 2003), although valuable for selecting parentals, is not
feasible for the routine screening of many genotypes (but
see Rebetzke et al. 2000). As an alternative, when transpiration
efficiency is measured as carbon isotope composition (d13C) –
frequently expressed as discrimination (D13C) in dry matter – it
can be used for large scale assessments. Discrimination of
13C/12C in C3 species can be interpreted using a well
established physiological model (Farquhar et al. 1982).
Conditions which induce stomatal closure (e.g. water stress,
either directly or through salinity) restrict the CO2 supply to
carboxylation sites and can be detected by reduced D13C. Foliar
D13C (or d13C) values have been used in wheat as an integrated
measure of the response of photosynthetic gas exchange to
salinity (Arslan et al. 1999; Rivelli et al. 2002). In addition,
genotypic variability of this trait under salinity has been
reported (Ellis et al. 1997, 2002; Isla et al. 1998; Shaheen
and Hood-Nowotny 2005). Ellis et al. (2002) report a weak
(r= 0.38) but significant positive relationship between d13C and
shoot biomass in barley, which suggests that the genotypes with
higher transpiration efficiency (and probably lower stomatal
conductance) were the most tolerant to salinity. A comparable
trend was also reported by Pakniyat et al. (1997), working with
different barley mutants. However, the same study (Pakniyat
et al. 1997) reports that shoot d13C was positively correlated
with shoot Na+.

The ‘last defence’ against salinity is tolerance of high internal
Na+. Thus, leaf injury and extended survival at high salinitiesmay
also be a convenient test, and has been used in several studies
(Kingsbury and Epstein 1984; Sayed 1985). In these studies, it
was assessed indirectly by measuring chlorophyll content
(Munns and James 2003).

Natural variation in plant N isotope composition (d15N) has
been proposed as a useful trait for screening, as it is linked to plant
N metabolism, even though there is no precise knowledge of
the underlying mechanisms or function (Handley et al. 1997;
Robinson et al. 2000; Ellis et al. 2002; Pritchard and Guy 2005;
Coque et al. 2006). Different nitrogen uptake mechanisms and
assimilation pathways, as well as the recycling of nitrogen in the
plant can discriminate against 15N (Evans 2001). Moreover,
plants depend not only on the d15N of N source(s), but also on
the balance between enzyme activity and external concentration
(Mariotti et al. 1982). Different reports indicate that abiotic
stresses such as salinity and drought can either decrease (Ellis
et al. 1997;Handley et al. 1997; Robinson et al. 2000) or increase
(Ellis et al. 2002; Lopes et al. 2004; Lopes and Araus 2006) d15N
relative to controls. Such patterns contrast with the well
established decrease in D13C (or increase in d13C) associated
with these stresses in the same studies, and illustrate the relative
complexity of the mechanisms determining d15N signatures in
plants. Furthermore, in comparison toD13C, relatively fewstudies
have addressed genotypic variation in plant d15N in response to
stress conditions, and mostly to drought (Robinson et al. 2000;
Evans 2001; but c.f. Peuke et al. 2006). Measuring the natural
abundance of plant d15N has been proposed as a way of studying

the physiology of salt tolerance in barley grown in hydroponics
(Ellis et al. 1997, 2002; Handley et al. 1997). Coque et al. (2006),
workingwith a set of 99 recombinant inbred lines ofmaize grown
at low and high N-input, concluded that two mechanisms
could explain genetic variation in 15N discrimination ability:
morphophysiological differences, in particular in the root
system, and differences in the activity of the main enzymes in
nitrogen metabolism. In the same way, Pritchard and Guy (2005)
propose that genotypic differences in d15N of white spruce are
caused by differences in demands onN assimilation and in uptake
capacity. Hypothetically, genotypes with a high N demand, high
N assimilation capacity or a low uptake capacity will all have a
low substrate-to-enzyme ratio and therefore discriminate less
against 15N. These same variables influence plant nitrogen use
efficiency (Pritchard and Guy 2005). In contrast, processes such
as loss of ammonia or nitrous oxide through stomata may
also affect the final signature (Farquhar et al. 1980; Smart and
Bloom 2001).

Robinson et al. (2000) proposed that measuring the natural
abundance of both 13C and 15N may give an indication of
responses to stresses such as drought and nitrogen starvation.
Moreover, both d13C and d15N have been used to phenotype the
response of (barley) mapping populations to salinity, as the
natural abundances of these isotopes are strongly affected by
salinity and there is genotypic variability in both stable isotopes
(Ellis et al. 1997, 2002; Handley et al. 1997). However, to date,
only a weak positive genotypic relationship between 13C
signature and biomass has been reported (Ellis et al. 2002),
whereas other studies failed to find any significant relationship
(Pakniyat et al. 1997; Isla et al. 1998; Shaheen and Hood-
Nowotny 2005). The situation is even more complicated for
d15N. No clear relationship between d15N and biomass and/or
grain yield has been reported (Ellis et al. 1997, 2002; Handley
et al. 1997), despite of the fact that d15N has been used tomap the
phenotype of populations exposed to salinity (Ellis et al. 2002).
This lack of relationship may be related to the experimental
conditions, as the genotypes were only grown for short periods
of time (from one to a few weeks) in saline conditions (Munns
et al. 2002; Rivelli et al. 2002). For example, in some of the
studies, plants were exposed to the final salt concentration for
8 days (Ellis et al. 1997; Handley et al.1997), 2 weeks (Ellis et al.
2002) and 4 weeks (Pakniyat et al. 1997). In other studies, the
saline conditionsdidnot even result in adecrease in shoot biomass
compared with the control (Handley et al. 1997; Shaheen and
Hood-Nowotny 2005).

The objective of this study was to perform a comparative
evaluation of a wide set of screening traits for selecting salt-
tolerant progeny ina recombinant inbred linepopulationofdurum
wheat. These traits included ion concentration and ratios,
chlorophyll levels and the natural abundance of the stable
isotopes 13C and 15N. Salinity tolerance was defined as
genotypic differences in ‘absolute’ shoot biomass after
growing plants for 2 months in saline conditions. In controlled
environments, differences in salt tolerance among species are
frequently assessed as the percentage of biomass production in
saline v. non-saline conditions (e.g. Munns and James 2003;
Colmer et al. 2005). However, this approach does not take into
account genotypic variability in yield potential. Instead, it may
result in selecting the genotypes that have the lowest yield
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potential. We postulate that natural abundance signatures of 13C
and 15N measured in dry matter indicate genotypic tolerance to
salinity better than other more conventional parameters, such as
ion concentration, do. This is because the former directly reflect
the effect of salinity on carbon and nitrogenmetabolisms and thus
on plant growth. We also discuss the potential mechanisms that
relate d15N to biomass. Although d15N in plants has been
proposed as an indicator of genetic variation that reflects a
balance between N uptake and assimilation (Handley et al.
1997; Robinson et al. 2000; Pritchard and Guy 2005; Coque
et al. 2006), the pattern of relationships between d15N and both
D13C and biomass among genotypes and across growing
conditions may provide some clues as to how salinity affects
d15N (Pritchard and Guy 2005).

Materials and methods
Plant materials and growth conditions

The durum wheat [Triticum turgidum L. ssp. durum (Desf.)
Husn.] population used in this study consisted of 112
recombinant inbred lines (RILs) derived by single seed descent
from the cross ICD-MN91–0012 between Jennah Khetifa and
Cham 1. This cross was made in 1991 at the Tel Hadya research
station (Aleppo province, Syria) by the CIMMYT/ICARDA
durum breeding program for Mediterranean dryland (Nachit
et al. 2001). Jennah Khetifa is a landrace that shows specific
adaptation to the North African continental drylands, being tall
and moderately resistant to drought and cold. Cham 1 is a variety
that has been released for commercial production in several
countries of the Mediterranean basin. It is highly adaptable,
has high yield potential and yield stability and shows high
osmotic adjustment.

Plants were grown in a hydroponic system within a
greenhouse at the Experimental Fields of the University of
Barcelona, Spain. The hydroponic system consisted of 48-L
tanks covered with perforated plates. Each tank contained
28 pots of 300mL each. The experimental design involved a
randomised complete block with three salinity levels (control,
1.8 dSm�1; moderate salinity, 12 dSm�1; severe salinity,
17 dSm�1), 114 genotypes (112 RILs plus the 2 parental lines)
and four replicates per genotype and growing condition. The total
number of pots was 1368. The pots were filled with fine particle
(size B6) perlite and separated from the nutrient solution by a
mesh. Two seeds were planted in each pot and watered to field
capacity to facilitate germination.After aweek, only one plant per
pot was left. From germination to the 4–5 leaf stage, all plants
were grown with a half-strength Hoagland solution (Hoagland
andArnon 1950). Subsequently, the different growing conditions
were established. Control plants continued to be grown in the
same Hoagland solution and no salt was added. For the two
salinity levels, NaCl was added progressively to the nutrient
solution, starting with a salt concentration of 4 dSm�1. This
concentration was increased 1 week later to the final salt levels
of 12 dSm�1 (corresponding to ~120mM NaCl) and 17 dSm�1

(~170mM NaCl). Then, plants were grown for a further 2 months
until the end of jointing, when they were harvested. The total
duration of the growing experiment was 3 months. The electrical
conductivity, pH and O2 concentration of all solutions were
monitored weekly and solutions were changed every 2–3 days,

except for the last 20 days of the experiments when they were
changed daily. The average temperature during the experiment
was 26/16�Cday/night. Relative humidity ranged from40 to 65%
and the maximum PPFD was ~1200mmolm�2 s�1.

Gas-exchange measurements

Leaf gas exchange was measured in the two parental lines three
times during the experiment: before starting the salinity
treatments, after nearly a month of treatment with salt, and a
few days before harvest. Measurements were made with an open
IRGA LI-COR 6400 system (Li-Cor Inc., Lincoln, NE, USA)
They were conducted in leaves that had recently fully expanded,
at 10–14 h (solar time) under saturated PPFD conditions (beyond
1000mmolm�2 s�1), a temperature of around 25�C and a CO2

concentration within the chamber of 400mmolmol�1. For each
genotype, growing condition and date of measurement four
leaves were assayed. The gas exchange parameters were light-
saturated net CO2 assimilation rate (Asat); transpiration rate (T);
and stomatal conductance (gs). Subsequently, the ratio of
intercellular to ambient CO2 concentration (Ci/Ca) was
calculated, according to Sharkey and Raschke (1981).

Plant growth and leaf chlorophyll content

Chlorophyll content was measured in the last fully expanded leaf
of all the plants assayed. Measurements were performed just
before harvesting using a portable meter (Minolta SPAD 502
Meter, Plainfield, IL, USA). Four measurements were performed
per leaf from the middle of the blade.

The height of the highest shoot of each plant was measured
with a ruler before harvest. After harvesting, the total number of
shoots per plant was counted. Shoots were then oven-dried at
85�C for 24 h and theweight of the dry aerial biomass determined.
The pots with the roots were stored in a cold chamber (4�C) for
further analyses (see below).

Two subsets of extreme genotypes were chosen according to
their aerial biomass under the two saline conditions. One
subset included 10 genotypes with a biomass that was among
the top 20 genotypes of the entire population in each of the two
salinity levels. The other subset was made up of another
10 genotypes ranked among the 20 genotypes with the lowest
biomass values under the two saline conditions. Whenever
possible, both sets of genotypes were also selected to have
similar biomass under control conditions. A total of 240 plants
(20 genotypes per three treatments and four replications)
were chosen.

The aerial parts of these plantswere ground. Subsequently, the
amount of different ions and the composition of stable carbon and
nitrogen isotopes were analysed. Roots of the same plants were
washedwith deionisedwater, dried in the oven at 85� for 24 h and
ground for further ion analyses.

Ion analysis

For each leaf or root sample analysed, 100mg of drymaterial was
digested with 3mL concentrated HNO3 and 2mL H2O2. The
samples were placed overnight in a microwave at 90�C. After
digestion, each samplewas thenbrought up to 30mLfinal volume
with purewater. The amount of Na+, Ca2+, K+, P, andMg2+ in the
sample was then determinedwith an Inductively Coupled Plasma

146 Functional Plant Biology S. Yousfi et al.



Emission Spectrometer (L3200RL, Perkin Elmer, Uberlingen,
Germany) at the Scientific Facilities of the University of
Barcelona. Ion concentrations were expressed as mol per g of
dry weight.

Total N concentration and stable carbon and nitrogen
isotope composition
Total nitrogen concentration and the stable carbon (13C/12C) and
nitrogen (15N/14N) isotope ratios in the aerial part of theplantwere
measured using an elemental analyser (Flash 1112 EA;
ThermoFinnigan, Breman, Germany) coupled with an isotope
ratio mass spectrometer (Delta C IRMS, ThermoFinnigan),
operating in continuous flow mode. Samples of ~1mg and
reference materials were weighed into tin capsules, sealed, and
then loaded into an automatic sampler (ThermoFinnigan) before
EA-IRMS analysis. Measurements were conducted at the
Scientific Facilities of the University of Barcelona.

Nitrogen was expressed as a concentration (mol per g of dry
weight) and as total nitrogen content (g) of the aerial part.
The 13C/12C ratios were expressed in d notation (Coplen
2008) determined by: d13C = (13C/12C)sample/(

13C/12C)standard – 1
(Farquhar et al. 1989), where sample refers to plant material and
standard to Pee Dee Belemnite (PDB) calcium carbonate. The
same d notation was used for the 15N/14N ratio expression
(d15N), but in this case the standard referred to N2 in air.

Atropinewas used as a system check in the elemental analyses
of nitrogen. International isotope secondary standards of known
13C/12C ratios (IAEA CH7 polyethylene foil, IAEA CH6 sucrose
and USGS 40L-glutamic acid) were used for calibration to a
precision of 0.1‰. For nitrogen, isotope secondary standards of
known 15N/14N ratios (IAEAN1 and IAEAN2 ammonium sulfate
and IAEA NO3 potassium nitrate) were used. Mean d15N of the
fertilizers provided by the Hoagland solution was 0.6‰.

The carbon isotope discrimination (D13C) of shoots was
calculated as: D13C(‰) = (d13Ca – d13Cp)/[1 + (d13Cp)], where
a and p refer to air and the plant, respectively (Farquhar et al.
1989). Air samples inside the greenhouse were taken and
analysed by the GC-C-IRMS technique, as previously
described in Nogués et al. (2004). Air analyses were
conducted at the Scientific Facilities of the University of
Barcelona. The d13Ca was –11.3‰. The N isotope
discrimination (D15N) of a plant compared with fertiliser 15N
may be formulated in the same manner as D13C (Evans 2001).
Nevertheless, in our study we used d15N rather than D15N,
because the latter does not provide any relevant advantage
when considering the effect of salinity on the 15N signature of

the plant. In fact most publications dealing with 15N use d15N not
D15N. By contrast, D13C gives more comprehensive information
than d13C on the level of stress suffered by plants.

Statistical analysis

Analysis of variance (ANOVA) was performed using the GLM
procedure to calculate the effects of salinity level and genotype.
Means were compared by the Duncan’s test (P < 0.05).
A bivariate correlation procedure was used to calculate the
Pearson correlation coefficients. Multiple linear regression
analysis (stepwise) was used to analyse the relationship
between the studied variables. Data were analysed using the
SPSS statistical package (SPSS Inc., Chicago, IL, USA).
Figureswere created using aSigma-Plot 6.0 program (SPSS Inc.).

Results

The effect of salinity and genotype on growth parameters

The increase in salinity significantly affected all three growth
traits studied (Table 1). However, the trait that was most affected
was total aerial biomass,which decreased to about half the control
values at 12 dSm�1, and to a quarter of control values at
17 dSm�1. Plant height and the number of tillers per plant
were also affected by salinity, but to a lesser extent. In
particular, there was much less difference between these traits
under 12 dSm�1 and 17 dSm�1 conditions. Chlorophyll content,
calculated on the basis of leaf area, was also affected significantly
by salinity. Compared with the control it was higher at 12 dSm�1

but lower at 17 dSm�1.
The effect of genotype was highly significant for all the four

traits studied (Table 1), even though it was far lower than that
attributed to salinity. Biomasswas the only growth trait for which
no interaction between salinity regime and genotype (S�G)was
observed. The error in ANOVA was the smallest for this trait.
There was no significant S�G interaction for chlorophyll
content, but the error in the ANOVA was very high in this
case. Shoot biomass was used as a criterion for selecting the
subset of extreme genotypes, in terms of their response to salinity.

Growth in control conditions and genotype performance
under salinity

The average biomass attainedby the114genotypes in the absence
of stress (control) correlated positively and significantly
(P< 0.001) with the biomass of these genotypes at each of the
two salinity levels (Fig. 1). Although the slope of the relationship
between the control biomass and the biomass at 17 dSm�1 was

Table 1. Effect of different levels of salinity on the aerial biomass, plant height, number of tillers per plant and leaf chlorophyll content of durumwheat
Values shown are the means� s.e. for all the 114 genotypes of the RIL population. Means followed by different letters were shown to be significantly different
(P< 0.05) by the Duncan’s test. Analysis of variance for the same variables is shown for the salinity regime (S), genotype (G) and interaction (S�G) effects.

The associated percentage of the sum of squares and probabilities (ns, not significant; ***, P< 0.001) are shown

Control 12 dSm�1 17 dSm�1 Salinity (S) Genotype (G) S�G Error

Biomass (g) 11.12 ± 0.16a 5.13 ± 0.06b 2.70 ± 0.02c 72.9*** 4.0*** 4.7ns 18.4***
Plant height (cm) 40.06± 0.29a 31.29 ± 0.15b 28.20 ± 0.12c 57.2*** 13.3*** 9.2*** 20.3***
Tillers/plant 5.04 ± 0.10a 2.88 ± 0.03b 2.68 ± 0.03c 37.6*** 16.8*** 13.6*** 31.7***
Leaf chlorophyll (SPAD units) 36.35 ± 0.15b 38.51± 0.09a 34.00 ± 0.17c 11.3*** 11.5*** 13.7ns 63.5***
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lower than that of the control biomass against the 12 dSm�1

biomass, the correlation coefficients were very similar.
Biomass at 12 dSm�1 was also positively and significantly
(P < 0.001) correlated with that at 17 dSm�1, even when the
correlation coefficient (r = 0.26) was lower than in the other
two cases.

In order to assess the roles of growth potential and adaptive
responses to salinity on genotypic differences in biomass for each
of the two levels of salinity, we performed a regression analysis
with successive steps (stepwise analysis). The dependent
variables were biomass at either 12 dSm�1 or 17 dSm�1 for
all genotypes. The independent variables were biomass,
plant height, number of tillers and leaf chlorophyll, measured
in the absence of stress and at salinity levels other than that of
the dependent variable (Table 2). For biomass at both
moderate salinity and severe salinity, the independent
variable that was chosen first by the model was biomass under
optimum conditions (an indicator of potential growth), followed
by other variables related to salinity tolerance (plant height and
number of tillers in the other level of salinity). Chlorophyll
content was not chosen by the model in any case.

Effect of salinity on photosynthetic and transpiratory
gas exchange

The magnitude of stress caused by the two different levels of
salinity was further evaluated by measuring the gas exchange
traits (Asat, gs, Ci/Ca, T) of the two parents of the population just
before the start, at themiddle and at the endof the saline treatment.
Since both genotypes showed a similar pattern of response, only
the average values (including all replications of the two
genotypes) of the different traits were pooled (Table 3). In the
controls, the values of the four gas exchange traits did not change
significantly throughout the experiment. In contrast, Asat rates
declined gradually during growth at both 12 dSm�1 and
17 dSm�1. Just before harvest, values were five times lower
(12 dSm�1) and 10 times lower (17 dSm�1) than in control
plants. Conductances decreased to around 5 times lower values
by the middle of the 12 dSm�1 treatment. The values then
remained unchanged until before harvesting. Under 17 dSm�1

conditions, rates decreased progressively to attain 20-fold lower
values by the end of the treatments. The ratio Ci/Ca decreased
progressively during growth to attain values that were 60% and
75% lower than control plants at 12 dSm�1 and 17 dSm�1,
respectively. Rates of T also decreased. By harvest, values
were nearly four times lower in 12 dSm�1 conditions than in
the control and almost eight times lower in 17 dSm�1 conditions
than in the control.
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Fig. 1. Relationship across the set of 114 genotypes of durum wheat
between shoot biomass in control conditions and shoot biomass in the two
levels of salinity.Eachpoint is the averagevalueof onegenotype.Correlations
were highly significant (P< 0.001).

Table 2. Stepwise analysis with biomass for the whole set of
114 genotypes of durum wheat in either of the saline conditions as a
dependentvariable, andbiomass, plantheight, numberof tillersperplant
and leaf chlorophyll contentmeasured in the other twogrowth conditions

(control and the other salinity level) as independent variables
Independent variables chosen in either of the analyses contributed
significantly to themodels.BC,biomassat control;HC,plantheight incontrol;
HS1, plant height under 12 dSm�1; HS2, plant height under 17 dSm�1;
TS2, number of tillers under 12 dSm�1. Significance: ***, P< 0.001

Biomass Variable chosen r R2 Significance

At 12 dSm�1 BC 0.337 0.114 ***
BC, TS2 0.459 0.211 ***
BC, TS2, HS2 0.495 0.245 ***
BC,TS2, HS2, HC 0.539 0.291 ***

At 17 dSm�1 BC 0.399 0.160 ***
BC, HS1 0.486 0.237 ***

Table 3. Effect of different levels of salinity on leaf net CO2 assimilation (Asat), stomatal conductance (gs), the ratio of intercellular to ambient CO2

concentration (Ci/Ca) and the transpiration rate (T) in durum wheat
Measurementswere performed inmature, recently expanded leaf blades on three occasions: before starting the treatment (date 1), after onemonth (date 2) and after
2months, just before harvesting (date 3). The values shown are themeans� s.e. for the two parents of the RIL population. Themeans followed by different letters

were shown to be significantly different (P< 0.05) by the Duncan’s test

First date Second date Third date
Control 12 dSm�1 17 dSm�1 Control 12 dSm�1 17 dSm�1 Control 12 dSm�1 17 dSm�1

Asat (mmol CO2m
�2 s�1) 26.9 ± 0.9a 26.4 ± 0.5a 25.7 ± 0.6a 23.3 ± 0.7a 11.4 ± 0.4b 6.8 ± 0.6c 23.9 ± 0.8a 6.8 ± 0.6b 1.2 ± 0.2c

gs (mmol CO2m
�2 s�1) 402 ± 67a 416 ± 35a 424 ± 75a 322 ± 25a 91 ± 16b 56 ± 1b 412 ± 49a 92 ± 1b 15± 32b

Ci/Ca 0.71 ± 0.05a 0.73 ± 0.04a 0.69 ± 0.04a 0.70 ± 0.02a 0.46 ± 0.04b 0.29 ± 0.03c 0.68 ± 0.03a 0.32 ± 0.12b 0.16 ± 0.01c
T (mmol H2Om�2 s�1) 6.36 ± 0.56a 6.43 ± 0.27a 6.06 ± 0.34a 6.07 ± 0.39a 2.69 ± 0.11b 1.39 ± 0.12c 5.22 ± 0.32a 1.56 ± 0.10b 0.66 ± 0.18b
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Effect of salinity on the ion and N concentrations,
D13C and d15N of plants

As explained in ‘Materials andmethods’, out of the population of
114 genotypes, we selected a subset of the 10 most tolerant
and the 10 most susceptible genotypes. The selection was made
according to biomass at the two levels of salinity (whenever
possible, the differences in biomass under control were small).
Weanalysed the ion concentration in the leaves and roots of plants
in these subsets. We also measured the nitrogen concentration,
stable carbon discrimination (D13C) and nitrogen isotope
composition (d15N) of leaves.

Regardless of the treatment,K+,Mg2+andPconcentrationwas
higher in leaves than roots. In contrast, Ca2+ concentration was
lower in leaves than roots, butNa+ hadquite similar values in both
organs. Consequently, the ratio K+/Na+ was much higher in the
leaves than in the roots, whilst the opposite occurred for the ratio
Ca2+/Na+ (Table 4).

The growing conditions significantly affected the ion
concentration in both the leaves and roots (Table 4). In leaves,
salinity decreased the K+, Ca2+ andMg2+ concentration to values
that were about half those of control plants, while P decreased far
less and Na+ increasedmore than 10-fold. Consequently, K+/Na+

and Ca2+/Na+ ratios decreased in response to salinity. In general,
the most notable difference in ion concentration was found when
plants under 12 dSm�1 conditions were compared with controls.
A further increase to 17 dSm�1 levels of salinity had much less
effect on ionconcentration.Thepattern of response to salinitywas
similar in roots and leaves. However, one exception was K+.
When analysed in roots, K+ was found to be almost three times
higher in saline conditions than in the control. Moreover, Na+

accumulated in amore progressive manner in roots than in leaves
as the salinity increased.

There was a progressive reduction of almost 6‰ in D13C and
close to 3.5 ‰ in d15N (Table 5) from control to 17 dSm�1.
Therefore, when considering all three growing conditions
together, we found a positive relationship between D13C and
d15N, even though this relationship was negative for each of the
individual growing conditions considered separately (Fig. 2).
Nitrogen concentration was ~2% less at 12 dSm�1 than control,
but no further decrease occurred at 17 dSm�1 (Table 5). The total
nitrogen content of the aerial part was three times less at
17 dSm�1 than control. The largest difference was found
between the control and 12 dSm�1.

Differences between saline tolerant and susceptible
genotypes

Table 6 shows the mean biomass values for each of the genotype
groups (tolerant and susceptible), plus the parameters from
Tables 4 and 5 that revealed differences between the two
groups of genotypes in at least one of the three growing
conditions. As might be expected, there were highly
significant differences (P < 0.001) in biomass between the two
groups at each of the two levels of salinity. The tolerant group
had values nearly 40% higher than the susceptible group at
12 dSm�1 and close to 50% higher at 17 dSm�1. The tolerant
group had a 15% higher biomass than the susceptible group
(P< 0.05) under control conditions. In addition, the two groups of
extreme genotypes showed significant differences (P< 0.001) in
the number of tillers and the plant height (data not shown).
The total N accumulated in the aerial part was ~40% higher
(P< 0.001) in the tolerant group v. the susceptible group at
both salinity levels, and there were no differences between the
groups under control conditions. The K+ concentration in the
aerial part was ~10% higher (P < 0.05) in the tolerant group than
in the susceptible genotype under the 12 dSm�1 condition.
There were no differences in the other two growing
conditions. The ratio K+/Na+ was ~15% higher in the tolerant
group v. the susceptiblegroupunder control andat 12 dSm�1, and
no differences where observed at 17 dSm�1. There was no
difference between the two groups in the ion concentration of
roots. The D13C was smaller (0.36 ‰) in the tolerant group than
in the susceptible group (P< 0.05) at 12 dSm�1. No differences
occurred in the other two growing conditions. The d15N was
higher in the tolerant group for both 12 dSm�1 (0.68 ‰,
P< 0.001) and 17 dSm�1 (0.34 ‰, P< 0.01), and no
differences existed in the control conditions.

Genotypic correlations between biomass
and physiological parameters

For each of the three growing conditions and across the set of
20 genotypes, we studied the linear correlations of biomass
against the different physiological parameters included in
Table 6 (D13C, d15N, K+ and K+/Na+) (Table 7). The total N
content of the shoot was not considered, as this parameter is
calculated using the shoot biomass. TheK+ concentration and the
ratio K+/Na+ in the aerial part correlated positively with shoot

Table 4. Effect of different levels of salinity during growth on the ion concentration of shoots and roots of durum wheat
Data, expressedas ammolper gofdryweight, aremeans� s.e. of the20genotypes and four replicationsper genotype.Values followedbydifferent

letters are different by the Duncan’s test (P< 0.05).

K+ Ca2+ Na+ P Mg2+ K+/Na+ Ca2+/Na+

Aerial part
Control 1.47 ± 0.02a 0.16 ± 0.00a 0.12 ± 0.00c 0.27 ± 0.00a 0.09 ± 0.01a 12.48 ± 0.40a 1.37 ± 0.04a
12 dSm�1 0.70 ± 0.01b 0.07 ± 0.00b 1.44 ± 0.02b 0.25 ± 0.00b 0.06 ± 0.00b 0.50 ± 0.01b 0.04 ± 0.00b
17 dSm�1 0.60 ± 0.01c 0.06 ± 0.02c 1.54 ± 0.05a 0.25 ± 0.00b 0.05 ± 0.00c 0.40 ± 0.00b 0.04 ± 0.00b

Roots
Control 0.04 ± 0.00c 0.62 ± 0.03a 0.17 ± 0.01c 0.09 ± 0.00a 0.06 ± 0.00a 0.28 ± 0.02a 5.37 ± 0.54a
12 dSm�1 0.08 ± 0.01b 0.17 ± 0.00b 0.83 ± 0.03b 0.08 ± 0.02b 0.03 ± 0.00b 0.09 ± 0.01b 0.23 ± 0.01b
17 dSm�1 0.13 ± 0.01a 0.16 ± 0.01b 1.46 ± 0.06a 0.08 ± 0.00b 0.02 ± 0.00b 0.09 ± 0.00b 0.12 ± 0.00b
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biomass under 12 dSm�1 conditions, but no correlation was
observed for the other two growing conditions. D13C was
negatively correlated (P < 0.05) with biomass at 12 dSm�1,
while there was no correlation under control conditions or at
17 dSm�1.d15Nwas the parameter that correlated bestwith shoot

biomass. It was strongly and positively correlated at 12 dSm�1

and still positively (but not as strongly) correlated under control
conditions (Table 7; Fig. 3). d15N also correlated best with
total nitrogen accumulated in the shoot (data not shown). In
this case, positive correlations (P < 0.05)were observed for the set
of 20 genotypes in control and 12 dSm�1 conditions (R2= 0.46
and 0.60 for control and 12 dSm�1, respectively).

In addition, a stepwise analysis was performed. The biomass
of the set of 20 genotypes at either 12 dSm�1 or 17 dSm�1 was
used as the dependent variables. The different ions analysed in
both plant parts, their ionic ratios, D13C, d15N and the nitrogen
concentration of shoots under any of the three growth conditions
were used as independent variables (Table 8). The d15Nmeasured
at 12 dSm�1 was the first variable selected by the model. It alone
accounted for around 70% of the genotypic variation in biomass
at 12 dSm�1 conditions and 60% of the variation at 17 dSm�1.
The d15N at 17 dSm�1 was the second variable chosen by the
model to explain the biomass in 12 dSm�1. Ion concentration and
ion ratios had a minor role in explaining the differences in
biomass. Adding biomass under either of the other two growth
conditions as a further independent variable to the stepwise
analysis did not modify the primacy of d15N as the first
variable chosen by the model.

Discussion

The effects of our experimental conditions on plant growth are
comparable to those reported before in bread wheat. Thus, shoot
biomass decreased by half when the level of salinity reached
12 dSm�1 (Ayers and Westcott 1989). In addition, plant height
and the final tiller number decreased in saline conditions (Nicolas
et al. 1993; Maas et al. 1994). We found genotypic variability in
biomass, plant height and final tiller number. Moreover, plant
height and the number of tillers under saline conditions were
chosen as independent variables, after biomass under control
conditions, in the stepwise analysis to predict genotypic
differences in biomass under salinity. Plant height and tiller
number can be considered screening criteria in durum wheat
(Islam and Sedgley 1981; Munns and James 2003).

Chlorophyll content, calculated on the basis of leaf area and
measured in situ (with a portable device), has been proposed as a
screening criterion for wheat survival under high salinity (Munns
and James 2003). In our study, chlorophyll content did not

Table 6. Effect of growing conditions on the different traits analysed in the two groups of genotypes from theRIL population of durumwheat, selected
for the difference in their biomass within each of the two levels of salinity

Data shown aremeans� s.e. of the 10 genotypes of each subset (tolerant and susceptible). Beside biomass andNa+ concentration in roots, the table includes those
physiological parameters that showed differences between groups in at least one of the three growth conditions

Control 12 dSm�1 17 dSm�1

Tolerant Susceptible P Tolerant Susceptible P Tolerant Susceptible P

Biomass (g) 11.53 ± 0.53 9.64 ± 0.50 0.015 5.80 ± 0.19 4.17 ± 0.18 0.000 3.21 ± 0.13 2.19 ± 0.10 0.000
K+ aerial part (mmol g�1 DW) 1.45 ± 0.02 1.49 ± 0.03 0.358 0.72 ± 0.01 0.68 ± 0.01 0.021 0.62 ± 0.01 0.59 ± 0.01 0.171
Na+ aerial part (mmol g�1 DW) 0.11 ± 0.00 0.13 ± 0.00 0.006 1.40 ± 0.04 1.47 ± 0.04 0.225 1.61 ± 0.06 1.47 ± 0.08 0.119
K+/Na+ aerial part 13.73 ± 0.57 11.75± 0.67 0.013 0.52 ± 0.01 0.47 ± 0.02 0.043 0.39 ± 0.01 0.42 ± 0.01 0.205
Na+ roots (mmol g�1 DW) 0.16 ± 0.01 0.19 ± 0.03 0.311 0.85 ± 0.05 0.82 ± 0.06 0.737 1.56 ± 0.10 1.34 ± 0.08 0.109
D13C (‰) 20.76 ± 0.07 20.87± 0.08 0.306 17.06± 0.11 17.40 ± 0.08 0.013 14.99 ± 0.12 15.05± 0.11 0.663
d15N (‰) 3.43 ± 0.08 3.26 ± 0.10 0.227 1.84 ± 0.08 1.16 ± 0.08 0.000 0.04 ± 0.07 –0.30 ± 0.08 0.003
Total nitrogen per shoot (g) 0.55 ± 0.02 0.48 ± 0.02 0.104 0.20 ± 0.01 0.14 ± 0.006 0.000 0.11 ± 0.00 0.08 ± 0.00 0.000

Table 5. Effect of different levels of salinity on stable carbon isotope
discrimination (D13C), stable nitrogen isotope composition (d15N), the
nitrogen concentration as mmol per g of dry weight (N) and the total N

content of the shoot as g of nitrogen (Total N)
Data, are means� s.e. of the 20 genotypes in durum wheat and four
replications per treatment. Values followed by different letters were shown

to be different (P< 0.05) by Duncan’s test

D13C (‰) d15N (‰) N (mmol g�1 DW) Total N (g)

Control 20.81 ± 0.05a 3.14 ± 0.07a 3.78 ± 0.04a 0.55 ± 0.02a
12 dSm�1 17.23 ± 0.07b 1.43 ± 0.07b 2.71 ± 0.04b 0.25 ± 0.01b
17 dSm�1 15.02 ± 0.08c –0.17 ± 0.06c 2.66 ± 0.03b 0.18 ± 0.15c
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Fig. 2. Relationship between d15N and D13C. For each of the three growing
conditions, relationships across the 20 genotypes of durum wheat is shown.
Each point is the average of four plants of a given genotype and growing
condition.
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correlate with biomass at either of the two salinity levels. This
may be because we measured chlorophyll in leaves that had
expanded after the saline conditions had been well established.
Moderate salinity may lead to thicker or denser leaves (i.e. with a
more compact mesophyll), as reported in wheat (Passioura
and Munns 2000), therefore, increasing the chlorophyll content

per unit leaf area. Thus, we found that mean chlorophyll content
was higher in 12 dSm�1 than in the control. However, the
chlorophyll content at 17 dSm�1 was lower than the control
values. This may be due to the combination of changes in leaf
anatomy together with an accelerated senescence caused by
high salinity.

The positive genotypic relationship between the biomass in
the control and the two salinity levels suggests that greater
intrinsic constitutive (i.e. in absence of stress) biomass may
confer better adaptation to a wide range of salinity levels.
Stepwise analysis further reinforced the evidence that
genotypes with a higher growth potential perform better over a
wide range of salinity levels. Isla et al. (1998) found that the
highest yielding barley cultivars under non-saline conditions
were the highest yielding under moderate salinity, but not
under high salinity (with a soil EC of 22 dSm�1).
Nevertheless, they concluded that grain yield under salt stress
remains the only reliable means of identifying higher salt
tolerance in barley. However, Richards (1983) states that
higher yields of durum and bread wheat in saline fields can be
obtained by breeding for yield under non-saline conditions.
However, he supports this approach with an agronomical
consideration: as salinity is usually variable within a field, and
most of the yield comes from the least saline areas, selecting for
performance in a high-salinity environment alone may not be
productive (Richards 1983).

The response of ion concentration to salinity, the balances
within the plant and the existence of genotypic variability are in
accordance with the results of previous studies in durum
and bread wheat and other crops species. Thus, as reported
before, Na+ concentration in shoots of durum wheat did not
increase linearly with increasing salinity, but reached a plateau
around 50mM NaCl treatment, which is less than our
moderate salinity (Husain et al. 2004). Further, Na+ exclusion
and K+/Na+ discrimination, usually from leaves and shoots
rather than roots, have been proposed as screening traits for
tolerance to moderate salinity (e.g. Dvorak et al. 1994; Chhipa
and Lal 1995; Colmer et al. 2005). However, in contrast to
our study, Munns and James (2003) reported in a set of 21
tetraploid wheat genotypes that Na+ correlated with shoot
biomass far better than K+/Na+ and K+. Nevertheless,
maintenance of K+ uptake – and, thus, a high K+/Na ratio,
even in the face of high external Na+ concentration – is vital,
since K+ is a macronutrient that is essential for enzyme

Table 7. Linear correlation coefficients of the relationships within each
of the three growing conditions and across the set of 20 genotypes of
biomass of durumwheat against K+ concentration and the K+/Na+ ratio,
carbon isotope discrimination (D13C) and nitrogen isotope composition

(d15N) of the shoot
Levels of significance: ns, not significant; *, P< 0.05; **, P< 0.01

K+ K+/Na+ D13C d15N

Biomass control 0.091ns 0.068ns –0.359ns 0.593**
Biomass 12 dSm�1 0.753** 0.669** –0.474* 0.832**
Biomass 17 dSm�1 0.202ns –0.394ns –0.075ns 0.377ns
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Fig. 3. Relationship between d15N and shoot biomass. For each of the three
growing conditions, relationships across the 20 genotypes of durum wheat is
shown, along with the general relationship pooled data for all 20 genotypes
and the three different growing conditions together. Each point is the average
of four plants of a given genotype and growing condition.

Table 8. Stepwise analysis between the biomass of the 20 genotypes of durum wheat in each of the two
levels of salinity as a dependent variable, and all the physiological parameters (ion concentration and
ratios, N concentration and stable isotope signatures) measured in the three growing conditions as

independent variables
Independent variables chosen in any of the two analyses contributed significantly to the models. S1, 12 dSm�1;

S2, 17 dSm�1. Significance: ***, P< 0.001

Model Variable chosen r R2 Significance

Biomass 12 dSm�1 d15N S1 0.832 0.692 ***
d15N S1, d15N S2 0.875 0.766 ***
d15N S1, d15N S2, Mg2+ aerial part S2 0.905 0.819 ***

Biomass 17 dSm�1 d15N S1 0.765 0.585 ***
d15N S1, Ca2+/Na+ aerial part S2 0.875 0.766 ***
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function. It is also a major osmoticum (Cuin et al. 2003;
Colmer et al. 2005).

Effect of salinity on gas exchange, D13C,
d15N and N concentration

Salinity may reduce the rate of photosynthesis through stomatal
and non-stomatal effects (Heuer and Plaut 1989). In our results,
both salinity treatments induced a strong decrease in
photosynthetic rates, mainly due to stomatal limitation, as
concluded from the parallel drop in the ratio Ci/Ca. This is in
agreement with previous reports on wheat (Ouerghi et al. 2000)
and other species (Rasmuson and Anderson 2002). Furthermore,
both levels of salinity decreased the D13C of shoot biomass. This
may be evidence of long-term stomatal limitation of
photosynthesis, and is in agreement with previous studies on
wheat and other cereals (Isla et al. 1998; Ouerghi et al. 2000;
Shaheen and Hood-Nowotny 2005). Thus, Isla et al. (1998)
concluded for barley under field conditions that the D13C of
mature grains decreased by 0.2‰ per unit (dS m�1) increase
in soil solution electrical conductivity (EC). Decreases of ~0.1‰
have been reported for wheat leaves in pots (Shaheen and Hood-
Nowotny 2005) and barley shoots under hydroponics (Handley
et al. 1997). However, no differences in total plant dry matter
between control and salinity were reported in either of these two
studies under controlled conditions. In contrast, we found a
decrease of 0.34‰ in the D13C of shoot biomass per unit
increase in ECs. The faster decrease in our study than that
found by Isla et al. (1998) may be due to a set of different
factors, such as the plant part analysed (whole shoot v. kernels),
growing conditions (hydroponics and soil), the range of salinity
levels (maximum ECs of 17 and 22 dSm�1) and plant species
(durumwheat v. themore tolerant barley). In the studybyHandley
et al. (1997), the salinity (a final concentration of 175molm�3 of
NaCl for just 1 week) was probably too moderate.

We found,onaverage, adecreaseofnearly0.2‰ in shootd15N
per unit increase in ECs. Several studies on barley and
hydroponics have reported that shoot d15N (Ellis et al. 1997;
Handley et al. 1997) decreased at a rate near half per unit increase
in ECs. Again, this is probably because barley is more tolerant to
salinity than durum wheat (Munns et al. 2002). In addition, the
salinity stress in these studies was mild. Other stresses, such as
drought, may also reduce d15N, but to a lesser extent than salinity
(Robinson et al. 2000). However, owing to the purely hydroponic
nature of this study (Robinson et al. 2000), drought stress was
imposed by exposing roots to air for 3 h daily. In studies under
natural conditions (Handley et al. 1999)or of plants inpots (Lopes
et al. 2004;Lopes andAraus2006)water stress causedan increase
in d15N, which suggests drought affects plant d15N in a different
way to salinity.

Fractionation of 14N and 15N could occur at uptake from the
medium into root cells, or during subsequent enzymatic
assimilation into other N forms. Further fractionation may
occur if biochemical components of varying isotopic
composition are lost through translocation or exudation (Evans
2001; Pritchard and Guy 2005). Considering the three growing
conditions together, D13C and d15N were positively related
(Fig. 2). Reduced stomatal conductance due to salinity should
lead to a reduction in the loss of ammonia and nitrous oxide, and

this should reduce 15N enrichment, as light-isotope nitrogen
compounds are lost more readily than compounds containing
the heavy isotope (Farquhar et al. 1980; Smart and Bloom 2001).
However, Lopes and Araus (2006) reported the opposite
relationship between the isotopic signatures for durum wheat
growingwith differentN sources andwater regimes. In fact, other
mechanisms (discussed in the next section) may also lead to
salinity increasing discrimination against 15N (and thus
decreasing plant d15N).

The decrease in N concentration and d15N found in saline
conditions suggests that this stress also affects nitrogen uptake
and/or assimilation (Ellis et al. 2002). Thus, plant d15N seems to
be dependent upon the external concentration and isotopic
signature of nitrogen, as well as the enzyme activity on source
d15N (Mariotti et al. 1982). A high external N concentration
relative to a modest demand can induce discrimination against
15N. Consequently, the suboptimal growing conditions
associated with any stress may produce a decrease in demand
relative to a constant external N concentration. Thismay have the
same effect as increasing the external concentration (Mariotti
et al. 1982), leading to greater isotopic discrimination (Vitousek
et al. 1989; Handley et al. 1997). In this regard, Handley et al.
(1997) suggest that ‘stress’wouldmake d15Nmore negative than
in controls, due to downregulation of the assimilating enzyme– in
this case nitrate reductase. Further, 15N/14N fractionation may
occur during nitrate assimilation by nitrate reductase or
ammonium assimilation by glutamine synthetase (Evans
2001). These two enzymes have apparently similar in vitro
discrimination factors (Ledgard et al. 1985; Yoneyama et al.
1993) and in wheat the activity of both is decreased by salinity
(Carillo et al. 2005; Wang et al. 2007). Regardless of the
mechanism affecting plant d15N, this trait seems to reflect the
capacity of the plant to use available nitrogen. Thus, when we
combined all of the genotypes across the three growing
conditions, d15N strongly positively correlated with total shoot
biomass (Fig. 3) and with total shoot nitrogen content (R2= 0.93,
data not shown). Handley et al. (1997) found no such
relationships, probably because their salinity treatment was too
short to modify nitrogen content and shoot biomass.

Nevertheless, since our d15Ndata only cover the shoot it could
be argued that it is not possible to extrapolate to an assumption
regarding discrimination during uptake and assimilation
throughout the whole plant; the change in d15N in the shoot
might be accompanied by the opposite change in the roots and
overall plant d15Nmight not change at all. Changes in shoot d15N
might be related to changes in partitioning of N assimilation
between shoots and roots. Further, Lopes and Araus (2006)
reported that water stress affected (increased) leaf rather than
root d15N in durum wheat grown with a mixture of ammonium
and nitrate (as in the present study).

Genotypic variability in D13C and d15N
and their relationships with biomass under salinity

Munns and James (2003) suggest that screening for high gs may
be the most effective way of selecting genotypes that will grow
fast in saline soil. Isla et al. (1998) reported that D13C was
positively correlated with grain yield in the absence of stress,
suggesting that the genotypes with higher gs were the most
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productive. However, this correlation was absent under highly
saline conditions. For durum wheat, when moderate water stress
is the factor limiting yield, a positive correlation between D13C
andyieldusually emerges (Araus et al. 2003).However,we found
a negative relationship between biomass and D13C at 12 dSm�1,
meaning than the genotypes with lower gs (and thus less
transpiration) were the most tolerant. Nevertheless, we
observed no differences in Na+ concentration between tolerant
and susceptible genotypes. Thus, it appears that toxic ions do not
accumulate more in the susceptible genotypes due to higher
transpiration. Alternatively, leaves that maintain an
intrinsically higher photosynthetic capacity, due, for example,
to less senescence, would have a smaller Ci/Ca (and, thus, lower
D13C). Likewise, we found that at moderate salinity tolerant
genotypes had higher chlorophyll content per unit leaf area
than susceptible genotypes (39.0 v. 36.1, P < 0.05).

The range of genotypic variability in shoot d15N found in this
study is similar or somewhat higher than that of previous
studies with barley under control, salinity and N starvation
conditions (Ellis et al. 1997; Handley et al. 1997; Robinson
et al. 2000), but clearly less than that reported for root d15N in a
mapping population of 156 barley double haploids (Ellis et al.
2002). Besides the existence of genotypic variability in plant
d15N, and the fact that this trait has been used to phenotype barley
mapping populations (Ellis et al. 2002), there are no reports on
genotypic relationships between d15N and biomass or yield
under salinity. We found a positive relationship between shoot
d15N and drymatter under control conditions and undermoderate
salinity in particular (Fig. 3) and comparable relationships were
found between d15N and total shoot nitrogen content. Contrary to
our results, in barley under hydroponics and short-term drought
or N starvation, Robinson et al. (2000) reported a negative
correlation between root d15N and plant dry weight, while
shoot and whole-plant d15N were not correlated with dry
weight. These authors conclude that the most productive and
stress tolerant genotypes (based on a small stress index), were
those that probably retained most N, therefore, they had the
lowest plant d15N. Conversely, genotypes expressing the least
discrimination against 15N were smaller and contained less N.
However, the authors only used 18 genotypes for drought and
eight genotypes forN-starvation out of the total set of 30 analysed
in their study. More importantly, they related d15N with a stress
index [calculated as (weight unstressed –weight stressed)/weight
unstressed] rather than the absolute value of biomass under stress.
Even if they excluded the least productive and least responsive
genotypes, the relationship was still biased by the fact that the
least productive genotypes under control conditions were those
showing a smaller stress index and vice versa (see fig. 1 in
Robinson et al. 2000). Recently, a positive genotypic
relationship between the d15N of aerial plant parts against
(absolute values) of grain yield and N grain yield have been
reported in a set of 99 recombinant inbred lines of maize at lowN
input (Coque et al. 2006). These and other authors (Evans
2001; Coque et al. 2006) suggest that two mechanisms could
explain genotypic variation in 15N discrimination ability:
morphophysiological differences, in particular in the root
system; and the activity of the main enzymes in nitrogen
metabolism. There should be a positive relationship between
enzyme activity and discrimination abilities.

Some insights into the mechanism behind the genotypic
relationship between d15N and biomass

If isotopic fractionation depends on the substrate-to-enzyme ratio
(Mariotti et al. 1982) then higher enzyme activity or lower N
supply reduces discrimination. Therefore, genotypes with a high
N demand, high N assimilation capacity or low uptake capacity
will all have a low substrate-to-enzyme ratio and therefore should
discriminate less against 15N (Robinson et al. 2000; Pritchard and
Guy2005). In accordancewith this,Coque et al. (2006) reported a
positive (albeit weak) relationship between glutamine synthetase
activity and d15N in adult maize plants. If growth tends to be
limited by N uptake, then genotypic variation in d15N should
reflect uptake capacity, and correlations between biomass and
d15N will therefore be negative (Pritchard and Guy 2005). In
contrast, if growth is limited by assimilation capacity and/or
growth-driven N demand, then genotypic correlations between
biomassandd15Nwillbepositive.Thepositiverelationship we found
between d15N and biomass (Fig. 3) suggests that genotypic
differences in biomass under saline conditions are associated
with assimilation capacity and N demand.

In agreement with this hypothesis, we found that the
relationship between d15N and D13C among genotypes within
each growing condition tended to be negative at the two salinity
levels and achieved statistical significance under control
conditions (Fig. 2). Such negative relationships might result
from genotypes with improved N nutrition exhibiting higher
intrinsic photosynthetic capacity and enhanced water use
efficiency (which result in a lower D13C). Alternatively, they
may arise from differences in N and C demand for active growth,
which would decrease discrimination against 15N, thus,
increasing d15N in plants (Pritchard and Guy 2005). Moreover,
d15N correlated positivelywith shootN content under control and
12 dSm�1 conditions. However, the genotypic relationship
between d15N and D13C was not as strong under salinity as
under control conditions, despite the fact that d15N correlated
with biomass better at 12 dSm�1 than under control conditions.
This suggests other processes affecting D13C may weaken the
relationship between d15N and D13C under salinity. Increasing
salinity affects water use efficiency and D13C through a decrease
in stomatal conductance. Hence, an effect on d15N mediated by
differences in stomatal conductance and subsequent loss of light
N compounds should be ruled out since genotypic relationships
between d15N and D13C tended to be negative.

Further studies are required to clarify the mechanisms by
which salinity affects d15N. Regardless of the mechanism
involved, genotypic differences in plant d15N seem to reflect
the extent to which plants retain N in their tissues (Robinson et al.
2000). Likewise, Coque et al. (2006), working with maize under
well fertilised conditions, found 10QTLs for d15N that coincided
with the QTLs involved in nitrogen use efficiency (grain yield,
N-uptake and N remobilisation) and the root system.

We conclude that increased potential growth (i.e. in the
absence of stress) may be a trait to consider when selecting
genotypes that are better adapted to salinity. Moderate, rather
than severe, salinity was the most adequate growing condition in
which to evaluate genotypicperformanceunder salinity.Nitrogen
isotope composition was the trait that best correlated with
genotypic differences in shoot biomass under moderate
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salinity, and the only trait that correlated at high salinity. Changes
in d15N in response to salinity seem to reflect the effect of such
stress onN assimilation orNdemand for plant growth, rather than
on N uptake and loss of N compounds by the plant. In contrast,
other variables that are classically associated with adaptation to
salinity, such as ion concentration and ion ratios, explained the
genotypic variability in biomass to a lesser extent. Our
experimental conditions are comparable to those of previous
studies in terms of the effect of salinity on plant growth, ion
concentration, gas exchange and D13C. This reinforces the
potential validity of d15N as a criterion to screen genotypes for
tolerance to salinity. The possibility of measuring d15N in early
stages of the plant cycle and then having a good prediction of
differences in biomass between genotypes would further
strengthen the potential validity of d15N as a criterion. In our
study, we analysed d15N from plants sampled before the heading
stage, and, therefore, long before anthesis. Moreover, the whole
aerial part of the plant developed, rather than just the last leaf, was
analysed. Therefore, examining d15N in even earlier plant stages
(e.g. in seedlings) may still result in a reasonable prediction,
providing the d15N signature of the kernel which initiates the
seedling is diluted enough and the seedling has been exposed to
moderate salinity for weeks. The possible inference of genotype
performance under saline conditions from the d15N of young
plants growing under non-saline conditions should also be
considered. Here, we observed that d15N of control plants
correlated significantly not just with biomass of control plants
(Table 7) but alsowith biomass at 12 dSm�1 (r = 0.545,P< 0.05)
and in a nearly significant manner with biomass at 17 dSm�1

(r= 0.395,P < 0.1). Even ifd15Nof plants at 12 dSm�1 correlated
far better than d15N of control plants with biomass under salinity,
it may still be reasonable to consider the constitutive value of
d15N (i.e. in the absence of stress) as a selection trait.
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Capítulo 2 

Effect of salinity and water stress during the reproductive stage on growth, 
ion concentrations, �13C, and �15N of durum wheat and related 

amphiploids 

Yousfi, S., Serret, M.D., Voltas, J., Araus, J.L. 2010. Journal of Experimental Botany 61: 3529-

3542.
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Abstract

The physiological performance of durum wheat and two related amphiploids was studied during the reproductive

stage under different combinations of salinity and irrigation. One triticale, one tritordeum, and four durum wheat

genotypes were grown in pots in the absence of stress until heading, when six different treatments were imposed

progressively. Treatments resulted from the combination of two irrigation regimes (100% and 35% of container

water capacity) with three levels of water salinity (1.8, 12, and 17 dS m21), and were maintained for nearly 3 weeks.

Gas exchange and chlorophyll fluorescence and content were measured prior to harvest; afterwards shoot biomass
and height were recorded, and D13C, d15N, and the concentration of nitrogen (N), phosphorus, and several ions (K+,

Na+, Ca2+, Mg2+) were analysed in shoot material. Compared with control conditions (full irrigation with Hoagland

normal) all other treatments inhibited photosynthesis through stomatal closure, accelerated senescence, and

decreased biomass. Full irrigation with 12 dS m21 outperformed other stress treatments in terms of biomass

production and physiological performance. Biomass correlated positively with N and d15N, and negatively with Na+

across genotypes and fully irrigated treatments, while relationships across deficit irrigation conditions were weaker

or absent. D13C did not correlate with biomass across treatments, but it was the best trait correlating with

phenotypic differences in biomass within treatments. Tritordeum produced more biomass than durum wheat in all
treatments. Its low D13C and high K+/Na+ ratio, together with a high potential growth, may underlie this finding.

Mechanisms relating d15N and D13C to biomass are discussed.

Key words: D13C, d15N, durum wheat, leaf photosynthesis, potassium, salinity, sodium, triticale, tritordeum, water limitation.

Introduction

Water scarcity is the main factor limiting agricultural
productivity in the Mediterranean region (Araus, 2004).

This limitation is likely to increase in the future as climatic

change is expected to decrease precipitation and increase

evapotranspiration (World Bank, 2007; Lobell et al., 2008),

and at the same time competition for water resources due to

population growth and the development of economical

sectors other than agriculture (e.g. industry or tertiary
activities such as tourism) will also grow (Araus, 2004).

Under such circumstances agriculture will be limited by

reduced water supply and water of lower quality, particu-

larly for crops with a water productivity (i.e. cash per unit

water consumed) lower than that of horticultural or other

intensive crops (Hsiao et al., 2007). Deficit irrigation,

Abbreviations: Asat, light-saturated net CO2 assimilation rate; Ci/Ca, ratio of intercellular to ambient CO2 concentration; DI, DI-12 dS m�1 and DI-17 dS m�1, deficit
irrigation with normal nutrient solution, and with 12 dS m�1 and 17 dS m�1 conductivity nutrient solutions, respectively; FI, FI-12 dS m�1 and FI-17 dS m�1, full
irrigation with normal nutrient solution, and with 12 dS m�1 and 17 dS m�1 conductivity nutrient solutions, respectively; gs, stomatal conductance; Fv#/Fm#, efficiency
of excitation energy captured by open PSII reaction centres; T, transpiration rate; D13C, carbon isotope discrimination; d15N, nitrogen isotope composition.
ª The Author [2010]. Published by Oxford University Press [on behalf of the Society for Experimental Biology]. All rights reserved.
For Permissions, please e-mail: journals.permissions@oxfordjournals.org
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defined as the application of water below full crop water

requirements, is one of the alternatives to sustain pro-

ductivity (Fereres and Soriano, 2007). For durum wheat

under Mediterranean conditions, deficit irrigation may

improve water use efficiency (biomass produced per unit

water applied) as well as water productivity compared with

purely rainfed or fully irrigated crops (Oweis et al., 1998;

Hsiao et al., 2007).
Durum wheat is one of the most cultivated herbaceous

crops in the south and east Mediterranean basin

(www.fao.org/statistics/yearbook). These environments,

where durum and other cereals are cultivated, are charac-

terized by ‘terminal stress’ in the sense that drought

develops during the last part of the crop cycle. As this stress

occurs during the reproductive period, it may affect yield,

either impeding grain set or further affecting grain filling
(Garcı́a del Moral et al., 2003). Under such circumstances,

one possible way of increasing (or at least, stabilizing)

productivity in semi-arid environments is to apply supple-

mental irrigation during the reproductive part of the crop

cycle. As a drawback, the available water could be of low

quality, which may compromise yield and critically expose

soils to progressive salinization (World Bank, 2007).

Therefore it would be advisable to use genotypes with
improved salt tolerance (Munns et al., 2002; Munns, 2008).

This is particularly important in durum wheat, since it is

much more salt sensitive than other cereals such as barley

or even bread wheat (Munns et al., 2002).

Morphophysiological traits for breeding of salt tolerance

are extensively reviewed elsewhere (Munns and Tester,

2008, and references herein). They are based on the

understanding that the mechanisms of salinity tolerance fall
into any of the following categories: tolerance to osmotic

stress; Na+ exclusion from leaves; or tolerance of tissue to

accumulated Na+ (Munns and Tester, 2008). Moreover,

salinity also affects N metabolism, reducing, for example,

the levels and activity of nitrate reductase (Rao and

Gnanam, 1990; Foyer et al., 1998; Carillo et al., 2005). In

that regard, the stable nitrogen isotope signature (d15N) of

dry matter might be useful as a screening tool (Yousfi et al.,
2009), even though the mechanisms underlying the geno-

typic and environmental relationships between d15N and

biomass are not fully elucidated.

Nevertheless, salt tolerance is a complex phenomenon

where plant response depends on the phenological stage at

which stress is experienced (Munns et al., 2006). In this

context, the suitability of screening techniques may depend

not only on the severity of the saline conditions, but also on
the plant stage at which salinity is imposed (Leland et al.,

1989). Moreover, the interaction between deficit irrigation

and salinity may exacerbate the effect of salinity. Thus,

while a toxicity-mediated effect may take time to develop

(Munns, 2002), a premature senescence may also be pro-

duced if the drought effect is severe enough.

In a previous study (Yousfi et al., 2009), the genotypic

performance was evaluated during the first part of the plant
cycle under full irrigation with different saline conditions. It

was shown that nitrogen isotope composition (d15N) was

better for tracking genotypic differences in salinity tolerance

than carbon isotope discrimination (D13C) and other widely

accepted traits such as the accumulation and ratios of ions

such as Na+, K+, and Ca2+. However, for growth con-

ditions such as those resembling supplemental (either fully

or deficit) irrigation with brackish water during the later

stages (i.e. anthesis and grain filling) of the crop cycle, the

plant’s response to salinity and, therefore, the traits that
best reflect its performance, may be different. In fact, there

are differences in the specific stage at which the plant first

encounters salinity, and the duration of the stress may also

be variable.

In this work the response of durum wheat and related

amphiploids to either deficit irrigation or salinity, or both in

combination, that was imposed at anthesis was evaluated.

The main objective was to determine the most informative
physiological traits on genotypic performance within, as

well as across, growing conditions. To this end, two

outstanding recombinant inbred lines (RILs), along with

their common parents, of a population tested in an earlier

study under continuous salinity during the vegetative stage

were evaluated (Yousfi et al., 2009). These two RILs were

among the most salt tolerant in the entire population, while

they exhibited a high growth in the absence of stress. One
genotype each of the amphiploids triticale and tritordeum

was also included. These two cereals were obtained after

interspecific hybridization, having durum wheat as one of

the parents, and have been reported to be comparatively

better adapted to drought and salinity conditions than

durum wheat (Gallardo and Fereres, 1989; Giunta et al.,

1993; Martı́n et al., 1999, 2000; Villegas et al., 2010), and

therefore may represent a genetic bridge for the introgres-
sion of useful stress adaptation traits into wheat. Salinity

tolerance was defined as genotypic differences in ‘absolute’

shoot biomass after growing plants under several saline

conditions. Traits evaluated were the same as in Yousfi

et al. (2009). It is postulated that natural abundance

signatures of 13C and 15N measured in plant dry matter

may be better at tracking genotypic performance within and

across treatments than more conventional parameters such
as ion concentration (Yousfi et al., 2009).

Materials and methods

Plant material and growth conditions

The different species used in this study were durum wheat,
triticale, and tritordeum. Four durum wheat [Triticum turgidum
L. ssp. durum (Desf.) Husn.] genotypes were tested: two RILs
(here termed as RIL47 and RIL85), obtained by single seed
descent from the cross between Jennah Khetifa (also termed
‘Lahn’) and Cham 1 (hereafter Cham), and the two parents. This
cross was performed in 1991 at the Tel Hadya research station
(Aleppo province, Syria) by the CIMMYT/ICARDA durum
breeding programme for Mediterranean dryland (Nachit et al.,
2001). These two RILs are among the best lines selected from
a set of 112 belonging to the Jennah Khetifa3Cham population
evaluated in a previous study (Yousfi et al., 2009) for tolerance to
different levels of continuous salinity during the vegetative stage
(comprising from shortly after planting to booting). Jennah
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Khetifa is a landrace that shows specific adaptation to the North
African continental drylands, being tall and moderately resistant
to drought and cold. Cham is a variety that has been released
for commercial production in several countries of the Mediterra-
nean basin. It exhibits broad adaptation and has both high
yield potential and yield stability. A hexaploid tritordeum
(3Tritordeum Asch & Graeb) was also included, which is a fertile
amphiploid derived from crosses between Hordeum chilense
Roem. et Schult. and durum wheat. The genome of H. chilense
confers tritordeum with a certain degree of drought and salt
tolerance (Martı́n et al., 1999, 2000). The line tested was HT621
(reg. no. GP-7, PI 636334) developed and released in 2001 by the
Institute for Sustainable Agriculture (CSIC), Córdoba, Spain.
Although HT621 is not suitable for commercial cultivation due
to its brittle rachis, hard glumes, excessive height, and therefore
a low harvest index, it is very adapted to Mediterranean environ-
ments (Ballesteros et al., 2005). Triticale (3Triticosecale Wittm.)
is an allopolyploid obtained from combining the chromosomes of
wheat (Triticum spp.) and rye (Secale cereale L.). The variety
tested was Imperioso, a hexaploid triticale having durum wheat
as a parental line, registered in 2006 by Agrovegetal, S.A.,
Seville, Spain, and characterized by high and stable productivity
and good grain quality.
Plants were grown in a greenhouse at the Experimental Fields of

the University of Barcelona, Spain. Plants were planted in a mixture
of peat, perlite, and vermiculite (2:1:1). The average temperature
during the experiment was 26/18 �C day/night. Relative humidity
ranged from 50% to 68% and the maximum photosynthetic photon
flux density (PPFD) was ;1000 lmol m�2 s�1. Two seeds were
planted in 3 dm3 pots and watered to field capacity to facilitate
germination. After a week, only one plant was left per pot.
The combinations of two water regimes and three levels of

salinity were tested, accounting for a total of six different
treatments. Water regimes corresponded to full irrigation (FI)
(100% of container capacity) and deficit irrigation (DI) (35% of
container capacity), respectively. The three salinity levels were
1.8 dS m�1 (which corresponds to half-strength normal Hoagland
solution; Hoagland and Arnon, 1950), 12 dS m�1, and 17 dS m�1.
A completely randomized design was used to accommodate the
three-way factorial experiment, with genotype, water level, and
salinity stress as factors. Three single-pot replicates per factorial
combination were used, totalling 108 pots. All plants were
grown in the absence of water stress and supplied with a half-
concentrated Hoagland solution until heading. The DI regime was
imposed progressively over 1 week by decreasing irrigation, and
then the two salinity treatments were imposed by adding NaCl
progressively to the nutrient solution, starting with a salt concen-
tration of 4 dS m�1. This concentration was increased progres-
sively during 1 week to reach the final salt levels of 12 dS m�1

(;120 mM NaCl) or 17 dS m�1 (;170 mM NaCl). A total of six
treatments were studied: (i) FI, full irrigation (i.e. control) with
normal Hoagland solution; (ii) FI-12 dS m�1, full irrigation with
Hoagland solution at 12 dS m�1; (iii) FI-17 dS m�1, full irrigation
with Hoagland solution at 17 dS m�1; (iv) DI, deficit irrigation
with normal Hoagland solution; (v) DI-12 dS m�1, deficit
irrigation with Hoagland solution at 12 dS m�1; and (vi) DI-
17 dS m�1, deficit irrigation with Hoagland solution at 17 dS m�1.
The different treatments were fully established at anthesis and then
the plants were grown for ;3 weeks when they were harvested.
Plants were grown for a total of 4 months. Except for triticale,
which was 2–3 d earlier, all other genotypes reached anthesis
simultaneously.

Gas exchange measurements

Leaf gas exchange was measured at the end of treatments.
Measurements were made with an open IRGA LI-COR 6400
system (LICOR Inc., Lincoln, NE, USA). For each treatment and
genotype, measurements were carried out in three randomly

chosen, fully expanded flag leaf blades, each one from a different
pot, at 10–15 h (solar time) under saturated PPFD conditions
(>1200 lmol m�2 s�1), at a temperature of 25 �C, and chamber
CO2 concentration of 400 lmol mol�1. The gas exchange param-
eters were light-saturated net CO2 assimilation (Asat), transpiration
rate (T), and stomatal conductance (gs). Subsequently, the ratio of
intercellular to ambient CO2 concentration (Ci/Ca) was calculated
according to Sharkey and Raschke (1981). The efficiency of
excitation energy captured by open PSII reaction centres (Fv#/Fm#)
was also estimated in the same leaves.

Plant growth and leaf chlorophyll content

Chlorophyll content was measured in the same flag leaves
monitored for gas exchange. Four measurements were performed
from the middle of the leaf blade just before harvesting using
a portable meter (Minolta SPAD 502 Meter). The height of the
main shoot of each plant was measured with a ruler prior to
harvest, with a precision of ;1 mm. After harvesting, shoots were
oven dried at 70 �C for 48 h, weighed, and finely ground for
subsequent analyses.

Ion analysis

For each shoot sample analysed, 100 mg of dry material was
digested with 3 ml of concentrated HNO3 and 2 ml of H2O2. The
samples were placed overnight in a microwave at 90 �C. After
digestion, each sample was then brought up to 30 ml final
volume with pure water. The amount of Na+, Ca2+, K+, P, and
Mg2+ in the sample was then determined with an Inductively
Coupled Plasma Emission Spectrometer (L3200RL, Perkin
Elmer, Germany) at the Scientific Facilities of the University of
Barcelona. Ion concentrations were expressed as mmol per g of
dry weight.

Total nitrogen concentration and stable carbon and nitrogen

isotope signatures

Total nitrogen concentration and the stable carbon (13C/12C) and
nitrogen (15N/14N) isotope ratios in the shoots were measured
using an elemental analyser (Flash 1112 EA; ThermoFinnigan,
Germany) coupled with an isotope ratio mass spectrometer (Delta
C IRMS, ThermoFinnigan, Germany), operating in continuous
flow mode. Samples of ;1 mg and reference materials were
weighed into tin capsules, sealed, and then loaded into an
automatic sampler (ThermoFinnigan, Germany) prior to EA-
IRMS analysis. Measurements were carried out at the Scientific
Facilities of the University of Barcelona.
Nitrogen was expressed as either concentration (mmol per g of

dry weight) or total content (g) of the aerial part (shoot nitrogen).
The 13C/12C ratios were expressed in d notation (Coplen, 2008):

d13C¼ð13C=12CÞsample=ð13C=12CÞstandard�1 ðFarquhar et al:; 1989Þ
where ‘sample’ refers to plant material and ‘standard’ to Pee Dee
Belemnite (PDB) calcium carbonate. The same d notation was
used for the 15N/14N ratio (d15N), but in this case the standard
referred to N2 in air. Atropine was used as a system check in the
elemental analyses of nitrogen. International isotope secondary
standards of known 13C/12C ratios (IAEA CH7 polyethylene foil,
IAEA CH6 sucrose, and USGS 40 L-glutamic acid) were used for
calibration to a precision of 0.1&. For nitrogen, isotope secondary
standards of known 15N/14N ratios (IAEA N1 and IAEA N2

ammonium sulphate and IAEA NO3 potassium nitrate) were used.
The mean d15N of the fertilizer provided by the Hoagland solution
was 0.6 &.
The carbon isotope discrimination (D13C) of shoots was

calculated as:
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D13Cð&Þ¼�
d13Ca�d13Cp

�
=½1þðd13CpÞ=1000�;

where the subscripts a and p refer to air and the plant, respectively
(Farquhar et al., 1989). Air samples were taken inside the
greenhouse and analysed by the GC-C-IRMS technique, as
previously described in Nogués et al. (2004). Air analyses were
carried out at the Scientific Facilities of the University of
Barcelona. The d13Ca was –11.3&.

Statistical analysis

Data for the set of morphophysiological traits were subjected to
factorial analyses of variance (ANOVAs) to test for the effects of
treatment (irrigation, salinity), genotype, and their first- and
second-order interactions. Means were compared by Duncan’s test
(P <0.05). The morphophysiological data set was then subjected to
stepwise discriminant analyses to ascertain which traits best
discriminated between genotypic or treatment groups. The two
procedures made use of neither the ‘biomass’ variable (since it was
used as a dependent variable in subsequent stepwise regression
analyses) nor the ‘total shoot N’ variable (whose values were
tightly related to those of ‘biomass’). The ‘control’ (i.e. full
irrigation with normal nutrient solution) records were not included
in the discriminate analysis of treatment groups so as to highlight
differences in the data set that had only arisen from deficit
irrigation or salinity effects. The significance level corresponding
to the F-value for developing or retaining a specific trait was set at
P¼0.15. All traits that remained in the models once the stepwise
regression processes stopped were considered to discriminate
significantly between groups (either genotype or treatment). For
the selected traits, Hotelling’s T 2 statistics were calculated to test
for significance of between-group differences. Canonical discrimi-
nant analysis was then used to perform graphical representations
of the classifications. Either treatment means (for distinguishing
between genotype groups) or genotype means (for distinguishing
between treatment groups) across replicates were used as input for
the canonical analyses. In order to test the association between
biomass and the set of morphophysiological traits measured,
further linear stepwise models across genotypes were constructed
that were independent for each growing condition, with P¼0.05
as the criterion for variables to be either included or removed from
the model. Data were analysed using SPSS (SPSS Inc., Chicago,
IL, USA) and SAS (SAS Institute Inc., Cary, NC, USA) statistical
packages.

Results

The effect of treatments and genotypes on growth
parameters

Growing conditions other than control (FI) significantly
decreased aerial biomass, plant height, leaf chlorophyll,

nitrogen concentration, and total shoot nitrogen content

(Table 1). The combination of deficit irrigation and

salinity most affected all growth traits under study. Thus

FI-12 dS m�1 limited growth less than DI, while no

significant differences existed between the latter treatment

and FI-17 dS m�1. Genotypes significantly differed for all

traits, whereas significant interaction between genotype
and growing conditions (G3T) only existed for chloro-

phyll and N concentration (Table 1). Overall, Cham was

the genotype with the lowest biomass and shoot N

concentration across the four most stressful treatments

(FI-17 dS m�1, DI, DI-12 dS m�1, and DI-17 dS m�1),

while tritordeum and triticale showed the highest values at

DI and DI-12 dS m�1(Supplementary Table S1 available

at JXB online). Tritordeum and triticale also showed the

highest biomass in the absence of stress (FI). The relative

decrease (i.e. compared with FI) in biomass for each of the

six genotypes at any of the five stress treatments was also

studied. Overall, RIL47 was the genotype least affected

(i.e. showed the least reduction in biomass) by the various
treatments, followed by RIL85. In contrast, Cham and

triticale were usually the most affected genotypes (except

for DI-12 dS m�1), while tritordeum and Lahn showed

intermediate responses (Fig. 1).

The effect of irrigation, salinity, and genotype on
photosynthesis and stable isotope signatures

Compared with control, all the other treatments strongly

decreased in Asat, gs, Ci/Ca, T, Fv#/Fm#, D
13C, and d15N. FI-

17 dS m�1 and DI- 17 dS m�1 were the treatments that

most affected these traits, and DI was the treatment with
the least effect (Table 2). There were no differences for Asat

among treatments other than control, even though gs and T

were slightly, but significantly, higher at FI- 12 dS m�1 as

well as for DI. Treatment effect was higher than genotypic

effect for d15N, while the opposite occurred for D13C. Cham

showed the highest D13C value and the lowest records for

other traits, apart from gs. In turn, titordeum, followed by

triticale, showed the lowest D13C values. Transpiration, gs,
d15N, and D13C were the only traits not showing a significant

G3T intercation.

The effect of irrigation, salinity, and genotype on ion
concentration

Treatments significantly affected the concentration of ions

in the shoots. Thus, all treatments with saline water strongly

increased Na+, and slightly decreased K+, Ca2+, Mg2+, and

P, as compared with control conditions. Therefore, the

ratios K+/Na+ and Ca2+/Na+ decreased markedly. DI was

the treatment that affected ion concentration the least.

There were also genotypic differences for all traits, with

triticale exhibiting the highest K+/Na+ and Ca2+/Na+ ratios
(Table 3). Except for Ca2+, all ions and their selected ratios

showed significant genotype by treatment interactions.

Thus, for example, tritordeum and triticale showed the

highest K+/Na+ ratios under FI, FI-12 dS m�1, and DI, but

this was not the case for the other treatments (Supplemen-

tary Table S1 at JXB online).

Overall differences across treatments

The stepwise discriminant analysis indicated that 10 traits

contributed the most to the differentiation among treat-

ments. These were (ranked by order of inclusion in the
model): Na+, K+/Na+, leaf chlorophyll (SPAD), K+, d15N,

Fv#/Fm#, Ca
2+, T, N concentration, and plant height. Hotel-

ling’s T2-statistic testing for between-treatment differences

was significant for all pairwise comparisons. This was also

suggested by the outcome of a canonical discriminant
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analysis (Fig. 2), with most of the between-treatments to

within-treatments variability explained by the first two

canonical axes (CAN1 and CAN2). The discriminant

loadings for each variable (or simple correlations of the

variable and the discriminant scores for each axis), imposed

on the plot representation as attribute points, provided

a more complete interpretation of the analysis. Following

the direction denoted by these points, CAN1 was mainly
concerned with Na+, hence separating FI-17 dS m�1 (with

high Na+) from the other, lower Na+, treatments, which

tended to exhibit higher Ca2+, K+/Na+, T, Fv#/Fm#, and

d15N values and correspond to the three deficit irrigation

treatments. In turn, CAN2 corresponded closely to Ca2+,

K+, N concentration, and leaf chlorophyll, with FI-

12 dS m�1 as the only group having higher values of these

attributes.

Relationships between biomass and physiological traits
across treatments

Relationships between biomass and physiological variables

were assessed across full irrigation (i.e. combining FI, FI-12
dS m�1, and FI-17 dS m�1) and deficit irrigation (i.e. DI,

DI-12 dS m�1, and DI-17 dS m�1) treatments, indepen-

dently. Overall, biomass was negatively related to Na+

concentration and positively related to the ratio K+/Na+.

However, relationships were not linear and they followed

Table 1. Effect of different levels of salinity, water stress, and the combination of the two stresses on the shoot biomass and nitrogen (N)

concentration, the total shoot nitrogen content, plant height, and chlorophyll content of the flag leaf of durum wheat (Cham, Lahn, RIL47,

and RIL85), triticale (Imperioso), and tritordeum (HT621)

For each genotype values shown are the means of three repetitions. The means followed by different letters were significantly different (P <0.05)
by Duncan’s test. The associated sum of squares and probabilities (ns, not significant; **P <0.01; ***P <0.001) are shown.

Biomass
(g)

Plant height
(cm)

Leaf chlorophyll
(SPAD units)

Shoot N concentration
(mmol g�1 DW)

Total shoot
N (g)

Genotype

Cham 51.08 a 66.36 ab 20.74 b 2.32 a 1.42 a

Lahn 64.88 b 66.65 ab 23.37 bc 2.57 b 1.88 abc

RIL47 63.39 b 74.94 c 28.07 d 2.72 b 1.84 abc

RIL85 62.27 ab 70.05 b 25.44 cd 2.20 a 1.55 ab

Triticale 68.56 b 81.50 d 21.49 b 2.65 b 2.07 c

Tritordeum 67.50 b 64.52 a 15.86 a 2.82 b 2.00 bc

Treatment

FI 121.81 d 78.65 c 48.90 d 3.94 e 4.75 d

FI-12 dS m�1 73.00 c 73.89 bc 31.12 c 2.76 d 2.00 c

FI-17 dS m�1 58.33 b 68.33 a 17.81 b 2.30 bc 1.35 b

DI 60.06 b 70.07 ab 15.67 b 2.11 b 1.29 b

DI-12 dS m�1 39.17 a 68.76 a 14.45 b 2.41 c 0.95 a b

DI-17 dS m�1 29.18 a 65.06 a 10.12 a 1.79 a 0.55 a

ANOVA

G 3693.27** 3506.95*** 924.81*** 6.40*** 6.93***

T 73367.21*** 1916.70*** 15364.23*** 42.60*** 161.98***

G3T 10805.36 ns 1335.46 ns 3036.73*** 6.54*** 12.33 ns

FI, full irrigation (i.e. control) with normal Hoagland solution; FI-12 dS m�1, full irrigation with Hoagland solution at 12 dSm�1; FI-17 dSm�1, full
irrigation with Hoagland solution at 17 dS m�1; DI, deficit irrigation (35% pot capacity) with normal Hoagland solution; DI-12 dS m�1, deficit
irrigation with Hoagland solution at 12 dS m�1; DI-17 dS m�1, deficit irrigation with Hoagland solution at 17 dS m�1; G, genotype; T, treatment;
G3T: genotype by treatment interaction.

Fig. 1. Relative decrease in shoot biomass of the six different

genotypes under the different growing conditions compared with

control conditions. For each genotype and growing condition

values are expressed as a percentage of the average of the same

genotype under full irrigation with Hoagland solution (FI). FI-S1, full

irrigation with Hoagland solution at 12 dS m�1; FI-S2, full irrigation
with Hoagland solution at 17 dS m�1; DI, deficit irrigation with

normal Hoagland solution; DI-S1, deficit irrigation with Hoagland

solution at 12 dS m�1; DI-S2, deficit irrigation with Hoagland

solution at 17 dS m�1.
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a different pattern under full irrigation compared with
deficit irrigation (Fig. 3A, B). Nitrogen concentration was

related positively to biomass, but the linear relationship was

different across the two irrigation regimes (Fig. 4). d15N
also correlated positively with total biomass, but only when

full irrigation treatments were combined, while no correla-

tion existed across deficit irrigation treatments (Fig. 5A).

D13C did not relate to biomass across full irrigation or

deficit irrigation treatments (Supplementary Fig. S1A at
JXB online). However the ratio Ci/Ca was positively related

to biomass across treatments, although again full and deficit

irrigation followed different patterns (Supplementary Fig.

S1B at JXB online).

Overall genotypic differences

The stepwise discriminant analysis indicated that nine
attributes contributed the most to the differentiation among

genotypes. These were (ranked by order of inclusion in the

model): D13C, plant height, P, K+/Na+, d15N, Ci/Ca, Ca
2+,

Mg2+, and N concentration. However, Hotelling’s T2-

statistic testing for between-genotypes differences was

in some cases not significant. In particular, Lahn was not

statistically distinguishable from RIL85 (P¼0.25), nor was

RIL47 from RIL85 (P¼0.12). This was also suggested by
the outcome of a canonical discriminant analysis (Fig. 6),

with most of the between-genotypes to within-genotypes

variability explained by the first two canonical axes (CAN1

and CAN2). The discriminant loadings for each variable,

imposed on the plot as attribute points, provided a better

interpretation of the analysis. The first dimension correlated
closely (and negatively) with D13C and P, and separated the

two amphiploids (tritordeum and triticale) from the durum

wheat genotypes satisfactorily. Differences between durum

wheat genotypes were smaller. Even so, Cham was placed

away from the other three durum wheat genotypes. On the

one hand, RIL47 and RIL85 (as well as tritordeum) had

centroids with positive values of CAN2, which was basically

related to higher plant height, d15N, and Mg2+ values. On
the other hand, Cham (and also triticale) displayed a nega-

tive value for this dimension, while Lahn occupied an

intermediate position in the figure.

Both tritordeum and triticale exhibited the highest bio-

mass and the lowest D13C, d15N, and Na+ content, and the

highest K+/Na+ ratio under FI and DI (Supplementary

Table S1 at JXB online). Tritordeum also exhibited the

highest biomass at FI-12 dS m�1 and FI-17 dS m�1,
followed by Lahn and the two RILs, respectively. Under

FI-12 dS m�1 a high biomass was again accompanied by

low D13C and Na+, together with high K+/Na+ and Ci/Ca

ratios. Triticale and tritordeum also showed the highest

biomass at DI-12 dS m�1 and DI-17 dS m�1, respectively,
while Lahn ranked second in both cases. Triticale also

showed the highest Ci/Ca and Asat at DI-12 dS m�1,
together with the lowest Na+ and the highest K+/Na+ ratio.
In turn, tritordeum showed the highest N concentration and

Asat at DI-17 dS m�1, together with the lowest D13C. Cham

was the genotype with the least growth in most treatments

(Supplementary Table S1 at JXB online). On the other

hand, Cham and triticale were the genotypes exhibiting the

Table 2. Effect of different levels of salinity, water stress, and the combination of the two stresses on leaf net CO2 assimilation (Asat),

stomatal conductance (gs), the ratio of intercellular to ambient CO2 concentration (Ci/Ca), the transpiration rate (T), efficiency of excitation

energy capture by open PSII reaction centres (Fv#/Fm#), stable carbon isotope discrimination (D13C), and stable nitrogen isotope

composition (d15N) of durum wheat (Cham, Lahn, RIL47, and RIL85), triticale (Imperioso). and tritordeum (HT621)

Gas exchange measurements were performed in flag leaf blades and stable isotopes analysed in shoots sampled ;3 weeks after anthesis.
Abbreviations for treatments and ANOVA analysis are as defined in the footnotes of Table 1. Means followed by different letters were significantly
different (P <0.05) by Duncan’s test. The associated sum of squares and probabilities (ns, not significant; **P <0.01; ***P <0.001) are shown.

Asat

(mmol CO2 m
�2 s�1)

gs

(mol CO2 m
�2 s�1)

Ci/Ca Fv#/Fm# T
(mmol H2O m�2 s�1)

D13C
(&)

d15N
(&)

Genotype

Cham 4.62 a 0.07 ab 0.29 a 0.18 a 0.98 a 21.12 c 3.41 a

Lahn 5.70 bc 0.09 ab 0.32 a 0.30 bc 1.66 bc 20.93 bc 5.03 cd

RIL47 5.74 bc 0.06 ab 0.37 ab 0.25 ab 1.47 ab 21.47 d 5.96 e

RIL85 5.11 ab 0.05 a 0.34 a 0.22 ab 1.10 ab 20.90 bc 5.37 de

Triticale 6.89 c 0.10 b 0.51 c 0.39 d 2.19 c 20.84 b 4.44 bc

Tritordeum 5.55 b 0.06 ab 0.46 bc 0.36 cd 1.20 ab 20.34 a 4.13 ab

Treatment

FI 22.14 b 0.35 b 0.80 d 0.66 d 6.03 d 21.30 c 7.27 c

FI-12 dS m�1 2.76 a 0.02 a 0.33 b 0.22 b 0.75 bc 20.89 ab 4.31a

FI-17 dS m�1 1.99 a 3310–3 a 0.16 a 0.02 a 0.08 a 20.72 a 3.60 a

DI 2.68 a 0.04 a 0.61 c 0.38 c 1.38 c 21.12 bc 5.61 b

DI-12 dS m�1 2.72 a 0.02 a 0.20 a 0.36c 0.51ab 21.06 bc 4.46 a

DI-17 dS m�1 1.80 a 0.02 a 0.20 a 0.09 a 0.38 ab 20.75 a 3.59 a

ANOVA

G 53.43*** 0.02 ns 0.68*** 0.66*** 18.95*** 9.61*** 70.70***

T 4441.68*** 1.46*** 5.42*** 4.45*** 368.02*** 3.4 *** 125.51***

G3T 145.82** 0.07 ns 1.18*** 1.33*** 21.45 ns 5.38 ns 42.94 ns
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highest relative decrease in biomass at both fully and deficit

irrigation conditions as a response to Na+ accumulated in

the plant (Supplementary Fig. S2 at JXB online).

Relationships between biomass and physiological traits
across genotypes

Stepwise regressions were performed for each growing

condition using biomass as the dependent variable and

combining all individual measurements for the six geno-
types (Table 4). Except for the most severe treatment (DI-

17 dS m�1), the first trait selected was related to plant

photosynthetic performance; either gs (FI), D13C (FI-

12 dS m�1 and FI-17 dS m�1), or Ci/Ca (DI and DI-

12 dS m�1). Moreover, D13C ranked second in the selection

process under DI and DI-12 dS m�1, and Ci/Ca also ranked

second at DI-17 dS m�1 (Table 4). D13C and biomass were

negatively correlated within each treatment except for FI
and DI-17 dS m�1 (Fig. 7A, B). Ci/Ca had a positive

influence on biomass under DI and DI-12 dS m�1, while it

had a negative influence under DI-17 dS m�1, the most

severe treatment. A positive influence of K+/Na+ on bio-

mass was only detected under FI-17 dS m�1. A high N

content was chosen as the first trait at DI-17 dS m�1.

Discussion

Growing conditions and genotypes both differed signifi-

cantly for biomass and plant height; traits that can be

considered useful for screening durum wheat germplasm

Table 3. Effect of different levels of salinity, water stress, and the combination of the two stresses during growth on the ion

concentration of shoots of durum wheat (Cham, Lahn, RIL47, RIL85), tritordeum (Imperioso), and triticale (HT621)

Measurements were performed ;3 weeks after anthesis. Abbreviations for treatments and ANOVA analysis are as defined in the footnotes of
Table 1. The values shown are the means of three replicates of each genotype. Concentrations are expressed as mmol per g of dry weight.
Means followed by different letters are different by Duncan’s test (P <0.05). The associated sum of squares and probabilities (ns, not significant;
** P <0.01; *** P <0.001) are shown.

Na+ K+ Ca2+ Mg2+ P K+/Na+ Ca2+/Na+

Genotype

Cham 0.87 a 1.14 ab 0.20 d 0.14 a 0.24 d 5.11 a 0.94 a

Lahn 1.07 b 1.22 bc 0.16 b 0.15 a 0.22 c 6.90 a 1.04 a

RIL47 0.73 a 1.19 bc 0.18 c 0.14 a 0.19 b 6.14 a 1.03 a

RIL85 0.85 a 1.18 ab 0.19 c 0.15 a 0.20 c 5.24 a 0.91 a

Triticale 0.82 a 1.26 c 0.14 a 0.15 a 0.18 b 23.20 b 3.17 b

Tritordeum 1.05 b 1.13 a 0.19 c 0.18 b 0.16 a 6.90 a 1.20 a

Treatment

FI 0.07 a 1.32 d 0.27 d 0.18 d 0.22 c 31.50 d 5.59 c

FI-12 dS m�1 0.92 c 1.23 c 0.20 c 0.17 d 0.18 ab 1.94 ab 0.30 a

FI-17 dS m�1 3.31 d 1.10 b 0.11 a 0.01 a 0.17 a 0.34 a 0.03 a

DI 0.09 a 1.27 cd 0.17 b 0.15 c 0.21 c 17.40 c 2.25 b

DI-12 dS m�1 0.34 b 1.00 a 0.15 b 0.14 bc 0.20 b 3.30 b 0.52 a

DI-17 dS m�1 0.45 b 1.20 c 0.14 b 0.13 b 0.21 c 3.88 b 0.49 a

ANOVA

G 1.16*** 0.18** 0.04*** 0.02*** 0.05*** 7548.82*** 142.24***

T 133.61*** 1.07*** 0.20*** 0.07*** 0.03*** 16304.85*** 473.80***

G3T 7.78*** 1.47*** 0.01 ns 0.01** 0.03*** 20877.91*** 472.97***

Fig. 2. Plot of the centroids (mean values) and their 95%

confidence ellipses for the first two canonical variables of full and

deficit irrigation treatments. Rescaled discriminant loadings of the

explanatory variables are included in the plots. Abbreviations for

treatments are as defined in the legend of Fig. 1. Full irrigation with

normal Hoagland solution was not included in the analysis.

Abbreviations of variables are as follows: d15N, stable nitrogen

isotope composition; Fv#/Fm#, efficiency of excitation energy

capture by open PSII reaction centres; height, plant height; K+,

Na+, Ca2+, dry matter concentrations of K+, Na+, and Ca2+,

respectively; K+/Na+, ratio of K+ to Na+ concentrations in dry

matter; N, nitrogen concentration; SPAD, leaf chlorophyll content;

T, transpiration rate. Except for ion concentrations and ratios,

which were analysed in the whole shoot, and plant height, all other

parameters were measured in the flag leaf blade.
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under salinity and water stress (Islam and Sedgley, 1981;
Nicolas et al., 1993; Munns and James, 2003). Compared

with control conditions (FI), all treatments decreased plant

height and shoot biomass, but plant height was far less

affected than biomass because salinity and water stress were

applied during the reproductive stage (i.e. late in the crop

cycle). Thus, while biomass at DI-17 dS m�1 was reduced

by ;75% relative to the control, plant height was reduced

by just 17%. Even shoot biomass decreased by 40% under
FI-12 dS m�1, which is in line with the ;50% decrease

reported in previous studies using similar levels of salinity

(Ayers and Westcot, 1989; Yousfi et al., 2009), but

represented a reduction in height of only 6%.

FI-12 dS m�1, after the control (FI), was the second best

treatment in terms of biomass, while the most stressful

treatments resulted from a combination of deficit irrigation

with saline water (DI-12 dS m�1 and DI-17 dS m�1). A

major difference between the full irrigation treatments with
saline solution versus deficit irrigation (even if with no

saline solution) is the total amount of water available.

Under fully irrigated treatments, a large (essentially un-

limited) amount of water at a constant, low water potential

is available. Durum wheat and other cereals may adjust

osmotically under saline conditions through the incorpora-

tion of available ions such as Na+, which allows plants to

access water in the substrate for growth (Munns, 2002; Cuin
et al., 2009). Thus in the present study, Na+ concentration

in shoots increased as the amount of salt provided in the

growing medium increased, reaching the highest value at

FI-17 dS m�1. These Na+ concentrations at least doubled

those reported in previous studies with durum and bread

wheat exposed to saline conditions during the vegetative

stage (Husain et al., 2004; Yousfi et al., 2009). In the current

work, salinity treatments were imposed on plants with fully
developed leaves, so no dilution effect was produced as new

leaves appeared.

On the other hand, the two most stressful treatments in

terms of biomass (DI-12 dS m�1 and DI-17 dS m�1)
induced very low Na+ concentration (0.34–0.45 mmol g�1

DW) and K+/Na+ ratios far higher (between 3 and 4) than

those reported by Yousfi et al. (2009) under FI-12 dS m�1

and FI-17 dS m�1. Only FI-17 dS m�1 produced a K+/Na+

ratio <0.5, comparable with those reported previously for

vegetative durum wheat at FI-12 dS m�1 (Yousfi et al.,

2009).

Plant growth responds to salinity in two phases: a rapid,

osmotic phase that parallels that of drought stress; and

a slower, ionic phase that accelerates the senescence of

mature leaves (Munns and Tester, 2008). In spite of higher

Na+ accumulation and lower K+/Na+ ratios, full irrigation
with saline solutions delayed senescence compared with

Fig. 3. Exponential relationship between biomass and (A) the Na+ concentration and (B) the K+/Na+ ratio in shoots across the six

genotypes (four of durum wheat, one of triticale, and one of tritordeum) assayed under full irrigation (filled circles: FI, FI-S1, and FI-S2)

and deficit irrigation (open circles: DI, DI-S1, and DI-S2) conditions. Each point represents the individual value for a given replication and

genotype within a growing condition. Plants were sampled ;3 weeks after anthesis after 3 weeks of treatments. Abbreviations for

treatments are as defined in the legend of Fig. 1.

Fig. 4. Relationship between biomass and the nitrogen concen-

tration in the shoot across the six genotypes (four of durum wheat,

one of triticale, and one of tritordeum) assayed under full irrigation

(filled circles: FI, FI-S1, and FI-S2) and deficit irrigation (open

circles: DI, DI-S1, and DI-S2) conditions. Each point represents the

individual value for a given replication and genotype within

a growing condition. The coefficient of regression for the linear

relationship combining all data of the six treatments together was

0.66. Abbreviations of treatments are as defined in the legend of

Fig. 1. **P <0.01
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deficit irrigation with similar saline solutions; this is

supported by a higher N concentration and SPAD values

in the former treatments. Moreover, salinity is reported to
have a strong effect of accumulating amino acids (mostly

proline and glycine betaine) in durum wheat leaves, which

may act as protective compounds (Carillo et al., 2008).

Effect of treatments on gas exchange and D13C

Compared with control, all the other treatments induced

a decrease in photosynthetic rates. Besides an accelerated

senescence, the drop in photosynthesis also seems to be due

to stomatal limitation, as concluded from the drop in the

Ci/Ca ratio. This is in agreement with previous reports on

durum and bread wheat (Ouerghi et al., 2000; Zheng et al.,

2008; Yousfi et al., 2009), triticale (Morant-Manceau et al.,
2004), and other species (Isla et al., 1998; Rasmuson and

Anderson, 2002; Shaheen and Hood-Nowotny, 2005).

Flexas et al. (2004) conclude that salt and drought stress

predominantly affect diffusion of CO2 in the leaves through

a decrease of stomatal and mesophyll conductances, but not

the biochemical capacity to assimilate CO2.

The Ci/Ca measured at the end of the treatment showed

a positive relationship with biomass (Supplementary Fig.
S1B at JXB online). However, a time-integrative estimate of

Ci/Ca such as D13C did not correlate with biomass across

treatments (Supplementary Fig. S1A at JXB online). In the

present study, salinity decreased D13C by just 0.03& and

0.02& per unit increase in electrical conductivity (EC)

under full irrigation and deficit irrigation conditions, re-

spectively. These values are about one order of magnitude

lower than those reported for durum wheat leaves (Yousfi
et al., 2009) and barley kernels (Isla et al., 1998) under long-

term salinity conditions, and even 3–5 times smaller than

those reported for wheat leaves grown in pots (Shaheen and

Hood-Nowotny, 2005) and barley shoots under hydropon-

ics (Handley et al., 1997) exposed to salinity for short

periods. It is likely that in the present study, shoot D13C

reflects the plant carbon assimilation history as weighed by

the impact of the pre- and reproductive phases (i.e. before
and after imposing the treatment) on plant functioning.

Effect of treatments on d15N

In the present study d15N decreased about 0.2& and 0.12&
per unit increase in ECs under full irrigation and deficit

Fig. 5. Relationship between the nitrogen isotope composition

(d15N) of shoots and (A) the shoot biomass, (B) the nitrogen

concentration, and (C) the total nitrogen content of shoots across

the six genotypes assayed under full irrigation (filled circles: FI, FI-

S1, and FI-S2) and deficit irrigation (open circles: DI, DI-S1, and

DI-S2) conditions. Each point represents the individual value for

a given replicate and genotype within a growing condition.

Abbreviations of treatments are as defined in the legend of Fig. 1.

ns, not significant; **P <0.01

Fig. 6. Plot of the centroids (mean values) and their 95%

confidence ellipses for the first two canonical variables of durum

wheat, triticale, and tritordeum genotypes. Rescaled discriminant

loadings of the explanatory variables are included in the plots.

Abbreviations of variables are as in Fig. 2 and Tables 2 and 3.
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irrigation conditions, respectively. Yousfi et al. (2009)

reported a nearly 0.2& decrease in shoot d15N per unit

increase in ECs. Several studies on barley under hydropon-

ics have reported rates of shoot d15N that decreased by

nearly half (Ellis et al., 1997; Handley et al., 1997), probably

due to the fact that barley is more tolerant to salinity than

durum wheat, and salinity conditions were mild (Munns

et al., 2002). Deficit irrigation also reduced d15N as
compared with control conditions (Robinson et al., 2000;

Raimanová and Haberle, 2010). However, in other studies

with different species including cereals (Handley et al., 1999;

Lopes et al., 2004; Lopes and Araus, 2006) water stress

caused an increase in d15N, which suggests that drought

affects plant d15N in a different way from salinity.

Isotope fractionation of nitrogen may occur during

uptake from the medium into root cells, or during sub-
sequent enzymatic assimilation into other N forms. Further

fractionation may also occur if biochemical components of

varying isotopic composition are lost through translocation,

exudation, or volatilization (Evans, 2001; Pritchard and

Guy, 2005). Reduced stomatal conductance, due to either

salinity or water stress, or a combination of both factors,

should lead to a reduction in the loss of ammonia and

nitrous oxide, decreasing d15N (Farquhar et al., 1980; Smart
and Bloom, 2001). In fact, D13C and d15N were positively

related across treatments, and the same pattern was

observed considering either full or deficit irrigation (Supple-

mentary Fig. S3A at JXB online). A positive relationship

between D13C and d15N has also been reported for durum

wheat seedlings across full irrigation treatments (Yousfi

et al., 2009). Moreover, d15N correlated positively with

Ci/Ca (Supplementary Fig. S3B at JXB online), as well as
with gs and transpiration (r¼0.61 and 0.69, P <0.01,

respectively) across full irrigation treatments. Ci/Ca may

integrate leaf permeability together with the functional

status of a major N pool (carboxylation enzyme), which

would explain why d15N correlates with Ci/Ca better than

with gs or with transpiration.

Mechanisms other than N loss may also lead to salinity

increasing the discrimination against 15N, such as a high

external N concentration relative to a modest demand

(Mariotti et al., 1982). Consequently, the suboptimal
growing conditions associated with any stress may produce

a decrease in demand relative to a constant external N

concentration. This may have the same effect as increasing

the external concentration (Mariotti et al., 1982), leading to

greater isotopic discrimination (Vitousek et al., 1989;

Handley et al., 1997). Thus the positive relationship found

between d15N and biomass might be due to differences

across treatments in d15N being associated with assimilation
capacity and N demand (Robinson et al., 2000; Pritchard

and Guy, 2005; Coque et al., 2006). In this regard, a positive

relationship across growing conditions between d15N and

biomass has already been reported in durum wheat (Yousfi

et al., 2009). Alternatively, Handley et al. (1997) suggest

that salt stress would make d15N less positive than in

controls due to down-regulation of assimilating enzymes.

Thus the N concentration decreases with increased salinity
under full irrigation, and this would agree with a decrease in

plant enzyme activity. In fact 15N/14N fractionation may

occur during either nitrate assimilation by nitrate reductase

or ammonium assimilation by glutamine synthetase (Evans,

2001). These two enzymes have apparently similar in vitro

discrimination factors (Ledgard et al., 1985; Yoneyama

et al., 1993), and their activity is reduced by salinity in

wheat (Carillo et al., 2005). However, other works indicate
that moderate salinity levels (100–150 mM NaCl) in wheat

increase activities of glutamine synthetase while decreasing

Table 4. Multiple linear regressions (stepwise) explaining biomass variation across genotypes in each growing condition as a dependent

variable, and all the physiological parameters (plant height, ion concentrations and ratios, gas exchange traits, nitrogen concentration,

and chlorophyll content and stable isotope signatures) measured (excluding total shoot N) in the same particular growing condition as

independent variables

Abbreviations for treatments and ANOVA analysis are as defined in the footnotes of Table 1. For the calculations all the individual
measurements of the six different genotypes were used (n¼ 8). **P <0.01; ***P <0.001.

Model treatments Variable chosen R2 Final stepwise model

Biomass FI gs 0.44*** 199.7 gs+53.7

Biomass FI-12 dS m�1 D13C 0.52*** –16.6 D13C–2.6 Asat+434.8

D13C, Asat 0.64 ***

Biomass FI-17 dS m�1 D13C 0.61*** –38.8 D13C+75.7 K+/Na++858.4

D13C, K+/Na+ 0.74***

Biomass DI Ci/Ca 0.23** 27.6 Ci/Ca–10.1 D13C+261.8

Ci/Ca, D
13C 0.50**

Biomass DI-12 dS m�1 Ci/Ca 0.51*** 43.5 Ci/Ca–7.9 D13C+202.5

Ci/Ca, D
13C 0.73***

Biomass DI-17 dS m�1 N 0.42*** 11.45 N–16.4 Ci/Ca+11.96

N, Ci/Ca 0.57***

The table show only the parameters significantly entering in the models. gs, stomatal conductance; D13C, shoot carbon isotope discrimination;
K+/Na+, ratio of potassium to sodium, Ci/Ca, the ratio of intercellular to ambient CO2 concentration; N, leaf nitrogen concentration.
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levels of nitrate reductase (Wang et al., 2007; Carrillo et al.,

2008), whereas at 300 mM the activity of glutamine
synthetase decreases (Wang et al., 2007). In agreement with

d15N changes mediated by a decrease in enzyme activity due

to salinity, when genotypes were combined across growing

conditions under full irrigation, d15N positively correlated

not just with biomass but also with N concentration

(Fig. 5B) and total shoot nitrogen content (Fig. 5C). Similar

results were reported by Yousfi et al. (2009), but Handley

et al. (1997) did not find such relationships; in this latter
case, the salinity treatment imposed was probably too short

to modify nitrogen content and shoot biomass.

It may be concluded that regardless of the mechanism(s)

affecting plant d15N, this trait seems to relate to the plant’s

ability to use available nitrogen. Moreover, under the present

experimental conditions, N concentration and d15N are better

at reflecting differences in biomass caused by short-term

treatments applied at the end of the crop cycle than D13C.
This reflects the far less mobile nature of carbon, mostly

accumulated in support structures (i.e. cell walls) that were

already developed before imposition of treatment, compared

with the N invested in metabolism, which is more affected by

differences in the current growing conditions, including

accelerated senescence and remobilization to growing grains.

Relationships of biomass to physiological traits across
treatments and genotypes

Relationships of biomass to the physiological traits included

in this study (Na+, Na+/K+, Ci/Ca, N, and d15N) were

different across full irrigation from deficit irrigation treat-

ments, and usually stronger in the first case. This may

reflect the different nature of drought and salinity (Chaves
et al., 2009), and consequently the potential interactions

between both stresses.

In a previous study d15N, rather than D13C, was the best

informative trait on genotypic differences in tolerance to

salinity (Yousfi et al., 2009). In the present study, the

genotypic effect for D13C was much more relevant than the

treatment factor, while the reverse was true for d15N. The

phenotypic negative association between D13C and biomass
for each stress treatment suggests that genotypes with lower

gs (and, thus, less transpiration) were most tolerant. A

negative relationship between biomass and D13C has also

been reported by Yousfi et al. (2009) at 12 dS m�1. For

barley, Isla et al. (1998) reported a positive correlation

between D13C and grain yield in the absence of stress,

whereas no association was observed under highly saline

conditions. Munns and James (2003) suggest that screening
for high gs may be the most effective way of selecting

genotypes that will grow fast in saline soil. In the present

study, however, gs was not chosen as a variable related to

biomass in the stepwise analysis, which may be due to the

fact that all treatments other than control induced very low

gs values. It was only under control conditions that gs
entered the model, with genotypes having higher gs yielding

more. Instead, Ci/Ca, probably associated with gs, was
included as the first trait in the stepwise models for DI and

DI-12 dS m�1.

Physiological mechanisms of genotypic performance

The results suggest that a superior growth potential (i.e. in

the absence of stress) may confer a better performance in

terms of total biomass under the different salinity and

drought combinations. Thus, tritordeum and Cham were

genotypes with the most and least biomass, respectively,

under control conditions, but also under the different stress

treatments. Previous studies also support a positive role for

constitutive high growth, rather than high physiological
tolerance (i.e. small phenotypic plasticity) (Rawson et al.,

1988; Isla et al., 1998; Yousfi et al., 2009), conferring

adaptation to salinity.

Besides its high potential growth under control condi-

tions, tritordeum also exhibited the lowest D13C across

treatments, while durum wheat genotypes, particularly

Cham, showed the highest values (Supplementary Table S1

at JXB online). Tritordeum has higher water use efficiency
than wheat (Martin et al., 1999) probably associated with

a constitutively (i.e. in the absence of stress) low gs
(Aranjuelo et al., 2009). On the other hand, the genome of

H. chilense seems to confer a certain degree of tolerance to

drought and salt on this cereal (Martı́n et al., 2000). Thus,

Fig. 7. Relationship between stable carbon isotope discrimination

(D13C) and shoot biomass across the six genotypes within each of

the six growing conditions assayed. Each point represents the

individual value for a given replication and genotype within

a growing condition. ns, not significant; *P <0.05; **P <0.01.

Abbreviations of treatments are as defined in the legend of Fig. 1.
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tritordeum has been reported to maintain greater gs than

wheat and triticale under water deficit conditions (Gallardo

and Fereres, 1989), which agrees with the present results

under DI. Triticale was, together with tritordeum, the best

genotype in terms of biomass at DI and DI-12 dS m�1

(Supplementary Table S1 at JXB online). Giunta et al. (1993)

conclude that triticale is more drought resistant than durum

wheat due (at least in part) to its greater ability to extract
water from the soil. Aranjuelo et al. (2009) also reported

higher gs values in triticale compared with wheat and

tritordeum. In the present study, however, it did not show

a consistently higher gs than durum wheat genotypes at the

end of treatments DI and DI-12 dS m�1. Rather the opposite

was seen, as triticale (as tritordeum) showed lower D13C than

durum wheat, which suggests lower gs during the period of

treatment.
Differences in Na+ accumulation may also be involved in

genotypic performance under saline conditions (Zheng

et al., 2008), which suggests that toxic ions may accumulate

more in the susceptible genotypes due to higher transpira-

tion. Thus, and except for the two treatments with the

highest salinity level (17 dS m�1), tritordeum and triticale

exhibited a lower accumulation of Na+ and higher K+/Na+

ratio than the four durum wheat genotypes. Na+ exclusion
and a subsequent high K+/Na+, usually from leaves and

shoots, have been proposed as screening traits for tolerance

to moderate salinity (e.g. Dvorak et al., 1994; Chhipa

and Lal, 1995; Colmer et al., 2005; Yousfi et al.,

2009). Moreover, both triticale and tritordeum showed the

highest N concentration in the most stressful treatments

(17 dS m�1) while, compared with control, d15N decreased

the least across saline treatments. In fact, triticale is
reported as tolerant to salinity (Morant-Manceau et al.,

2004), with thylakoid functions being preserved and senes-

cence delayed in salt stress conditions.

Among durum wheat genotypes the two RILS per-

formed slightly better in terms of biomass and senescence

than Lahn, and consistently better than Cham, the other

parent. In fact, Cham showed higher D13C together

with lower K+/Na+ ratios and concentrations of ions other
than Na+. This genotypic ranking agrees with Yousfi et al.

(2009), and suggests that genetic variability for

salinity tolerance in durum wheat is maintained through

the entire crop cycle. Therefore, genotypic evaluation

during the first part of the crop cycle (perhaps even at the

seedling stage) may be a valid option to select for salt

tolerance in durum wheat. This study also points to

tritordeum and, to a lesser extent, triticale as potential
sources to introgress genes for tolerance to salinity,

drought, or, what is most common under field conditions,

both stresses in combination.

Supplementary data

Supplementary data are available at JXB online.

Figure S1. Relationship between biomass and (A) the

carbon isotope discrimination (D13C) of shoots and (B) the

intercellular to ambient CO2 concentration (Ci/Ca) of flag

leaves across the six genotypes assayed under full irrigation

(filled circles: FI, FI-S1, and FI-S2) and deficit irrigation

(open circles: DI, DI-S1, and DI-S2) conditions. Each point

represents the individual value for a given replicate and

genotype within a growing condition. Gas exchange meas-

urements and shoot sampling were performed ;3 weeks

after anthesis. Abbreviations of treatments are as defined in
the legend of Fig. 1.

Figure S2. Relationship between biomass and Na+ values

across treatments. Biomass is expressed as a percentage of

the value reached by each genotype grown in the absence of

salinity, and Na+ is expressed as the absolute difference

between Na+ concentration in shoot dry matter in the

presence or absence of salinity for a given genotype. Left:

full irrigation treatments (normal Hoagland, 12 dS m�1,
and 17 dS m�1). Right: deficit irrigation treatments (normal

Hoagland, 12 dS m�1, and 17 dS m�1). Circles represent the
average genotypic value for each treatment.

Figure S3. Relationship between the nitrogen isotope

composition (d15N) of shoots and (A) the carbon isotope

discrimination (D13C) of shoots and (B) the ratio of

intercellular to ambient CO2 concentration (Ci/Ca) of flag

leaves at the end of the treatment across the six genotypes
assayed under full irrigation (filled circles: FI, FI-S1, and

FI-S2) and deficit irrigation (open circles: DI, DI-S1, and

DI-S2) conditions. Each point represents the individual

value for a given replication and genotype within a grow-

ing condition. Abbreviations of treatments are as defined

in the legend o Fig. 1. ns, not significant; **P <0.01

Table S1. Effect of different levels of salinity, water stress,

and the combination of the two stresses on the shoot
biomass, concentration of Na+, the ratio K+/Na+, stable

carbon isotope discrimination (D13C), stable nitrogen iso-

tope composition (d15N), and nitrogen concentration in

shoots, leaf net CO2 assimilation (Asat) and the ratio of

intercellular to ambient CO2 concentration (Ci/Ca) of

durum wheat (Cham, Lahn, RIL47, and RIL85), triticale

(Imperioso), and tritordeum (HT621). The data shown are

the mean of the three replicates for each genotype in each
treatment. Abbreviations for treatments and ANOVA are

as defined in Table 1. Means followed by different letters

were significantly different (P <0.05) by Duncan’s test.
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Table S1. Effect of different levels of salinity, water stress and the combination of the two stresses on the shoot biomass, 
concentration of Na+, the ratio K+/Na+, stable carbon isotope discrimination (�13C), stable nitrogen isotope composition 
(�15N) and  nitrogen concentration in shoots, leaf net CO2 assimilation (Asat) and the ratio of intercellular to ambient CO2
concentration (Ci/Ca) of durum wheat (Cham, Lahn, RIL47, RIL85), triticale (Imperioso) and tritordeum (HT621). The data 
show is the mean of the three replicates for each genotype in each treatment. Abbreviations for treatments and Anova analysis as 
defined in Table 1. Means followed by different letters were significantly different (P < 0.05) by the Duncan’s test 

Genotype

Treatments  Variable  Cham Lahn RIL47 RIL85 Triticale Tritordeum 

Biomass (g) 119.33 ab 123 ab 104.66 a 110 a 159.50 bc 174  c

Na+  (mmol  g -1 dry weight) 0.12 c 0.07 b 0.08 bc 0.11 c 0.01 a 0.02 a

K+/Na+(mmol  g -1 dry weight) 11.58 a 19.05 a 15.79 a 11.55 a 133.54 c 84.49 b

FI �13C (‰) 21.60 b 21.06 ab 21.60 b 21.28 b 21.05 ab 20.58 a

�15N (‰) 5.94 a 7.86 a 8.22 a 7.75 a 6.29 a 5.96 a

N concentration  (mmol g -1 dry weight  ) 3.69 a 4.05 a 3.99 a 3.82 a 3.49 a 3.35 a

Asat  (�mol CO2 m-2 s-1) 20.66 a 22.73 a 24.06 a 21.03 a 24.45 a 21.50 a

gs  (mol CO2 m-2 s-1) 0.36 a 0.42 a 0.30 a 0.28 a 0.52 a 0.41 a

Ci/ Ca 0.82 b 0.83 b 0.75 a 0.77 ab 0.80 ab 0.73 a

Biomass (g) 47.66 a 81.33 c 77 c 77.33 c 61 b 93.66 d

Na+  (mmol  g -1 dry weight) 1.06 b 1.10 b 1.18 b 1.23 b 0.50 a 0.43 a

K+/Na+(mmol  g -1 dry weight) 1.05 a 1.25 a 1.04 a 0.79 a 3.74 b 3.75 b

FI-12 dS m-1 �13C (‰) 21.11 b 21.04 ab 22.09 c 20.32 ab 20.68 ab 20.09 a

�15N (‰) 2.83 a 3.65 a 6.10 b 4.05 a 4.62 ab 4.63 ab

N concentration  (mmol g -1 dry weight  ) 2.97 bc 3.04 bc 3.41 c 2.01 a 2.60 ab 2.52 ab

Asat  (�mol CO2 m-2 s-1) 0.79 a 2.01 a 2.13 a 2.04 a 7.21 b 2.40 a

gs  (mol CO2 m-2 s-1) 1x10-3  a 9x10-3 a 2x10-3 a 8x10-4 a 0.06 b 0.05 b

Ci/ Ca 0.06 a 0.11 a 0.32 b 0.18 ab 0.52 c 0.77 d

Biomass (g) 35.33 a 54 ab 67.33 bc 67 bc 50 ab 76.33 c

Na+  (mmol  g -1 dry weight) 3.20 bc 3.89 d 2.29 a 2.89 b 3.83 d 3.76 cd

K+/Na+(mmol  g -1 dry weight) 0.35 b 0.26 a 0.49 c 0.38 b 0.29 a 0.30 a

FI-17 dS m-1 �13C (‰) 20.79 b 20.69 b 21.29 c 20.56 ab 20.74 b 20.29 a

�15N (‰) 2.74 a 3.57 ab 4.42 b 3.54 ab 3.45 ab 3.86 ab

N concentration  (mmol g -1 dry weight  ) 2.26 a 2.33 a 2.11 a 2.05 a 2.32 a 2.76 b

Asat  (�mol CO2 m-2 s-1) 1.01 a 2.46 a 1.61 a 2.00 a 2.53 a 2.34 a

gs  (mol CO2 m-2 s-1) 3 x 10-3  a 8x 10-3  a 1x 10-3   a 1x10-3   a 4 x 10-3 a 3 x 10-3 a

Ci/ Ca 0.11 a 0.08 a 0.11 a 0.24 a 0.17 a 0.28 a

Biomass (g) 48.33 a 54.33 a 61.00 ab 59.00 ab 70.66 b 70.50 b

Na+  (mmol  g -1 dry weight) 0.17 c 0.08 b 0.10 b 0.11 b 0.04 a 0.03 a

K+/Na+(mmol  g -1 dry weight) 7.59 a 16.97 b 12.84 ab 11.25 ab 29.27 c 31.02 c

DI �13C (‰) 21.34 b 20.89 ab 21.41 b 21.37 b 20.97 ab 20.55 a

�15N (‰) 4.82  ab 6.96  bc 7.39  c 6.09  abc 3.97 a 3.83 a

N concentration  (mmol g -1 dry weight  ) 1.89 ab 1.94 ab 2.09 ab 1.69 a 2.46 bc 2.83 c

Asat  (�mol CO2 m-2 s-1) 2.48 ab 3.40 ab 2.76 ab 1.74 a 1.45  a 5.04  b

gs  (mol CO2 m-2 s-1) 0.02 ab 0.05 bc 0.05 bc 0.02 a 0.05 bc 0.08 c

Ci/ Ca 0.48 a 0.56 a 0.66 a 0.59 a 0.70 a 0.69 a

Biomass (g) 36.33 a 41.66 a 36.66 a 35.66 a 43.66 a 41.00 a

Na+  (mmol  g -1 dry weight) 0.43 c 0.57 d 0.34 bc 0.29 ab 0.20 a 0.23 ab

K+/Na+(mmol  g -1 dry weight) 2.29 a 2.17 a 3.01 ab 4.25 ab 5.04 b 3.03 ab

DI-12 dS m-1 �13C (‰) 20.88 ab 21.24 b 21.41 b 21.49 b 20.91 ab 20.44 a

�15N (‰) 3.02 a 4.37 a 5.28 a 6.09 a    4.12 a 3.90 a

N concentration  (mmol g -1 dry weight  ) 2.12 a 2.25 a 2.62 b 2.16 a 2.58 b 2.73 b

Asat  (�mol CO2 m-2 s-1) 2.45 ab 1.29 a 1.88 ab 1.22 a 5.41b 4.10 ab

gs  (mol CO2 m-2 s-1) 0.02 a 0.01 a 0.03 a 9 x 10-3  a 1 x 10-3  a 0.03 a

Ci/ Ca 0.24 a 0.20 a 0.19 a 0.16 a 0.30 a 0.10 a

Biomass (g) 19.33 a 36.33 c 33.66  bc 25.66  ab 26.00  ab 36.50 c

Na+  (mmol  g -1 dry weight) 0.21 a 0.73 b 0.37 a 0.43 a 0.37 a 0.68 b

K+/Na+(mmol  g -1 dry weight) 7.76 a 1.70 a 3.68 a 3.24 a 4.11 a 2.25 a

DI-17 dS m-1 �13C (‰) 21.21 b 20.84 ab 20.99 ab 20.50 ab 20.56 ab 20.24 a

�15N (‰) 1.13 a 3.47 b 4.35 b 4.71 b 4.30 b 3.57 b

N concentration  (mmol g -1 dry weight  ) 0.98 a 1.83 bc 2.13 cd 1.50 b 2.01 bc 2.56 d

Asat  (�mol CO2 m-2 s-1) 0.35 a 2.31 a 1.98 a 2.65 a 0.75 a 3.23 a

gs  (mol CO2 m-2 s-1) 9 x 10-3  a 0.01 a 0.02 a 0.01 a 0.05 b 0.03 ab

Ci/ Ca 0.10 ab 0.05 a 0.15 ab 0.09 a 0.57 c 0.26 b
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Figure S1. Relationship between biomass and (A) the carbon isotope discrimination (�13C) of shoots 

and (B) the intercellular to ambient CO2 concentration (Ci/Ca) of flag leaves across the six genotypes 

assayed under full irrigation (filled circles: FI, FI-S1, FI-S2) and deficit irrigation (open circles: DI, DI-

S1, DI-S2) conditions. Each point represents the individual value for a given replicate and genotype 

within a growing condition. Gas exchange measurements and shoot sampling were performed about 

three weeks after anthesis. Abbreviations of treatments as defined in Figure 2
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Figure S2. Relationship between biomass and Na+ values across treatments. Biomass is 

expressed as a percentage of the value reached by each genotype grown in the absence of 

salinity, and Na+ is expressed as the absolute difference between Na+ concentration in shoot dry 

matter under presence or absence of salinity for a given genotype. Left: fully irrigation 

treatments (normal Hoagland, 12 dS m-1 and 17 dS m-1). Right: deficit irrigation treatments 

(normal Hoagland, 12 dS m-1 and 17 dS m-1). Circles represent the average genotypic value for 

each treatment
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Figure S3. Relationship between the nitrogen isotope composition (�15N) of shoots and (A) the 

carbon isotope discrimination (�13C) of shoots and (B) the ratio of intercellular to ambient CO2 

concentration (Ci/Ca) of flag leaves at the end of the treatment across the six genotypes assayed 

under full irrigation (filled circles: FI, FI-S1, FI-S2) and deficit irrigation (open circles: DI, DI-

S1, DI-S2) conditions. Each point represents the individual value for a given replication and 

genotype within a growing condition. Abbreviations of treatments as defined in Figure 2. ns, not 

significant; **P < 0.01.
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Capítulo 3 

Combined use of �13C, �18O and �15N tracks nitrogen metabolism and 
genotypic adaptation of durum wheat to salinity and water deficit. 

Yousfi, S., Serret, M.D., Márquez, A.J., Voltas, J., Araus, J.L. 2012. New Phytologist 194: 230-

244. 
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Summary

• Accurate phenotyping remains a bottleneck in breeding for salinity and drought resistance.

Here the combined use of stable isotope compositions of carbon (d13C), oxygen (d18O) and

nitrogen (d15N) in dry matter is aimed at assessing genotypic responses of durum wheat under

different combinations of these stresses.

• Two tolerant and two susceptible genotypes to salinity were grown under five combinations

of salinity and irrigation regimes. Plant biomass, d13C, d18O and d15N, gas-exchange para-

meters, ion and N concentrations, and nitrate reductase (NR) and glutamine synthetase (GS)

activities were measured.

• Stresses significantly affected all traits studied. However, only d13C, d18O, d15N, GS and NR

activities, and N concentration allowed for clear differentiation between tolerant and suscepti-

ble genotypes. Further, a conceptual model explaining differences in biomass based on such

traits was developed for each growing condition.

• Differences in acclimation responses among durum wheat genotypes under different stress

treatments were associated with d13C. However, except for the most severe stress, d13C did

not have a direct (negative) relationship to biomass, being mediated through factors affecting

d18O or N metabolism. Based upon these results, the key role of N metabolism in durum

wheat adaptation to salinity and water stress is highlighted.

Introduction

Durum wheat is the most cultivated crop in the south and east
Mediterranean basin (http://www.fao.org/docrep/006/y4011e/
y4011e04.htm), where drought and irrigation-induced salinity
are the main constraints limiting productivity (Araus, 2004).
Selecting genotypes that are either more drought-resistant (Araus
et al., 2002) or more salt-tolerant (Munns & Tester, 2008) are
complementary ways of improving durum wheat adaptation.
However, effective phenotyping remains a bottleneck in breeding
for adaptation to such abiotic stresses (Araus et al., 2008). Fre-
quently, the traits that are most effective for phenotyping may
differ with type and amount of stress. Moreover, while most
studies aimed at elucidating traits and tools for phenotyping have
addressed each stress individually, drought and salinity usually
occur together under field conditions. This is the case, for exam-
ple, for crops grown under deficit irrigation with brackish water.
Both drought and salinity induce water stress (Munns, 2002).

Water stress affects plant growth via reduced carbon assimilation,
tissue expansion and cell number (Hsiao, 1973; Tardieu et al.,

2000), and strongly affects nitrogen metabolism (Hirel et al.,
2007). Apparently, these are essentially uncoupled mechanisms
(Tardieu et al., 2011), but feedback pathways between them may
exist.
Natural 13C abundance in plant matter provides time-

integrated information on the stress effects on photosynthetic
carbon assimilation of C3 species (Farquhar et al., 1982; Tcher-
kez et al., 2011). Conditions inducing stomatal closure (e.g.
water deficit, either directly or through salinity) restrict the CO2

supply to carboxylation sites, which then increases the carbon iso-
tope composition (d13C) of plant matter (Farquhar & Richards,
1984; Rivelli et al., 2002; Yousfi et al., 2010). The assessment of
whether variation in d13C is the result of changes in intrinsic
photosynthetic capacity (A) or stomatal conductance (gs) remains
challenging (Scheidegger et al., 2000; Farquhar et al., 2007).
Oxygen isotope composition (d18O) is a useful trait for this pur-
pose, as it is largely unaffected by photosynthesis (Barbour &
Farquhar, 2000; Farquhar et al., 2007). Rather, the d18O of
plant matter integrates the evaporative conditions throughout the
crop cycle (Barbour et al., 2000) and, consequently, it has been
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proposed as a proxy for estimating gs, transpiration (Sheshshayee
et al., 2005; Cabrera-Bosquet et al., 2009a, 2011; Cernusak
et al., 2009a) and thus water status. To our knowledge, however,
a thorough examination of d18O changes under salinity or as
a result of the combined effect of both drought and salinity is
currently absent.
Nitrate reductase (NR; EC 1.6.6.1) and glutamine synthetase

(GS; EC 6.3.1.2) are key enzymes responsible for N assimilation
and are also connected with carbon metabolism (Masclaux-
Daubresse et al., 2010). GS activity is one of the best
physiological markers describing plant N status, whatever its
developmental stage and N nutrition (Kichey et al., 2006;
Bernard & Habash, 2009). Higher NR activity has been corre-
lated with enhanced plant growth (Lam et al., 1996; Chen et al.,
2003). In principle, the activity of both GS and NR decreases
under salinity or drought (Foyer et al., 1998; Carillo et al.,
2005). However, some studies in wheat indicate that moderate
salinity decreases NR activity while increasing GS activity (Wang
et al., 2007; Carillo et al., 2008). GS is involved not only in
using ammonium produced by nitrate reduction, but also in the
reassimilation of ammonium generated from photorespiration,
proteolysis and processes that are increased by stress (Tsai & Kao,
2002; Hirel et al., 2007). Thus, rice tolerance to salinity has been
related to increased GS activity (Sahu et al., 2001), and genotypic
tolerance to salinity in foxtail millet has been associated with
proline accumulation coupled with an increase in salt-induced
GS activity (Veeranagamallaiah et al., 2007).
The natural variation in plant N isotope composition (d15N)

is potentially useful for genotypic screening under drought or
salinity because it is linked to N metabolism, even though a com-
plete knowledge of the underlying biochemical mechanisms is
lacking (Cernusak et al., 2009b; Tcherkez, 2011). Isotope frac-
tionation may occur during enzymatic assimilation of nitrate or
ammonium into other N forms. Further fractionation may take
place as a result of N recycling in the plant or through translo-
cation, exudation or volatilization (Evans, 2001; Tcherkez &
Hodges, 2008). Isotopic fractionation occurs during nitrate
assimilation by NR, and ammonium absorption and assimilation
by GS, so that there is, on average, a 2–3& depletion in plant
15N compared with source nitrate (Evans, 2001). d15N sensitivity
to photorespiratory rates (associated with GS activity) and
N-input levels (NO3

) reduction by NR) seems quite high
(Tcherkez, 2011).
Here we characterized the response of four durum wheat geno-

types with contrasting performances under salinity to different
combinations of salinity and irrigation. Growth, the isotopic sig-
natures of C, O and N, gas exchange, ion accumulation, total N
concentration and the activities of NR and GS were analysed.
The main objective was to examine the effectiveness of d15N,
d13C and d18O, alone or in combination, to track genotypic
differences in biomass and N concentration for different arrange-
ments of salinity and water treatments. In addition, this study is
unique in that it proposes a conceptual model relating genotypic
variability in the three isotopic signatures with N metabolism
and above-ground biomass. Understanding the relationships
between d13C, d18O, d15N and plant growth under a wide range

of abiotic stresses may help design more efficient breeding strate-
gies, avoiding phenotyping redundancies by choosing in each case
the most suitable trait(s). Moreover, studies examining the
physiological basis of d18O and d15N and their potential breed-
ing implications are indeed scarce and even contradictory, and
the same applies to the relationships of d13C and d18O with
nitrogen metabolism.

Materials and Methods

Plant material and growth conditions

Four recombinant inbred lines (RILs) of durum wheat (Triticum
turgidum L. ssp. durum (Desf.) Husn.), here designated as RIL24,
RIL30 (salt-susceptible) and RIL47, RIL85 (salt-tolerant), were
chosen on the basis of their contrasting shoot biomass among a
set of 112 RILs evaluated in a previous study for tolerance to
continuous salinity during the vegetative stage (Yousfi et al.,
2009). Plants were grown in controlled chambers (Conviron
E15, Controlled Environments Ltd., Winnipeg, Manitoba,
Canada) at the Experimental Fields of the University of Barce-
lona for > 1 month. Experimental growing conditions were as
follows: 400 lmol m)2 s)1 photosynthetic photon flux density
(PPFD), 70% relative humidity, 25�C day : 15�C night temper-
ature and a 14 h photoperiod. Two seeds per pot were planted in
3 dm3 pots containing perlite and watered to field capacity with
complete Hoagland solution (Hoagland & Arnon, 1950). After 1
wk, seedlings were thinned to one plant per pot. Subsequently,
five different growth conditions were imposed:
• FI or control (fully irrigated, 100% of container capacity, with
complete Hoagland solution, 1.8 dS m)1)

• FI-12 (fully irrigated with saline Hoagland solution, 12 dS
m)1)

• FI-17 (fully irrigated with saline Hoagland solution, 17 dS
m)1)

• DI (deficit irrigated to 35% of container capacity, with normal
Hoagland solution)

• DI-12 (deficit irrigated to 35% of container capacity with
saline Hoagland solution, 12 dS m)1)
DI-17 has been shown to be too severe a treatment (Yousfi

et al., 2010). Solutions were changed every 2–3 d. A completely
randomized design was used to accommodate the two-way facto-
rial experiment, with genotype and salinity–drought arrangement
as main factors. Four single-pot replicates per factorial combina-
tion were used, totalling 80 pots. Water deficit was imposed pro-
gressively over 1 wk by decreasing irrigation. Salinity treatment
was also imposed by adding NaCl progressively to the nutrient
solution, starting with a salt concentration of 4 dS m)1 to reach
the final concentrations of 12 dS m)1 (c. 120 mM NaCl) or
17 dS m)1 (c. 170 mM NaCl).

Gas exchange, plant biomass and leaf Chl

An infrared gas analyser (LI-6400 system, Li-Cor, Inc., Lincoln,
NE, USA) was used to measure gas exchange just before harvest-
ing (end of tillering stage) in the fully expanded upper leaf of the
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main plant tiller. Parameters measured were as follows: net CO2

assimilation (A), transpiration (T) and stomatal conductance (gs).
Subsequently, the ratio of intercellular to ambient CO2 concen-
tration (Ci ⁄Ca) was calculated. The efficiency of excitation energy
captured by open photosystem II (PSII) reaction centres
(Fv’ ⁄Fm’ ) was also estimated in the same leaves. Chl content was
estimated in the same leaf blades monitored for gas exchange
using a portable meter (Minolta SPAD 502 Meter, Plainfield, IL,
USA). Additional leaf blades were harvested and stored at )80�C
for analysis of enzyme activity. The rest of the plant was then har-
vested; the shoots were oven-dried at 70�C for 48 h, weighed
and ground finely. Roots of the same plants were washed with
deionized water and then treated in the same way as shoots.

N concentration and stable isotope signatures

The total N concentration and the stable carbon (13C : 12C) and
nitrogen (15N : 14N) isotope ratios in shoots and roots were
measured using an elemental analyser (Flash 1112 EA; Thermo-
Finnigan, Bremen, Germany) coupled with an isotope ratio mass
spectrometer (Delta C IRMS, ThermoFinnigan) (EA-IRMS),
operating in continuous flow mode. Samples of c. 1 mg and ref-
erence materials were weighed into tin capsules, sealed and
loaded into an automatic sampler before EA-IRMS analysis

(Table 1). Values were expressed in d notation (Coplen, 2008):
d13C = [(13C ⁄ 12C)sample ⁄ (13C ⁄ 12C)standard] )1, where ‘sample’
refers to plant material and ‘standard’ to Pee Dee Belemnite
(PDB) calcium carbonate (Table 1). The same d notation was
used for the 15N : 14N ratio (d15N), but in this case the standard
referred to N2 in air (Table 2). In addition, the 18O : 16O ratios
(expressed as d18O) were determined in shoot samples of all plants
tested (Table 1). Samples of c. 1 mg and reference materials were
weighed into silver capsules, sealed, oven-dried at 60�C for not
less than 72 h to remove moisture and loaded into an automatic
sampler. The IRMS used was a Europa Scientific Geo 20-20
(Crewe, UK).

Ion analysis

Ion analysis was performed in shoots and roots (Table 3) by
inductively coupled plasma emission spectrometry (L3200RL,
Perkin Elmer, Rodgau, Germany).

Enzyme activity determinations

For the assay of GS and maximum NR enzyme activities, leaf
samples were ground to a fine powder in liquid N2 and resus-
pended (5 ml g)1) in the following extraction buffer: 100 mM

Table 1 Genotype and treatment effects on biomass, gas-exchange parameters and carbon and oxygen isotope composition of four durum wheat
genotypes grown under different combinations of salinity and water supply and their combinations

Bshoot LC A gs Ci ⁄Ca T Fv’ ⁄ Fm’ d18Oshoot d13Cshoot d13Croot

Genotype
Tolerant RIL47 31.64b 43.68a 5.13b 0.17ab 0.41a 1.83a 0.58ab 27.47ab )29.52a )29.43a
Tolerant RIL 85 34.42b 44.26a 7.82c 0.23b 0.42a 2.36a 0.63b 27.24a )29.62a )29.73b
Susceptible RIL 24 24.12a 41.72a 4.76a 0.16a 0.40a 2.06a 0.55a 28.12c )28.92b )28.99c
Susceptible RIL 30 24.95a 44.24a 5.11ab 0.13a 0.35a 1.43a 0.56a 27.80bc )27.88c )27.54d

Treatment
FI 54.33c 42.12ab 16.04c 0.47c 0.78c 5.85b 0.70b 27.00a )30.76a )29.99a
FI- 12 dS m)1 27.00b 43.22ab 2.54a 0.18b 0.33b 1.57a 0.55a 27.96c )28.68c )28.88b
FI-17 dS m)1 15.15a 40.84a 2.53a 0.04a 0.20a 0.52a 0.52a 27.79bc )27.79d )28–29c
DI 30.20b 48.63b 5.07b 0.12ab 0.40b 0.83a 0.58a 27.98c )29.27b )28.81b
DI- 12 dS m)1 14.08a 41.53ab 2.45a 0.02a 0.28ab 1.03a 0.52a 27.34ab )28.46c )28.71b

Level of significance
Genotype (G) 0.000 ns 0.002 0.049 ns ns 0.001 0.000 0.000 0.000
Treatment (T) 0.000 0.011 0.000 0.000 0.000 0.000 0.000 0.006 0.000 0.002
G · T interaction 0.000 ns ns ns ns 0.010 ns 0.003 ns ns

Bshoot, shoot biomass (g DW); LC, leaf Chl content (Special Products Analysis Division, SPAD, units); A, leaf net CO2 assimilation (lmol CO2 m)2 s)1); gs,
stomatal conductance (mol CO2 m)2 s)1); Ci ⁄Ca

, ratio of intercellular to ambient CO2 concentration; T, transpiration rate (mmol H2O m)2 s)1); Fv’ ⁄ Fm’,
efficiency of excitation energy capture by open photosystem II (PSII) reaction centres; d13C, stable carbon isotope composition (&) of shoots (d13Cshoot)
and roots (d13Croot); d

18Oshoot, stable oxygen isotope composition of shoots (&).
Genotype values are the means of 20 measurements (five treatments and four replications per treatment), while treatment values are the means of the 16
measurements (four genotypes and four replications per genotype). Means followed by different letters are significantly different (P < 0.05) according to
Tukey’s honestly significant difference (HSD) test. Gas-exchange measurements were performed at 1200 lmol m)2 s)1 photosynthetic photon flux
density (PPFD), 25�C, and a CO2 concentration of 400 lmol mol)1. Measurements of d13C and d18O were carried out at the Scientific-Technical Services
of the University of Barcelona and at Iso-Analytical Limited (Crewe, Cheshire CW2 8UY, UK), respectively. International isotope secondary standards of
known 13C : 12C ratios (IAEA-CH7, IAEA-CH6 and USGS 40) and 18O : 16O ratios (IAEA-CH-6, IAEA-C-3 and IAEA-601) were used for calibration to a
precision of 0.1 and 0.2&, respectively.
Treatments: FI, full irrigation (i.e. control) with normal Hoagland solution; FI-12 dS m)1, full irrigation with Hoagland solution at 12 dSm)1; FI-17 dSm)1,
full irrigation with Hoagland solution at 17 dS m)1; DI, deficit irrigation (35% pot capacity) with normal Hoagland solution; DI-12 dS m)1, deficit irrigation
with Hoagland solution at 12 dS m)1. ns, not significant.
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Tris-HCl supplemented with 1 mM dithiothreitol (DTT), 0.1
Triton X-100, 10 mM phenylmethylsulphonyl fluoride (PMSF)
10 mM EDTA. To determine actual NR activity, ethylendiami-
netetraacetic acid (EDTA) was replaced in the buffer by 10 mM
MgCl2. The leaf powder was mixed with the buffer for 10 s at
4�C with a pellet homogenizer. The homogenates were
centrifuged for 15 min at 27 000 g and the supernatants were
immediately assayed.
Total GS activity was assayed using the ‘biosynthetic’ reaction

(Márquez et al., 2005). The standard reaction mixture (final vol-
ume 100 ll) contained: 10 lmol of Tris-HCl (pH 7.50 at
25�C), 200 lmol of L-glutamate, 5 lmol of NH4Cl, 5 lmol of
MgCl2, 0.3 lmol of ATP (from a 100 mM stock solution, pH
7.5) and 5–10 ll of a 1 : 100 dilution of the crude extract.
Duplicates of each enzyme assay were carried out and incubated
at 37�C for 15 and 30 min to confirm that the amount of prod-
uct obtained was linear over time. Inorganic phosphate released
by ATP hydrolysis was determined using the malachite green
method as described previously (Márquez et al., 2005).
Nitrate reductase activity was determined as described previ-

ously (Pajuelo et al., 2002). The standard reaction mixture (final
volume 500 ll) contained 25 lmol of Tris-HCl (pH 7.50 at
25�C), 10 nmol of flavin adenine dinucleotide (FAD), 50 lmol
of KNO3, 0.15 lmol of nicotinamide adenine dinucleotide
(NADH; from a freshly made 3 mM stock solution in 10 mM
Tris-HCl, pH 7.50) and 15–30 ll of crude extract plus 220–

235 ll extraction buffer. The reaction was done in duplicate and
incubated at 30�C for 30 and 60 min to confirm that the amount
of product obtained was linear over time. The amount of nitrite
produced was determined as described previously (Márquez et al.,
2005). Since both maximum and actual NR activities were
strongly correlated (r = 0.93) with a slope near one, only maxi-
mumNR activity was subsequently used in the study.

Statistical analysis

Data were subjected to factorial ANOVA to test for the effects of
treatment (irrigation-salinity regime, genotype, and their interac-
tion). Mean comparisons for genotype effects were performed
using contrasts of tolerant vs susceptible material and Tukey’s
honestly significant difference (HSD) test. In order to test the
association between shoot biomass and the set of physiological
traits, linear stepwise models across genotypes were constructed
that were independent for each treatment, with P = 0.05 as the
criterion for variables to be either included or removed from the
model. The set of physiological parameters was also divided into
three categories as follows: photosynthetic traits (including d13C
and d18O), N metabolism traits (including d15N), and ion
concentrations. For each trait category, the genotype–treatment
combinations (i.e. four genotypes crossed with five treatments)
were subjected to unweighted pair group method with arithmetic
mean (UPGMA) cluster analysis to summarize the relative merit

Table 2 Genotype and treatment effects on nitrogen concentration, nitrogen isotope composition, glutamine synthetase and nitrate reductase activities of
four durum wheat genotypes grown under different combinations of salinity and water supply and their combinations

Nshoot Nroot d15Nshoot d 15Nroot GSshoot NRshoot

Genotype
Tolerant RIL47 4.39c 1.49a 2.47b 3.45a 544.54b 2.08c
Tolerant RIL 85 4.34c 1.54a 2.92c 3.57a 442.71b 1.83bc
Susceptible RIL 24 3.45b 1.63a 2.12b 3.57a 280.99a 1.57b
Susceptible RIL 30 2.91a 1.48a 1.68a 3.22a 249.37a 0.99a

Treatment
FI 4.95d 2.14b 3.13b 2.20a 488.02c 3.82c
FI- 12 dS m)1 4.20c 1.21a 1.83a 3.41bc 420.16bc 1.25b
FI-17 dS m)1 2.98b 1.19a 1.84a 4.68c 312.28ab 0.78a
DI 3.95c 2.00b 2.81b 3.17b 386.27bc 1.43b
DI- 12 dS m)1 2.36a 1.07a 1.89a 3.92bc 241.61a 0.68a

Level of significance
G 0.000 ns 0.000 ns 0.000 0.000
T 0.000 0.000 0.000 0.000 0.000 0.000
G · T 0.000 ns ns ns ns ns

N, nitrogen concentration (mmol g)1 DW) of shoots (Nshoot) and roots (Nroot); d
15N, nitrogen isotope composition (&) of shoots (d15Nshoot) and roots (d

5Nroot); GSshoot, shoot glutamine synthetase activity (lmol g)1 FW h)1); NRshoot, shoot nitrate reductase activity (lmol g)1 FW h)1).
Genotype values for nitrogen content and N isotope composition are the means of 20 measurements (five treatments and four replications per treatment),
while treatment values are the means of the 16 measurements (four genotypes and four replications per genotype). Genotype and treatment values for
enzyme activities are the means of 15 and 13 measurements, respectively. Means followed by different letters are significantly different (P < 0.05)
according to Tukey’s honestly significant difference (HSD) test. N concentration and stable isotope analyses were carried out at the Scientific-Technical
Services of the University of Barcelona. Secondary isotope standards of known 15N : 14N ratios (IAEA N1 and IAEA N2 and IAEA NO3) were used for
calibration to a precision of 0.2&. The mean d15N of the fertilizer provided by the Hoagland solution was 0.6&. GS and NR activities were determined at
the Department of Plant Biochemistry and Molecular Biology, Faculty of Chemistry, University of Sevilla.
Treatments: FI, full irrigation (i.e. control) with normal Hoagland solution; FI-12 dS m)1, full irrigation with Hoagland solution at 12 dSm)1; FI-17 dSm)1,
full irrigation with Hoagland solution at 17 dS m)1; DI, deficit irrigation (35% pot capacity) with normal Hoagland solution; DI-12 dS m)1, deficit irrigation
with Hoagland solution at 12 dS m)1. ns, not significant.
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of genotypic effects and growing conditions as causes of changes
in the observed plant responses. Finally, we performed path anal-
yses (Li, 1975) to quantify the relative contributions of direct and
indirect effects of stable isotopes on above-ground biomass. This
methodology offers the possibility of building associations
between variables on prior knowledge. A path analysis determines
simple correlations between independent factors (in this case,
d13C and d18O), and regresses them on each intermediary (NR
and GS activities, d15N, N concentration) or dependent factor
(biomass) to obtain direct effects in the form of partial regression
coefficients (i.e. path coefficients). In this way, direct (i.e. from
d13C and d18O) and indirect (i.e. through the pathway of
enzyme-based N metabolism) mechanisms that play potential
roles in biomass variation and involving traits that exhibited
genotypic differences were proposed, as detailed in the concep-
tual model displayed in Fig. 6(a). This model was aimed at
understanding biomass responses to genotypic differences in
water status and photosynthetic carbon and nitrogen perfor-
mance, and was tested under each growth condition. For each
condition, a reduced model was identified as reproducing the ori-
ginal correlation matrix nearly as well as the full, saturated model
(i.e. in which there is a direct path from each variable to every
other variable), as shown by goodness-of-fit tests. The reduced
models were also compared with the independence model (one
where all possible paths are deleted) by a comparative fit index
(CFI) (Arbuckle, 1997). Data were analysed using the SAS pack-
age (SAS Institute Inc., Cary, NC, USA).

Results

Growth, photosynthetic traits and carbon and oxygen
isotope signatures

Treatments significantly affected biomass, leaf Chl, gas exchange,
and the stable carbon and oxygen isotope signatures (Table 1).
The most severe treatments in terms of decreasing biomass were
full irrigation with highly saline water (FI-17) and the combina-
tion of deficit irrigation with moderately saline water (DI-12).
Both showed shoot biomass that was < 30% of the values of the
control (FI). Intermediate treatments were full irrigation with
moderately saline water (FI-12) and deficit irrigation with non-
saline water (DI), with 50 and 48% reductions in biomass
compared with FI, respectively. Leaf Chl was far less affected,
and it even increased in DI compared with FI. The gas-exchange
traits A, gs, Ci ⁄Ca, T and the ratio Fv’ ⁄Fm strongly decreased,
compared with FI, in response to all stress treatments. As for
biomass, FI-17 and DI-12 showed the lowest gs and Ci ⁄Ca, while
FI-12 and DI had intermediate values. Stress treatments
increased shoot d18O compared with FI, but the most severe
treatments (FI-17 and DI-12) showed the least change. Root and
shoot d13C also increased in the stress treatments compared with
FI, but in this case the highest values were observed under the
most stressful conditions.
Tolerant genotypes exhibited significantly higher biomass

(c. 35%) than susceptible genotypes. Tolerant genotypes also

Table 3 Genotype and treatment effects on ion concentration of shoots and roots of four durum wheat genotypes grown under different combinations of
salinity and water supply and their combinations

Shoot Root

Na+ K+ Ca2+ P Mg2+ K+ ⁄Na+ Ca2+ ⁄Na+ Na+ K+ Ca2+ P Mg2+ K+ ⁄Na+ Ca2+ ⁄Na+

Genotype
Tolerant RIL47 0.98b 0.78a 0.07a 0.17a 0.06a 2.72b 0.18a 0.75a 0.46a 0.20ab 0.13a 0.04a 1.52a 0.65a
Tolerant RIL 85 1.04b 0.79a 0.09b 0.20b 0.06a 2.09a 0.21ab 0.69a 0.46a 0.19ab 0.13a 0.04a 1.41a 0.55a
Susceptible RIL 24 0.78a 1.01b 0.09b 0.21b 0.07b 2.94b 0.26c 0.59a 0.47a 0.17a 0.11a 0.04a 1.78a 0.57a
Susceptible RIL 30 0.96b 0.84a 0.07a 0.18a 0.06a 2.82b 0.21ab 0.72a 0.51b 0.22b 0.14a 0.04a 1.47a 0.53a

Treatment
FI 0.19a 1.55c 0.11b 0.25d 0.07c 8.25c 0.59c 0.15a 0.72b 0.21c 0.21d 0.04b 4.73c 1.38c
FI- 12 dS m)1 1.48c 0.54a 0.07a 0.20c 0.06b 0.36a 0.04a 0.90b 0.27a 0.15b 0.12b 0.02a 0.30a 0.18a
FI-17 dS m)1 1.58c 0.46a 0.06a 0.18b 0.05a 0.29a 0.03a 1.16c 0.33a 0.09a 0.08ab 0.03a 0.29a 0.08a
DI 0.33b 1.22b 0.11b 0.19bc 0.08d 3.69b 0.35b 0.34a 0.71b 0.35d 0.16c 0.06c 2.06b 1.05b
DI- 12 dS m)1 0.98b 0.55a 0.05a 0.10a 0.06ab 0.58a 0.05a 0.86b 0.31a 0.13ab 0.05a 0.04b 0.36a 0.15a

Level of significance
G 0.025 0.001 0.000 0.000 0.004 0.000 ns ns ns 0.003 ns ns ns ns
T 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
G · T ns 0.021 0.001 0.001 0.000 0.000 ns ns ns ns ns ns ns ns

Genotype values are the means of 20 measurements (five treatments and four replications per treatment), while treatment values are the means of the 16
measurements (four genotypes and four replications per genotype). Concentrations are expressed as mmol g)1 DW. Means followed by different letters
are significantly different (P < 0.05) according to Tukey’s honestly significant difference (HSD) test. For each sample, 100 mg of dry material was digested
with 3 ml of concentrated HNO3 and 2 ml H2O2. Samples were placed overnight in an oven at 90�C. After digestion, each sample was then brought up to
30 ml final volume with deionized water. The amounts of Na+, Ca2+, K+, P, and Mg2+ per sample were determined with an inductively coupled plasma
emission spectrometer (L3200RL) at the Scientific-Technical Services of the University of Barcelona.
Treatments: FI, full irrigation (i.e. control) with normal Hoagland solution; FI-12 dS m)1, full irrigation with Hoagland solution at 12 dSm)1; FI-17 dSm)1,
full irrigation with Hoagland solution at 17 dS m)1; DI, deficit irrigation (35% pot capacity) with normal Hoagland solution; DI-12 dS m)1, deficit irrigation
with Hoagland solution at 12 dS m)1. ns, not significant.
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showed higher A, gs, Ci ⁄Ca and Fv’ ⁄Fm, and lower shoot d18O
and root and shoot d13C (Table 1). The genotype · treatment
interaction (G · T) was only significant for biomass, T and
d18O. Genotypic differences between pairs of tolerant and sus-
ceptible genotypes were also examined for each growing condi-
tion, and especially for traits displaying significant G · T
interaction (Supporting Information, Table S1). Except for d13C
of shoots and roots (lower in the tolerant genotypes), in the
absence of stress (FI) there were no significant differences for any
of the traits. By contrast, genotype differences in biomass (higher
in tolerant lines) were observed for the stress treatments, and also
in d18O and Fv’ ⁄Fm, but only under the least stressful conditions
(FI-12 and DI). A crossover interaction was observed for T: sus-
ceptible genotypes exhibited higher transpiration than tolerant
genotypes under DI-12, but lower values for the salinity-only
treatments.

Nitrogen concentration, d15N and enzyme activities

Treatments significantly affected N concentration, d15N, and GS
and NR activities (Table 2). Stress treatments decreased N con-
centration in shoots and roots compared with FI. As for biomass,
the most severe treatments were FI-17 and DI-12. Root d15N
increased in all stress treatments, showing the highest values in
the two most stressful treatments. By contrast, stress treatments
significantly decreased shoot d15N. The activities of GS and NR
also decreased in response to stress compared with FI, especially
in FI-17 and DI-12. NR activity was much more affected in rela-
tive terms than GS by stress conditions, with reductions of 60%
and 14% in the least severe treatments (FI-12 and DI), as com-
pared with FI.
The genotype effect was significant for N concentration and

d15N, but only in shoots, with values for both traits being higher
in tolerant than in susceptible genotypes. Activities of GS and
NR were also higher in tolerant genotypes. Except for shoot N,
no significant G · T interaction was detected. Genotypic differ-
ences between pairs of tolerant and susceptible genotypes were
also examined for each growing condition (Table S2). Under full
irrigation, no differences existed for the set of traits, except for
GS activity (higher in tolerant lines). By contrast, the N concen-
tration of susceptible genotypes was reduced to a greater extent
than in tolerant lines for all stress treatments, thus causing a sig-
nificant G · T interaction. Also, d15N in shoots was significantly
higher in tolerant genotypes for each stress treatment, but there
were no differences in either N concentration or d15N in roots.
GS and NR activities were also higher in tolerant genotypes for
each stress treatment.

Ion concentrations

Treatments significantly affected ion concentrations in both
shoots and roots (Table 3). Stress treatments involving salt appli-
cation strongly increased Na+ and decreased K+, Ca2+, Mg2+, and
P, and the ratios K+ : Na+ and Ca2+ : Na+ in both plant parts.
DI also increased Na+ in shoots and roots compared with FI, but
this was to a much smaller extent than was observed with saline

treatments. In shoots, K+ was also lower under DI than under FI,
while no differences were observed in roots. The genotype effect
was significant for all ions in shoots, but only for Ca2+in roots.
However, no clear pattern of differences between tolerant and
susceptible genotypes was found for most ions in shoots, except
for K+ (with susceptible genotypes showing a higher concentra-
tion) and Na+ (with tolerant genotypes showing a higher concen-
tration). G · T interactino was significant for all ions in shoots
except for Na+, while there was no G · T interaction in roots. In
most cases, there were no significant differences between pairs of
tolerant and susceptible genotypes for ions measured in each
growing condition and plant part (Table S3).

Effect of genotype and growing condition on physiological
traits

Cluster analyses (Fig. 1) were performed as a way of summarizing
the relevance of genotypic effects and growing conditions on
changes in traits related to gas exchange (Table 1), N metabolism
(Table 2) and ion accumulation (Table 3). Gas-exchange traits
(including d13C and d18O) provided a good separation of treat-
ments but did not allow for clear genotype differentiation
(Fig. 1a). By contrast, traits related to N metabolism (including
d15N) discriminated tolerant from susceptible genotypes
(Fig. 1b). Finally, the cluster based on ion concentrations allowed
for an almost perfect separation among treatments (Fig. 1c).

Relationships of biomass and nitrogen concentration with
physiological traits across treatments

Nitrogen concentration was positively related to biomass across
growing conditions and genotypes up to values near 5 mmol N
g)1, with a saturation response observed afterwards (Fig. 2). Bio-
mass was negatively associated with shoot d13C and positively
with shoot d15N, whereas no clear trend was observed between
biomass and shoot d18O (Fig. 3), except when the most severe
treatments (FI-17 and DI-12) were discarded (inset Fig. 3c). N
concentration was linearly correlated with d13C (negatively) and
with d15N (positively), and also with d18O, albeit in a weaker
manner. The association between biomass and either GS or NR
activity was positive (Fig. 4), but tighter in the latter case. N con-
centration was also positively correlated with the activities of both
enzymes, either linearly (GS) or exponentially (NR). Both GS
and NR activities correlated positively with shoot d15N and nega-
tively with both d13C and d18O, but, in this last case, weakly
(Fig. 5). Overall, NR activity was related to both isotopic signa-
tures more strongly than GS activity.

Relationships between biomass and physiological traits
across genotypes

A multiple linear regression (stepwise) explaining biomass varia-
tion across genotypes as a function of traits related to gas exchange,
N metabolism and ion accumulation was fitted independently for
each growing condition (Table 4). d13C was chosen as the first
explanatory variable in the control (FI, positive effect) and the
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most stressful treatment (DI-12, negative effect). Additional vari-
ables chosen in the FI model were also photosynthetic traits (A
and gs), while no other traits were included in the DI-12 model.
By contrast, the first variable entering the model in other stress
treatments was related to N metabolism: N concentration in the
FI-12 model and GS activity in the FI-17 and DI models. d18O
was selected as the second variable in two out of three models.

Overall, > 80% of biomass variability was explained by the combi-
nation of two to three independent variables in four of the models,
whereas 66% of the total variability was explained by just one vari-
able in the remaining model (DI-12).
A conceptual model was proposed (Fig. 6a) separating direct

acclimation responses in biomass related to water status (through
d18O) and photosynthesis (through d13C) from those likely to
correspond to indirect effects linked to N metabolism (through
GS and NR activities, N and d15N). The five path models pro-
vided an acceptable fit to the data (Fig. 6; CFI > 0.9 and
P > 0.05 in all cases; as the objective here is to develop models
that fit the data well, a nonsignificant v2 is preferred). In all cases,
d13C had a strong negative effect on NR activity. Conversely,
d13C had a direct positive effect on biomass only in FI, while it
exhibited a direct negative effect in DI-12. Significant paths cor-
responding to a direct (negative) effect of d18O on biomass were
observed in the mildest salinity treatment (FI-12) and also in DI.
The indirect explanation of biomass via N metabolism traits
showed significant directional effects of NR on GS for those cases
(FI-17, DI, DI-12) where biomass was significantly associated
with changes in N concentration (i.e. the third possible path to
biomass determination after d13C and d18O). On the other hand,
GS was only significantly (and negatively) affected by d13C in
DI-17, but in this case (and also in FI) N metabolism effects on
biomass seemed negligible. Under FI, DI and FI-12, d15N was
directionally affected by GS (positively) and, to a lesser extent, by
NR (either positively or negatively), but only in FI-12 was there a
significant directional effect of d15N on N concentration, which

(a)

(b)

(c)

Fig. 1 Cluster analysis of the five growing conditions assayed, using the
complete set of physiological parameters studied in this work as variables.
These parameters were divided into three categories as follows: (a) photo-
synthetic traits and C and O isotopic signatures; (b) N metabolism traits
(including N isotopic signatures, N content and glutamine synthetase (GS)
and nitrate reductase (NR) activities); and (c) mineral nutrition traits. FI, full
irrigation (i.e. control) with normal Hoagland solution; FI-12 dS m)1, full
irrigation with Hoagland solution at 12 dSm)1; FI-17 dSm)1, full irrigation
with Hoagland solution at 17 dSm)1; DI, deficit irrigation (35% pot capac-
ity) with normal Hoagland solution; DI-12 dS m)1, deficit irrigation with
Hoagland solution at 12 dS m)1.
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Fig. 2 Relationship between nitrogen content and shoot biomass across
the four genotypes within each of the five growing conditions assayed.
Each point represents the individual value for a given replication and geno-
type within a growing condition. Variables mentioned in this figure are
from the aerial parts of plants. FI, full irrigation (i.e. control) with normal
Hoagland solution; FI-12 dS m)1, full irrigation with Hoagland solution at
12 dSm)1; FI-17 dSm)1, full irrigation with Hoagland solution at 17 dS
m)1; DI, deficit irrigation (35% pot capacity) with normal Hoagland solu-
tion; DI-12 dS m)1, deficit irrigation with Hoagland solution at 12 dS m)1.
***P < 0.001.

236 Research

New
Phytologist

No claim to original US government works

New Phytologist � 2012 New Phytologist Trust

New Phytologist (2012) 194: 230–244
www.newphytologist.com



r = –0.81*** r = –0.73***

r = –0.24*

r = 0.73** r = 0.69**

FI
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DI
DI-12 dS m–1

Biomass (g DW)

(a) (d)

(b) (e)

(c) (f)

Fig. 3 The relationship of shoot biomass with carbon iso-
tope composition (d13C) (a), oxygen isotope composition
(d18O) (b) and nitrogen isotope composition (d15N) (c).
The relationship of nitrogen content with carbon isotope
composition (d13C) (d), oxygen isotope composition
(d18O) (e) and nitrogen isotope composition (d15N) (f).
Variables mentioned in this figure are from the aerial parts
of plants. The five treatments and the four genotypes are
plotted together. Each point represents the individual
value for a given replication and genotype within a grow-
ing condition. FI, full irrigation (i.e. control) with normal
Hoagland solution; FI-12 dS m)1, full irrigation with
Hoagland solution at 12 dSm)1; FI-17 dSm)1, full
irrigation with Hoagland solution at 17 dS m)1; DI, deficit
irrigation (35% pot capacity) with normal Hoagland
solution; DI-12 dS m)1, deficit irrigation with Hoagland
solution at 12 dS m)1. *P < 0.05, **P < 0.01, ***P <
0.001.

FI

FI-12 dS m–1

FI-17 dS m–1

DI

DI-12 dS m–1

Biomass (g DW)

r = 0.71** r = 0.74**

r = 0.79**r = 0.90**

(a) (c)

(b) (d)
Fig. 4 The relationship of shoot biomass with glutamine
synthetase activity (a) and nitrate reductase activity (b).
The relationship of nitrogen content with glutamine
synthetase activity (c) and nitrate reductase activity (d).
Variables mentioned in this figure are from the aerial parts
of plants. The five treatments and the four genotypes are
plotted together. Each point represents the individual
value for a given replication and genotype within a
growing condition. FI, full irrigation (i.e. control) with
normal Hoagland solution; FI-12 dS m)1, full irrigation
with Hoagland solution at 12 dSm)1; FI-17 dSm)1, full
irrigation with Hoagland solution at 17 dS m)1; DI, deficit
irrigation (35% pot capacity) with normal Hoagland
solution; DI-12 dS m)1, deficit irrigation with Hoagland
solution at 12 dS m)1. **P < 0.01.
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in turn affected biomass. In summary, the mildest stress treat-
ments (DI and FI-12) pointed to the dependence of biomass on
both d18O and N metabolism traits, whereas under more severe
growing conditions the influence of either N metabolism (in FI-
17) or d13C (in DI-12) on biomass appeared relevant. Under
control conditions, only d13C was directly associated with bio-
mass, albeit with an opposite sign to that found in DI-12.

Discussion

Treatments that most affected growth were full irrigation with
high amounts of salinity or a combination of deficit irrigation and
salinity, in agreement with previous studies (Ayers & Westcott,
1989; Yousfi et al., 2009, 2010). Moreover, consistent differences
in biomass were observed between tolerant and susceptible geno-
types regardless of the stress conditions (Yousfi et al., 2009,
2010), although such differences vanished in the absence of stress.

Are ion concentrations, Chl content and short-term
photosynthetic parameters good indicators of genotypic
tolerance to salinity?

Changes in shoot ion concentrations under distinct salinity–
irrigation arrangements are in agreement with previous studies

(Munns & Tester, 2008). However, it has been reported that
lower Na+ concentrations and higher K+ : Na+ and Ca2+ : Na+

ratios improve resistance to salinity (Hu & Schmidhalter, 2005)
and, therefore, selecting for low Na+ uptake and enhanced
K+ : Na+ ratios has been proposed as a screening strategy (Munns
et al., 2000). In clear contrast, shoots from tolerant genotypes in
this study did not exhibit lower Na+ and higher K+, Ca2+ and
Mg2+ than susceptible ones, or higher K+ : Na+ and Ca2+ : Na+

ratios, but rather had the opposite tendency (Table S3). This
observation points to increased osmotic adjustment of tolerant
lines to saline conditions through the incorporation of available
ions such as Na+ (Munns, 2002; Cuin et al., 2009).
Chlorophyll content per unit leaf area has been proposed as a

screening criterion for wheat tolerance to salinity (Munns &
James, 2003). However, the expected decrease in leaf Chl as a
result of salt toxicity was probably offset in our study by an
increase in leaf thickness or packing of mesophyll cells as a
response to water stress, which eventually translated into constant
Chl readings (James et al., 2006; Yousfi et al., 2009; Munns
et al., 2010).
Salinity, water stress and their combined effect induced a strong

decrease in photosynthesis and transpiration through a decrease in
gs (Ouerghi et al., 2000; Yousfi et al., 2009, 2010). Several studies
(James et al., 2008; Rahnama et al., 2010) suggest that screening

Fig. 5 The relationship of glutamine synthetase activity
with carbon isotope composition (d13C) (a); oxygen
isotope composition (d18O) (b) and nitrogen isotope com-
position (d15N) (c). The relationship of nitrate reductase
activity with carbon isotope composition (d13C) (d); oxy-
gen isotope composition (d18O) (e) and nitrogen isotope
composition (d15N) (f). Variables mentioned in this figure
are from the aerial parts of plants. The five treatments
and the four genotypes are plotted together. Each point
represents the individual value for a given replication
and genotype within a growing condition. FI, full
irrigation (i.e. control) with normal Hoagland solution;
FI-12 dS m)1, full irrigation with Hoagland solution at 12
dSm)1; FI-17 dSm)1, full irrigation with Hoagland solu-
tion at 17 dS m)1; DI, deficit irrigation (35% pot capacity)
with normal Hoagland solution; DI-12 dS m)1, deficit
irrigation with Hoagland solution at 12 dS m)1. **P <
0.01.
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for high gs may be the most effective way of identifying fast-grow-
ing genotypes in saline soils. In our study, however, either gs or
other gas-exchange parameters could not differentiate between
tolerant and susceptible genotypes (Table S1). Yousfi et al. (2010)
found comparable results in wheat during the reproductive stage.

Growing conditions and genotypic effects on d18O and
d13C under salinity and drought conditions

Plant d13C increased under water-limiting and salinity condi-
tions, as reported elsewhere (Isla et al., 1998; Condon et al.,
2002; Araus et al., 2003; Yousfi et al., 2009, 2010). The increase
in d13C was not completely a consequence of a stomatal limitation
to photosynthesis, since the association between d13C and d18O
across environments, although positive, was weak (0.281
P < 0.05). Increases in plant d18O as a response to drought have
been observed in cereals (Ferrio et al., 2007; Cabrera-Bosquet
et al., 2009a; Araus et al., 2010). A higher d18O may be linked to
a decrease in gs, lower transpiration and reduced leaf cooling,
therefore resulting in lower 18O enrichment at evaporation sites
(Barbour, 2007; Farquhar et al., 2007). To the best of our knowl-
edge this is the first study in wheat reporting on genetic differences
in plant d18O under salinity. In agreement with a higher long-
term gs, tolerant genotypes exhibited lower d13C and d18O than
susceptible ones. Our results, therefore, highlight the advantage of
time-integrative traits over instantaneous (but time-consuming)
gas-exchange measurements for genotype evaluation (Araus et al.,

2002, 2008). Moreover, tolerant genotypes exhibited constitu-
tively (i.e. in absence of stress) lower d13C (and also a tendency to
lower d18O) than susceptible ones (Table S1), in agreement with
previous studies using d13C (Araus et al., 2003; Yousfi et al.,
2009, 2010) and d18O (Cabrera-Bosquet et al., 2009b), as well as
reviews on yield potential and crop performance under water
stress (Blum, 2005, 2009; Araus et al., 2008), which conclude
that drought resistance and yield potential are compatible.

Growing conditions and genotypic effects on N
concentration and NR and GS activities

The effects of salinity and deficit irrigation that decreased shoot
N concentration paralleled those obtained for shoot biomass,
with tolerant genotypes exhibiting higher N concentration than
susceptible ones. Besides a direct osmotic effect on plant water
availability, the parallels between the changes in biomass and N
concentration suggest that salinity and water deficit also affected
growth through an effect on N metabolism (Hirel et al., 2007).
In relation to this, NR and GS activities also decreased under
water deficit, salinity and in combination, but overall, tolerant
genotypes exhibited higher GS and NR activities. A number of
studies have reported decreased NR activity in response to water
stress (Foyer et al., 1998; Correia et al., 2005) and salinity
(Wang et al., 2007; Carillo et al., 2008). Salt was observed to
inhibit nitrate transport to the leaf mainly because of
nitrate ⁄ chloride competition, consequently affecting NR activity
(Rao & Gnanam, 1990; Abd-El Baki et al., 2000). There is also
evidence that photosynthesis regulates nitrate reduction by
modulating NR activity (Kaiser & Förster, 1989; Kaiser &
Brendle-Behnisch, 1991), which is in accordance with current
results showing that stress treatments decrease both photosynthe-
sis and NR activity. Wang et al. (2007) reported that GS activity
of wheat genotypes also decreased under salinity. GS plays a key
role under osmotic stress, reassimilating nitrogen from increased
amino acid catabolism, and producing protective nitrogen com-
pounds (Brugière et al., 1999; Diaz et al., 2010). Thus, the
higher GS activity in tolerant genotypes could be related to the
fact that proline and glycine betaine accumulate in durum wheat
under salinity (Carillo et al., 2008). Several quantitative trait loci
for important agronomic traits in wheat colocalize with the GS
marker (Li et al., 2011). Furthermore, overexpression of GS
results in enhanced tolerance to salt stress and high light intensity
through an improved capacity for photorespiration, therefore
avoiding photoinhibition (Kozaki & Takeba, 1996; Hoshida
et al., 2000).

Effect of growing conditions and genotype on d15N of
shoots and roots

An array of salinity–drought combinations modifies d15N in
shoots and roots relative to controls, with tolerant genotypes
exhibiting higher shoot d15N than susceptible genotypes
(Table S1), suggesting that stress conditions influence N uptake
and ⁄or assimilation (Handley et al., 1997; Ellis et al., 2002;
Yousfi et al., 2009, 2010). Decreases in shoot d15N have been

Table 4 Multiple linear regressions (stepwise) explaining shoot biomass
(Bshoot) variation across genotypes for each of five growing conditions,
with traits related to photosynthetic performance (Table 1), nitrogen
metabolism (Table 2) and ion accumulation (Table 3) used as independent
variables

Treatments Variable chosen R2 Final stepwise model

FI d13C 0.38 Bshoot = 212.91 + 6.27 d13C
+ 1.59 A + 20.99 gsd13C, A 0.65

d13C, A, gs 0.86***

FI -12 dS m)1 N 0.75 Bshoot = 334.96 + 5.32 N
– 11.82 d18ON, d18O 0.93***

FI -17 dS m)1 GS 0.80 Bshoot = 7.55 + 0.20 GS
+ 0.55 AGS, A 0.83***

DI GS 0.66 Bshoot = 156.76 + 0.03 GS
) 4.89 d18OGS, d18O 0.83***

DI -12 dS m)1 d13C 0.66*** Bshoot = )56.31) 2.45 d13C

Treatments: FI, full irrigation (i.e. control) with normal Hoagland solution;
FI-12 dS m)1, full irrigation with Hoagland solution at 12 dSm)1; FI-17
dSm)1, full irrigation with Hoagland solution at 17 dS m)1; DI, deficit
irrigation (35% pot capacity) with normal Hoagland solution; DI-12 dS
m)1, deficit irrigation with Hoagland solution at 12 dS m)1.
Only parameters entering the models are shown: d13C, carbon isotope
composition (&); A, leaf net CO2 assimilation (lmol CO2 m)2 s)1); gs,
stomatal conductance (mol CO2 m)2 s)1); N, leaf nitrogen concentration
(mmol g)1 DW); d18O, oxygen isotope composition (&); GS, glutamine
synthetase activity (lmol g)1 FW h)1); d15N, nitrogen isotope composition
(&). ***, P < 0.001. All variables chosen by the different models refer to
shoots.
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reported in cereals as a response to salinity (Yousfi et al., 2009,
2010) and deficit irrigation (Robinson et al., 2000; Raimanová
& Haberle, 2010). Reduced gs as a result of either salinity or
water stress, or a combination of both, would lead to a reduction
in the loss of ammonia and nitrous oxide, hence decreasing d15N
(Farquhar et al., 1980; Smart & Bloom, 2001). A high external
N concentration relative to a modest demand would also lead to
salinity-induced depletion in plant 15N (Mariotti et al., 1982).
Consequently, the suboptimal growing conditions associated
with abiotic stresses would produce a decrease in demand relative
to a constant N supply. This may have the same effect as increas-
ing the external N concentration (Mariotti et al., 1982), leading
to greater isotopic discrimination (Vitousek et al., 1989; Handley
et al., 1997). The higher d15N of shoots compared with roots
under control conditions could be related to fractionation pro-
cesses during assimilation by NR, with d15N of unassimilated
nitrate becoming enriched relative to organic N (Evans, 2001;
Tcherkez, 2011). Thus, NO3

) that was not reduced in roots and
exported to the shoots would be enriched in 15N, allowing for an
increased d15N of shoots relative to roots (Yoneyama & Kaneko,
1989; Evans et al., 1996). However, stress conditions would limit
NO3

) export from the roots to the shoot (Kronzucker et al.,
1998), therefore decreasing d15N of shoots while increasing it in
the roots compared with control. This would explain the

opposite d15N response patterns to stress in shoots (15N depletion
relative to full irrigation) compared with roots (15N enrichment).
Water stress would limit the uptake and further transfer of N to
the upper plant parts, subsequently increasing d15N. Hence,
when N availability is limited, a rapid decrease in N translocation
from the root to the shoot has been reported (Kronzucker et al.,
1998). Moreover, tolerant genotypes tended to exhibit constitu-
tively higher d15N (Table S1), which agrees with previous studies
on durum wheat (Yousfi et al., 2009).

Gas-exchange and N metabolism traits involved in
genotypic performance

While changes in ion concentrations and ratios perfectly sepa-
rated treatments (Fig. 1), they were unsuited for assessing geno-
typic tolerance to salinity and water stress (Tables 3, S3). By
contrast, stable isotope signatures related to plant photosynthesis
(d13C) and transpiration (d18O), and traits related to N metabo-
lism (N, NR, GS and d15N), were more appropriate for genotype
differentiation. As these traits were almost the only ones selected
in the stepwise models (Table 4) that explained genotypic differ-
ences in biomass, they were used to further interpret the physio-
logical mechanisms underlying distinct genotypic performances
under each growing condition.

–0.51*

–0.54***

–0.52**

–0.74***

–0.33

–0.52*

–0.12

–0.05

–0.85*** –0.77***

–0.64**
–0.65*

–0.32

(a) (b)

(c) (d)

(e) (f)

Fig. 6 Path analyses of four durum wheat (Triticum
turgidum ssp. durum) genotypes grown under five
combinations of drought and salinity. The conceptual
model quantifying the relative contributions of direct and
indirect effects of stable isotopes on above-ground
biomass is shown in (a). The different combinations of
drought and salinity are as follows: (b) FI, full irrigation
with normal Hoagland solution; (c) FI-12 dSm)1, full
irrigation with Hoagland solution at 12 dSm)1; (d) FI-17
dSm)1, full irrigation with Hoagland solution at 17 dS
m)1; (e) DI, deficit irrigation (35% pot capacity) with
normal Hoagland solution; (f) DI-12 dSm)1, deficit
irrigation with Hoagland solution at 12 dS m)1. Variables
mentioned in this figure are from aerial plant parts. A
single-headed arrow between two variables denotes a
hypothesis of direct causation, whereas a double-headed
arrow reflects correlation without necessarily a direct
causal relationship. Dashed lines indicate negative
relationships. The width of arrows is proportional to the
path coefficient values. Overall fit statistics for each path
model (chi-squared and comparative fit index, CFI), the
latter useful for small sample sizes (with values > 0.9
taken as indicative of a good fit), are shown at the bottom
right of each panel. NR, nitrate reductase; GS, glutamine
synthetase. *P < 0.05, **P < 0.01, ***P < 0.001.
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Nitrogen uptake and assimilation is a complex event that
depends on many factors, such as the coordination of nitrogen
with carbon, energy, and other types of metabolism during plant
development (Masclaux-Daubresse et al., 2010; Rana et al.,
2010). N assimilation requires NADH for NR-driven and ATP
for GS-driven reactions, as well as carbon skeletons derived from
photosynthesis for the synthesis of amino acids. In this respect,
we observed a decrease in NR and GS activities associated with
an increase in d13C (Fig. 5), which in turn can be interpreted as
the result of restricted photosynthetic activity mediated by lower
gs. Moreover, d15N is also affected by changes in photosynthetic
activity driven by stress conditions (Lopes et al., 2004; Lopes &
Araus, 2006). Thus, NR and GS activities were positively associ-
ated with d15N. It is well known that 14N ⁄ 15N isotope fraction-
ation occurs during nitrate and ammonium assimilation by
plants (Tcherkez & Farquhar, 2006).
Recently, Tcherkez (2011) proposed a model explaining d15N

variability in leaves in which a high sensitivity of d15N values to
both photorespiratory and N input (e.g. reduction by NR) is
demonstrated. Overall, this model shows a clear link between
photosynthesis and N metabolism (affecting energy balance of
key enzymes or through photorespiration fluxes) and might
explain why d15N and d13C are covariates across growing condi-
tions in this study (r = )0.69**). Alternatively Cernusak et al.
(2009b) hypothesized that whole-plant d15N should vary as a
function of the transpiration efficiency of nitrogen acquisition,
both factors being positively correlated.
Stress conditions, particularly saline treatments, were shown to

cause a much stronger reduction in NR than in GS activity. An
inhibition of nitrate uptake rates exceeding 50% has been
observed under 60 mM NaCl in wheat (Botella et al., 1997),
whereas ammonium uptake seems much less affected (Ullrich,
2002). Furthermore, wheat plants have shown a preferential
ammonium uptake in saline media (Botella et al., 1993, 1997).
This would justify the lower reduction in GS than in NR activity
in response to stress. Moreover, NR catalyses a high energy-
consuming metabolic reaction and NR activity is reported as
strongly affected by stress conditions influencing photosynthesis
(Tcherkez, 2011). The path analysis showed that NR activity was
negatively associated with d13C, regardless of the growing condi-
tions. Simple correlations also showed that biomass and N
concentration were better associated with NR than with GS activ-
ity. However, the path analysis revealed a direct effect of d13C on
GS (Fig. 6) in the most severe treatment (DI-12), whereas the
directional effect of NR on GS activity diminished as compared
with other stress treatments. This realization suggests that if N
uptake and assimilation are very low, N metabolism is basically
driven by a high photorespiration. In fact, the photorespiratory
flux of ammonium in C3 plants can be 10 times higher than that
originating from nitrate reduction (Hirel et al., 2007).
The negative relationships of d18O with NR and GS activities

observed across treatments are consistent with a dependence of
d18O on gs values mediated by particular stress conditions.
Nevertheless, the relationships of enzymatic activities to d18O
were far weaker than those observed for d13C, which agrees with
the fact that d18O is not as directly associated with photosynthesis

as d13C. Even so, d18O (as d13C and d15N) correlated better with
NR activity than with GS activity, in accordance with a more
direct link of NR to photosynthesis.

Combined isotope signatures track genotypic performance
under stress

Genotypes with lower d13C exhibited higher biomass under
stress. However, the path analysis revealed that, except for the
two most severe growing conditions (FI-17 and DI-12), d13C did
not have a direct effect on biomass, but was mediated through
d18O or N metabolism. Genotypes with lower d18O were directly
associated with higher biomass in the two moderate stress treat-
ments (FI-12 and DI; Table S1), with d18O being significantly
related to gs (r = )0.66 P < 0.01) at least in DI, which agrees
with previous results on durum wheat where d18O reflected tran-
spiration patterns (Cabrera-Bosquet et al., 2009a, 2011). Results
also showed that stress affected N metabolism in all growing con-
ditions and, except in the most severe treatment (DI-17), it trans-
lated into genotypic differences in biomass, with a higher shoot
d15N being a favourable trait. Besides that, because progressive
water stress decreases tissue expansion before closure of stomata
(Hsiao, 1973), any water stress increasing d18O would have
already affected tissue expansion, and thus biomass. Tardieu et al.
(2011) concluded that water deficit affects plant growth via
reduced tissue expansion, carbon photosynthesis and cell num-
ber, the first process being the most crucial. However, our study
highlights that N metabolism also plays a key role in genotypic
performance under salinity and water stress.

Implications for breeding

This study examines the potential usefulness of C, O and N
stable isotopes in shoots, alone or in combination, to assess
genotypic performance of durum wheat to salinity and ⁄ or water
deficit. Multiple isotope measurements may provide additional
discrimination among phenotypes. Indeed, while selection of
low-d13C genotypes arises as a positive choice in any of the stress
conditions assayed, a low genotypic d18O, along with a high
d15N, may represent a sensible combination to aid identifying
genotypes better adapted to moderate stresses. The interest of
selecting tolerant genotypes at early stages of the crop cycle stems
from the possibility of scheduling pollinations at anthesis and
saving resources at harvest. This is particularly evident for salin-
ity, which, in contrast to water stress under Mediterranean condi-
tions, may already be present at planting, thus affecting crop
establishment and early vigour, and therefore limiting grain yield
early in the crop cycle. Moreover, it may be worth selecting for a
constitutively low d13C (together with lower d18O and higher
d15N) when screening for stress tolerance under near-optimal
conditions, since it may obviate the need to manage salinity
stress, which is a very difficult and costly task in field pheno-
typing. This study also highlights the importance of N meta-
bolism, and particularly of NR and GS activities, as key
components of genotypic performance under water and ⁄or
salinity stress. However, selection based on enzymatic activities
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may not be feasible for large-scale field phenotyping, whereas it is
perhaps realistic using high-throughput phenomic platforms.
Further studies would be valuable to assess the performance of
these stable isotopes for discerning genotypic variability in grain
yield, preferably under field conditions.

Acknowledgements

We acknowledge support of OPTIWHEAT (INCO-STREP
015460), AGL2010-20180, and Junta de Andalucı́a-FEDER-FSE
(P07-CVI-3026, P10-CVI-6368 and BIO-163) projects and the
help ofMarco Betti.

References

Abd-El Baki GK, Siefritz F, Man HM, Weiner H, Kaldenhoff R, Kaiser WM.

2000. Nitrate reductase in Zea mays L. under salinity. Plant, Cell &
Environment 23: 515–521.

Araus JL. 2004. The problem of sustainable water use in the Mediterranean and

research requirements for agriculture. Annals of Applied Biology 144: 259–272.
Araus JL, Sánchez C, Cabrera-Bosquet L. 2010. Is heterosis in maize mediated

through better water use? New Phytologist 187: 392–406.
Araus JL, Slafer GA, Reynolds MP, Royo C. 2002. Plant breeding and water

relations in C3 cereals: what should we breed for? Annals of Botany 89:
925–940.

Araus JL, Slafer GA, Royo C, Serret MD. 2008. Breeding for yield potential and

stress adaptation in cereals. Critical Reviews in Plant Science 27: 377–412.
Araus JL, Villegas D, Aparicio N, del Moral LFG, El Hani S, Rharrabti Y, Ferrio

JP, Royo C. 2003. Environmental factors determining carbon isotope

discrimination and yield in durum wheat under Mediterranean conditions.

Crop Science 43: 170–180.
Arbuckle JL. 1997. Amos Users’ Guide; v. 3.6. Chicago, IL: Small Waters

Corporation.

Ayers RS, Westcott DW. 1989. Water quality for agriculture. FAO irrigation and
drainage paper 29. Rome, Italy: FAO.

Barbour MM. 2007. Stable oxygen isotope composition of plant tissue: a review.

Functional Plant Biology 34: 83–94.
Barbour MM, Farquhar GD. 2000. Relative humidity- and ABA-induced

variation in carbon and oxygen isotope ratios of cotton leaves. Plant, Cell &
Environment 23: 473–485.

Barbour MM, Fischer RA, Sayre KD, Farquhar GD. 2000. Oxygen isotope ratio

of leaf and grain material correlates with stomatal conductance and grain yield

in irrigated wheat. Australian Journal of Plant Physiology 27: 625–637.
Bernard SM, Habash DZ. 2009. The importance of cytosolic glutamine

synthetase in nitrogen assimilation and recycling. New Phytologist 182:
608–620.

Blum A. 2005. Drought resistance, water-use efficiency, and yield potential – are

they compatible, dissonant, or mutually exclusive? Australian Journal of
Agricultural Research 56: 1159–1168.

Blum A. 2009. Effective use of water (EUW) and not water-use efficiency (WUE)

is the target of crop yield improvement under drought stress. Field Crops
Research 112: 119–123.

Botella MA, Cruz C, Martins-Loução MA, Cerdá A. 1993. Nitrate reductase
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Table S1. Growth parameters, gas exchange, and carbon and oxygen stable isotope composition of two subsets (Tolerant and Susceptible) of durum wheat 
genotypes exposed to different levels of salinity, water stress and the combination of the two stresses. Data shown are the means of two genotypes per subset. 
Abbreviations and units of variables measured as well as treatments are as defined in Table 1. Probabilities (ns, not significant; *P < 0.05; ** P < 0.01; *** P < 0.001) are 
shown.

FI FI- 12 dSm-1 FI- 17 dSm-1 DI DI- 12 dSm-1

Tolerant Susceptible P Tolerant Susceptible P Tolerant Susceptible P Tolerant Susceptible P Tolerant Susceptible p 

Bshoot  54.50 54.20 ns 36.00 16.20 *** 17.20 13.10 *** 38.00 22.40 *** 17.00 11.16 ** 
LC  43.57 40.96 ns 44.20 42.06 ns 42.10 39.58 ns 49.64 47.62 ns 38.50 44.56 ns 
A 17.17 15.14 ns 3.28 1.66 ns 3.33 1.74 ns 6.81 3.33 ns 3.70 1.21 ns 
gs 0.54 0.41 ns 0.24 0.10 ns 0.04 0.04 ns 0.13 0.10 ns 0.04 0.007 ns 
Ci/Ca 0.78 0.79 ns 0.41 0.22 ** 0.23 0.17 ns 0.39 0.41 ns 0.31 0.26 ns 
T 5.76 5.93 ns 2.60 0.43 ns 0.90 0.15 ns 0.77 0.88 ns 0.49 1.57 ns 
Fv’/Fm’ 0.71 0.70 ns 0.60 0.50 * 0.55 0.50 ns 0.63 0.53 ** 0.57 0.53 ns 
�18Oshoot 26.65 27.28 ns 27.65 28.34 ** 27.81 27.77 ns 27.40 28.56 ** 26.86 27.81 ns 
�13Cshoot -31.17 -30.34 * -29.60 -27.61 *** -28.44 -27.13 *** -29.62 -28.92 * -29.01 -27.83 ** 
�13Croot -30.64 -29.34 ** -29.65 -28.00 *** -29.09 -27.49 *** -29.47 -28.14 ** -29.06 -28.32 ** 
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Table S2. Nitrogen content, nitrogen stable isotope composition, and glutamine synthetase and nitrate reductase activities of two subsets (Tolerant and 
Susceptible) of durum wheat genotypes exposed to different levels of salinity, water stress and the combination of the two stresses. Data shown are the means of 
two genotypes per subset. Abbreviations and units of variables measured as well as treatments are as defined in Table 2. Probabilities (ns, not significant; *P < 0.05; ** P < 
0.01; *** P < 0.001) are shown.  

FI FI- 12 dSm-1 FI- 17 dSm-1 DI DI- 12 dSm-1

Tolerant Susceptible P Tolerant Susceptible P Tolerant Susceptible P Tolerant Susceptible P Tolerant Susceptible P 

NShoot 4.80 5.08 ns 5.13 3.07 *** 3.47 2.49 *** 4.54 3.36 ** 3.43 1.33 *** 
NRoot 2.16 2.13 ns 1.20 1.23 ns 1.08 1.30 ns 2.05 1.94 ns 1.13 1.00 ns 
�15NShoot 3.42 2.91 ns 2.24 1.35 *** 2.32 1.37 *** 3.11 2.50 * 2.52 1.26 * 
�15NRoot 1.95 2.41 ns 3.53 3.26 ns 4.97 4.39 ns 2.84 3.50 ns 4.24 3.61 ns 
GSShoot 582.90 412.12 * 569.41 241.06 *** 392.06 232.50 *** 527.03 245.50 *** 319.66 163.56 ** 
NRShoot 4.26 3.50 ns 1.67 0.81 ** 1.08 0.52 *** 1.87 1.01 ** 1.02 0.42 ns 
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Table S3. Ion concentration in shoots and roots of two subsets (Tolerant and Susceptible) of durum wheat genotypes exposed to different levels of salinity, 
water stress and the combination of the two stresses. Concentrations are expressed as mmol per g of dry weight. Data shown are the means of two genotypes per 
subset. Probabilities (ns, not significant; *P < 0.05; ** P < 0.01; *** P < 0.001) are shown. 

FI FI- 12 dSm-1 FI- 17 dSm-1 DI DI- 12 dSm-1

Tolerant Susceptible P Tolerant Susceptible P Tolerant Susceptible P Tolerant Susceptible P Tolerant Susceptible P 

      
Shoot 

        

               
Na+ 0.18 0.20 ns 1.58 1.37 ns 1.66 1.50 ns 0.34 0.33 ns 1.03 0.93 ns
K+ 1.51 1.58 ns 0.51 0.53 ns 0.42 0.50 ns 1.08 1.36 ** 0.51 0.57 ns
Ca2+ 0.11 0.12 ns 0.06 0.06 ns 0.06 0.06 ns 0.10 0.13 ns 0.06 0.05 ns
P 0.25 0.26 ns 0.19 0.20 ns 0.18 0.18 ns 0.18 0.20 ns 0.10 0.10 ns
Mg2+ 0.06 0.07 ns 0.06 0.05 ns 0.05 0.05 ns 0.08 0.09 ns 0.06 0.05 ns
K+ /Na+ 8.57 8.00 ns 0.32 0.39 ns 0.26 0.33 * 3.22 4.16 ** 0.51 0.64 ns
Ca2+/Na+ 0.58 0.59 ns 0.04 0.05 * 0.04 0.04 ns 0.31 0.38 * 0.06 0.06 ns

      
Root 

        

               
Na+ 0.14 0.16 ns 0.92 0.87 ns 1.22 1.11 ns 0.34 0.36 ns 0.90 0.82 ns
K+ 0.69 0.75 ns 0.28 0.26 ns 0.36 0.31 ns 0.67 0.76 ns 0.32 0.30 ns
Ca2+ 0.22 0.20 ns 0.16 0.16 ns 0.08 0.10 ns 0.37 0.33 ns 0.13 0.13 ns
P 0.24 0.19 ns 0.11 0.12 ns 0.08 0.08 ns 0.17 0.16 ns 0.05 0.04 ns
Mg2+ 0.04 0.04 ns 0.03 0.03 ns 0.03 0.03 ns 0.07 0.07 ns 0.04 0.03 ns
K+/Na+ 4.88 4.61 ns 0.30 0.30 ns 0.30 0.28 ns 1.95 2.16 ns 0.35 0.38 ns
Ca2+/Na+ 1.54 1.25 * 0.18 0.19 ns 0.07 0.10 * 1.16 0.94 ns 0.14 0.16 ns
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Capítulo 4 

A comparative effect of salinity and drought on growth, ion 
concentration and �13C and �15N in barley 

Yousfi, S., Serret, M.D., Voltas, J., Araus, J.L. 2010. Aspects of Applied Biology 105:73-81.
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Abstract 

  A relationship between various physiological parameters and stable isotope signatures of 
carbon and nitrogen was evaluated in barley under different combinations of salinity and 
water regimes. Plants were grown in pots within a growth chamber for about one month. 
The combination of two water regimes (FI, fully irrigation and DI, deficit irrigation to 35% 
of pot available water capacity) and three salinity levels (Hoagland solution formulated with 
deionized water, 12 dS m-1 and 17 dS m-1 water, respectively) were assayed, accounting for 
a total of five different treatments (DI-17 dS m-1 was not tested). Stress treatments were 
imposed one week after germination by progressively increasing salinity and decreasing 
water content for one week. Shoot biomass, ions and nitrogen concentration (N), gas 
exchange, and stable isotope compositions of carbon (δ13C) and nitrogen (δ15N) were 
analysed. Treatments significantly affected all the parameters studied. Compared with 
control conditions DI-12 dS m-1 and FI-17 dS m-1 were the treatments in which shoot biomass 
and shoot and root N concentration decreased the most while DI with normal solution was 
the least severe treatment. All stress treatments inhibited photosynthesis and transpiration 
mostly through stomatal closure. Consequently δ13C of shoots and roots increased as a 
response to stress. δ15N followed a  different pattern depending on the plant part studied. In 
shoots δ15N decreased in salinity treatments and did not change as response to DI. In roots 
δ15N increased in all salinity treatments but also to a lesser extent under DI. Concentrations 
of ions were affected not just by the three different salinity treatments but also by DI. The 
two salinity treatments under FI were affected in a very different manner, with Na+ and K+ 
concentrations in both shoots and roots being lower and higher, respectively, at FI-17 dS 
m-1 than at FI-12 dS m-1. Overall δ13C and δ15N of shoots were the traits best matching the 
differences in shoot biomass and N concentration across growing treatments. Thus δ13C 
correlated negatively and δ15N positively with plant growth and N concentration. This 
study supports the potential usefulness in barley of the 13C and 15N signatures in tissues as 
indicators of plant performance under a wide range water stress and salinity conditions. 

Key words: Nitrogen content, δ13C, δ15N, barley, sodium, photosynthesis, salinity, water 
deficit

 
Introduction 

  Barley is one of the most extensively cultivated crops in the Mediterranean regions. This crop is 
usually placed in marginal areas, where water stress (Araus et al., 2002) and N availability (Oweis 
et al., 1999; Passioura, 2002) are the main constraints on productivity. Predicted climate change 
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will exacerbate the negative effects of such constraints. Deficit irrigation may alleviate drought 
but at the expense of a progressive salinization, particularly if low quality water is used (Ayers 
& Westcot, 1989; The World Bank, 2007). Selecting barley genotypes more resistant to drought 
(Araus et al., 2002) or with a higher salt tolerance (Munns, 2008) together with proper agronomical 
practices are complementary ways of improving present and future adaptation of this crop to the 
Mediterranean. Numerous studies have focused on the effect of drought or salinity on plant growth 
and physiological parameters of barley aiming to elucidate traits potentially useful for breeding 
and/or crop management. However studies comparing the effects of both stresses alone as well 
as in combination are far less abundant. Moreover some selecting traits such as concentration of 
ions are specific for salinity but do not apply to drought and may give misleading results when 
assessing the combined effect of both stresses. In that context integrative (time and organization 
level) traits (Araus et al., 2002, 2008) such as the carbon isotope composition (δ13C; frequently 
expressed as discrimination, ∆13C) in dry matter have been proposed for large scale assessments. 
Beside δ13C, nitrogen isotope composition (δ15N) is also affected. Foliar ∆13C (or δ13C) values 
have been used in wheat and barley as an integrated measure of the response of photosynthetic 
gas exchange to salinity and drought (Arslan et al., 1999; Rivelli et al., 2002, Yousfi et al., 2010). 
In addition, genotypic variability of this trait under salinity has been reported (Ellis et al., 1997, 
2002; Isla et al., 1998; Shaheen & Hood-Nowotny, 2005). Moreover, features related to the nitrogen 
(N) metabolism, such as the stable nitrogen isotope signature, have been recently proposed as 
screening tools (Yousfi et al., 2009). Natural variation in plant N isotope composition (δ15N) has 
been proposed as a useful trait for screening, as it is linked to plant N metabolism, even though 
there is no precise knowledge of the underlying mechanisms (Handley et al., 1997; Robinson et al., 
2000; Ellis et al., 2002; Pritchard & Guy, 2005; Coque et al., 2006; Yousfi et al., 2009). Robinson 
et al. (2000) proposed that the combined measurements of δ13C and δ15N may give an indication of 
responses to stresses such as drought and nitrogen starvation. Moreover, both δ13C and δ15N have 
been used to phenotype the response of (barley) mapping populations to salinity, as the natural 
abundances of these isotopes are strongly affected by salinity (Ellis et al., 1997, 2002; Handley et 
al., 1997). The two stable isotope δ13C and δ15N were also evaluated under salinity, drought and 
the combination of the two stresses in durum wheat genotypes (Yousfi et al., 2009, 2010). In this 
study we compared the response of barley genotype to either deficit irrigation or salinity, or both 
in combination, imposed at vegetative stage of growth. The main objective was to determine the 
most informative physiological traits to detect differences between growing conditions. These traits 
included gas exchange parameters, chlorophyll levels, ion concentration, nitrogen content and the 
natural abundance of the stable isotopes 13C and 15N. 

Material and Methods

  The genotype used in this study was a two-row barley (Hordeum vulagre L. cv. Hispanic). This 
cultivar, characterized by a good tillering and precocity habit, has been the most planted in Spain 
during recent years. Seeds were planted in 3 dm3 pots containing perlite. Plants were grown in 
a growth chamber at the Experimental Field Station of the University of Barcelona, for over 1 
month. Plants were watered to field capacity to facilitate germination. Then, five different growth 
conditions were imposed one week after germination: (i) FI or control (fully irrigated, 100% of 
container capacity, with normal Hoagland solution), (ii) FI-12 dS m-1 (fully irrigated with saline 
Hoagland solution, 12 dS m-1), (iii) FI-17 dS m-1 (fully irrigated with saline Hoagland solution, 17 
dS m-1), (iv) DI (deficit irrigated to 35% of container capacity, with normal Hoagland solution) and 
(v) DI-12 dS m-1, the combination of the two stresses: (deficit irrigated to 35% of container capacity 
with saline Hoagland solution, 12 dS m-1). Water deficit was imposed progressively during about 1 
week by decreasing irrigation. Salinity treatment was also imposed by adding NaCl progressively 
to the nutrient solution, starting with a salt concentration of 4 dS m-1 to reach the final salt levels 
of 12 dS m-1 (~ 120 mM NaCl) or 17 dS m-1 (~ 170 mM NaCl). Leaf gas exchange was measured 
in all plants just before harvest. Measurements were made with an open IRGA LI-COR 6400. The 
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gas exchange parameters were light-saturated net CO2 assimilation rate (Asat); stomatal conductance 
(gs) and transpiration rate (T). Subsequently, the ratio of intercellular to ambient CO2 concentration 
(Ci/Ca) was calculated according to Sharkey & Raschke (1981). The efficiency of excitation energy 
captured by open PSII reaction centres (Fv’/Fm’) was also estimated in the same leaves. Leaf 
chlorophyll content (LC) was measured with a portable device (SPAD). After harvest roots were 
washed with deionized water and then both roots and shoots dried in an oven and further grounded. 
Then the amount of ions (Na+, K+, Ca2+, Mg+2, P) in shoots and roots was determined with an 
Inductively Coupled Plasma Emission Spectrometer at the Scientific Facilities of the University 
of Barcelona as detailed before (Yousfi et al., 2009, 2010). Total nitrogen concentration, stable 
carbon isotope composition (δ13C) and stable nitrogen isotope composition (δ15N) were measured in 
shoots and roots using an elemental analyser (Flash 1112 EA; ThermoFinnigan, Germany) coupled 
with an isotope ratio mass spectrometer (Delta C IRMS, ThermoFinnigan, Germany), operating in 
continuous flow mode (Yousfi et al., 2009, 2010).

Results

  Growing conditions significantly affected all the parameters evaluated in this study (Tables 1, 2, 3). 
Treatments other than control (FI) significantly decreased aerial biomass as well as the photosynthetic 
and transpiratory gas exchange traits Asat, gs, T and Ci /Ca, and the chlorophyll fluorescence ratio Fv’/
Fm’ (Table 1). The treatment which most affected biomass was the combination of water deficit and 
salinity (DI-12 dS m-1) while the least affected was the water deficit with normal solution (DI). Deficit 
irrigation was also the stress treatment which least affected the gas exchange and the chlorophyll 
fluorescence. Leaf chlorophyll only decreased in the two water stress treatments (DI and DI-12 
dS m-1). Therefore gas exchange and chlorophyll-related traits did not fully match the variation in 
biomass caused by the different treatments (Table 1). Not just the three saline treatments but also 
DI significantly affected the concentration of different ions in both shoots and roots (Table 2). The 
amount of Na+ in FI-12 dS m-1 (Table 2) strongly increased as compared with control conditions, 
whereas concentration of Na+ in FI-17 dS m-1 was in between these two treatments (Table2). All the 
other ions analyzed in shoots and roots (K+, Ca2+, Mg2+) decreased in stress conditions, DI included, 
while P content in the shoot remained almost unchanged. Paradoxically the treatment which less 
affected the concentrations of all the ions other than Na+ was FI-17 dS m-1 (Table 2) in spite the 
fact it was one of the most severe treatments preventing biomass accumulation (Table 1). 

Table 1. Biomass, chlorophyll content, gas-exchange and chlorophyll fluorescence parameters of 
barley exposed to different levels of salinity and water stress. Treatments as defined in Material 
and Methods.Values shown are the means of four replicates of each treatment. Means followed 

by different letters were significantly different (P < 0.05) by the Tukey test. The P values of 
Anova test for treatments are shown: ns, no significant; *, P < 0.05; **, P < 0.01; ***, 

P < 0.001

Treatments Biomass LC Asat gs T Ci /Ca Fv’/Fm’
FI 134.33a 45.20a 16.33a 0.39a 3.07c 0.85a 0.64a

FI-12 dS m-1 27.00c 44.26a 1.91c 0.01b 0.30a 0.46b 0.52b

FI-17 dS m-1 24.00c 48.02a 0.82c 0.005c 0.08a 0.37b 0.54b

DI 36.25b 35.75b 2.29b 0.09b 1.06b 0.62a 0.59a

DI-12 dS m-1 17.50d 31.95b 2.89b 0.02b 0.44ab 0.39b 0.50b

Anova *** * *** *** *** * *
Biomass: shoot biomass (g dry weight); LC, leaf chlorophyll content (SPAD units); Asat,  leaf net CO2 
assimilation (μmol CO2 m

-2 s-1) ; gs, stomatal conductance (mol CO2 m
-2 s-1); T , transpiration rate (mmol 

H2O m-2 s-1); Ci/Ca, the ratio of intercellular to ambient CO2 concentration;  Fv’/Fm’, efficiency of excitation 
energy capture by open PSII reaction centres.
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Table 2. Ion concentrations in shoots and roots of barley exposed to different levels of salinity 
and water stress. Treatments as defined in Material and Methods.The values shown are the 

means of four replicates of each treatment. Concentrations are expressed as mmol per g of dry 
weight. Means followed by different letters are different by the Tukey test (P < 0.05). The P 
values of Anova test for treatments are shown: ns, no significant; *, P < 0.05; **, P < 0.01; 

***, P < 0.001
 

Na+ K+ Ca2+ P Mg2+ K+/Na+ Ca2+/Na+

Shoot
Treatments
FI 0.31a 1.75a 0.12a 0.16a 0.14a 5.65a 0.37a

FI-12 dS m-1 2.02d 0.72b 0.06b 0.15a 0.07c 0.60c 0.05c

FI-17 dS m-1 0.79bc 1.59a 0.11a 0.12b 0.10b 4.12b 0.29b

DI 0.39ab 0.56b 0.05b 0.15a 0.05c 0.31c 0.03c

DI-12 dS m-1 1.21c 0.78b 0.06b 0.09c 0.06c 0.98c 0.08c

Anova *** *** *** *** *** *** ***
Root

Treatments
FI 0.40a 0.34a 0.72a 0.18a 0.10a 0.84a 1.78a

FI-12 dS m-1 1.79b 0.08c 0.10c 0.07b 0.04c 0.04c 0.06c

FI-17 dS m-1 0.69a 0.25b 0.50b 0.08b 0.07b 0.36b 0.76b

DI 0.58a 0.04c 0.08c 0.09b 0.03c 0.03c 0.04c

DI-12 dS m-1 1.78b 0.09c 0.10c 0.04c 0.05c 0.05c 0.06c

Anova *** *** *** *** *** *** ***

  All the stress treatments increased δ13C of shoots and roots compared with FI (Table 3). Increases 
in shoots followed the same pattern as for the decreases in biomass (Table 1), with DI and DI-12 
dS m-1 being the treatments the least and the most affecting δ13C, respectively. By contrast δ13C 
from roots was affected in different way, with δ13C from DI-12 dS m-1 (the most stressful treatment) 
and FI-12 dS m-1 being not significantly different from control, while the treatment which most 
affected δ13C was FI-17 dS m-1. (Table 3). Roots showed smaller (i.e. closer to control) values of 
δ13C compared with shoots for the three saline treatments, while the opposite occurred under DI. All 
the stress treatments caused a significant decrease in the nitrogen concentration of shoots and roots, 
with plants under DI being the less affected. The pattern of response to the other three treatments 
differed considering the plant part, with root N tracking quite well the differences across treatments 
in shoot biomass. Shoots showed higher N concentration than roots regardless the treatment. 
  Shoot δ15N also decreased as response to the three different salinity treatments, while DI did 
not significantly affect this trait (Table 3). By contrast, and compared with control, δ15N in roots 
increased as response to all the stress treatments, with DI the least affected and the two fully watering 
treatments with saline solution (FI-12 dS m-1 and FI-17 dS m-1) the most affected. Differences across 
treatments in shoot δ15N rather than in root δ15N matched differences in biomass. 
  A principal component analysis (PCA) combining all data for the five treatments together was 
performed (Fig. 1). The two first components explained together almost 80% of the total variance. 
PCA showed that a higher biomass was associated with a higher photosynthetic and transpirative 
activities (Asat, gs, T, Fv’/Fm’), smaller (i.e. more negative) δ13C in shoots, more N concentration in 
shoots and roots and higher δ15N in shoots. However traits such as Ci /Ca, root δ13C and even less 
root δ15N were not related with the differences in shoot biomass. Pooling together all the individual 
plant measurements of the five treatments (n = 20) shoot δ13C was strongly and negatively correlated 
with shoot biomass and N concentration (Fig. 2). Additionally shoot δ15N was strongly but positively
correlated with biomass and N concentration. Beside that, the relationships of both stable 
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Table 3. Nitrogen content, stable carbon and nitrogen isotope composition in shoot and root and 
total shoot nitrogen of barley exposed to salinity and drought. Treatments and abbreviations for 
traits as defined in Material and Methods.The values shown are the means of four replicates of 

each treatment. The means followed by different letters were significantly different (P < 0.05) by 
the Tukey test. The P values of Anova test for treatment are shown: ns, no significant; 

*, P < 0.05; **, P < 0.01; ***, P < 0.001

Shoot Root
δ13C N δ15N δ13C N δ15N

Treatment
FI -29.90d 5.13a 3.96a -28.58c 2.31a 3.08c

FI-12 dS m-1 -27.40b 3.51c 2.22b -28.10bc 1.63b 7.91a

FI-17 dS m-1 -26.46a 1.57e 1.68b -26.95a 1.63b 6.03a

DI -28.46c 4.43b 3.61a -27.43ab 1.99a 3.85b

DI-12 dS m-1 -26.09a 2.70d 2.23b -28.27c 1.10c 4.74b

Anova *** *** *** ** *** **
δ13C , Stable carbon isotope composition (‰); N , nitrogen concentration (mmol g-1 dry weight);  and δ15N  
stable nitrogen isotope composition (‰).

isotopes with N concentration were linear while those with biomass were not. Root δ13C and δ15N 
correlated far weaker (or were not correlated at all) than shoot δ13C and δ15N with shoot biomass 
and N concentration (data not shown).

Fig. 1. Principal component analysis (PCA) of different water stress and salinity conditions (as defined in 
Material and Methods) using as a variables growth, photosynthetic and transpirative parameters and the 
stable isotope compositions of C and N in shoot and roots. Abbreviations of variables are as defined in the 
legends of Table 1 and Table 3.
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Fig. 2. Relationship of carbon (δ13C) and nitrogen (δ15N) isotope composition in shoots with shoot biomass 
and nitrogen concentration. Each point represents the individual value for a given replicate within a growing 
condition. Abbreviations of treatments are as defined in the legend of Table 1.

Discussion

  The treatment which most affected growth was the combination of deficit irrigation and salinity, 
which is in line with the results reported in a previous study with durum wheat using the same 
range of irrigation treatments (Yousfi et al., 2010). Barley is a more salt-tolerant crop than other 
species like bread and durum wheat (Maas & Hoffman, 1977; Munns, 2008). Even so fully irrigation 
with a moderately saline solution (12 dS m-1) reduced growth by 80% compared with non-stress 
conditions. Beside that full irrigation with the more saline solution (17 dS m-1) did not affect growth 
significantly and even the most severe stress (DI-12 dS m-1) only decreased biomass a further 
30%. This contrast with our previous studies in durum wheat, where biomass at high salinity was 
lower than at moderate salinity (Yousfi et al., 2009, 2010). It is well known that plants growing in 
saline environments exclude salts from or tolerate them inside their cells. In our experiment, lower 
concentration of Na+ of shoots and roots and higher values of the K+/Na+ and Ca2+/Na+ ratios were 
found at DI-17 dS m-1 compared with DI-12 dS m-1. Some characteristics of barley cell membrane 
might be involved preventing Na+ accumulation under high levels of salinity in the medium. Muller 
& Santarius (1978) suggested that a decrease in the content of galactolipids in membranes is one 
of the factors causing increased salt tolerance of barley plants exposed to extreme salinity.

B
io

m
as

s 
( g

r d
ry

 w
ei

gh
t)

0

40

80

120

160

200

FI
FI- 12 dS m-1

FI- 17 dS m-1

DI
DI- 12 dS m-1

-31 -30 -29 -28 -27 -26 -25

N
itr

og
en

 ( 
m

m
ol

 g
-1

 d
ry

 w
ei

gh
t)

1

2

3

4

5

6

0 1 2 3 4 5

��13C(‰) ��15N(‰)

r = - 0.92 *** 

r = 0.90 *** r = - 0.84 ***

r = 0.84 ***

A

DB

C



7

  Salinity may lead to thicker or denser leaves (i.e. with a more compact mesophyll), as reported in 
wheat (Passioura & Munns, 2000; Munns & Tester, 2008; Yousfi et al., 2009), therefore increasing 
the chlorophyll content per unit leaf area. This effect may offset eventually the negative effect of 
salinity decreasing chlorophyll concentration in tissues. By contrast drought stress may have a lesser 
effect of leaf structure while affecting chlorophyll concentration and therefore a clear decrease in 
chlorophyll content on area basis was observed in spite the fact N concentration was higher than 
under salinity. Overall these results indicate chlorophyll content is not a good indicator of plant 
performance under salinity and again support studies in durum wheat (Yousfi et al., 2009). 
  Salinity and drought stress predominantly affect diffusion of CO in the leaves through a decrease 
in stomatal conductance (Heuer & Plaut, 1989). Our results showed that both salinity and drought 
induced a strong decrease in photosynthetic and transpiration rates, mainly due to stomatal limitation. 
The drop of Ci /Ca together with the increase in δ13C as response to stress conditions supports a 
stomatal limitation on photosynthesis and agrees with previous reports on wheat (Ouerghi et al., 
2000; Shaheen & Hood-Nowotny, 2005; Yousfi et al., 2009, 2010). Moreover as for durum wheat 
salinity alone or combined with deficit irrigation caused a more severe stomatal limitation than 
water stress (Yousfi et al., 2010). 
  Shoot δ13C was strongly negatively correlated with biomass and N concentration, while the 
correlation of root δ13C with these growth traits was far lower. Differences in assimilate allocation 
between shoots and roots due to the specific features of water stress and salinity (the last one causes 
a toxic effect in top of an osmotic-driven water stress) may be behind such differences patter of 
correlations. Even when this is not supported by literature (Munns et al., 2006; Munns & Tester, 
2008) we suggest that salinity conditions prevent adequate root growth, while the effect on shoots 
is comparatively less severe. Consequently assimilates produced after imposing salinity will be 
mostly allocated in the shoots causing a clear decrease in the δ13C of shoots compared with roots 
for all three salinity treatments. For water stress alone the effect may tend toward the opposite. It 
is well known that under deficit irrigation plants develop roots comparatively more than shoots 
(Motzo et al., 1993), which implies new assimilates (produced already under stress conditions) 
are preferentially allocated to the growing root system. In agreement with that DI plants showed 
higher (i.e. less negative) δ13C in roots than in shoots.
  The decrease in N concentration as well as the significant changes in δ15N in response to different 
stress treatments suggests that salinity and to a lesser extent water deficit affect nitrogen uptake 
and/or assimilation (Handley et al., 1997; Ellis et al., 2002; Yousfi et al., 2009). In our study, 
deficit irrigation reduced N and shoot δ15N less than salinity which provides evidence that salinity 
has a stronger effect on N metabolism than water stress. Uptake and accumulation of Na+ and Cl- 

associated with salinity may cause toxicity effects in plants and therefore affect N metabolism more 
than water stress alone. In a previous study with durum wheat (but tested at different phenological 
stage) we also found that δ15N was less affected by water stress alone than due to different saline 
treatments (Yousfi et al., 2010). However other studies on barley and durum wheat report a higher 
decrease in N as response to deficit irrigation than in the present study (Robinson et al., 2000; 
Raimanová & Haberle, 2010). 
  Handley et al. (1997) suggest that stress would decrease δ15N compared with controls, due to down-
regulation of the assimilating enzyme in this case nitrate reductase. Further, 15N/14N fractionation 
may occur during nitrate assimilation by nitrate reductase or ammonium assimilation by glutamine 
synthetase (Evans, 2001). Activities of these two enzymes were decreased by salinity (Carillo et al., 
2005; Wang et al., 2007).  However in our results only shoot δ15N decreased as response to stress 
treatments while the δ15N in the roots increased. The opposite pattern in the effect of δ15N between 
shoots and roots suggests that both salinity and drought affect differentially N metabolism of these 
two plant parts or that N translocation from roots to shoots may further discriminate against the 
heavier isotope. 
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  Regardless of the mechanism affecting plant δ15N, this trait seems to reflect the capacity of the 
plant to use available nitrogen. In accordance with this, our results showed a strong correlation of 
shoot δ15N with N concentration and biomass. 
  We may conclude that the strong correlation of both shoot δ13C and δ15N with N concentration 
and biomass sustain the potential value these isotopic signatures revealing differences in the effect 
of salinity and water stresses on plant growth.
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Capítulo 5 

Comparative response of �13C, �18O and �15N in dry matter and the water-

soluble fraction of durum wheat exposed to salinity at the vegetative and 

reproductive stages 

Yousfi, S., Serret, M.D., Araus, J.L. 
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Capítulo 6 

Gene expression and physiology of resistant and sensitive durum wheat 

genotypes during salinity and water stress 

Yousfi, S., Serret, M.D., Márquez A.J., Betti M., Araus, J.L. 

                                                                                                                                                       Artículo para enviar 
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