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ARTICLE INFO ABSTRACT

Knowledge of the agronomic and physiological traits associated with genetic gains in yield is essential to im-
prove understanding of yield-limiting factors and to inform future breeding strategies. The aim of this paper is to
dissect the agronomic and physiological traits related to genetic gain and to propose an ideotype with high yield
that is best adapted to Spanish Mediterranean environments. Six semi-dwarf (i.e. modern) durum wheat gen-
otypes were grown in a wide range of growing conditions in Spain during two successive years. Diverse agro-
nomic, physiological and leaf morphological traits were evaluated. Kernels spike ™! was the yield component
most affected by the genetic gain. While no interaction between genotype and growing conditions existed for
grain yield, the more productive genotypes were characterized by a plant height of around 85 cm, small erect
flag leaves, more open stomata, a better balance between N sources and N sinks and a higher capacity to re-fix
CO,, respired by the grain. Moreover, in general the non-laminar parts of the plants play a key role in providing
assimilates during grain filling. The high heritability of most of the studied parameters allows their consideration
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as traits for phenotyping durum wheat better adapted to a wide range of Mediterranean conditions.

1. Introduction

Durum wheat is the 10™ most important crop worldwide owing to
its annual production of 37 million tons [1,2]. Moreover, it is one of the
most widely cultivated herbaceous crops in the Mediterranean basin,
where terminal abiotic stresses are the main yield constraints. Italy and
Spain are the largest producers of durum wheat in the Mediterranean
basin [3]. In Spain, durum wheat represents about 5.7% (1.32 million
tons) of the national cereal production, and about 65% of the area
under durum wheat cultivation is located in the Southern part of the
country (Andalucia) [4].

Increasing grain yield in cereal crops in general and durum wheat in
particular has been a major goal of most breeding programs, and the
effects of genetic improvement on yield potential have been reported in
several studies [5-7]. The grain yield of durum wheat has increased
significantly worldwide from the early 1960s, coinciding with the
adoption of the green revolution. Spain has followed the same trend,

with the average yield of 2.8 Mg ha~! for pre-green revolution geno-
types rising beyond 5 Mg ha ™! for varieties released in the 1980s [7,8].
However, in the last three decades yield improvement for both durum
and bread wheat has slowed, indicating that genetic gain is potentially
leveling off [7,9,10]. Nevertheless, despite no clear advances in recent
times, genotypic differences do exist in grain yield across the post green
revolution durum wheat varieties released in Spain [7,11]. Dissecting
the agronomic and physiological components behind the genotypic
differences in grain yield may contribute towards genetic advances in
future breeding.

The increase in yield during the green revolution, associated with
the introduction of semi-dwarf (i.e. modern) cultivars, was mainly
achieved by a decrease in plant height, thus reducing lodging, while
increasing the harvest index, due to a reduced competition from the
growing stem, resulting in larger spikes with more grains per spike
[12]. However, further decreases in plant height do not seem feasible
and in fact may penalize yield potential and even adaptation to
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unfavorable conditions [13,14]. On the other hand, the green revolu-
tion was not associated with an increase in TKW, with the opposite
occurring instead [7,11], nor was there an increase in the number of
spikes per square meter [7]. Moreover, the increase in grain yield as-
sociated with the green revolution does not seem to have been related
to more biomass but rather its redistribution [11,15], despite the fact
that some reports indicate higher biomass in more recent cultivars [16].
Genetic gain in grain yield may also be achieved through targeting
additional traits closely associated with improved plant adaptation to
stress [17]. Under water limiting conditions, various physiological
processes and traits have been associated with GY [18-20]. Among
them are traits related to delays in senescence (i.e. staygreen) during
grain filling assessed via changes in leaf greenness [21,22]. Moreover,
staygreen also appears to be beneficial in terms of increasing yield
potential [22]. Senescence is a genetically programmed and en-
vironmentally influenced process resulting in the destruction of chlor-
ophyll and the remobilization of nutrients to younger or reproductive
parts of plants, and this is the case for growing grains in cereals [23]. It
has been widely assumed that extending the green canopy duration by
delaying senescence will extend the grain filling period, increase grain
yield [24] and contribute to yield stability under stress [23]. Other
traits like higher stomatal conductance have also been proposed as
being associated with genetic advance in yield potential [25], as well as
under moderate to medium stress conditions [26]. This is further sup-
ported by the positive phenotypic correlations usually found between
yield and carbon isotope discrimination (A'*C) or the negative corre-
lations with carbon isotope composition (8'3C) within Mediterranean
environments [19,27-31]. In wheat, A'*C can provide an indirect de-
termination of the effective water use of the crop [19,32]. Although a
negative association between A*C and yield has been found under very
dry Mediterranean rainfed conditions, a positive association is more
common because genotypes capable of sustaining greater stomatal
conductance and water consumption are more productive [27,33]. The
carbon isotope signature has also been used to evaluate the relative
contribution of different photosynthetic organs during grain filling
[34-36]

In this study we dissected the agronomic and physiological traits
related to genetic gain in durum wheat during recent decades. We have
selected a subset of six representative cultivars from a set of 20 post
green revolution cultivars studied by Chairi et al. [7]. In this previous
study, and except for the number of kernels per spike, for the three
decades studied there was no significant temporal trend in the genetic
advance of yield or other agronomic (grain yield, grain weight and
spikes per square meter) and phenological (e.g. days to heading)
components, or physiological (egg. §'3C) traits [7]. Also, we in-
vestigated the role of different plant parts as photosynthetic con-
tributors during grain filling.

2. Materials and methods
2.1. Plant material and growing conditions

Experiments were carried out under field conditions in three ex-
perimental stations embracing a wide range of latitudes and elevations,
therefore providing a wide range of growing temperatures in Spain.
Experiments were conducted at the experimental stations of the Spanish
“Instituto Nacional de Investigacion y Tecnologia Agraria y
Alimentaria” (INIA) at Coria del Rio (Cor), Seville (37°14°N. 06°03°'W. 5
masl) and Colmenar de Oreja-Aranjuez (Aran), Madrid (40°04°N.
3°31°W. 590 masl), as well as at the “Instituto Tecnolégico Agrario de
Castilla y Leén” (ITACyL) in Zamaduenas (Zam), Valladolid (41°41°N.
04°42°W. 700 masl). Trials were conducted during two successive crop
seasons (2013-14, and 2014-15), except for Coria where only one trial
was conducted during the second crop season (Tablel).

Six durum wheat (Triticum turgidum L. subsp. Durum (Desf) Husn.)
cultivars were selected among a set of 20 fully semi-dwarf (i.e. modern)
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cultivars, evaluated in a previous study and released in Spain during the
three decades (1980-2009) after the green revolution [7]. Specific
cultivars were chosen to be representative of variability in yield per-
formance, including some extreme genotypes (with contrasting yield
within trials), while maintaining similar phenology [7,37]: Sula (1994),
Iride (1998), Pelayo (2002), Don Sebastian (2004), Don Ricardo (2008)
and Kiko Nick (2009).

Plots were sown in a randomized block design with three replicates.
Each plot consisted of six rows 7m long and 0.2m apart, with a
planting density of 250 seeds m ™~ 2. Rainfed (RF) and supplemental ir-
rigation (IR) conditions were imposed at Aran and Zam. Due to the
presence of a shallow water table caused by proximity to the
Guadalquivir River, genotypes could only be evaluated under rainfed
conditions at the Cor experimental site. A different irrigation regime
was applied at each site, with the timing and amount of water applied
designed to ensure good crop growth during the critical period from
stem elongation to mid grain filling. To that end, at each site specific
agronomic practices were followed. For both years at Aranjuez (A1IR
and A2IR), irrigation was applied to compensate for evapotranspiration
during the period between stem elongation and the milk-dough devel-
opment stage. For both years at Zamaduefias (Z11IR and Z2IR), 25 mm of
irrigation was applied approximately every week from heading to ri-
pening.

Considering location (Aran, Zam and Cor), water regime (RF and IR)
and seasons (1 and 2), a total of nine growing conditions were eval-
uated, four in the first year and five in the second. Phenology was re-
corded throughout the crops life cycle using the Zadoks scale for growth
stages (GS) [38]. Days to heading (days from emergence until 50% of
the spikes are half emerged, GS55) were recorded in all environments.
Plant height (PH) was measured after anthesis as the distance from
ground to the ear tip, excluding awns.

In the second year, together with PH, leaf length, leaf width and
spike length were measured. Flag leaf blade, ear and peduncle samples
were taken at early grain filling (GS 71) and were saved at -80 °C for
carbon isotope composition and elemental carbon and nitrogen ana-
lyses.

2.2. Agronomic traits

For each plot the number of spikes per m? (spike m~2) was de-
termined at maturity by sampling and counting the spikes contained in
two 0.5 m-length portions of one of the central-rows at Zam and one
0.5 m length of a central-row at Cor and Aran. Further, kernels spike ~*
was determined using a subset of ten representative stems per plot. GY
was assessed by harvesting the whole plot. Then the thousand kernel
weight (TKW) was measured and subsequently the number of kernels
per m? (kernels m~2) was determined, together with the total kernel
weight (KWPS) and the total kernel nitrogen (KNSP) per spike.

2.3. Remote sensing indices

In the first-year remote sensing measurements were undertaken
once, around early grain filling (GS71). In the second year, measure-
ments were carried at around booting (GS 45), early grain filling (GS
71), medium grain filling (GS 75) and late grain filling (GS77). The
normalized difference vegetation index (NDVI) was determined with a
portable spectroradiometer with an active sensor (GreenSeeker hand-
held crop sensor, Trimble, USA) scanning with the sensor held per-
pendicularly to the canopy and 0.5-0.6 m above the top canopy. NDVI
was calculated using the equation: NDVI = (NIR —R) / (NIR + R),
where R is the reflectance in the red band (660 nm) and NIR is the
reflectance in the near-infrared band (760 nm).

One digital RGB picture was taken per plot, holding the camera at
0.8-1.0 m above the plant canopy, in a zenithal plane and focusing near
the center of each plot. Photographs were taken with a Nikon D40
camera. The camera had a set focal length of 18 mm, shutter speed of 1/
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125 without flash, the aperture set to automatic and the images were
saved in JPEG format with a size of 1920 X 1280 pixels. Pictures were
subsequently analyzed with the open source Breedpix 0.2 software
designed for digital photograph processing of different color properties
[39]. This software enabled the determination of the RGB vegetation
indices green area (GA) and greener area (GAA). Both are formulated
based on the number of green pixels in the image, but differ due to GAA
excluding yellowish-green tones and therefore more accurately de-
scribing the amount of photosynthetically active biomass and leaf se-
nescence.

The leaf chlorophyll content (Leaf Chl) was measured using a por-
table chlorophyll meter (SPAD-502 Chlorophyll Meter, Minolta Co.
Ltd., Osaka, Japan). Five flag leaves were measured for each plot.
Measurements were taken from the middle portion of the lamina.

2.4. Total N content and C and N isotope analyses

For the first year, only mature kernels were analyzed. For the second
year, together with mature kernels, the dry matter and water-soluble
fraction in the flag leaf, peduncle and different ear parts (awns, glumes,
lemma and palea) were analyzed. All the measurements were per-
formed for each individual plot, within the entire set of trials.

Stable carbon (*3C/'2C) and nitrogen (**N/**N) isotope ratios, to-
gether with the total nitrogen content, were determined. Measurements
of carbon and nitrogen isotopes were conducted at the Scientific
Facilities of the University of Barcelona, using an elemental analyzer
(Flash 1112 EA; Thermo Finnigan, Berman Germany) coupled with an
isotope ratio mass spectrometer (Delta C IRMS, Thermo Finnigan),
operating in continuous flow mode. Isotopic results were expressed in
standard § —notation [40].

_ . Rsample

=(————1) x 100
Rstandard

where X is the §'3C or §'°N value, and R is the 3C/*2C or >N/**N
ratios, respectively. The §'3C values were reported relative to the
Vienna PeeDee Belemnite standard, whereas the §'°N values were re-
ported relative to the standard N, in air [41].

2.5. Water soluble fraction

The protein-free water-soluble fraction (WSF) of the flag leaves and
ears was extracted from the same dry samples tested for carbon isotope
composition, as described previously [42-44]. Leaf and ear powder
were suspended with 1 ml of Milli-Q water in an Eppendorf tube (Ep-
pendorf Scientific, Hamburg. Germany). After centrifugation, the su-
pernatant containing the WSF was collected. Soluble proteins in the
supernatant were heat-denatured and precipitated. After centrifugation,
an aliquot of 60 pl of the supernatants containing the protein-free WSF
was transferred to tin capsules and dried at 60 °C for isotope analyses as
indicated above.

2.6. Statistical analysis

The hypothesis of zero difference between means was tested with
analysis of variance (ANOVA) performed using the general linear model
procedure to calculate first the effects of year, environment (combina-
tion of specific site x water regime), genotype and environment by
genotype interactions on the measured and calculated parameters.
Then, because the year effect was not significant for GY we combined
the two-year data and analyzed the environment (combination of year x
specific site x water regime) and genotype effects and their interaction.
Mean separation between genotypes for the different parameters was
performed with Duncan’s multiple range test (P < 0.05). Broad sense
heritability (h2) was estimated for each trait over the different en-
vironments as:
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where r = number of repetitions, e = number of environments, r2
=error variance, r2g = genotypic variance and r2ge = G x E variance.
Calculations were done using either the subset of six genotypes or the
original set of 20 genotypes [7].

A bivariate correlation procedure was constructed to analyze the
relationships between the studied traits. Stepwise regression analyses
were conducted with grain yield as the dependent variable and yield
components as the independent ones. Data were analyzed using the
SPSS 21.0 statistical package (SPSS Inc., Chicago, IL, USA). Figures
were created using the Sigma-Plot 11.0 program for Windows (Systat
Software Inc., Point Richmond, CA, USA). A principal component
analysis (PCA) of yield components and physiological parameters of
wheat were carried out in Rstudio version 3.4.3. In addition, yield
stability of genotypes was assessed using the genotype main effects and
genotype X environment interaction effect GGE biplot methodology, by
an average environment coordinate (AEC) method [45] using GEA-R
free software analysis [46] including the 20 genotypes evaluated in a
previous study [7]. In this method, the average principal components
were used for each of the nine growing conditions. A line was then
drawn through this average environment and the biplot origin; this line
is called the average environment axis and serves as the abscissa of the
AEC. Unlike the AEC abscissa, this has one direction, with the arrow
pointing to a greater genotype main effect; the AEC ordinate and either
direction away from the biplot origin indicates a greater genotype x
environment interaction (GEI) effect and reduced stability.

3. Results
3.1. Grain yield and agronomic yield components

GY across genotypes ranged between 5.96 Mg ha™ (Pelayo) and
4.69 Mg ha™ (Don Sebastian), considering the two crop seasons (nine
growing conditions), with no significant year effect but significant
genotypic variation (Table S1). When combining the two-year data,
significant differences between both genotypes and growing conditions
were found (Table 2). The same pattern of differences was found in the
second year on its own (Table S2). In fact, Pelayo and Don Sebastian
were the two extreme genotypes, when either the nine growing con-
ditions or only the five growing conditions of the second season were
considered. In addition, there were no differences across genotypes in
days to heading (DTH).

Concerning the agronomic components, a significant year effect was
observed for all traits, while the genotypic variation was also significant
for all traits except biomass (BM) at maturity (Table S1). When com-
bining the two-year data, all of the agronomic components exhibited
genotypic variation except again BM. Thousand kernel weight (TKW)
ranged from 49.95 g (Don Sebastian) to 41.60 g (Sula), kernels per spike
(kernels spike’l) ranged from 41.37 (Iride) to 25.11 (Don Sebastian),
spikes m? ranged from 404.3 (Kiko Nick) to 333.5 (Iride), kernels m™
ranged from 10,392 (Don Sebastian) to 14,498 (Iride), KWPS ranged
from 1.25 g (Don Sebastian) to 1.76 g (Iride) and HI ranged from 32.51
(Don Sebastian) to 41.93 (Iride). The two extreme genotypes in terms of
grain yield exhibited different response patterns in their agronomic
yield components (Table 2 and Table S2). Among the six genotypes
studied, Don Sebastian was characterized by the lowest HI and the
highest TKW, together with a relatively high number of spikes m™ but a
relatively low number of kernels spike !, while Pelayo exhibited a
relatively high HI, spike m? and TKW and intermediate numbers of
kernels spike™'. GY and all the agronomic parameters studied were
significantly affected by the agronomic conditions (Table 2 and Table
S2). The environment by genotype interaction was not significant for
GY, BM, spikes m2 or kernels m2, while significant interactions were
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Table 2

Mean values for grain yield (GY), agronomic components, plant height, carbon isotope composition and N status parameters measured in the six selected genotypes in
two crop seasons (2014-2015) Each value is the mean of the nine environments (combining specific site, year and growing conditions). Grain yield (GY), thousand
kernel weight (TKW), number of kernels per spike (kernels spike ~ '), number of spikes per square meter (spikes m2), number of kernels per square meter (kernels m"
2), kernel weight per spike (KWPS), biomass at harvest (BM), harvest index (HI), days to heading (DTH), plant height (PH), the normalized difference vegetation

index (NDVI), green area (GA), greener area (GGA) and chlorophyll content (SPAD).

2 2

Year of GY (Mg TKW (g) Kernels spikes m™“ kernelsm™“ KWPS (g) BM (Mg HI DTH PH (cm) NDVI GA GGA SPAD
release ha™ 1 Spike™ 1 ha™Y
Pelayo 2002 5.96° 46.08°  34.05° 390.26°>  13959* 1.57¢ 16.57% 38.46° 145.7*° 85.37¢ 0.685° 0.737° 0.550° 56.7%
Sula 1994 5.83° 41.60¢  38.22° 370.00*  14277° 1.61% 15.87° 38.79" 145.4* 84.66° 0.679° 0.807° 0.576° 56.7°
Iride 1998 5.80° 42209 41.37° 333.45¢ 14,498° 1.76% 14.98° 41.93* 145.9*° 8521 0.682° 0.823° 0.619°° 57.4°
Kiko Nick 2009 5.70% 4856  29.35¢ 404.32° 12438° 1.434 15.87° 38.77° 145.2% 86.74°  0.693* 0.796 0.617°° 57.2%
D.Ricardo 2008 5.49° 47.45*  35,59° 346.62>  12532° 1.69% 15.84° 37.19° 147.1* 91.69° 0.675° 0.820° 0.620°° 54.9°
D.Sebastian 2004 4.69° 49.95°  25.11° 396.76°>  10,392° 1.25° 16.30° 32.51° 147.5* 96.81° 0.691° 0.868° 0.661° 55.7%°
G 0.000 0.000  0.000 0.000 0.000 0.000 0.248 0.000 0.432 0.000  0.530 0.000 0.000 0.002
Env 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
GxXE 0.130 0.019  0.001 0.115 0.263 0.011 0.140 0.000 0.231 0.000 0913 0.393 0.682 0.383
ho genotypes) 0.74 0.96 0.95 0.79 0.91 0.89 0.67 0.85 0.94 0.94 0.82  0.63 0.75 0.88
h?s genotypesy 0.95 0.95 0.97 0.86 0.97 0.96 - 096 0.96 0.96 0.60  0.79 085 0.65
g Pelayo: y=1.052x+0.184; R?=0.901
Sula: y=1.066x+0.034; R2=0.970
7 | Iride: y=1.038x+0.109; RZ=0,882
Kiko Nick: y=0.927x+0.521; R2=0.813 =
— Don Ricardo: y=0.937x+0.385; R2=0.932 .
"_g 6 - Don Sebastian: y=0.904x+0.284; R’=0.940 e
[} A
o Z <
s 1P A s o
S H
g 44
o O~ Pelayo ' 3 20 AIREANE:
o Sua
o iide
3, - Kiko Nick ©
- D.Ricardo
® D.Sebastan o Z1IR
.
2 T T T T T . : : i
2 3 4 5 6 7 -1 o 1 2
Environmentalal mean GY (Mg ha™) AXIS137.9 %

Fig. 1. (a) Regression lines showing the relationship between the individual mean grain yields (GY) of six cultivars of durum wheat in different environments and the
mean yield of each environment. The environmental mean GY is the mean of a set of 20 semi-dwarf durum wheat varieties grown during the same trials. The broken
line represents the 1:1 slope. All genotypes followed a similar pattern, with a regression coefficient around 1. (b) Average environment coordination (AEC) views of
the GGE-biplot based on environment-focused scaling for the mean performance and stability of genotypes. Green numbers represent genotypes. (1) Amilcar, (2)
Avispa, (3) Bélido, (4) Bolo, (5) Burgos, (6) Claudio, (7) Don Ricardo, (8) Don Pedro, (9) Don Sebastian, (10) Dorondon, (11) Gallareta, (12) Iride, (13) Kiko Nick,
(14) Mexa, (15) Pelayo, (16) Ramirez, (17) Regallo, (18) Simeto, (19) Sula and (20) Vitron. Blue symbols represent environments: a combination of locations (A,
Aranjuez; C, Coria; Z, Zamaduenas), years (1, 2014; 22,015) and treatments (RF, rainfed and IR, supplemental irrigation). The six selected genotypes have been
designed by a red or blue circle, which refer to high productivity and low productivity genotypes, respectively. AXIS 1 and AXIS 2 refer to PC1 and PC2 (For

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

observed for HI, TKW, kernels Spike_l and KWPS. In the case of GY,
Fig. 1a shows graphically a non-crossover pattern across growing con-
ditions for the six varieties with the ranking of genotypes remaining
constant across environments. In addition, the AEC ordinate separates
genotypes with below-average means from those with above-average
means (Fig. 1 b). The genotypes with above-average means were Pe-
layo, Iride, and Sula and those with below average means were Don
Sebastian, Don Ricardo, and Kiko Nick. Both Pelayo and Don Sebastian
seemed stable even though they had different yields. Conversely, Iride,
Sula, Kiko Nick, and Don Ricardo were more variable.

3.2. Plant height, vegetation indices and morphological traits

Plant height (PH) and all vegetation indices measured in early grain
filling exhibited a significant year effect and genotypic variation, except
for NDVI (Table S1). When combining the two-year data, significant
differences between genotypes existed for pH and all vegetation indices
except NDVI (Table 2). Across varieties pH ranged between 96.8 cm
(Don Sebastian) and 84.7 cm (Sula), with Pelayo being among the
shortest of the genotypes (85.4 cm). The GA and GGA indices ranged
from 0.868 and 0.661 (Don Sebastian) to 0.737 and 0.550 (Pelayo),
respectively. No differences in leaf chlorophyll content were recorded

between the two extreme genotypes (Pelayo and Don Sebastian). pH
and all vegetation indices were significantly affected by the environ-
ment (Table 2), and the environment by genotype interaction was sig-
nificant for pH but not for any of the vegetation indices. Considering
only the second year (Table S3), the same pattern of differences was
recorded between the canopy vegetation indices measured at early
grain filling for the extreme genotypes, but they only reached sig-
nificance for SPAD (P < 0.05) and marginally (P = 0.09) for GA.
However, for the second year, significant genotype variation existed for
GA (P < 0.05) measured at booting and mid grain filling, while the
significance was marginal at early (P = 0.09) and late (P = 0.07) grain
filling (Fig. 2). Genotype variation also existed for NDVI (P < 0.01) at
mid grain filling, and for Leaf Chl at early grain filling. Throughout the
productive period Don Sebastian tended to have the highest values for
GA and NDVI and Pelayo the lowest (Fig. 2), and the same occurred for
GGA (data not shown).

Significant genotype and environment effects were observed for leaf
length (P < 0.001), leaf width (P < 0.01) and spike length
(P < 0.05), which were measured in the second year (Table S3). The
environment by genotype interaction was not significant for any of the
traits except leaf length. Leaf length ranged between 18.2 cm (Iride)
and 21.96cm (Don Ricardo). Spike length ranged between 6.48 cm
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(Kiko Nick) and 7.19 (Iride).

3.3. Water and N status parameters

Water and N status parameters exhibited a significant year effect
and genotypic variation for all traits except for canopy temperature
depression (CTD) (Table S4). Considering the nine environments, both
the growing condition and genotype had a significant effect on the
kernel carbon isotope composition (8'*Cgerner), CTD, kernel N content
and KNSP (Table 3) and no genotypic effect on nitrogen isotope com-
position (8" Nkemer). Don Sebastian exhibited the highest 83 Crernel
(-25.25%0) and the lowest CTD (4.28 °C), while Pelayo had the lowest
8"3Cxemer (-25.74%0), and a high CTD (5.15°C). In addition, Don
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Sebastian exhibited the highest Nyeme (2.61%) but the lowest KNPS
(31.7 mg), while Pelayo had the lowest Nyerme (2.35%) and the highest
KNPS (36.2 mg). A genotype by environment interaction was identified
for 615NKemeL and also marginally for CTD and Nyeme, but not for
8'3Crerel. Even so, a trend for a crossover in 8 >Cgernel Was observed in
the less productive environments (Fig. 3).

3.4. Carbon isotope composition in different tissues

Significant genotype variation was exhibited in §'C for all tissues
except 813Cglume.DM and 613Cpeduncle,DM and 813Cawns.WSF and
613CPedunde.WSF (Table S5). The 8'°C of different organs was Sig-
nificantly affected by environmental conditions, except for
Slscpedunde‘DM, and only marginally for 5'3Clemma wss- The environment
by genotype interaction was highly significant for all tissues except for
algcglumeADM; 813CpeduncleADM, and 613CawnsAWSF, where it was not Sig'
nificant, and for 613Cpedundewsp, 8'3Crearwsr and 8'3Cieas wsr, Where it
was just marginally significant. While no differences in §3C existed
between DM and WSF for awns, leaves and peduncles, the values were
higher (less negative) in WSF compared to the DM of the other three
organs of the spike. Significant differences in §*3C values were observed
across plant organs, with both the DM and WSF of the peduncle and flag
leaf blades having the highest and the lowest §'>C values, respectively
(Fig. 4). The values of §*3Cyerne Were significantly different to the §'°C
of the other plant parts with the exception of 8'*Ciemmapm and
alscglumewsp. When specifically considering the 8'3C of the WSF, organ
values of the peduncles, glumes, lemmas and paleas were higher and
those of the awns and the leaves were lower than the §'3Cyerme. With
regard to the DM, the §'3C organ values of the paleas and peduncles
were higher while those of glumes, lemmas, awns and leaves were
lower than the 8'3Cyermel (Fig. 4).

3.5. Relationship between 8§*3C, GY and yield components across growing
conditions

The correlations of §*3C with GY and the agronomic yield compo-
nents were examined (Fig. 5). The relationship of the 8'3C of kernels,
flag leaves, peduncles and different parts of the ears (glumes, lemma,
palea and awns) against GY and yield components were plotted using
the whole set of individual measurements for each of the five growing
conditions of this study (the second growing season). The §"3Cyernels
correlated negatively with GY in four of the five growing conditions.
The §'3C of the different plant parts other than kernels correlate in few
cases with GY;indeed, the §'°C of some ear parts when measured in
WSEF for a couple of growing conditions and the §'>C of the flag leaf DM
in one growing condition. The relationships between 8"3Cyerners and
TKW were positive but only achieved statistical significance for two
growing conditions. No correlation was found between 83 Crerners and
the other agronomic components. 8" 3Cyeq¢ py correlated negatively with
TKW, achieving significance in three of the five growing conditions and
also correlated positively with kernels spike ™', achieving significance
in four of the five growing conditions. By contrast, when the §*3C of the
WSF was considered, the values of some ear parts correlated sig-
nificantly with the two yield components determined during the last
part of the crop cycle: against kernels spike ™! in three of the five en-
vironments and against TKW in four of the five environments.

3.6. Relationships of leaf length with §'C and GY

The relationships between GY and leaf length were negative but
only achieved statistical significance under rainfed conditions in Zam
and Aran (Fig. 6) using the six genotypes and three replicates of this
study (18 values) as well as the whole set of 20 genotypes reported in
Chairi et al. [7] (60 values). The leaf length correlated positively with
813Cherners Within the rainfed conditions of Zam and Aran.



F. Chairi, et al.

Table 3

Plant Science xxx (xxxx) XXxx

Mean values for water status and N status parameters measured in the six selected genotypes in two crop seasons (2014-2015). Each value is the mean of the nine
environments (combining specific site, year and growing condition). Kernel carbon isotope composition (8'*Cgernel), canopy temperature depression (CTD), kernel
nitrogen isotope composition (8" Ngernel), kernel nitrogen content (Nerme) and total kernel nitrogen per spike (KNPS).

8"%Crerne (%0) CTD (°C) 8"*Nierne (%0) Niernet (%) KNPS (mg)
Pelayo —-25.74° 5.15% 4.19* 2.35% 36.2"
Sula -25.70° 5.35% 4.312 2.32¢4 35.5%¢
Iride —25.65° 4.73%® 4.27° 2.20¢ 38.1°°
Kiko Nick —-25.56" 4.45° 4.50% 2.60 2 37.1%
D.Ricardo -25.59° 5.75% 4,532 2.48% 41.0%
D.Sebastian - 25,257 4.28° 4,57° 2.61° 31.7¢
G 0.003 0.037 0.145 0.000 0.000
Env 0.000 0.000 0.000 0.000 0.000
GxE 0.250 0.046 0.018 0.050 0.231
hts0 genotypes) 0.38 - - 0.69 0.79
hs genotypes) 0.48 - - 0.86 0.86

Pelayo: y=0.872x-3.165; R?=0.954

Sula: y=1.340x+8.567; R2=0.959

Iride: y=1.195x+4.827; R2=0.952

Kiko Nick: y=0.847x-3.864; RP=0.929

Don Ricardo: y=0.919x-1.969; R2=0.960
Don Sebastian: y=1.238x-6.295; R2=0. 945
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Fig. 3. Regression lines showing the relationship between the
individual mean carbon isotope composition (83C) of kernels
of six of durum wheat genotypes at different locations and the
mean 8'°C of each environment. The environmental mean is
the mean of a set of 20 durum wheat semi-dwarf varieties
grown during the same trials. The broken line represents the
1:1 slope.

Fig. 4. Carbon isotope composition (§'3C) of the different
organs at early-grain filling in dry matter and the water-so-
luble fraction (filled and open bars) compared to the §'3C of
the kernels (dashed horizontal line). Each bar represents the
mean 8'°C of the six genotypes in all environments. Mean
values with different superscript letters are significantly dif-
ferent between different organs according to Duncan's test
(P < 0.05). Probabilities of the genotype by environment in-
teraction (ns, not significant; *, P < 0.05; **, P < 0.01, ***,
P < 0.001) are shown.
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and carbon isotope composition of mature kernels (K), flag leaves (L), different parts of

and the water-soluble fraction in each environment (see Trial codes in Table 1).

The horizontal broken line refers to the significance level (P < 0.05) of the relationship of each isotopic signature against the grain yield.

3.7. Broad sense heritability

The broad sense heritability (h?) of the different parameters studied
in this work were in general high (Tables 2,3) using the six selected
genotypes, as well as the whole set of 20 genotypes reported in the
previous study [7]. Even so, h® values were in general slightly higher
when calculated for the subset of six genotypes exhibiting contrasting
grain yield than for the complete panel of 20 genotypes. Moreover,
yield components had higher h® (TKW, 0.96; kernels spike ™', 0.95;
spikes m2, 0.79; kernels m™2, 0.91; HI, 0.85; KWPS, 0.89) than yield
(GY, 0.74) and biomass (BM, 0.67) when using the whole set of 20
durum wheat genotypes (Table 2, S2), while differences were not so
evident when h? was calculated only using the six genotypes. The ve-
getation indices had a higher h® (NDVI, 0.82; GGA, 0.75; SPAD, 0.88)
than grain yield except for GA (GA, 0.63) and §"Cyerne (6">Crernel,
0.38) when h? was calculated for the whole set of 20 genotypes, while
differences were not so evident when it was calculated for the six
contrasting genotypes alone. Ngeme and KNPS had comparable h? va-
lues (Nkernel, 0.69 and KNPS, 0.79) than GY (Table 3). Considering only
the second year, the h® of the DTH (0.97) and the morphological
parameters (LL, 0.87; SL, 0.77, PH, 0.89) also had higher h? values than
GY (0.63), while LW (LW, 0.55) was the exception (Table S2, S3). For
the 8'3C of the different plant tissues measured for the six selected
genotypes in the second growing season alone, the h? values observed
were in general moderate to high but lower than the other parameters
(Table S5). High values of h? were observed for §'3Cyeme (0.87),
Slgcleaf.DM (097)’ 813Cawns.WSF (062) and 813Cpeduncle.WSF (082)
Moderate values were observed for §">Ciemme.pm (0.47); 8">Cpateapm
(0.42) and low values for 8"*Cayns.om (0.32) and §"*Cgjyme.wsr (0.31).

3.8. Stepwise analysis and PCA

The environments were separated into two subsets, high yielding
(HY, GY > 5.8Mg ha™1, comprising A1RF, A1IR, Z1IR, C2RF and Z2IR
growing conditions) and low yielding (LY, GY < 5.8Mg ha™?, in-
cluding Z1RF, A2RF, A2IR and Z2RF growing conditions) and the
stepwise regression analysis between GY, as the dependent variable,
and the agronomic yield components (spikes m2, kernels spike ~* and
TKW) as independent variables were calculated. Under high yielding
conditions kernels spike ™! was the first variable chosen by the model
and under low yielding conditions the spike m™ was the first variable in
the model (Table 4). Stepwise analysis was also performed within each
agronomic condition in the second year. In four of the five environ-
ments, kernels spike was the first component chosen followed by
spikes m2 (Table 4). Also, a stepwise analysis was performed under the
two growing conditions, the HY and LY environments, using GY and
yield components as dependent variables, and water status parameters
(6"3Cyernels and CTD) and remote sensing indices as independent vari-
ables (NDVI, SPAD, GA and GGA). Under both the HY and LY en-
vironments (Table 5) 8"*Cyereis Was the first variable chosen followed
by GGA. For TKW, 8"3Cyerneis Was the first variable chosen in the HY
environment and SPAD in the LY environment. For kernels spike ™!,
Niernet Was the first variable chosen in both the HY and LY environ-
ments. However, for spikes m2, NDVI was the first variable chosen in
both the HY and LY environments, followed by CTD in the LY en-
vironment and 8"3Cyemers in HY environment. Together with the step-
wise analysis a PCA was performed for each environment (Fig. 7) using
first the GY and agronomic GY components and second the GY and
physiological traits. In the four cases, the two first principal compo-
nents (PC) explained > 60% of the observed variability under the HY
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Table 4

Stepwise regression analysis between grain yield (GY) as dependent variables
and agronomic yield components (TKW, spikes m ™2, and kernels spike™) as
independent variables of six genotypes of durum wheat grown under different
environments. Top: under the two growing seasons (2014 and 2015) separated
into high yielding (HY) and low yielding (LY) environments. LY included the
Z1RF, A2RF, A2IR and Z2RF trials, while HY included the remaining A1RF,
A1IR, Z1IR, C2RF and Z2IR trials. Bottom: under each environment in the
second season (2015).

Environment Variable/s chosen Adjusted R? P
LYy Spikes m-2 0.241 0.000
Spikes m-2, Kernels Spike-1 0.887 0.000
Spikes m-2, Kernels Spike-1,TKW 0.982 0.000
HY Kernels Spike-1 0.131 0.004
Kernels Spike-1, Spikes m-2 0.567 0.000
Kernels Spikes-1, Spikes m-2,TKW 0.675 0.000
Z2RF Kernels Spike-1 0.226 0.027
Kernels Spikes-1, Spikes m-2 0.549 0.001
A2RF Spikes m-2 0.652 0.000
Spikes m-2, Kernels Spike-1 0.868 0.000
Spikes m-2, Kernels Spike-1,TKW 0.954 0.000
A2IR Kernels Spike-1 0.328 0.024
Kernels Spike-1, Spikes m-2 0.840 0.000
Kernels Spikes-1, Spikes m-2,TKW 0.954 0.000
C2RF Kernels Spike-1 0.288 0.013
Kernels Spike-1, Spikes m-2 0.699 0.000
Z2IR Kernels Spike ™! 0.399 0.003

and LY environments (Fig. 7). Kernels spike™ and spikes m? were the
two agronomic components most closely related to GY under the HY
and LY environments (Fig. 7a, b). TKW was negatively related to TKW
under low yielding conditions. Among the physiological traits, §*C and
nitrogen kernel presented a negative association with GY in both en-
vironments while the vegetation indices were positively associated
(Fig. 7). The CTD was closely associated with GY in the LY environment
and to a lesser extent in the HY environment (Fig. 7c). The SPAD index
was closely associated with GY under the HY environment (Fig. 7d).
The two categories of genotypes (Pelayo, Sula and Iride on the one hand
and Kiko Nick, Don Ricardo and Don Sebastian on the other) were
clearly separated.

4. Discussion

The six semi-dwarf varieties used in this study were released over a
period of just 15 years. In spite of the significant genotypic differences
among grain yields, these varieties did not follow a pattern of in-
creasing productivity over time. This fact reinforces the conclusion of a
lack of a clear strategy in breeding durum wheat for Spanish conditions,
at least in terms of grain yield as a target [7]. Moreover, the lack of a
genotype by environment interaction for grain yield indicates that the
varieties tested here do not seem to be suited to any particular en-
vironment, and hence this does not support the view that breeding has
led to genetic advances for the warmer conditions of South Spain [7]. In
the high yielding conditions of the UK [47] and NW Mexico [48], ge-
netic advance in wheat grain yield has been reported. Moreover, and
contrasting with our results, the study of Pennachi et al. [47] supports
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Table 5

Stepwise analysis with grain yield (GY), thousand kernel weight (TKW), kernels
per spike (kernels spike-1) and spikes per square meter (spikes m-2) as de-
pendent variables for six durum wheat genotypes under two growing seasons
(2014 and 2015) separated into high yielding (HY) and low yielding (LY) en-
vironments. The independent variables were chlorophyll content at grain filling
(SPAD), carbon isotope composition (8*3Crernel), vegetation indices at grain
filling (GA, GGA and NDVI), canopy temperature depression (CTD), and N
content (Ngernel)-

Environment Predicted Variable/s chosen Adjusted R>  Pvalue
variable
LY GY 8" Crernei(-) 0.676 0.000
8"3Crerner (-); GGA (+) 0.726 0.000
8"%Cremer (-); GGA (+); 0.749 0.000
SPAD (+)
TKW SPAD(+) 0.056 0.034
SPAD(+); NDVI(-) 0.179 0.001
SPAD( + );NDVI(-); 0.292 0.000
GGA(+)
SPAD( + );NDVI(-); 0.340 0.000
GGA(+); CTD(+)
Kernels N ernel(-) 0.007 0.007
spike ™!
N kernel(-);NDVI (=) 0.002 0.002
N kerne1(-); NDVI(-); 0.000 0.000
GGA(+)
Spikes m~2  NDVI (+) 0.433 0.000
NDVI (+); CTD (+) 0.467 0.000
HY GY 8" Crernei(-) 0.136 0.001
8"3Crerner (1); GGA (+) 0.217 0.000
8"3Cremer (); GGA (+); 0.267 0.000
Niernel (+)
TKW 8" Crernel (1) 0.340 0.000
8"%Cremer (-);GA 0.398 0.000
Kernels N kernet(-) 0.269 0.000
spike ~*
N kernel(-); GA(-) 0.527 0.000
N emel(-); GA(); NDVI(-)  0.577 0.000
Spikes m~2  NDVI(+) 0.453 0.000
NDVI(+);8"*Crerner () 0.514 0.000
NDVI(+);8"*Cremel 0.539 0.000
(-);Nkernel(+)
NDVI(+);8"*Crernel 0.570 0.000

();Niernel(+); GA(+)

the contention that breeding for yield potential does not select for cli-
mate resilience and yield stability in wheat. However, a recent study
[49] using a large set of cultivars released over 50 years in Germany
reported that breeding for high performance not only enhanced cultivar
performance under optimal production conditions but also increased
performance in production systems with reduced agrochemical inputs.
This study concluded that new cultivars incrementally accumulated
genetic variants conferring favorable effects on key yield parameters
and disease resistance. In the present work, Don Sebastian exhibited the
poorest yield in all environments and consistently produced below-
average yields, proving that it is poorly adapted to all environments.
The other varieties maintained higher yields in all environments, which
indicates that they have general adaptability. This included Pelayo,
which exhibited a linear fit to the Finlay and Wilkinson model [50]
above the other genotypes and without any crossover in the lines. Also,
the average environment coordination (AEC) method [45] revealed that
Pelayo had the highest mean yield as well as the highest stability.

Subsequently we dissected the agronomic, physiological and mor-
phological characters related to the consistent differences in yield
across this set of six varieties. In this study, the number of days from
sowing to heading (DTH) did not differ statistically among genotypes,
which excludes differences in phenology as one of the causes of dif-
ferences in 8'°C and grain yield [51,52].

Retrospective studies on wheat, combining pre- and post-green re-
volution cultivars, indicate that the improvement in yield has more

10

Plant Science xxx (xxxx) XXxx

often been associated with augmented partitioning of biomass to the
grain, and associated in turn with a decrease in stature, than with en-
hanced overall biomass [53-55]. Thus plant height is usually negatively
correlated with the HI [11]. The few studies embracing only post green
revolution genotypes frequently include transitional genotypes from the
1960s and 1970s, with relatively tall plants [5,56]. Otherwise no clear
effect on differences in plant height or increased biomass have been
reported [57], even though some studies report an increase in biomass
associated with recent genetic advance in wheat cultivated under good
agronomic conditions [54,58]. Indeed, in our study, the most produc-
tive genotypes (Pelayo, Sula and Iride) exhibited higher HI together
with lower plant height than the less productive ones (Don Sebastian,
Don Ricardo and Kiko Nick), with no differences in biomass. As re-
ported in studies comparing pre- and post-green revolution genotypes
[6,11,54], a higher HI seems related to greater numbers of kernels per
spike, whereas the TKW did not change. As a consequence, a higher HI
indirectly translates to greater numbers of kernels m ™2 Most studies
agree that kernels m ™2 best explains yield [59-61]. In our study, gen-
otypes with higher GY were associated with more kernels m ™2, while
the contribution of TKW was minor. The increase in kernels m ™2 was
mostly due to an increase in kernels spike [7,11,62]. The stepwise and
PCA analyses indicated that kernels spike™ was better associated with
GY in high and low yielding environments than spikes m ~2, while TKW
was not associated at all. Other studies have also shown that kernels
spike! was associated with GY under a high-yielding environment [63]
and also under water stress conditions [64]. A positive relationship
between the number of kernels spike- [7,11] and grain yield seems to
have been derived from the fact that grain yield in wheat is frequently
sink limited [65], and for this reason, kernels Spike’1 has been reported
as a promising trait for increasing wheat grain yield [64,65].

Regarding durum wheat in Spain, the above results suggest that a
certain point was reached where new cultivars represented a step
backwards in genetic improvement for grain yield. In fact, the least
productive genotype (Don Sebastian) from the past three decades [7]
was released in 2004, and regardless of growing conditions, in the
current study it exhibited taller stature and lower HI than the most
productive genotypes. Interestingly, the three least productive geno-
types exhibited higher TKW and nitrogen concentration in kernels than
the three most productive genotypes. This suggests that for some
varieties grain quality has been a key breeding objective, even if this
has been at the cost of lower yield. In fact, high TKW and N con-
centration in kernels are the two main quality traits in durum wheat
[66].

A delay in leaf senescence (i.e. staygreen) would increase the
amount of fixed carbon available for grain filling [22,67,68]. The po-
sitive effects of staygreen on yield have also been reported in other
crops like sorghum [69] and maize [70]. However, in our study, the
least productive cultivar, Don Sebastian, maintained a higher canopy
green biomass during grain filling, assessed through different vegeta-
tion indices, as well as greener flag leaves during the last part of the
grain filling period relative to the more productive cultivars. In the
same sense, a negative relationship between a staygreen attitude and
GY has been reported in rice [71]. In fact, because of the size of its flag
leaf and low harvest index, Don Sebastian has a higher source of N for
remobilization (large leaves; including the flag leaf) and a limited sink
for N accumulation (low number of kernels per spike) compared to
other cultivars (see also Sanchez-Bragado et al. [72]), which may
contribute to delaying senescence [73-75].

In this study, 83Chernel Was negatively correlated with GY, not only
across growing conditions, but also within each environment and across
genotypes (Fig. 5). Negative correlations between §'*Cyerner and grain
yield across genotypes have been previously reported for durum wheat
growing under a wide range of Mediterranean conditions, including
different water, salinity or nitrogen fertilization conditions [28,76-79].
This negative association suggests that genotypes that can maintain
higher water use and a greater stomatal conductance are the most
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Fig. 7. The PCA of agronomic (a,b) and physiological (c,d) traits measured in six genotypes of wheat grown under low yielding (a,c) and high yielding (b,d)
conditions in two growing seasons (2014 and 2015). Traits included in the PCA are: (a and b) grain yield (GY), kernels per spike (kernels spike’l), spikes m2 (SM2)
and thousand kernel weight (TKW); (c and d) grain yield (GY), chlorophyll content at grain filling (SPAD), carbon isotope composition (8"3Ckernel), vegetation
indices at grain filling (GA, GGA and NDVI), canopy temperature depression (CTD) and N content (Ngernel)-

productive [28,32]. Indeed, in this study Pelayo was the most pro-
ductive genotype and exhibited the most negative 8"3Crerets value
alongside a cooler canopy compared with Don Sebastian. Despite the
fact that no significant genotype by environment interaction was found
for §*3Cyemels, there was a trend towards a crossover in the graphic
model of Finlay and Wilkinson [50] that placed this crossover in the
most stressful growing conditions, was found. A negative interaction
has been reported before [27,31,33,37] where a positive association
between 8"3Cyemers and yield has been found under very dry Medi-
terranean rainfed conditions. Even so, a negative association is more
common because genotypes capable of sustaining greater stomatal
conductance and water consumption are more productive and better
adapted. Differences in plant architecture may contribute, at least in
part, to the differences in 6'>Cgerels across genotypes. Thus a large,
prostrated, flag leaf, as in the case of Don Sebastian, Don Ricardo and
Kiko Nick, may suffer water stress and then close its stomata earlier
than genotypes with smaller and more erect flag leaves (Pelayo, Iride
and Sula). In fact, we found a positive correlation between leaf length
and 8"*Cyerners across genotypes. Moreover, visual observations sug-
gested that flag leaves (and the rest of leaves in general) tended to be
more erect in the most productive compared with the least productive
genotypes. See the examples of Pelayo and Don Sebastian, the two
extreme genotypes (Fig. 8). Leaf posture and area can affect the §'°C,
and indeed, Don Sebastian with its droopy leaves, together with its high
8'3C and high canopy temperature suggests that it has a lower stomatal
conductance [80] than Pelayo (Fig. 8).

To further understand the differences between the extreme geno-
types in terms of grain yield and §'*Cgemels, we analyzed §*3C from the
dry matter and the water-soluble fractions of different photosynthetic
tissues (including non-laminar parts) potentially contributing to filling
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the grains. While the genotype by environment interaction was not
significant for 8"3Cyernel, and only marginally significant for 8"3Clear, it
achieved significance for the §*3C of different ear tissues. The presence
of a genotype by environment interaction suggests genetic variance for
plasticity for these traits [81]. The flag leaf exhibited much lower (i.e.
negative) 8'>C values than the mature kernels, the peduncle or other
parts of the ear. Previous studies in durum and bread wheat
[35,77,82,83] and triticale [84] have found similar patterns of lower
8'3C in the DM and the WSF of the flag leaves relative to different parts
of the ears, while the mature kernels exhibited values between them but
closer to the ear parts. Considering that no major fractionation occurs in
the 8*3C of the assimilates moving to the growing grains [34,35], which
may otherwise affect the isotopic signature, these results suggest that
the ear and plant parts other than the flag leaf have a key role in
contributing to kernel growth [34,35,77,83]. The higher §'3C of the ear
parts compared to the §3C of the flag leaf is a constitutive fact (i.e.
evidenced by the absence of stress) and can be attributed to the lower
stomatal conductance of the ear tissues [83] together with their posi-
tioning in the upper part of the canopy, exposed to direct sunlight
conditions. In fact, regardless of the growing conditions, ears exhibit a
higher temperature than the leaves, even though the ear as a photo-
synthetic organ is more resistant to water stress than the flag leaf [85].
We tried to elucidate the relative importance of each organ as a pho-
tosynthetic contributor to grain filling through the relationship of their
8'3C values with grain yield. The genotypic correlation of §'°C from the
different plant parts against GY within each growing conditions was
simply absent or much lower than the correlation between §"3Cyemels
and GY. We gave more emphasis to the §'C values of the WSF because
this fraction represents the photoassimilates recently produced by the
organs, while the §'3C signature analyzed in dry matter reflects the
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Fig. 8. Front and zenithal images of the durum wheat cultivars Don Sebastian (a,c) and Pelayo (b,d) grown under irrigated conditions at Aranjuez Station 2015.

signature of the assimilates used during the growth of each organ [44].
In terms of WSF and for a couple of environments, some non-laminar
organs correlated with GY. These results suggest that there is no specific
plant part that accounts for the majority of the assimilates moving to
the grains, but rather there are several contributors, which is also the
case for the nitrogen [72]. Nonetheless, the 813C in the WSF of the flag
leaf did not correlate with any of the five growing conditions tested
against grain yield or any of the two agronomic yield components de-
fined during grain filling (TKW and kernels spike ~!), which suggests
that the role of the flag leaf as a photosynthetic organ during grain
filling is minor. By contrast, the photosynthetic contribution of the non-
laminar parts to grain filling appears more important, considering the
number of cases where a correlation with grain yield was found. The
relationship between carbon isotope composition and agronomic yield
components is poorly documented in durum wheat under Mediterra-
nean conditions and usually is only addressed using the §'°C of kernels
or leaves [28,86]. Some studies using different approaches have con-
cluded that the major source of carbon assimilates for grain filling in
cereals was the flag leaf [87]. However, more recent studies have re-
vealed that, under post-anthesis water stress, ear photosynthesis plays a
major role in grain filling [34,35,85]. In the present work, significant
differences existed for the §'3C of different plant parts between the two
extreme genotypes, but the photosynthetic tissue that exhibited the
clearest difference between the two extreme genotypes was the palea
for both DM and WSF, with the values in Pelayo being more negative
than in Don Sebastian. Interestingly, and due to its position in the ear,
the 8'3C of the palea seems to originate from the refixation of CO, re-
spired by the grain rather than from assimilating atmospheric CO,
[84,88]. Thus, the §'3C of the palea exhibited the highest (least nega-
tive values), for both dry matter and the water-soluble fraction, com-
pared to all the other plant parts. In fact, respired CO, derived from the
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growing grains is re-fixed close to its site of evolution, and the palea is
the closest ear tissue to the grains and the furthest from the atmospheric
air. The hypothesis is that the highly productive genotype Pelayo takes
advantage of the respired CO, by re-fixing more of it than the least
productive genotype Don Sebastian. Thus in Pelayo, the 313C1,alea in the
water-soluble fraction was less negative than 8"3Cremer (2.75% less
negative), however, in Don Sebastian 613Cpal,3a presented a similar value
to 8'®Crernel (0.8% more negative).

5. Conclusion

In summary, the results of this study show that kernels spike ™! is
the agronomic component most affected by the yield improvement of
durum wheat cultivars released in Spain after the green revolution. This
study has also identified a combination of characters that define an
ideotype of durum wheat for the Mediterranean conditions of Spain.
These genotypes should be characterized by a plant height of around
85 cm with a relatively small erect flag leaf, higher water use combined
with a better water status (more negative 8'3Crernel and higher CTD), a
better balance between the N source and N sink during grain filling
(even if this does not translate to a staygreen attitude), and a higher
capacity to re-fix CO, respired by the grain. Also, it can be concluded
that while the kernel is the most effective plant part for §'°C assessment
in durum wheat under Mediterranean conditions, the non-laminar parts
of the plants play a key role in providing assimilates during grain filling.
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