extruded silks during female flowering. In this sense, silks might be a good
indicator of tolerance to drought during flowering, as silks have high percentage
of water on its structure compared to leaves. Factors such the silking-to-
anthesis interval, pollen viability, or silk extrusion, will determine the final kernel
number per ear, and thus the productivity of the plant (Barker et al., 2005). In
addition, silks may provide information about the reproductive stage (female
flowering), in contrast to grains, which provide information about the full cycle

performance in the field. Within this context, the use of 20 in the silks might be
a clear indicator of tolerance to drought. Thus, to study 0 in different plant
tissues since leaves, grains or silks might be of special interest, as integrated

information of different crop stage development will be observed.

However, the mechanisms controlling the transfer of oxygen isotope signal from
autotrophic organs (e.g. leaves) to heterotrophic tissues (e.g. inflorescences,
fruits) are of particular importance for physiological interpretations based on
oxygen isotope composition in plant tissues. Therefore, 20 in plant tissues can
be influenced by three main factors (Barbour et al. 2000) which are mainly
represented in Fig. 1 and explained in detail as follows: The first factor is the
isotopic composition of water source taken up by the plant (Roden and
Ehleringer, 1999). This factor, however, does not constitute a major problem
provided the plant uses a known source of water. The second factor to be
considered is the enrichment in 'O in the leaves due to evaporation in
comparison to source water (Gonfiantini et al., 1965; Pande et al., 1995). This is
governed by the differential diffusion of H ,"®0 and H,'°O isotopologues in the
leaf boundary layer (Pande et al., 1995), together with the regulation of leaf gas
exchange (Farquhar 1989; Barbour and Farquhar 2000). Although evaporative
enrichment mechanism of leaves and the resulting imprint of the isotope signal
in the newly produced assimilates are well known (Barbour et al., 2004), different
processes may complicate the response to environmental conditions. Due to a
Péclet effect there is a gradient of 'O in the water from the xylem to the
substomatal cavity, which is proportional to transpiration (Farquhar and Lloyd,
1993). Furthermore, an additional evaporative gradient along the xylem has been
described from proximal to distal areas of the leaf blade (Gan et al. 2003), which
is particularly strong in elongated leaves (Helliker and Ehleringer, 2000; Farquhar

and Gan, 2003; Gan et al., 2003). This gradient is not only observed in water, but
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is also transmitted to organic matter, as observed by Farquhar and Gan (2003) in
maize. The third factor influencing 60 in plant tissue is the fractionation during
biochemical reactions involved in the synthesis of organic matter (Farquhar and
Lloyd, 1993). The 60 of organic matter such as cellulose, lignin, starch and
other substances in different plant organs could become affected compared to
5'®0 of the original organic substrates, depending on the water media in which
such post-photosynthetic transformations take place (Yakir et al., 1990; Barbour
et al.,, 2004). However, there is scarce information about the mechanisms
involved in the alteration of &80 of assimilates throughout subsequent
biosynthesis and during transport within the plant, which may Ilimit its
applicability as selecting trait. For example, despite the strong physiological
signal recorded in the leaves (see e.g. Barbour et al. 2001), the performance of
grain §'%0 for assessing genotype differences in yield and adaptation to water

stress in crops is often limited (Ferrio et al. 2007; Araus et al. 2013).

In this context, we hypothesize that the §'®0 in leaves reflect primarily
environmental and genetic variability in evaporative processes, but this signal
may become dampened in the way from source to sink tissues. This could
prevent the adoption of §'®0 as a tool to assess transpirative conditions in maize
under field conditions. Hence, the aim of this study was to assess under
controlled and under field conditions the importance of transpirative or
translocation-related factors affecting 6'®0 in plant tissues of maize. Final
objective is to determine the causes why oxygen isotope ratios of different
tissues are not good indicators of grain yield in maize exposed to different
growing conditions The results obtained are highly relevant for studies which use
8'®0 of different organic matter pools, both as an ecophysiological tool and in

plant breeding.
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MATERIAL AND METHODS

Pot trial

An experiment under controlled conditions was performed to track stable
isotope signatures through different plant tissues, as well as to determine the
optimum sampling strategy for field trials. Briefly, two commercial temperate
maize varieties (Kermes and Guadiana) were grown outdoors as microcrops in 1
m?® containers (9 plants per plot). Containers were filled with a sand:soil mix (3:1
v/v) and washed to eliminate excess nitrogen, as described in detail in Ferrante
et al. 2010. The experiment was carried out at the facilities of the University of
Lleida in Spain (41°37° N, 0°37’ E, 167 m asl). The experimental design was a
randomized block design, consisting of 3 blocks of 8 containers each. Plants
were sown on the 17" July 2009 (Pot experiment 2009). Two applications of 50
kg N ha™ were done at the 4/5-leaves and 6/7-leaves stages, plus an additional
application of 7.2 | ha™ of micronutrient solution at the 5/6 leaves stage (Manvert
NPK 0-17-19 + microelements, Biovert S.A., corbins, Lleida). All plots were
watered every second day to field capacity until two weeks before anthesis,
when watering was stopped in half of the plots. Leaf parameters (leaf
temperature -T -, stomatal conductance -g,-, transpiration -E- and assimilation
rates -A-) were determined three times during the first week of anthesis (10",
16™ and 17" September) with an ADC LCi infrared gas analyzer (ADC
Bioscientific, England). Measurements were taken during midday (11-13h solar
time), and in the central portion of the leaf blade. Plants were harvested on the
18th September, collecting a piece of the stem base for water distillation, one
leaf per plot, adjacent to the central cob (base and appex), and silks, when
available (first plot was still not flowering at the time of harvest). In total, 24

leaves and 16 silks were sampled.

Field trials

In this study a total of 300 single cross maize hybrids were used, consisting of
292 lines (plus eight hybrids of the same set as controls), selected in order to
represent the genetic diversity within tropical and subtropical maize breeding
programs (Wen et al., 2011), crossed to the common tester CML-539. Hybrids
were divided in two groups according to their maturity (based on prior

experiments), early (n=150) and late (n=150). A total set of four trials were sown
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including two water regimes; well watered control (early-WW and late-WW) and
drought stress (early-DS and late-DS) applied at anthesis stage (as described by
(Cairns et al., 2013). In order to ensure drought stress at anthesis, irrigation was
stopped before flowering. The field experiments were conducted during dry
season at CIMMYT experimental station at Tlaltizapan, Morelos, Mexico (18°41’
N, 99°07° W, 940 m asl) during 2010 and 2011. Plants were sown on 25
November 2009 and 1 December 2010 (Field trials 2010 and 2011, respectively).
Drought stress was applied at flowering by stopping irrigation two weeks prior to
anthesis until 30 days after anthesis. The total precipitation during the crop cycle
in 2010 was 124.2 mm (Weber et al. 2012) and 45.0 mm in 2011 (Zia et al.,
2013). The maximum average temperatures were 37 °C and 32 °C, the minimum
average temperatures 5°C and 13°C for 2010 and 2011, respectively. The
averaged relative humidity was 56.5% for 2010 and 62.5% for 2011. Auxiliary
irrigations were provided on the drought trials totaling 521 mm ha™ and 639 mm
ha™ (2010 and 2011, respectively) for early genotypes and 489.3 mm ha-1 and
639 mm ha-1 (2010 and 2011, respectively) for late genotypes. In the well-
watered trials auxiliary irrigation was applied in the early (848.1 and 1584 mm ha’
") and the late (935.1 and 1342 mm ha') genotypes. Experimental design was
laid out as alpha-lattice with two replications in 5 m long plots consisting of 2
rows with a plot size of 7.5 m? with and a plant density of 66,000 plants ha™.
Two seeds per hill were sown and then after emergence were thinned to one.
The soil is classified as Isothermic Udic Pellustert with a pH of 7.9 and the
texture is clay loam soil developed from calcareous subsoil. The field capacity is
36% and the permanent wilting point 21%. Appropriate fertilization and weed,
disease and pest control were implemented to avoid yield limitations. All plots (in
2010 and 2011) received an application of 80 kg N ha™ (as urea), 80 kg P ha-1
(as calcium triple superphosphate) and 25 kg K ha” (as potassium chloride)

before planting. A second application of N was performed 35 days after sowing.

For leaf and silks collection, a subset of 50 genotypes for each phenology group
was randomly selected, including two replicates per water regime (See detailed
list of genotypes in Supplementary Material). The sampling took place during
anthesis, in February 2010 and February 2011. In 2010 one sample from the
leaves and silks per plant (two plants per plot) were collected. In 2011, one
section of stem basis and one sample from the silks was collected per plant
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from 2 plants per plot for the set of 50 early genotypes. T.., and g, were
determined at anthesis and maturity with a hand-held infrared thermometer
(Mikron Infrared, USA) and a portable porometer (SC-1; Decagon devices,
Washington, USA), respectively, as detailed in Zia et al. (2013). Plants were
harvested at two dates respectively for water stress and well watered trials; on
14" and 15" April in 2010 and 26" and 27" April in 2011.

Plant growth and yield

Anthesis to silking interval (AS/) was measured as the number of days between
the time at which 50% of the plants had shed pollen to the time 50% of silks
emerged. Ear yield was determined in t ha™ at 10% moisture level (Betran et al.,
2003). Plants were harvested manually and for the 100 genotypes of the
selected subset, grain yield (GY), biomass and yield components (hundred

kernel weight -HKW-, kernel number per ear (Kernel-ear') were determined.

Isotopic composition in stem water

To determine source water variations in the pot experiment (2009), a portion of
the stem base was harvested, and immediately placed in sealed tubes and
frozen with liquid nitrogen. Samples were kept frozen until water extraction using
a cryogenic vacuum distillation line (Dawson and Ehleringer, 1993). %0 and §°H
were measured in extracted water from stems in each of the 24 plots, although

samples from the first block were discarded due to problems during distillation.

In the field trial in 2011, variations in source water were determined from
pressed stem juice. Stem base segments were pressed with a high-pressure
press, in order to obtain a liquid extract. An aliquot of this extract was passed
through a 22-25 pm filter ("Miracloth", Merck KGaA, Darmstadt, Germany) and
transferred to eppendorf tubes (for analysis of §'®0 in stem juice organic matter)
and 2 ml glass vials with crimp cap (for analysis of §'®0 and &6°H of water
isotopes in stem juice). Eppendorf tubes were subsequently placed in an oven
and dried at 60°C until the solid residual was dry (48h-72h). As a reference,
samples from irrigation water were placed directly in crimp-cap glass vials.
Glass vials were sealed and sterilized in a water bath at 100°C for two hours, to

prevent fermentation processes, and kept cool until isotope analysis.
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Stable isotope analyses

Leaves (base and apex), silks and grains were dried at 60 °C for 24h. The dried
plant material was ground with a ball mill to obtain a homogenous powder and
an aliquot of ca. 1 mg was transferred into silver capsules for the analysis of
8'®0. Bulk leaves, silks and the dried extract of stem juice were all analyzed at
the Centre for Systems Biology (ZBSA, University of Freiburg) in a high
temperature conversion/elemental analyser (TC/EA; Finnigan MAT GmbH,
Bremen, Germany), coupled to an isotope ratio mass spectrometer (Delta Plus
or Delta Plus XP, Finnigan MAT GmbH, Bremen, Germany) by a Conflo Il
interface (Finningan MAT GmbH, Bremen, Germany). The precision for
measurements was better than 0.2%.. For the bulk grains, the '®0:'°O ratios
were determined by an on-line pyrolysis technique using a Thermo-Chemical
Elemental Analyser (TC/EA Thermo Quest Finnigan, Bremen, Germany) coupled
with an IRMS (Delta C Finnigan MAT, Bremen, Germany). Results were
expressed as §'°0 values, using two secondary standards (IAEA 601 and IAEA
602) calibrated against Vienna Standard Mean Oceanic Water (VSMOW): the
analytical precision was ~0.25%.. Analyses were conducted at Iso-Analytical
Limited (Crewe, CheshireCW2 8UY, UK). The §'®0 of leaf base, leaf apex, silks,
mature kernels and stem juice organic matter will be referred as §'°0,,, §"°0y,,

8'80g, 8'®0g, and 8"®0gemom, respectively.

Water isotopes (6'°0, &°H) in distilled water (pot experiment 2009) and stem juice
extracts (stem water, field experiment 2011) were determined by laser
spectroscopy at the Serveis Cientifico-Técnics of the Universitat de Lleida, using
a Picarro L2120i, coupled to a high-precision vaporizer A0211. All samples were
centrifuged at 12,000 g in order to remove any suspended solid, and the
supernatant transferred to a glass vial with 250 ml insert. They were expressed
in delta (8) notation (%o) relative to V-SMOW (i.e. isotopic composition of oxygen,
8'%0, and hydrogen, &°H). Raw values were calibrated against three internal
laboratory references (calibrated against IAEA standards VSMOW2, SLAP2 and
GISP). Overall uncertainty (determined as the standard error of repeated
analyses (N=20) of a reference sample not included in the calibration) was
0.05%0 and 0.17%o, for 8'°0 and &°H, respectively. The potential presence of
organic contaminants was checked using the post-processing software Picarro

ChemCorrect 1.2.0, giving in all cases negative results. For simplicity, both
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distilled xylem water in the pot trial and pressed stem juice in the field trials will

be referred as 8"®Ogemw-

Large amounts of sugars reduce the performance of the vaporizer, thus juice
samples were diluted to 50% with distilled water of known isotopic composition
prior to injection. In preliminary tests, this proportion was found to be a good
compromise of reducing sugar accumulation in the vaporizer while keeping an
acceptable measuring accuracy. The precision for measurements, after
considering the dilution effect, was better than 0.2%. for 60 and 0.7 %o for &°H.
Original values of the sample were then recalculated from measured values and

distilled water values using volume balance:

518053mp1e =2 (6180measured — 0.5 6180distilled water) (1)

The magnitude of enrichment along the leaf lamina was determined as the
difference between 80, and §'®0,,, denoted as &0, Such differences
(6"0,,..,) Were correlated with either 8'°0,, and 8'®0,,. The main purpose of such
correlations was to test the following alternatives:

- In case a high correlation between &0, vs §'®0,, it would suggest that
differences within leaf apex and leaf base are mainly governed by leaf length
(due to evaporative processes)

- Alternatively a high igh correlations between §'®0,,., vs §'0,, would suggest
that differences within leaf apex and leaf base are mainly governed Péclet effect

in leaf base.

Statistical analysis

Genotype and treatment effects were assessed by means of Analysis of
Variance (ANOVA). In the 2009 trial, water regime, genotype and their interaction
were included as fixed factors, including 3 blocks and two randomized
replicates per block. In the 2010 trial, water regime, genotype, phenology and
their interaction were included as fixed factors, with 2 blocks (nested to water
regime and phenology) as replicates. In the 2011, water regime, genotype, and
their interaction were included as fixed factors, with 2 blocks (nested to water
regime) as replicates. Means were compared by Tukey's HSD test on a

combination of water treatments and phenology. A bivariate correlation
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procedure was applied to analyse the relationships between the measured traits.
All Statistical analyses were performed using the SPSS 18.0 statistical package
(SPSS Inc., Chicago, IL, USA). Figures were created using the Sigma-Plot 10.0
program (SPSS Inc.).

RESULTS

Oxygen isotope composition and ecophysiological traits across environments
Mean values of the different tissues analyzed and the agronomic and
physiological variables measured in the pot experiment (2009) and the two
consecutive field trials (2010 and 2011) are shown in Table 1. In the pot
experiment in 2009, significant differences in the 8'°0 in the leaf apex (6'°0,,),
leaf base (5'®0,,) and stem water (6'Og.mn) Were not observed between well
watered pots and drought stress pots. In 2010, all trials followed a similar trend,
with §'®0 in the leaves being more enriched in comparison to the silks (5'®0),
whereas mature grains (5'°0g) exhibited the lowest values. As expected, isotopic
enrichment increased from the base to the apex within the leaf, with higher
values in the drought stressed trials compared to the well-watered controls. In
2011 both 6®0g and 60w exhibited significantly lower values in well watered
(WW) than in the drought stressed (DS) trials. Conversely, 80 in the stem
soluble organic matter (8"®*Ogemom) Showed higher values in WW than in DS trials

(2011).
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The level of drought stress varied across experiments (Table 1). In the pot trial in
2009, the mild stress applied did not cause significant differences among
treatments for the variables measured. In 2010, GY under drought stress was
reduced by 49% and 54% relative to the WW control in the early and late
experiments, respectively. In 2011, GY under drought stress was reduced by
71% relative to the WW control. Drought stress also significantly reduced the
number of kernels per ear and HKW in both field trials. In the field trials, g, was
significantly reduced under drought stress. However, significant differences
were observed only in averaged T, between WW and DS, for the late phenology

trials in 2010 and the early phenology trial in 2011.
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Fig. 2. Linear correjation (N=17) betweern the oxygern /sofopic cormposition of stem
water (05780stemW) and the &°0 of bulk organic matter in the leal gpex (5°0, ,

r=0.075, P=0.757) and the leaf base (6’°0, , r=0.775, P=0.0003), for the pot trial 2009.
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Correlations between oxygen isotope composition and ecophysiological
variables

In the pot experiment 2009 (Fig. 2), the isotopic composition of oxygen in the
stem water (6"°Ogemn) Was positively correlated (pooling WW and DS pots
together) with 60y, (r= 0.775, N=17 P < 0.001). In contrast, no correlation was
observed between §'®Og.w and 6'®0,,. Apex-base difference (5'®0,,.,) was
subsequently considered as a proxy for leaf water enrichment. On the other
hand, E in the pot trial was negatively correlated with §'®0,, (r=-0.515, N=24,
P=0.0099, Fig. 3a), but not with 6“0, (r=0.228, N=24, P=0.283, Fig. 3b).
Similarly, §'®0,, showed a significant negative correlation with g, both in the pot
trial and across field trials (r=-0.447, N=24, P=0.029 and r=-0.204, N=400; P <
0.01, respectively, Fig. 3a), but no consistent correlations were found between g,
and 6'®0,, (Fig. 3b). Except for the late DS trial, T, showed no significant
correlations with §'®0,,, but was positively correlated with §'®0,, in the pot trial
and across field trials (Fig. 3a,b). The oxygen isotope composition of bulk silks
(8"®0g) showed contrasting correlations with leaf variables (g, T, E) in the pot
trial and across field trials (Fig. 3c), whereas the oxygen isotope composition of
bulk grains (5'®0g) showed similar patterns to leaf values (60, 6'°0,,) across
field trials (Fig. 3d).

Correlations between oxygen isotope composition in different plant parts

80, , was strongly correlated with 6'®Q , in all trials in 2010 (P < 0.001) with the
exception of the early phenology trials in the WW regime (Table 2). Conversely no
correlation was observed between 60, and 80, in the pot experiment in 2009.
Even though &'®0_ was weakly correlated with 80 _, 6"°0 , and &0 (P < 0.05), a
clear trend was not observed within trials in 2010. Moreover in 2011 6180stemW was
positively correlated with the §'®Qy in the DS trial (P < 0.001), whereas no relationship

was observed against to §'®0 In the WW trial, significant associations to

stemOM”

8'®0,.,, Were not observed.
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Fig. 4. Determination coefficients of the relationshjp between the enrichment along
the feaf lamina (67°0, , ) against bulk organic matter in the lear goex (67°0, ) and the
leaf base (6°0, ). Leve/ of significance: ™, P < 0.007; *, P < 0.07; * P < 0.05. Data

frorm field trial 2070.
In the field trials performed in 2010 (Fig. 4), 6'®0_ ,, was linearly correlated with 6'°0

at all growing conditions (P < 0.001). However, weaker correlations were observed

between the 6'®0 _  versus 60, (P <0.001; P <0.01; P < 0.05) for the four trials.
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Correlations between oxygen isotope composition and grain yield

The relationship between GY and oxygen isotope composition of different
tissues, depending on water regime, phenology group and trial are presented in
Table 3. In the field experiment in 2010, GY did not exhibit significant intra-trials
(genotypic) correlations with §'®0,,, 8'°0,, 6'°0g and &"°0s. However, 6'°0,,
505 and &'0g were significantly correlated across-trials with GY (r=-0.218,
N=400, P<0.001; r=-0.347, N=400 P<0.001; r=-0.288, N=400, P<0.001,
respectively). Still GY was negatively and significantly associated with 8"®Ogemom
in 2011, although the correlation coefficient was higher in DS (r = -0.354; N=100,
P < 0.001) compared to WW (r = -0.238, N=100, P < 0.05). In addition, negative
and significant relationships were observed for GY with §'®Qg (r=-0.353, N=100,
P<0.001) and 6"®0gemw (r=-0.338; N=100, P < 0.001) in the DS trial. Moreover,
GY across trials was well correlated against 8'®Ogemoms (r=0.356; N=200, P <
0.001) and 8"™Ogemw (r=0.562; N=200, P < 0.001). Thus, in order to assess the
role of different plant tissues (independent variables) analysed (8" Ogemoms 6'2Os,
5"®04emn), Which contribute to GY (dependent variable), a stepwise regression
analysis was performed for each of the two water regimes (DS and WW) and all
treatments together (DS+WW) in the field trial 2011 (Table 4). For both DS and
WW trials, the independent first variable chosen by the model was 6"®Ogemom
(r=0.364, N=100, P < 0.001; r=0.238, N=100, P < 0.001, respectively). In the DS
trials, the second variable chosen was §'®0g, followed by §"®Ogmw. Conversely

including DS and WW treatments together, the first variable chosen was §'®0g
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Table 4. Steowise analysis for the whole set of 50 genotypes per two replicates in
reld trial in 2077 of the early phenology in arought stress (DS), well watered (WW)
and DS and WW treatments fogether conalitions (DS+WW) with GY as a dependent
variable, and sterm soluble organic matter (6'°0O,, .. J. bulk sitks (6"°0 ) and sterm water

(07°0., ) as independent variables. Level of significance. ™, P < 0.007

Treatment Variable chosen r R? Significance
DS 880 emom 0.364 0.123
6"®Ogtemon 8'°Os 0.486 0.220
8" Ogtemoms 0'20s, 8"®Ogtemw 0.531 0.259 el
ww 6"*Ogtemonm 0.238 0.057
WW+DS 5'%0g 0.591 0.345 i
8"®0s, 6" 0gemw 0.676 0.451 o
8"®0s, 6" 0gemw» 8'®Ostemom 0.487 0.479 rex
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DISCUSSION

Evaporative enrichment of leaf water

The isotopic enrichment along the leaf (6'®0,,.,) was well correlated with the
8'®0 in the leaf apex (8'°0,,), but not with the base (§'°0,,) (Fig. 4). This indicates
that the main source of variation for leaf 60 is the evaporative enrichment
along the leaf blade, rather than source water. Gan et al. (2003) demonstrated in
maize leaves, that the Péclet effect associated with longitudinal flow was larger
than the radial Péclet effect (associated to a gradient perpendicular to flow).
Hence, 8'®0,, is the result of accumulated enrichment of xylem water occurring
along the leaf blade, and thus the difference between apex and base constitutes
a good proxy for leaf-water enrichment. The consistent negative correlation
found between §'®0,, and both E and g; (Fig. 3), further supports a major role of

the Péclet effect in determining §'®0 in longitudinal leaves.

Moreover, §'®0 of primary assimilates synthesized in the leaf will be subjected to
exchange with i) xylem water entering the leaf usually through an upstream flow
(metabolic processes) and ii) water which has been isotopically enriched during
transpiration (environmental processes). In our pot experiment in 2009, 8"*Ogemw
correlated with 60, (Fig. 2) suggesting in this experiment mainly metabolic
processes (i; mentioned above) were affecting §'°0 in the primary assimilates of
the leaf base. In contrast, no correlations were observed between &0y and
8'®0,, (Fig. 2) indicating that environmental processes (ii; mentioned above) are
mostly affecting the §'®0 in the leaf apex, as a consequence of leaf transpiration
leading to evaporative enrichment of leaf water (Gonfiantini et al. 1965; Yakir et
al. 1990; Farquhar et al. 1993). A high significance of leaf evaporative enrichment
was also supported by the results obtained in the field trial 2010, where §'®0,,
was significantly more enriched in comparison to §'®0,,, at all growing conditions
(Table 1).

In agreement with more severe drought conditions in 2011 than in 2010, we
found greater 8'%0 in the silks for this season, particularly in the DS trial (+3.5%o
and +3.3%o, for DS and WW, respectively, see Table 1). In contrast, the §'®0 of
stem soluble organic matter (6'®Og.mom) @ppears to be highly enriched under
well-watered conditions (36.2%.). This trend goes against the presumably higher

leaf evaporative enrichment in drought-stressed plants (Farquhar and Lloyd, et
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al. 1993; Cernusak et al. 2003). This apparent contradiction may be a
consequence of a greater turnover time of non-structural sugars in the stem of
drought-stressed plants, leading to greater exchange rates with stem water, as
compared to well-watered plants, resulting in §'®0 values closer to those of leaf-
exported sugars (Song et al., 2014; Gessler et al., 2014). This effect could have
been enhanced by a greater basipetal allocation of sugars under drought to
promote root development (Palta and Gregory, 1997), thus increasing the
relative size of the sugar pool at the stem base and decreasing the divergence in

580 between both organs (Gessler et al., 2014).

Oxygen isotopes from source to sink

In the field trial 2010, §'®0g and §'®0g exhibit lower average values compared to
both 80, and §'0,, (Table 1), indicating that the oxygen signal in silks and
grain might have exchanged oxygen isotopes with the non-enriched 'O source
water (with low values of 60). In addition, §'®0g4 exhibit lower values compared
to 80, suggesting that the proportion of oxygen atoms exchanged with
unenriched source water was higher during grain filling, as compared to silk
formation. Since sink strength rises during grain filling, turnover time of carbon
reserves increases, thereby providing extra chances to '®*0 from sucrose to
exchange oxygen atoms with un-enriched water (Barbour and Farquhar, 2000).
Results from the 2011 trial partially support this observation, showing a positive
trend between §"Og.mw and 8'®Qg, although only significant for the DS trial. In
contrast, the clear lack of correlation between 60w and 6®0gemom SUggESts
that assimilates may exchange oxygen atoms with water after unloading of
assimilates from the phloem into sink tissue, rather than before unloading. Such
a correlation would have indicated that oxygen water has been exchanged with
assimilates in the phloem, before entering the silks. Sternberg et al. (1986) found
similar results in castor bean, where oxygen atoms from sucrose synthesized in
the leaf and transported in the phloem were exchanged with un-enriched 0

water during cellulose synthesis after unloading from the phloem.

Physiological maturity in kernels is reached approximately 55-65 days after
silking (Farnham et al., 2003), indicating that the two organs might develop at
different temperature and water status. Indeed, maize is particularly susceptible

to drought around flowering (Birch et al., 2008). Differences in water status
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during development are to be expected in the present study not only for well
watered but also for water stressed trials, since irrigation was resumed just after
flowering and, therefore, plants experienced more water stress around flowering
than during most of the grain filling. However, relatively small differences in §'®0g
and &'®0; were observed. Therefore, low differences between §'®0 values in the
silks compared to grains (6'®0g.c) might be partly attributed to small differences
in temperature and water conditions during silking and grain filling. However, in
that case we would expect greater differences with extended phenology (i.e.
larger ASI), but we did not find any significant correlation between ASI and §'®Og.
¢ (data not shown). However, in the analysis performed during 2011 field trial,
first variable chosen by the stepwise analysis accounting for variations in GS
across DS and WW conditions was 6'0g (Table 4). Such results suggest that
oxygen isotopic signal was better recorded in the silks compared to grains.
Such better performance on silks compared to grains was also supported by
correlations of §'®0 in all tissues against GY in field trials 2010 (in Table 3),
where 60 of silks showed higher correlation coefficient compared to grains
and leaves. On the other hand, we found a wider range of variation in the §'®0
of silks, as compared to grains, in agreement with the "dampening" effect
generally found on the way from source to sink tissues (see e.g. Offermann et al.
2011; Gessler et al. 2014). Hence, isotopic results may reflect that grains are
located farther than silks in the source-to-sink chain of transport and metabolic
conversions. During grain filling, phloem transport of sugars to maize kernels
proceeds via the pedicel, where sucrose is cleaved to glucose and fructose (See
Fig. 1) and resynthesized into sucrose before being converted to starch (Felker
and Shannon, 1980; Griffith et al., 1987). Starch is known to be the main
compound (70%) in the maize kernel (Nelson and Pan, 1995; James et al., 2003).
As a consequence of sucrose hydrolysis and subsequent resynthesis, extra
chances to exchange oxygen with water are provided (Barbour and Farquhar,
2000). Such exchange associated with metabolic conversions might have
affected the 8'®0 in the present study as assimilates experience a high number
of metabolic conversions during their way from the leaves to the reproductive
organs and finally the grains (Farquhar and Lloyd, 1993). However, it has to be
noted again that leaves and grains develop at different time scales, which makes

interpretation and comparison of §'0 between different tissues more complex.
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Implications for plant breeding and crop ecophysiology

In our study, we did not find consistent intra-trial (genotypic) correlations
between &'®0 and either GY (Table 3) or physiological variables (Fig. 3). An
explanation of such uncoupling between 60 and leaf physiological processes
might be a consequence of the high number of metabolic conversions affecting
the 60 of assimilates transported from source to sink tissues. Conversely, GY
and physiological variables were well correlated with §'®0 across trials in 2009,
2010 and 2011. This indicates that the range of response of §'®0 against
environmental factors is much higher than that caused by metabolic conversions
and, indeed, the 8'®0 in all tissues analyzed was well correlated with g, (Fig. 3).
Furthermore, 6'®0 in the grain showed even higher correlation against g (Fig. 3d)
than leaves and silks, indicating that leaf-level conditions can still be recorded in
growing kernels. Up to now, the use of §'®0 has been proposed for breeding as
a predictor of grain yield under well watered conditions in wheat (Barbour et al.
2000). Although studies testing 6'°0 in maize under water stress conditions are
more scarce, our results showing the negative correlation within leaf and kernel
8'®0 vs g, are consistent with the theroetical basis (Pande et al., 1995). In a
study performed with maize by Cabrera-Bosquet et al. (2009b), under severe
stress conditions genotypes showing higher 80 were the most productive,
whereas under well-watered conditions those genotypes with lowest 80O
showed the highest yield. In our case, however, we only found significant
negative trends between GY and §'®0 in both DS and WW, probably due to the
relatively mild stress level achieved in our trials. Thus, intra-trials &0
comparison for genotype selection should be interpreted with caution, because

depending on water regime, genotypes might present different plant response.

CONCLUSIONS

Our results suggest that the 80 in sink tissues still reflects physiological
responses at the leaf level, and thus might be applied as phenotyping tools
integrating environmental factors throughout the crop cycle. However, at the
genotype level, GY was only marginally correlated with §'®Oy,,OM, suggesting
that there is still a lack of knowledge on mechanism controlling 8'®0 transfer
from autotrophic to heterotrophic tissues. Depletion of §'®0 by exchange with
water in the silks and the grains suggests a source-sink gradient related to

metabolic conversions. According to our observations, exchange with un-
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enriched source water is likely to occur within the sink tissues, rather than during
phloem transport. This finding will eventually help to discard plant tissues, which
are more susceptible to post-photosynthetic fractionation processes and which
may help to understand the use of §'®0 as a genotype selection tool for the
adaptation of maize and other crops to drought. Additionally, our findings may
help to interpret source-sink relationships. Nevertheless, although &'®0 the
grains and leaves were linearly correlated with GY, the silks were the only tissue
related with GY in linear regression approach (stepwise analysis across trials).
Therefore, silks could be reflecting evapo-transpirative demand during female
flowering. This is not trivial since silks extrusion has been related to final kernel
number per ear, and thus the productivity of the plant. Thereby, 60 in the silks
might help to select potential lines in maize better adapted to drought. However,
further analyses are required to help understanding &0 transfer during
retranslocation of carbohydrates from source to sink organs, and to use the §'°0
of different organic matter pools for interpreting ecophysiological studies and

selection in plant breeding.
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CAPITOL 5
Estudi Comparatiu del comportament de la 6C, la §'®0 i la §8°H com a eina de

fenotipejat per a I'adaptacio del blat dur a diferents condicions d’aigua i de nitrogen

CHAPTER 5
Comparative performance of §'°C, 6'®0 and 6°H for phenotyping durum wheat

adaptation to different water and nitrogen conditions
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RESUM CAPITOL 5

La sequera i la baixa fertilitat poden afectar molt al creixement de les plantes i per
tant al rendiment del gra. Les noves eines de fenotipejat poden ajudar a la millora del
rendiment dels cereals, a la seva adaptaci6 a la sequera i a la manca de nitrogen. En
aquest estudi es va avaluar la composicié isotopica de 6°H com una eina fenotipica
per a la millora del blat cultivat sota diferents condicions de reg i regims de nitrogen.
El rendiment es va comparar amb la 6°H i la de §'®0 i la de 6'™C. Lestudi es va
realitzar al camp en condicions d’ambient mediterrani en un conjunt de genotips
(cultivars moderns i varietats locals) durant dos anys consecutius. La composici
isotOpica es va analitzar en la matéria seca , la fraccié soluble en aigua i I'aigua
extreta dels diferents teixits. Pel que respecta als resultats, el contingut de N sota
un estrés hidric combinat amb diferents regims de nitrogen, el parametre 6°H va ser
el millor alhora de predir el rendiment (GY), més que els altres dos isotops,. La 6°H
i la 8'*C van correlacionar negativament amb la conductancia estomatica. La 6'®0
analitzada en grans va correlacionar molt menys que els altres dos isotops amb el
rendiment. Aquest estudi demostra la utilitat de la 6°H, ja sigui de forma independent
o combinada amb la de la 6"C i esporadicament amb la de la §'®0 com una eina
potencial per a la seleccié de genotips per un elevat rendiment potencial. També pot
ser Util sota una amplia gamma de condicions de creixement ja que pot integrar la

fotosintesi i la transpiracié al llarg de I’evolucié del conreu.
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Summary

Drought and low fertility can substantially affect plant growth and grain yield.
Novel phenotyping tools may help breeding for yield potential and adaptation
to drought and low nitrogen stresses simultaneously. This study evaluated the
hydrogen isotope composition (5°H) as a phenotypic trait for wheat breeding
under different water and nitrogen conditions. §°H performance was compared
with those of oxygen (56'®0) and carbon (5§'°C) isotope composition.

The study was performed under field conditions in a Mediterranean-type
dryland environment. A set of genotypes (cultivars and landraces), were
evaluated during two consecutive years. Isotope composition was analyzed in
dry matter, water soluble fraction and water from different tissues.

&°H performed better than the other two isotopes predicting grain yield (GY)
and N content under water stress but contrasting N regimes. §°H similarly than
8"°C correlated negatively with stomatal conductance. When analyzed in
kernels 60 performed much poorer than the other two isotopes predicting
GY.

This study illustrates the usefulness of 6°H independently or combined with
8'°C and marginally with 6'®0 as a potential tool for genotype selection for
yield potential under a wide range of growing conditions providing time-
integrated records of the photosynthetic and evaporative performance of the

plant during crop development.

Keywords: carbon, oxygen, hydrogen, isotope composition, wheat, drought, nitrogen.

196



INTRODUCTION

Durum wheat (Triticum turgidum var. durum) is among the main crops cultivated in the
Mediterranean basin (FAOSTAT 2012). Indeed, countries located in the Mediterranean
basin are often simultaneously exposed to high evapotranspiration (Lobell et al. 2008)
and low nitrogen availability (Oweis et al., 1998; Sadras, 2004). Breeding for drought
and low fertility resistance in wheat (Araus et al., 2002) is a way of improving yield and
stability of durum wheat. However, there is still a lack of accurate phenotyping tools
which limits breeding for adaptation to drought and low nitrogen stresses

simultaneously (Araus et al., 2008).

The signature of stable carbon isotopes in plant matter provides time integrated
information on plant water status through the crop cycle (Araus et al., 2003). Carbon
isotope composition (5'°C) of plant dry matter, frequently expressed as discrimination
from surrounding air (A®*C) has been used as a tool for screening genotypes of C3
crops with high transpiration efficiency (TE) (Farquhar & Richards, 1984; Richards et
al., 2002) over the period in which assimilates are deposed (Araus et al., 2002, 2008).
However, the use of §'°C as a tool for screening genotypes with higher grain yield (GY)
is not straightforward as relationship within 8'°C and GY depends on the water
conditions experienced by the crop. Whereas negative relationship between §°C and
GY (or positive between A'®C and GY) has been widely reported under well-watered
and moderated stress conditions (Araus et al., 1998, 2003; Fischer et al., 1998;
Monneveux et al., 2005; Lopes & Reynolds, 2010); under very severe drought
conditions, positive relationship between 6'*C and GY has been observed (Rebetzke
et al., 2002; Condon et al., 2002), being genotypes with conservative strategy (high
WUE associated to high 6" C) the most productive (Voltas et al., 1999; Araus et al.,
2003; Condon et al., 2004). In C, plants '*C discrimination mainly occurs within two
steps during CO, uptake,: (i) CO, diffusion from the air to the internal gas space
through the boundary layer and stomata and (ii) carboxilation reaction by Rubisco
(Farquhar et al., 1982). The §"C imprinted in the assimilates may be further affected
by post-photosynthetic reactions (Badeck et al., 2005) and transport. On the other
hand, the effect of nitrogen (N) fertilization on &'C still remains unclear and
contradictory results have been reported. Thus, by increasing N supply, §'°C in wheat
has been observed either to decrease (Shangguan et al. 2000), increase (Cabrera-

Bosquet et al., 2007) or not be affected (Hubick et al., 1990).
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Alternatively, within the recently years interest is growing on using oxygen isotope
composition 8§'®0 in plant matter as it integrates evaporative conditions during crop
cycle (Barbour et al., 2000a; Barbour, 2007a). Such growing interest lies on the fact
that 6'®0 is only affected by stomatal conductance (g,), whereas 6'*C is affected by g
and photosynthetic CO, fixation (Barbour et al. 2000; Farquhar et al. 2007). Thus ®0 is
enriched in leaves or other transpiring organs with regard the source water (Gonfiantini
et al., 1965; Farquhar, 1989; Pande et al., 1995). Even so, the use of §'®0 is not
straightforward as miscellaneous factors can affect the use of this trait for
breeding(Barbour & Farquhar, 2000). Thus for example §'®0 of photoassimilates may
be affected by the isotopic composition of water source taken up by the plant (Yakir
et al., 1990a; Roden et al., 2000; Williams et al., 2005), by the plant height and leaf
length or by plant the post-photosynthetic fractionation during biochemical reactions
involved in the synthesis of organic matter (Farquhar & Lloyd, 1993) and its
subsequent transport within the plant (Offermann et al., 2011b). Nonetheless, despite
the factors above explained which may affect 60 of organic matter, §'®0O has been
used to evaluate plant response under different treatments and genotypic variability
on yield in wheat (Barbour et al., 2000a; Barbour, 2007a; Araus et al., 2013a).
Genotypic correlations between §'®0 and GY have been found to be negative under
well water conditions (Cabrera-Bosquet et al. 2009a) or positive under severe drought
conditions (Cabrera-Bosquet et al. 2009b). Furthermore, studies combining effect of N
supply (Cernusak et al., 2007) and water regime on §'®0 (Cabrera-Bosquet et al. 2009)
are still scarce. Hence, there is still a lack of knowledge regarding the relative
importance of different processes, which may alter the §'°0O within different plant

organs.

Hydrogen isotopic composition (§°H) has been used, like 6'®0, in plant ecology to
assess growing conditions or the source of water used by plants (Epstein et al., 1977;
Schwendenmann et al., 2015). Similarly to §'®0, 6°H of plants is not only influenced by
plant physiological behavior such as stomatal conductance but also by effects of
climate in transpiration and by 8°H of source of water (Sternberg et al., 1984). Thus,
high correlation between oxygen and hydrogen isotopic composition of organic matter
may indicate source (i.e. water) effect (Epstein et al., 1977), while the lack of
correlation would suggest additional oxygen and/or hydrogen isotope fractionation

effect associated with biochemistry (Sternberg et al., 1986b). However differently of
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80 in terrestrial plants, 8°H of organic matter is also affected by photosynthetic
metabolism and has been proposed as a proxy to assess CAM metabolism in plants
(Sternberg et al., 1984). In fact, photosynthesis has a major impact on the §°H of plant
organic matter (Yakir 1992). However, even when the mechanisms related to
photosynthetic metabolism affecting 8°H in plant are insufficiently understood (Yakir,
1992), these appear clearly different than those determining 6'C. It has been reported
that recent autotrophically-produced cellulose in leaves might be depleted in ?H
compared to available water (Yakir et al., 1990a). Conversely, during heterotrophic
metabolism ?H become enriched as large proportion of hydrogens are exchanged with
water (Ziegler 1989). Hence, photosynthesis produces depletion in *H of
carbohydrates with carbon-bound hydrogen (fractionation factor around -170%.),
whereas post-photosynthetic metabolism has the opposite effect (+150%.) (Yakir,
1992). Therefore, final 8°H in leaf carbohydrates will be a balance within both opposite

processes (Yakir et al., 1990b).

Combination of 8°H and &0 could be useful approach in characterizing genotypic
mechanisms and pattern of water uptake and loss and metabolic processes at various
levels in vegetative parts and seeds of wheat plants. In addition combination of &H
and 8"°C can provide information on the metabolic functioning of a photosynthetic
tissue, and autotrophic or heterotrophic carbohydrates translocation. Thus, a
comprehensive understanding is required of how genotypic variability for C, O and H
isotope composition of the photosynthetic and transpiring tissues (e.g. the flag leaf
and ear for durum wheat) and the sink (grains) is affected by water and nitrogen

simultaneously.

The objective of this study was to compare of §°C, &°H, 6'°0 analyzed in dry matter and
water soluble fraction of leaves and ears, as well as in mature kernels to assess genotypic
differences in durum wheat performance under a combination of different water and nitrogen
conditions. To the best of our knowledge there are not studies reporting on the role of §°H as
a phenotypic trait for breeding and therefore studies comparing the performance of these
three stable light isotopes (6'°C, 6°H, 6'®0) assessing genotypic differences in grain yield are
absent. Thus a set modern cultivars and landraces, were evaluated together during two
consecutive years under Mediterranean conditions. The reason to compare cultivars and
landraces is worthwhile as it could provide clues on how past advances in breeding have

been related to physiological mechanisms (such as water uptake, transpiration, photosynthesis).
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Material and Methods

Germplasm used and experimental conditions

Nine durum wheat (Triticum turgidum L. ssp. durum (Desf. Husn.) cultivars were used:
five historical Spanish landraces (Blanqueta, Griego de Baleares, Negro, Jerez 37 and
Forment de Artes) and five modern Spanish commercial varieties delivered after 1990
(Anton, Bolo, Don Pedro, Regallo and Sula). The selection criteria for the landraces
were based on their phenology, selecting for greatest similarity to the phenology of
modern cultivars. The field experiments were conducted during the spring growing
seasons of 2010 and 2011 at the experimental field of the Instituto Nacional de
Investigacién y Tecnologia Agraria y Alimentaria (INIA) in Aranjuez, central Spain
(40°03’N, 3°31’E, 500 m above sea level) with experimental conditions explained
elsewhere (Sanchez-Bragado et al., 2014a). Two water treatments (support irrigation,
WW, and rain-fed, WS) combined with two nitrogen regimes (fertilized, HN, and non-
fertilized, LN) were assayed. The trials were planted on 30 December 2010 and 18
November 2011 in plots with 6 rows 0.20 m apart, accounting for a total area of 7.1 m?
(5 m length and 1.2 m width) per plot. The total accumulated precipitation during 2010
and 2011 seasons was 275.4 and 126.1 mm respectively. For both years sprinkler
irrigation was applied to irrigation plots around initiation of booting (beginning of April)
and grain filling (around May 15™ and 30") with an approximated amount of 60 mm for
each date. Environmental conditions during the growing seasons are detailed in Fig. 1.
Prior to sowing, all trials received 60 kg ha™ of phosphorous as superphosphate (18%)
and 60 kg ha” potassium as potassium chloride (60%). Further, the HN plants were
dressed with nitrogen applied at the beginning of tillering (January 27" in 2010 and
January in 2011) and jointing (March 20" in 2010 and March in 2011) using a dose of
45 kg ha' and 105 kg ha™ of urea (46%), respectively. The LN plants were not N
fertilized, relying exclusively on the N availability in the soil before sowing. The
arrangement of water and nitrogen treatments was carried out according to a split-
split plot design with three replicates. Experiment plots were kept free of weeds,
insect pests and diseases by recommended chemical measures (Sanchez-Bragado et
al. 2014).
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Fig. 7 Darly mean precjpriation (imm), evapotranspiration (imm) and air temperature
(°C) during the growing season from rowering to physiologrical maturity expressed as
thermal time (°C-aay) aduring 2070 crop seasorn (upper parnel) and 2077 crop season
(lower panel). Vertical dotted /ines symbolize sampling dates and vertical dashed /ines

represent aates of /rrigation.

Days to anthesis were recorded as the number days from sowing to 50% of ears
showing extruded anthers along their head lengths (Simmons et al. 1995). Sampling
was performed around seven days after anthesis (7" May) in 2010 and two weeks
after anthesis (18" April) in 2011. In 2010 genotype Foment de Artes was discarded
due to late phenology. Also, in 2011 old landraces under supply irrigation treatment
were discarded due to lodging. In crop season 2010 roots were collected from the
upper layer (0-10cm) with a soil auger, further rinsed with distilled water and then
placed in inside a paper envelope. Thereafter, five representative flag leaves and ears

were collected per plot, oven dried together with collected roots at 70°C for 48 hours,
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weighed and finely ground for hydrogen, oxygen and carbon isotope analysis (on total
dry matter). In 2011, flag leaves and developing grains from five representative tillers
were collected and immediately frozen for further water extraction (see below).
Stomatal conductance (g) was measured with a leaf porometer (Decagon;
http://www.decagon.com) in five flag leaves per plot. At maturity, the central four rows
of each plot were harvested and grain yield (GY) recorded. Subsequently, mature
kernels were processed as explained below for isotope analysis. In addition,
phenology was recorded throughout the cycle using the Zadoks scale (Zadoks et al.,
1974). Harvest was performed manually and by machine in 2010 and 2012,

respectively.

Carbon isotope analyses

Carbon isotope analyses of mature grains as well as the total dry matter (DM) and
water soluble fraction (WSF) of the flag leaf blades and ears were performed using an
Elemental Analyzer (Flash 1112 EA; ThermoFinnigan, Bremen, Germany) coupled with
an lIsotope Ratio Mass Spectrometer (Delta C IRMS, ThermoFinnigan, Bremen,
Germany) operating in continuous flow mode in order to determine the stable carbon
("3C/'C) isotope ratios of the same samples. Samples of approximately 1 mg of total
dry matter for mature grains, 0.7 mg for flag leaves and ears and reference materials
were weighed into tin capsules, sealed, and then loaded into an automatic sampler
(ThermoFinnigan) before EA-IRMS analysis. The '*C/™C ratios of plant material were
expressed in & notation (Coplen, 2008): 6'°C = ("*C/™C) sampie / (°C/™*C) standara -1, Where
‘sample’ refers to plant material and ‘standard’ to international secondary standards of
known "3C/'®C ratios (IAEA CH7 polyethylene foil, IAEA CH6 sucrose and USGS 40 L-
glutamic acid) calibrated against Vienna Pee Dee Belemnite calcium carbonate (VPDB)
with an analytical precision (SD) of 0.10%.. Measurements were carried out at the
Scientific Facilities of the University of Barcelona. The 8'C of flag leaf (DM), ears (DM),
roots and mature kernels will be referred as §'°C;,,DM, 8'°C.,,DM, 8'"°C 40 and 8°Cyypain,

respectively.

Oxygen isotope analyses

The 0:'0 ratios of the same mature grains as well as the total dry matter (DM) and
water soluble fraction (WSF) of flag leaf blades and ears were determined by an on-
line pyrolysis technique using a Thermo-Chemical Elemental Analyser (TC/EA Thermo

Quest Finnigan, Bremen, Germany) coupled with an IRMS (Delta C Finnigan MAT,
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Bremen, Germany). Samples of 1 mg of total dry matter for mature grains, flag leaves,
ears and roots and reference materials were weighed into silver capsules, sealed and
oven-dried at 60°C for not less than 72 h to remove moisture and loaded into an
automatic sampler. Results were expressed as §'°0 values, using two secondary
standards (IAEA 601 and IAEA 602) calibrated against Vienna Standard Mean Oceanic
Water (VSMOW), and the analytical precision was ~0.25%.. Analyses were conducted
at Iso-Analytical Limited (Crewe, CheshireCW2 8UY, UK). The §'®0 of flag leaf (DM),
ears (DM), roots and mature kernels will be referred as §'®0;,,DM, 8'°0,, DM, 80,401

and 8'®0y,,;, respectively.

Hydrogen isotope analyses

The 2H:'H ratios of the same mature grains as well as the total dry matter (DM) and
water soluble fraction (WSF) of the flag leaf blades and ears were determined by an
on-line pyrolysis technique using a Thermo-Chemical Elemental Analyser (TC/EA
Thermofisher Scientific Inc) coupled with an IRMS (Delta plus xp). Samples of 0.15 mg
of total dry matter for mature grains, flag leaves, ears, roots and reference materials
were weighed into silver capsules, sealed and oven-dried at 60°C for not less than 72
h to remove moisture and loaded into an automatic sampler. Results were expressed
as 6°H values, using international secondary standards of known ?H/'H ratios (IAEA
CH7Y polyethylene foil, IAEA 602, 5a-androstane, Coumarine and lcosanoic) calibrated
against Vienna Standard Mean Oceanic Water (VSMOW), and the analytical precision
was ~0.5%.. The 6°H of flag leaf (DM), ears (DM), roots and mature kernels will be
referred as 6°Hg,qDM, 8°H, DM, 8°H 0 and 8°Hg., respectively.

Water-soluble fraction

The protein-free water-soluble fraction (WSF) of the flag leaves and ears were
extracted from the same dry samples tested for carbon, deuterium and oxygen
isotopes, as described previously (Cabrera-Bosquet et al. 2011; Yousfi et al. 2013).
Aliquots of 40 pl (carbon), 20 ul (hydrogen), 100 pl (oxygen) of supernatant containing
protein-free WSF were transferred into tin capsules for carbon analysis and into silver
capsules for hydrogen and oxygen analyses. The capsules containing the aliquots
were oven dried at 60°C. The §'*C, §°H and §'®0 of flag leaf (WSF) and ears (WSF) will
be referred as §"Cy,,WSF, 8"°C.,WSF, 6°H;,,WSF, &°H.,WSF, §"°0;,,WSF and
8'80,.,,WSF, respectively.

203



Isotopic composition in stem water

To determine source water variations in the field experiments 2010 and 2011, a
portion of the stem base was harvested in the field. In 2010 field trial, variations in
source water were determined from pressed stem juice. Stem base segments were
pressed with a high-pressure press, in order to obtain a liquid extract. Subsequently
liquid extracted was transferred to 2 ml glass vials with crimp cap. Glass vials were
sealed and sterilized in a water bath at 100°C for two hours, to prevent fermentation
processes, and kept cool until isotope analysis. In 2011 field trial, a portion of the
stem base was placed immediately after sampling in sealed tubes and subsequently
frozen in a freezer at -20°C. Thereafter, water was extracted from the stem base using
a cryogenic vacuum distillation line (Dawson & Ehleringer, 1993). The &°H and §'®0 of

water extracted from the stem will be referred as 6°Hgemw @and 8'®0emw, respectively.

Isotopic composition in grain and flag leaf water

In the field trial in 2011, developing grains a flag leaf were collected and placed in
sealed tubes and frozen immediately after sampling. Thereafter, water was extracted
from the developing grains and flag leaves using a cryogenic vacuum distillation line
(Dawson & Ehleringer, 1993) and measured together with stem water samples. The
&°H and §'®0 of water extracted from developing grains and flag leaf will be referred as

& Haagws 8 *Hearws 8'°Ofagwand 8'°Ocay, respectively.

Hydrogen and oxygen analysis in water

Water isotopes (60, 6°H) in distilled water from stem base, flag leaves and
developing grains (experiment 2011) and stem juice extracts (stem water, experiment
2010) were determined by laser spectroscopy at the Serveis Cientifico-Técnics of the
Universitat de Lleida, using a Picarro L2120i, coupled to a high-precision vaporizer
A0211. All samples were centrifuged at 12,000 g in order to remove any suspended
solid, and the supernatant transferred to a glass vial with 250 ml insert. They were
expressed in delta (8) notation (%.) relative to V-SMOW (i.e. isotopic composition of
oxygen, 6'®0, and hydrogen, 6°H). Raw values were calibrated against three internal
laboratory references (calibrated against IAEA standards VSMOW?2, SLAP2 and GISP).
Overall uncertainty, determined as the standard error of repeated analyses, (N=20) of
a reference sample not included in the calibration, was 0.05%. and 0.17%., for 60
and &°H, respectively. The potential presence of organic contaminants was checked

using the post-processing software Picarro ChemCorrect 1.2.0 giving in some cases
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positive results. Consequently, data was thereafter corrected to avoid undesired
effects of organic contaminants. For simplicity, distilled stem water and pressed stem

juice will be referred as 8"®Ogem-

Large amounts of sugars reduce the performance of the vaporizer, thus juice samples
were diluted to 50% with distilled water of known isotopic composition prior to
injection. In preliminary tests, this proportion was found to be a good compromise of
reducing sugar accumulation in the vaporizer while keeping an acceptable measuring
accuracy. The precision for measurements, after considering the dilution effect, was
better than 0.2%. for "0 and 0.7%. for 6°H. Original values of the sample were then
recalculated (equation 1) from measured values and distilled water values using

volume balance:

SyX =2 % (Smeeasured — 0.5 = SYXdistilled water) (1)

Statistical analysis

Grain yield, agronomic components and isotopic data were subjected to one way
analyses of variance (ANOVA) using the general lineal model to calculate the effects of
water regime, nitrogen supply, genotype and their interaction on the studied
parameters. Means were compared by Tukey's HSD test and were performed on a
combination of water treatments and nitrogen supply. A bivariate correlation
procedure was constructed to analyse the relationships between the measured traits.
Statistical analyses were performed using the SPSS 18.0 statistical package (SPSS
Inc., Chicago, IL, USA). Figures were created using the Sigma-Plot 10.0 program
(SPSS Inc.).
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RESULTS

Hydrogen, oxygen and carbon isotope composition across environments and
genotypes

Mean values of stable of hydrogen (8°H), oxygen (6'®0) and carbon (6'C) isotope
composition within different tissues are shown in Table 1. Hydrogen isotopic
composition in mature kernels (62ngam) showed the most enriched (less negative)
values (-31.0%. on average across genotypes) compared to the ear (§°Hq,=-73.5%0 on
average across genotypes and fractions), flag leaf (62Hﬂag=-98.5%o) and roots
(6°H,00ts=-67,5%0). Conversely, the most enriched values for oxygen and carbon
isotope composition were exhibited by the water-soluble fraction in the ear
(60, WSF=30.5%0 and &'°C,,WSF=-23.8%0, on average respectively). Hydrogen
isotope composition of the water from basal stem (8°Hgemny) Was depleted (-45.9%o)
compared to 6°Hg., (-31.0%0), but enriched compared t0 8°Hyag, 6°Hear @and &°H,oos
either in WSF and DM (Table 1). On the contrary, oxygen isotope composition in the
stem water (8" Ogemn) displayed the most depleted value (-6.2%o) regardless tissues
and fraction analyzed (Table 1). Among the waters of the different plant parts analyzed
(Table 2), 8*Hgemw and 8'®0g.mw eXxhibited the most depleted values, whereas hydrogen
and oxygen isotopic composition of water extracted from flag leaf showed the most

enriched values (§°Hpagnw= 9.2%0 and &'®Oyqw=11.3%o, respectively).

206



G |oydeD

elo ¥ 9l elo ¥ gl qLo ¥ €1 eLlo F le qLo0 ¥ G elo F 6l (,-e4 BN) AD
eg’L ¥ L'82 eG'L F ¢82 eg’L ¥ €8¢ eG'L F |1'82 gL F 6'L¢ ey'L F ¢'8¢ (Do) 'L
qo6y ¥ L'e6l BSHP8 F 9€9L  4d8eS F geel B2'9S F 8'22C e0'6S F 20LL eLsL F Lv8lL (sw-OH:-loww) °6
a8'0 F 9ve- eI’ ¥ 0ve 9,0 * &'€e- €90 F 062 qo'k F 6'€e e6'0 F 9ve 09,9
el'L F 0ve el'L ¥ 9¢ge ag’0 F lL'ez es'0 F G've- o'l F vve- eg'0 F g'€e 4SM 20,9
960 F 0'Ge- e0'L ¥ Gve- ag'o0 F L've- B0 F ¥'Ge- a6'0 F 06Ge- e0’'L F Gve- Wa o9
e/0 F 692 ey’ ¥ gle a0 ¥ €9z e60 ¥ 6.2 el ¥ gle el'L ¥ 0/¢ 4SM 0,9
a8'0 ¥ 29z eg'0 F €62 g8'0 ¥ ¢'Se- €0 F 292 960 F §Ge- B0 F 662 NG ¥0g,Q

uoqied
60 F L0€ e90 F €0¢€ B0 F 90¢ €0 F $0¢ 960 F 90¢ e0 F v0¢ “*00g,Q
el'L ¥ /0¢ eg’L ¥ ¢€0¢ eg’L F L0¢ B0 F 20 e86°0 F 662 el'L ¥ 60¢ 4SM 7'*0,,Q
ez F 092 eZZz ¥ 1'9¢ e6Z F 292 ez F G9¢ B9z F 1'9g ey’'z ¥ 992 NG ™'*0g,Q
eg’L F Zle ez F 962 960 F €ce eg’L F 682 egc F 00¢€ egez F L0¢ 4SM*#0g,Q
eg’L F L0¢ eg'L F |'le a9’k F Ve eQ’L ¥ ¢g0¢€ el'L F 0le el F 80¢ NG **0g,Q
e/0 F 09 B0 F t'9- eg'0 F 09 €80 F  ¥'O- e9'0 F |9 e0’L F ¢9- ME0g,Q
a6's F 192 ey'6 F £¢e B9, F €62 e06 F 96¢ eg'g F 80¢ eG', ¥ |'8¢ NG ¥°70g,9

uabAxQ
q9'9 F 8Ge- eg, F €92 ars * L'le- g9 F  0Ge- €06 F 962 eg, F e U#0H,Q
as's F L19- el'g ¥ /'9G- 96’9 F G§'GG- eg'G F 629 e, F 819 el'g F 0.6 4SM *'°H.2
e0'8 F 026~ e9'6 F 678 asl. F ves- B89 F ¥V6- qL'0L ¥ 606" ez8 F 6'G8- NG P'*H.Q
as's F 1'68- eg'9 F 8/8- BG'G F L'/8- e/9 F 868 ar'9 F  L06- B6'G F |'/8- 4SM **H,Q

9elLL

qgeg F - BL'6 F t90L- gs9 ¥ G¥0L- ey'9 ¥ L'GLL- ey'g ¥ ZO0Ll- By8 F 960L- NG *"H,Q
BLS F 8hp- eg', F 'Ly B9'G F OGh- 9’/ ¥ ¢9op- e)'G F gGh- €2, F Yop- M
eG'0C F 6'1v9- es9L F €69- ALl F vel- ey'ge ¥ GL9- Q6L F 669- BLLL F L'VO- NG *°'H,Q

uaboupAH

N- N+ SM MM saoeupue] sieAind

(GO 0> 7S8] BIUBISYIO JUBIIOIS NJPSBUOL SABYII Bl] OF OUIODD8 JUSISHIO MIUBIHIIDIS QI8 SI81E) JUBISHID UM SOIISS JUE/A SS0I08
Sonen uesyy gs F UBsW 8l SII8Saladal 81BA LJorT (S8)8yaal 88l puE SUOIPUOD BUIMOID 110 ‘SBIBIOUEI OM] PUB SIBAIYND OM))
S]10/0 §F Ul PaINSBEL 8/8M YT H L PUB WO O SBEIBYM (S8)8IIAEI 88} PUE SUOILPUOI BUIMOID I1N0Y ‘SBIBHOUE J110) PUE SIBALYND
BNy S70/0 80/ I paIISesL 81eM FYSH H L PUE ASM Os® ISM De® PUE WATDELS (S828/pUE)Y SEIEIPUE/ PJO PUE (/NN SIENND
uIBpowU N7 UORIPLUOD PEZILIEI-LIOU NKY) SUOLIOUOD PEZILIEL 1SM) UORIPUOD SS8LIS JEJEM M) UOREBOLL 1/0aans 18pun (18)em
wIB)s) Ways oy 4o ped /BSeq auy Loy J)Em 8l pue (SUIelb) S/auIsYy alimew sria Bujy il piu 18 pa/auwes (Sjoos pue sies Jes) bey)
SpBa JUE)a JUBISHIP JO (4SM) UORIEBY 8/QrjOS-ISJEM 8l PUB (W) /8RB AP O (De,Q) UOQUED PUE (Dg,9) UBDAXO 1K) U8L0/OAY 4O (%)
UORISOAUI0D 800]0sI 8/qes 17 1) auneieasy j2s) pue (F6) 8ouBIoNpUOD /BJBLIOIS ‘14 5) PIaif Bl 10 bAONY PUE Seryje ussyy ‘L ofqel

207



Overall 6°H was lower in landraces compared to cultivars (Table 1), although
significant differences were only observed in &°Hq,,WSF (-90.1%. and -87.1%. for
landraces and cultivars, respectively) and 6°H,,,DM (-90.9%. and -85.9%. for landraces
and cultivars, respectively). A similar trend was observed by §'°C, showing landraces
lower 8'°C in the ear DM and WSF compared to cultivars (Table 1). However, within
the two growing cycles (Table 1 and Table 2) &™C in mature kernels (8"°Cy.,) Was
higher in landraces (-23.9%. and -23.8%. for 2010 and 2011, respectively) compared
to modern cultivars (-24.9%. and -25.3%. for 2010 and 2011, respectively). On the
contrary, 6'®0 did not show significant differences between cultivars and landraces
regardless of the plant organ and fractions considered, with the exception of §"®Og.4;,
(Table 1).

Moreover, significant differences within supplementary irrigation (WW) and rain-fed
(WS) conditions (Tables 1 and S1) were mainly detected by 6°H and &'*C. Concerning
8'%0, only the flag leaf either DM or WSF showed significant differences when the two
water regimes were compared in 2010. Overall, water stress trended to increase 6°H,
8'®0 and &'°C irrespective of tissue, fraction or water analyzed, with the exception of
8°H,00tsDM (-61.5%0 and -72.4%. for WW and WS conditions, respectively)(Table 1 and
Table 2). Furthermore, when N fertilization conditions were compared, §°H and &'°C
showed higher isotope composition in fertilized plots compared to non-fertilized plots,
although not significant differences were observed in 6°H,.: DM, &°Hgemw and
8"°Cy,WSF and 6'°C,,WSF. By contrast, 6"°0 did not exhibit significant differences

within fertilization conditions with the exception of the roots.
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Table 2 Mear values ana ANOVA of grain yield (GY), stornatal coraluctarce ) and keaf termperature (7,,)
Hyarogen isotqoe composition (%) i the fag leal water (511} grain water (G, ) stem water (GF,,,,,)
ana ingation water i WW plots (G, Ongen isotape compositon (%) in the fag kal water (5°0, )
an water (6°0, ) stern water 6°0,,,, ) imgation waterin WW(©°0,,, ) aly matter (DV) oritre fag leal
&0, /) @10 mature kermels (6°C, ). Carbor isotqpe compositon of the dly matter i the fag keal (67°C,,,
o/ @10 mature kemels (6°C. | 5°C analysis was performed on nine dlrum wheat genopes anad tree
rgolicates growr wrder a two dliferent water conaliions (Syqoort imgation, WW vs rain-ea) WS, inclialing &l
levels of nitrogery), For water extracted form g eaves, 8°0 and FH were measwured’ in a subset of 2 cultvars
ana 2 lanalaces (with three reolicates) urnakr fertiized conadltions and two water regimes (18 plots). &°0 ard
FH were measwred in extacted water form sterm, aevelgoing grains and oty matter in a subset of 5 culivars
and 5 larndlaces (it tree rgolicates) urndker fertiized cordltions and two water regimes (45 plots) alning croo
oyl 2077. Fach value rgoresenits the mean + SE Mear valies across plant fssues with diferert felfters are

Sgrifcantly diferent accoraling o the Tukey's honestly sigrifcant difererice test (P<0.0%),

Modern C. Old LC. WwW WS
Deterium
& Huaqw 70 + 46a 13.8 + 3.8a -8.1 £ 0.4a 179 = 24b
&?Hgrainw -20.4 = 15a -55 + 39b -26.2 x 0.9a -9.7 + 2.3b
8%H ooy -43.7 + 0.4a -432 + 12a -43.0 + 0.6a -43.8 + 0.6a
&8 H.ourcew -45.0
Oxygen
880 aqw 103 + 2.3a 13.5 + 1.4a 3.0 = 0.5a 155 + 1.0b
820 grainw 52 + 06a 106 =+ 1.2b 28 =+ 0.2a 9.3 =+ 0.7b
8"80emw -5.6 = 0.1a -56 = 0.2a -5.6 =+ 0.1a -5.6 =+ 0.1a
8"®0urcew -6.1
§"®04,g DM 30.5 = 0.4a 27.7 = 0.1a 33.3 = 0.2b
"800 ain 31.3 + 0.2a 302 + 0.1a 323 =+ 0.1b
Carbon
8"%Cyq DM 276 = 02 -28.8 + 0.1a 265 = 0.1b
8"*Coarain 253 + 0.1a 238 + 0.1b 263 + 0.1a 244 =+ 0.1b
Y (mmol-H,0-m*s so5 * 505 M x 383, =225
Tiear (°C) 377 = 0.5 356 + 0.4 359 + 0.6
GY (Mg-Ha™) 31 =020 16 =+ 01a 45 =+ 0.1a 1.7 = 0.1b
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Grain yield and water status

With regard to yield (Table 1 and Table 2), GY was much higher in 2011 (on average
3.1 Mg-ha™") compared to 2010 (on average 1.7 Mg-ha™). Moreover, cultivars and WW
crops showed higher GY compared to landraces and WS crops in the two growing
cycles (Table 1 and Table 2). Conversely, not significant differences were observed in
GY between fertilization conditions (Table 1). Moreover, cultivars showed higher
canopy temperature (T,,) and stomatal conductance (g;) compared to landraces.
Furthermore, g, was higher under WW conditions (222.8 mmol-H,0-m™?s1) compared
to WS conditions (56.2 mmol-H,0-m?s™1). However, g, decreased as response to

nitrogen (Table 1).

Correlations of 6°H, 60 and 67°C from different plant parts with GY, g_and N status
6%H, 6'®0 and &'*C on DM, WSF and water from the different tissues together with
the composition of these three isotopes in mature kernels from 2010, were correlated
against GY and g_ and N concentration of the flag leaf and the spike (Table 3). In
general 8°H and &'*C in the different tissues and water analyzed were negatively
correlated against GY (P<0.05) and g_ (P<0.01) within all growing conditions (Table 3,
Table S2, Table 4). However, whereas 6°H and 6*C were positively related with total
nitrogen content in the flag leaf (N-flag, P<0.01) and ear (N-ear, P<0.01) under WS
conditions (across N fertilization levels), under HN conditions (and both water regimes
combined) such correlation was negative (Table 3). Conversely, 6180 on DM and
WSF exhibited weaker correlations versus GY, g_, N-flag and N-ear, being marginally
significant in the flag leaf and stem water (Tables 3 and S2). However, in 2011 §®0__,

DM was strongly related to GY when all growing conditions were combined (Table 4).

In addition, 61BOﬂaQW and &°H in 2011, showed a positive and strong relationship

flagWw
with GY (Table 4, r=0.82, P<0.001 and r=0.77, P<0.001, respectively). In a lesser
extent but still significant 6"0__, and &H__ , were also correlated against GY

(Table 4).

210



Fractionation of hydrogen, oxygen and carbon isotope composition across plant parts
In order to estimate potential differences in fractionation of hydrogen, oxygen and
carbon isotope signatures within the plant, correlation analysis was performed within
each plant component (DM, WSF and water) among 6'®0, §"C and &°H (Fig. 2).
The highest relationship was observed in the flag leaf WSF (left column, Fig. 2)
between 6'®0 vs §'°C (R?=0.75, P<0.001). However, in the ear WSF, §°H was the best
correlated with 8§'*C (R?=0.55, P<0.001). The weakest correlations were observed by
&°H vs 60 in the flag leaf WSF (R?=0.16, P<0.001) and ear WSF (R?=0.21, P<0.001).
In mature kernels §°H and §'C were strongly related (R?=0.48, P<0.001), whereas §'°0
did not correlated either with 82H or 6'C. Likewise, in order to estimate fractionation
of hydrogen, oxygen and carbon isotope composition within water extracted from
different plant tissues, correlation analysis was performed in Table 4. 62HfIagW was
strongly related with 62ngainw (R=0.66, P<0.001) whereas no correlation was observed
against 8°Hgemw. Similarly, §'®Og.qy Was positively correlated with §'®Og,w (R=0.67,
P<0.001) but not with §"®Ogemw. Furthermore, 6°Hq,qw Was strongly correlated against
8"®0faqw (R=0.99, P<0.001) and &"®Oynw (R=0.71, P<0.01), whereas 6°Hg,,,w Was better
related with 6"°Ognw (R=0.99, P<0.001) than with &'"®Oy,qw (R=0.61, P<0.01).
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Table 3. Linear regression of the relationship between the carbon (6°C) oxygen (6°0)
and deuterium (6°H) isofope compositions in the water soluble fraction (WSF) and
ary matter (DN) of the fiag leaf and ear as well as in mature kernels (grams) against
the grain yreld (GY), stormatal conalctance (g,), and total nitrogen content in the flag
lear (IN-flag) and in the ear (N-ear). The nine genotypes and three replications per
genotype were considerea, accounting for a total of 54 values under ramnfed water
stress conaitions (WS, this page) including fertilized and non-fertilized conaitions
and unaer fertilized conaiitions (HN, next page) incluaing the two water conajtions.
For the 80 and &H of ary matter (flag lear, ear and roots) only two cultivars and two
/anaraces were consiaered (24 plots). Analysis were performed in samples from the

2070 crop season. Leve/ of significance. P < 0.007, P < 0.07, P < 0.05; not significarnt,

P> 005
(WS) GY ds N-flag N-ear
Pearson Sig. n Pearson Sig. n Pearson Sig. n Pearson Sig. n
Hydrogen
6H,00:s DM -0.085 0.693 24 0.247 0.246 24 -0.043 0.842 24 -0.164 0.444 24
8 Hgemw -0.132 0.341 54 0.430 0.001 54 0.340 0.012 54 0.064 0.645 54
&°Hyq DM -0.485 0.019 23 -0.729 0.000 23 0.472 0.023 23 0.730 0.000 23
8°Hyaq WSF -0.319 0.019 54 -0.562 0.004 24 0.579 0.003 24 0.725 0.000 54
&*Hqpie DM -0.417 0.042 24 -0.452 0.001 54 0.398 0.003 54 0.845 0.000 24
&%Hqpie WSF -0.514 0.000 54 -0.564 0.000 54 0.725 0.000 54 0.490 0.000 54
8°Hgrain -0.444 0.001 54 -0.607 0.000 54 0.391 0.003 54 0.359 0.008 54
Oxygen
80 00te DM -0.246 0.247 24 -0.147 0.493 24 -0.093 0.664 24 0.137 0.522 24
6" 0gemw -0.219 0.112 54 0.313 0.021 54 -0.299 0.028 54 0.162 0.242 54
5'®0gaq DM -0.217 0.114 54 -0.215 0.118 54 0.001 0.993 54 0.172 0.214 54

8'*0paq WSF -0.458 0.002 44 -0.001 0.996 44 -0.255 0.094 44 -0.222 0.147 44
8051 DM -0.263 0.055 54 0.242 0.078 54 -0.090 0.515 54 -0.034 0.805 54
8"®0,,e WSF  -0.444 0.001 54 0.175 0.205 54 -0.198 0.151 54 -0.111 0.424 54

8"*0¢grain -0.237 0.084 54 0.106 0.445 54 -0.179 0.195 54 -0.201 0.146 54
Carbon
8"°Cyag DM -0.319 0.019 54 -0.687 0.000 54 0.337 0.013 54 0.451 0.001 54

8"°Cyaq WSF -0.336 0.013 54 -0.393 0.003 54 0.052 0.709 54 0.211 0.126 54
8"*Cqpie DM -0.390 0.004 54 -0.459 0.000 54 0.376 0.005 54 0.370 0.006 54
8"Cqpe WSF -0.486 0.000 53 -0.293 0.033 53 0.278 0.044 53 0.339 0.013 53
8"Cran -0.332 0.014 54 -0.734 0.000 54 0.468 0.000 54 0.395 0.003 54
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(HN) GY Js %N Flag %N Spike
Pearson Sig. N Pearson Sig. N Pearson Sig. N Pearson  Sig. N
Hydrogen
8H,o0te DM 0.208 0.341 23 0.384 0.071 23 0.463 0.026 23 0.469 0.024 23
8 Hgtermw -0.165 0.246 51 -0.129 0.367 51 -0.176  0.218 51 0.313  0.025 51
8°Hy.q DM -0.632 0.001 24 -0.789 0.000 24 -0.564 0.004 24 -0.065 0.762 24
8°Hyq WSF - -0.354 0.009 54 -0.452 0.001 54 -0.360 0.007 54 0.155 0.264 54
8°Hgpie DM -0.555 0.005 24 -0.758 0.000 24 -0.337 0.108 24 0.198 0.354 24
8°Hgpie WSF -0.313  0.021 54 -0.391 0.003 54 -0.057 0.682 54 0.140 0.311 54
8°Hgrain -0.521 0.000 54 -0.507 0.000 54 -0.463 0.000 54 -0.161  0.246 54
Oxygen
8"%0,00s DM -0.013 0.953 23 0.057 0.794 23 -0.119 0.588 23 -0.119  0.588 23
8" 0gemw -0.318 0.023 51 0.300 0.033 51 -0.244 0.084 51 0.395 0.004 51
6'%0y.g DM -0.305 0.025 54 -0.396 0.003 54 -0.537 0.000 54 -0.186  0.177 54
5"®0g0e WSF -0.590 0.000 49 -0.786 0.000 49 -0.492 0.000 49 -0.289 0.044 49
504 DM -0.140 0.311 54 -0.182 0.189 54 0.012 0.930 54 -0.029 0.836 54
804 WSF  -0.120 0.388 54 -0.292 0.032 54 -0.006 0.965 54 -0.065 0.642 54
50 gran -0.181 0.190 54 -0.009 0.950 54 -0.128  0.357 54 -0.089 0.524 54
Carbon
8"°Cyaq DM -0.608 0.000 54 -0.699 0.000 54 -0.631 0.000 54 -0.065 0.642 54
8"Cyq WSF -0.638 0.000 54 -0.798 0.000 54 -0.605 0.000 54 -0.123  0.377 54
8"Cye DM -0.436 0.001 54 -0.671 0.000 54 -0.283 0.038 54 -0.082 0.556 54
5"Cpe WSF  -0.354 0.009 54 -0.634 0.000 54 -0.215 0.118 54 -0.076  0.583 54
8"°Cgrain -0.818 0.000 54 -0.835 0.000 54 -0.574 0.000 54 -0.290  0.033 54
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Fig. 2 Linear regression of the relationshijp between the carbon (6°C) oxygen (50)

and deuterium (&°H) isofope compositions of the water soluble fraction (WSF) within

the rlag fleaf (left column, closed circles), ear (middle column, open triangles) and

mature kernels (rHght column, open circles). The nine genotypes and three replications

per genotype were considereq, accounting for a total of 708 plot values under all

growing conalitions of the 2070 crop season. Level of significance: P < 0.007; P <

0.07; P < 0.05; not sigriificant, P > 0.05.
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Variation range of hydrogen, oxygen and carbon isotope composition

The variation range and analytical error for the different isotopes analyzed was
assessed (Table 5). 8°H showed the highest observed range (6=-300 to 20 %o)
whereas 6'®0 showed the lowest observed range (6=-30 to 5 %.). 6'°C exhibited an
intermediate range within 8°H and 60 (6=-30 to -5 %o). In addition, 6°H showed the
highest analytical error calculated from the standards (5°H error standard = 1.73%o)
and samples (6°H error samples = 4.85%.) compared to §'°0 and 6'C. §"°C showed
the lowest analytical standard (6'°C error standard = 0.13%.) and samples error 6'°C
error samples = 0.14%.). Relative mass differences of 6°H, 6'®0 and &°C in different
tissues are presented in Fig. 3. 8°H showed the largest relative mass differences in all
tissues compared to 6'®0 and &'°C. Further, 8°H showed the highest relative mass
differences within all analyzed tissues (excluding the roots) which ranged from 120%.

to 40%. compared to "0 ( from 27%o. to 32%0) and &'*C (from 25%o to 30%o).

Table 5. Relative abundance of most common stable isotopes in ecological studlies
(elaborated from Dawson et al., 2002; Mateo et al., 2003; Sulzman, 2007), the
observed range &, the analytical error sublracted from the literature, the analytical
error calculated in our study as the stanaard deviation within the stanaards (Analytical
Error patterns) and within samples samples (Analytical Error samples) and the primary

Standard (Primary Standarq) used for the isotope analyses.

Element Nomenclatur Observed Analytical Analytical Analytical Primary

e range & (%o) Error Error Error Standard
literature standard samples
(%o) (%o) (%o)
Hydrogen &°H -300 to +20 4-7 1.73 4.85 SMOW?
Carbon 8'*C -35t0 -5 0.1 0.13 0.14 PDB"
Oxygen 5'%0 -30to+5 0.05-0.3 0.22 0.28 SMOW?

& Standard Mean Oceanic Water

b Pee-Dee Belemnite
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Fig. 3 Stable isofope composition (%s) of deuterium (&H), oxygen (50) and carbon

(075C) of ary matter (DM) and the water-soluble fraction (WSF) of different plant parts
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(lag leal, ears and roots) sampled at mid grain iling plus mature kernels (grams) and
stem water of nine aurum wheat genotypes and three replicates grown (Lpper pary
unader WW conaditions (support irrigation, incluaing both nitrogen fertiization fevels)
and (lower part) HN conalitions (N fertilization, incluaing the two water regimes) auring
crop cycle 2070. Spread of data denoted by box whiskers plot: box limits represernt

25 and 75 percentiles, line within box median, whisker ends 7 and 99 percentile.
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DISCUSSION

Relationship between carbon isotope composition versus GY

Grain yield (GY) recorded within 2010 and 2011, was in the range reported by previous
studies in the Mediterranean basin under dry rainfed and low supplementary irrigation
conditions (Araus et al., 1998, 2003, 2013b). In agreement with previous studies
(Condon et al., 1987; Araus et al., 1998, 2003; Fischer et al., 1998; Monneveux et al.,
2005; Lopes & Reynolds, 2010) carbon isotope composition (5'°C) was negatively
correlated with GY not just across water regimes (including WW and WS plots) but
also through genotypes within a growing condition (Tables 3 and 4). Correlations of
8'3C with GY across N fertilization levels and a given water regime were also negative
under WS, whereas under WW conditions they were positive for the flag leaf and the
ear and negative for the kernels (Tables...). Such dependence of the slope of the
relationships between 6°C and GY across N fertilization levels on the water regime
and/or the organ may be related to the effect of N fertilization at different levels. The
positive relationships under WW conditions may be the consequence of a N
fertilization improving vyield through a larger green biomass more exposed to suffer
water stress (and then experiencing a higher 8C). On the contrary the negative
relationship between 8'°C and GY may be consequence of a positive effect of N
fertilization on root development and water uptake. According to our results, in trials
under drought conditions with mean yield up to 2 Mg-ha™ (Araus et al., 2003) not
significant relationships between §'°C and GY has been reported (Araus et al., 2003)
or even have moved to positive (Voltas et al., 1999) indicating that higher WUE (and
thus higher §'°C) increases yield under stress (Farquhar & Richards, 1984; Araus et al.,

2003, 2013a; Condon et al., 2004).

Relationship between oxygen isotope composition versus GY

Isotope composition in the grain (61809rain) and GY were not significantly correlated
(neither in WS or HN conditions, Table 3) in 2010, whereas in 2011, such relationship
was strongly significant (Table 4). Not consistent correlations found in our results
within 2010 and 2011 crop season may be related to differences in environmental
conditions and its subsequent yield performance within both years. Environmental
range and GY was much lower in 2010 (2.1 Mg-ha™ and 1.3 Mg-ha™ for WW and WS
trials, respectively) compared to 2011 (4.5 Mg-ha™ WW to 1.7 Mg-ha™ for WW and WS

trials, respectively). In fact, in study by Barbour et al., (2000b) in wheat, correlations of
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<S180grain against GY and g, were not consistent within the three seasons they analyzed.
In the mentioned study §'°0,,,,, was only well correlated against GY in the year with
highest precipitation and lowest solar radiation. Such findings indicate that 6180grairl
might not reflect evaporative conditions under narrow environmental ranges and with
mild to severe drought. Thus, as a consequence of high levels of remobilization under
more severe water conditions, preservation of evaporative conditions imprinted in the
80 grains might be low or even non-existent (Barbour et al., 2000b). Likewise
correlations disparity found during two growing seasons between 6'°Oy,,, and GY
could be due to the proportion of remobilized photo-assimilates (Barbour et al.,
2000a). Triose phosphates formed from photosynthesis during the day are converted
to sucrose for transport (Barbour & Farquhar, 2000). Thus, the main exchange of water
with carbonyl oxygen occurs during the formation of triose phosphate molecules,
since two of the three oxygen atoms present in the molecule belong to carbonyl
groups (Sternberg et al., 1986b; Barbour et al., 2000b). In fact §'°0;,,WSF and GY, as
well as §'°0,,WSF and GY were correlated under WS conditions (Table 3), indicating
that the signal of evaporative conditions are still preserved in leaves assimilates, but
8'%0 of the dry matter of the same organs or the other (such as grains or roots) did not
correlate. In addition, besides §'®0 fractionation associated to biochemical reactions
in the synthesis of organic matter (Farquhar & Lloyd, 1993) and its subsequent
transport (Offermann et al., 2011a), §'°0 of organic matter may be also influenced by
source of water (Epstein et al., 1977; Yakir et al., 1990b; Roden et al., 2000; Williams
et al., 2005; Barbour, 2007b). This is not straightforward, since §'®0 of source water
(water from the base of the stem) is in addition subjected to evaporative enrichment in
the leaf during transpiration (Farquhar et al., 1993) and during grain formation (Pande
et al., 1994). In addition, it has been reported that §'®0 of water in developing grains
exhibits a biphasic enrichment compared to stem water (Pande et al., 1994). Such
biphasic enrichment may be linked to developmental metabolism of the grain and
rapid loss of water together with oxidative metabolism during later stages of
maturation (Pande et al., 1995). Such biphasic enrichment in the grains may be
therefore affecting both 8°H and 6'0 as observed in our results where water from
developing grains showed higher 6°H and &'®0 compared to stem water (Table 2).
Consequently, the enrichment of water in the grain could be an additional factor that
may hinder the ability of §®O,;, (but not in the &°H ,;,, as was strongly correlated with
GY) to register environmental conditions on its dry matter in the grains. Moreover the

&°H and &'°0 of water in the flag leaf are much higher than the water from developing
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grains and stem (Table 2), which also agrees with the widely reported strong
evaporation processes taking place in the leaf (Farquhar & Gan, 2003; Barbour et al.,
2004). In addition 8°H and 60 from the water of a photosynthetic and transpiring
organs such as the flag leaf were strongly correlated with GY (Table 4). In short, strong
correlation between GY and &°H and 60 from water in leaves is suggesting that leaf
water is mainly reflecting evaporative enrichment and thus environmental conditions,
with the additional advantage (at least in the case of §'°0) of avoiding fractionation
associated to biochemical reactions in the synthesis of organic matter (Farquhar &
Lloyd, 1993).

Relationship between hydrogen isotope composition versus GY

8°H and 8'®0 have been associated to transpiration (Yakir & Deniro, 1990) and both
can be subjected to post-photosynthetic fractionation exchange processes (Yakir,
1992). However and differently as for §'®0 it has been reported that photosynthesis
could have a major impact in 6°H (Sternberg et al., 1984). In addition a large hydrogen
isotopic fractionation has been described in the past from leaf water to organic matter
(Sternberg et al., 1986b), as is evidenced by the higher §°H of grains compared with all
other plant parts (including the ear), as well as from the &°H of roots compared with
the flag leaf (Table 1). These results suggest that 6°H was exposed to post-
photosynthesis enrichment especially in a mostly heterotrophic organs (such as the
grains in our study compared to more depleted 6?H in autotrophic organs such as the
leaves (Yakir et al., 1990b). In addition &°H showed larger relative mass differences
within different organs compared to 60 and 6"C (Fig. 3). However, in spite of the
above mentioned fractionation processes, 6°H from either grains or the different
photosynthetic organs, was well correlated with GY (Table 3) even better than §'*C in
WS conditions, which suggests that original §°H in organic matter (such as grains) was
not hindered due to fractionation processes. In fact, stepwise regression analysis
performed for each of the two water regimes (WW and WS) in 2010, to assess which
isotope composition in the grain (8"°Cyan,  8'°Ogan and 8°Hg.,,) better explained
variability in GY (dependent variable); the first variable chosen by the model under WS

conditions was 6°Hg,,, (=0.444 P< 0.001, data no shown).

Relationship between carbon, oxygen and hydrogen isotope composition
High correlation between oxygen and hydrogen isotopic composition has been

reported to indicate ultimate source of plant isotopic signal (Epstein et al., 1977),

220



whereas absence of correlation between oxygen and hydrogen isotopic composition
would indicate additional biochemical effects (Sternberg et al., 1986a). Keeping this in
mind, in 2010 growing season, the absence of significant correlations between §'°Oy;,
and 6°Hg., (Fig. 2) together with the lack of relationship between §"Og.,, vs GY
suggests that 80y, is more sensitive during grain formation (than &°Hyu,) to
biochemical reactions (Farquhar & Lloyd, 1993) or to exchange with isotopic
composition of source water (Barbour, 2007a). Likewise, §'®Oy,, and &§'°Cq,, in the
WSF were significantly and strongly correlated suggesting that both isotopes are able
to reflect environmental conditions on autotrophic organs (leaves and ears) probably
governed by changes on transpiration and stomatal conductance as previously
reported in durum wheat (Cabrera-Bosquet et al., 2009a, 2011). Moreover, &Hg,, Vs
8'°Cpag Were better related than &°Hg.y vs 8'°0y,, (Fig. 2) suggesting that 6°H in the
leaves is not only affected by changes on transpiration and stomatal conductance but
also by photosynthetic reactions (Yakir et al., 1990b). Moreover, the increase from the
basal to the apical part of the plant (root-flag leaf with regard the ear) in §°H and 60
of DM and WSF may be due in part to that effect of a progressive enrichment in 6°H
and 8'®0 of the water within the plant associated to the evaporative demand and
changes on soil water availability (Sanchez-Bragado et al., 2014b). However an
additional effect may be the progressive increase of drought conditions (typical of
Mediterranean basin) during the final stages of crop growth as found in the §'°C
(Condon & Richards, 1992), which also increases from the flag leaf to the ear (Badeck
et al.,, 2005) (Table 1). Besides, an additional factor which may increase the
composition of the three isotopes in the ear compared for example with the flag leaf
could be due to lower g, of the inflorescence (Araus et al., 1993; Tambussi et al.,
2005).

Genotypic variability of carbon, oxygen and hydrogen isotope composition of cultivars
and landraces

Likewise, GY was higher in cultivars compared to landraces for both growing cycles.
Cultivars have been observed to have a shorter duration to reach heading (Araus et al.,
2013a) compared to landraces (Araus et al., 2002), escaping from incipient mild stress
produced during reproductive stage (Araus et al., 2007). In fact, enriched values of
8"*Cyainy 6°H and 6'°0 of grain water were observed in landraces compared to cultivars
(Table 1), evidencing that landraces have been exposed to an extended stress

episode resulting in lower GY compared to cultivars (Araus et al., 2007). In a study by
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Condon et al., (2004), genotypes with enriched 6'°Cy.;,, tend to be conservative in
their growth rate, especially if enriched 6‘3Cgrain was the consequence of a lower
stomatal conductance (g,). Indeed, in our results cultivars tended to show higher g,
compared with landraces, but not significant differences were observed. Conversely,
Tear Was higher in modern cultivars compared to landraces suggesting that the tall
canopies of landraces contribute to a more efficient convective cooling than in the
case of cultivars. This might be the reason why landraces showed depleted values in
&°Hy.y WSF compared to cultivars, whereas §'°0 ,, WSF and 6'°Cy,, WSF did not

show genotypic variability.

Water and nitrogen effects on plant growth and water status

In our study a significant increase in 8'°C and &6°H values in plants grown under
fertilized conditions was observed compared to not fertilized plots. Likewise, §'°0
showed a similar trend although not significant differences were observed. The
increase of §'*C with increase of N fertilization has been reported (Farquhar, 1989) as
a consequence of a reduction in the ratio C/C,, due to either an increase of
photosynthetic capacity or decrease of g, (Farquhar & Richards, 1984; Condon et al.,
2004). However, photosynthesis has been also observed to decrease with N
fertilization increase (Cabrera-Bosquet et al., 2009a), due to low g, values (which
subsequently causes a high §'*C). In fact in our study, fertilized plots showed lower g
compared to not fertilized plots (Table 1). In addition, 6C and &°H were positively
related with total nitrogen in the flag leaf (%N flag) and negatively correlated with g,
under WS conditions (Table 3). Such results indicate that with increase of nitrogen
supply, biomass is therefore increased, forcing the plants to compete for water
resources and exacerbating water stress in the plants. On the contrary, in HN
conditions (including two water regimes) correlations between §'°C and &°H and total
nitrogen in the flag leaf were in some cases negative (Table S2). Such results suggest
that under WW conditions N fertilization has not a negative effect increasing water
stress but rather the opposite. It has been reported that providing there is water
available in the soil (i.e. under irrigation conditions) an adequate N fertilization may
improve not only growth but also the water status of the crop by contributing to a
better growth of roots. Overall, these findings suggest that 8°H and &'*C are exposed
at least in part to a similar source of variation. The imprint in 8°H in leaf carbohydrates
has been postulated to be a balance within photosynthetic and post-photosynthetic

effects (Yakir et al., 1990a). Although any change in metabolic activities would
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produce a large effect in 6°H (Yakir, 1992), 6°H is also sensitive to changes in g, as
observed by strong correlations between &°H and g, (Table 3). Such positive
relationship suggests that under the environmental conditions of our study both
isotopes are mainly reflecting changes on g, conductance. This is in spite the fact the
signature of both isotopes in the plant is affected (probably in a different way) by the
photosynthetic metabolism (Farquhar, 1989; Yakir, 1992) and further post-

photosynthetic fractionations of diverse nature.

Summarizing, 6°H performs better than the other two isotopes predicting GY and N
content under water stress but contrasting N regimes (Table 3). §°H similarly than §"C
correlated negatively with g.. 6°H in addition to 6°C was able to detect genetic
variability within a wide range of environmental conditions. Differently than the other
two isotopes 6'0 of kernels performed very poorly (lost all its capacity) for predicting
GY in a repetitive manner (e.g. through years and growing conditions), compared with
the 6'®0 analyzed in the photosynthetic organs (particularly in the WSF) (Table 3). That
means postphotosynthetic metabolism, together with translocation (plus charge-
discharge) processes from the photosynthetic organs to the kernels are fractionating
'®0 of assimilates and disturbing the environmental signal of the 6'0. This study
illustrates the usefulness of combined measures of §'°C and &§°H (and marginally §'°0)
at the plant matter level, which may provide time-integrated records of the
photosynthetic and evaporative performance of the plant during crop development.
Although, further research is required to understand mechanisms related to
photosynthetic metabolism affecting 8°H and involved in &°H fractionation of different
organic matter pools, the use of 6°H may potentially help plant breeders to select

genotypes better adapted simultaneously to water and nitrogen limited conditions.
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analysed. Each value represent the mean + SE. Mean values across plant tissues with
alifferent letters are significantly different accoraing to the Tukey's fronestly sigrificant

alifference test (P<0.05).
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Deterium
8°H,oots DM
8"Hstemw
&°Hgog DM
&°Hyag WSF
5°Hp0 DM
& Hepie WSF
6°Hgran
Oxygen
8'80,40ts DM
6"°0 gtemw
5'®0g,g DM
8'®0p,g WSF
6"°04pe DM
8"®0¢pie WSF
6"0grar
Carbon
8'°Cy DM
8"°Cyag WSF
6"*Cope DM
8"*Cypie WSF
8" Cyran

gs (mmol-HO-m-s)

Tleaf (OC)
GY (Mg Ha™)

WW+HN WW-LN WS+HN WS-LN
-62.5 * 6.5a -60.5 <+ 7.0a -754 + 2.3a -69.4 + 4.6a
-46.7 = 1.8a -45.8 =+ 1.3a 474 = 11a -43.8 = 0.9a
-112.7 £ 2.2b -117.4 + 1.0a -100.0 + 1.5¢c -109.5 + 1.0b
-90.0 =+ 1.3ab -89.7 + 13a -85.7 = 1.2b -88.5 =+ 0.8ab
-91.5 = 1.7ab 974 £ 1.9a -783 = 1.2¢ -86.6 =+ 1.5b
-61.2 = 1.3a -646 <+ 0.8a -52.1 = 1.3b -58.8 + 1.0a
-30.3 = 0.8b -39.7 + 0.8a -22.2 = 1.4c -31.9 = 1.2b
340 =+ 0.2a 256 =+ 0.1a 308 =+ 0.2a 279 =+ 0.a

-6.5 =+ 3.1a 62 =+ 16ab -62 =+ 2.5bab -59 =+ 1.8c
30.1 =+ 0.3a 305 =+ 02ab 32.0 =+ 0.4c 30.8 =+ 0.5bc
275 =+ 03a 303 =+ 0.1b 322 =+ 0.2c 324 =+ 0.2c
26.7 = 0.6a 26.3 = 0.6a 26.8 + 0.7a 25,7 = 1a
30.0 = 0.2a 304 <+ O.1a 30,5 =+ 0.2a 31.0 =+ 0.3a
30.3 =+ O0.1a 30.5 =+ 0.2a 304 =+ O0.1a 308 =+ 0.2a
-258 =+ 0.1b -26.7 =+ 0.1a -248 =+ 0.1d -256 =+ 0.1b
-28.4 + 0.2a 274 = 0.1b -26.1 = 0.2c -26.4 + 0.1c
-25.2 = 0.1b -25.7 =+ 0.Ja -23.8 = 0.1d 244 =+ 0.1c
243 x= 0.2a 246 <+ 0.2a -22.8 =+ 0.1b -23.3 + 0.2b
-249 = 0.a -26.2 =+ 0.Ja -23.1 = 0.1c -24.0 x= 0.1b
2324 =+ 65.7c 2132 =+ 440c 947 =+ 203a 1729 =+ 458b
282 =+ 1.6a 279 = 1.3a 283 + 1.3a 283 =x 1.4a
23 =+ O0.1c 1.9 + 0.1b 1.3 =+ O0.a 14 <+ O0.Ja
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Table S2. Linear regressions of the relationshijps between the carbon (0713C) oxygern
(0790) and deuterium (&FH) isotope cormpositions of the water soluble fraction (WSF)
and ary matter (DNM) of the flag leaf and the ear;, and of mature kernels (grains) against
the grain yreld (GY), stormatal conauctarnce (g), total nitrogen content of the rlag leaf
(%Nrag) and the ear (%/Near). Relationshijps were assessed unaer (Lpper panel) raimnfed
waler stress conaitions (WS, incluading fertilized and non-fertilized plots) and (lower
panel) fertilized conaitions (HN, including the two water regimes). For each conaition
the nine genotypes and three replications per genotype were considerea, accounting
for a fotal of 54 values, except for the &°0 and &FH of the ear and the flag leaf ary
matter, where only two moadern cultivars and two /anaraces were cornsidered. For
Analysis were performed in samples rfrom the 2070 crop season. Leve/ of significance.

P<0007 P<0.07 P<0.05 not significant, P> 0.05.
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(ww) GY 9 %N Flag %N Spike
Pearson Sig. N Pearson Sig. N Pearson Sig. N Pearson Sig. N
Deuterium
6°H,001s DM -0.193 0.377 23 0229 0.292 23 -0.039 0.860 23 -0.195 0.372 23
6%H gtem water -0.274 0.057 49 -0.310 0.030 49 -0.106 0.469 49 0.220 0.128 49
6°Hy,q DM 0.059 0.784 24 -0.220 0.301 24 0.292 0.166 24 0.282 0.182 24
6°Hg.q WSF -0.063 0.655 53 -0.270 0.050 53 -0.008 0.956 53 0.059 0.676 53
6°H,pe DM 0.312 0.137 24 -0.212 0.319 24 0.485 0.016 24 0.508 0.011 24
6°Hgpe WSF 0.404 0.003 53 0.235 0.090 53 0.439 0.001 53 0.338 0.013 53
6°Hyain 0.275 0.044 54 0.031 0.825 54 0.687 0.000 54 0.624 0.000 54
Oxigen
60,001 DM 0.143 0.514 23 0.132 0.550 23 0.498 0.016 23 -0.329 0.125 23
6"®0,omw 0.340 0.017 49 0.313 0.029 49 -0.240 0.097 49 0.203 0.162 49
60y, DM 0.093 0.510 53 0.029 0.836 53 -0.185 0.185 53 -0.123 0.382 53
6"®0y,e WSF -0.217 0.115 54 -0.271 0.047 54 -0.686 0.000 54 -0.619 0.000 54
6"®04ye DM -0.002 0.988 54 -0.074 0.595 54 -0.042 0.761 54 -0.032 0.820 54
60, WSF  0.093 0.503 54 -0.126 0.366 54 -0.047 0.737 54 -0.244 0.075 54
6"®0gran -0.170 0.219 54 0.079 0.572 54 -0.201 0.145 54 -0.271 0.048 54
Carbon
6"°Cpoq DM 0.097 0.486 54 -0.214 0.120 54 0.445 0.001 54 0.548 0.000 54
6"Cp WSF -0.264 0.054 54 -0.436 0.001 54 -0.5563 0.000 54 -0.367 0.006 54
6"°Cqpie DM 0.411 0.002 54 -0.084 0.544 54 0.479 0.000 54 0.460 0.000 54
6"Cyye WSF 0.399 0.003 54 -0.098 0.480 54 0.344 0.011 54 0.211 0.125 54
6"°Cyrain -0.330 0.015 54 -0.384 0.004 54 0.214 0.120 54 0.155 0.263 54
(LN) GY g %N Flag %N Spike
Peer:rso Sig. N Pearson Sig. N Peirso Sig. N Pearson Sig. N
Deuterium
&°H,00s DM -0.131 0.543 24 0.359 0.085 24 -0.072 0.738 24 -0.115 0.593 24
Hyomw -0.249 0.076 52 0.050 0.727 52  -0.017 0.904 52 -0.040 0.779 52
&°Hy. DM -0.277 0.200 23 -0.278 0.199 23 0.094 0.670 23 0.103 0.640 23
&°Hyoq WSF -0.056 0.691 53 -0.063 0.654 53 0.190 0.174 53 0.214 0.124 53
&°Hepie DM -0.243 0.252 24 -0.362 0.082 24 0.387 0.061 24 0.472 0.020 24
&°Hepie WSF -0.554 0.000 53 -0.306 0.026 53 0.091 0.515 53 0.053 0.708 53
&°Hgrain -0.449 0.001 54 -0.501 0.000 54 0.113  0.417 54 -0.031 0.825 54
Oxigen
8'%0,40s DM 0.046 0.831 24 0.265 0.210 24 -0.006 0.976 24 -0.027 0.900 24
8" Ogtemw -0.385 0.005 52 -0.020 0.886 52 -0.107 0.449 52 0.046 0.744 52
5"°0y DM -0.638 0.000 49 -0.277 0.054 49 -0.084 0.550 53 0.163 0.243 53
8'%0y, WSF 0.408 0.002 54 -0.245 0.074 54 -0.059 0.686 49 0.059 0.689 49
5'%0, DM -0.463 0.000 54 0.066 0.636 54 -0.217 0.115 54 -0.057 0.682 54
8"®0¢pe WSF 0.197 0.154 54 -0.309 0.023 54 -0.022 0.872 54 -0.068 0.626 54
8"°0rain -0.136  0.333 53 -0.023 0.868 53 0.001 0.995 54 -0.151 0.276 54
Carbon
8"Corain -0.524 0.000 54 -0.591 0.000 54 0.089 0.524 54 0.017 0.906 54
5"°Cyoo DM -0.496 0.000 54 -0.596 0.000 54 -0.081 0.560 54 0.029 0.833 54
8"°Cyaq WSF -0.518 0.000 54 -0.522 0.000 54 0.057 0.684 54 0.226 0.101 54
5"C e DM -0.549 0.000 54 -0.418 0.002 54 0150 0.279 54 0.209 0.129 54
5"Cpe WSF -0.438 0.001 53 -0.292  0.034 53 0.296 0.031 53 0.264 0.056 53
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DISCUSSIO GENERAL

Aguesta ultima secci6 de la tesi pretén:

+ Sintetitzar els resultats obtinguts en els diferents capitols de la tesi en relacio als

objectius generals i discutir-los d’acord amb la literatura disponible.

Sintesi dels principals resultats obtinguts

La present tesi ha estudiat la variacié dels isotops estables del carboni, de I'oxigen
i de I’hidrogen aixi com la seva utilitat com a eines eco-fisiologiques en la millora i
gestié de cultius. Com a resultat, aquesta tesi inclou 5 capitols on el blat i el blat
de moro es van exposar a diferents condicions experimentals. Per una banda, es va
desenvolupar una aproximacié basada en I'isdtop de carboni que permetia avaluar
la contribucio relativa dels diferents organs a I’'ompliment del gra (Capitol 1 i 2). Per
assegurar la veracitat d’aquesta aproximacié com a eina en millora de cultius es va
comparar amb altres aproximacions alternatives als isotops estables (Capitol 3). Per
altra banda, es va estudiar I'isdtop d’oxigen i les seves limitacions reals en camp
(Capitol 4). Per ultim es va comparar I'isotop estable de carboni, d’oxigen i de forma
novedosa un isdotop molt poc estudiat en el camp de la millora de cultius, com és

I'isotop d’hidrogen (Capitol 5).
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1. Relacioé entre la composicio isotopica del carboni i el rendiment

Esta ampliament documentat que la composicié isotopica del carboni (6'°C) de la
materia organica, proporciona una informacié integrada de I’estatus hidric de la
planta durant el temps en quée s’ha desenvolupat el cicle del cultiu (Araus et al., 2003).
Tot i ser I'isotop més establert com a eina de seleccié de genotips amb alt rendiment
potencial i/o adaptacié a la sequera, la seva interpretacié no és tant senzilla. En els
nostres resultats, la majoria de les correlacions entre la 6'°C dels diferents organs
van ser negatives contra el rendiment (GY) (Capitol 5). En aquest sentit, els resultats
sbn esperables ja que correlacidé negativa entre la 6'°C dels organs superiors de la
planta i el GY esta ampliament documentada (Araus et al. 1998, 2013; Fischer et al.
1998; Monneveux et al. 2005; Lopes and Reynolds 2010). A més, en els tractaments
fertilitzats (quan es van unir els dos regim hidrics) es van observar unes majors
correlacions, que en part es podrien explicar per un major rang del rendiment degut
les diferencies d’estatus hidric de les plantes (condicions barrejades de sequera i
de reg suplementari). Aixi, un major rang en el rendiment dels tractaments fertilitzats
podria haver elevat en conseqgliéncia les correlacions entre la 6°C i el GY. A més,
només la &'°C els grans madurs van mostrar correlacions fenotipiques negatives
consistents (Taula 1) contra el rendiment. Les correlacions van ser majors quan
millor eren les condicions de creixement (Figura 1 de la Discussid), degut a com
es comentava al major rang de valors de rendiment. De fet es van trobar resultats
similars en un experiment dut a terme en blat on les correlacions entre §'3C dels
grans madurs i el GY van augmentar, al millorar les condicions ambientals (Araus et

al., 2003)
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Figura 1. Correlac/io entre rendiment mig de cadascuna de /es 8 condicions de
creixement / e/ valor adel coeficient de correlacio entre /a 8"°C dels grans maaurs /' e/
renaiment. Son 4 /es conadlicions de crexement que resulten de la combinacio de 2

regims hiarics 1 2 nivells ae nitrogen aurant ados anys consecutius (20707 2077).

No obstant, en les correlacions genotipiques entre la §'*C dels grans madurs i el GY
(Taula 1 de la Discussiod) es mostren més altes en els tractament fertilitzats (WW+HN
i WS+HN), indicant que el N també podria estar tenint un efecte en les plantes. De
fet, s’ha vist que la fertilitzacié pot ajudar desenvolupat un sistema radicular major
(Cooper et al., 1987), el qual permet a les plantes a tenir més accés a |’aigua de zones
més profundes i un millor estatus hidric (disminuint aixi la 6'*C i augmentant el GY).
També, la 6C s’ha acceptat ampliament com un indicador de I’'EUA (Farquhar and

Richards, 1984; Farquhar, 1989). Aixi tenint en compte que la §'C esta relacionada
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)
%)
=
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positivament amb la EUA (Condon et al., 2004) i negativament amb el GY, aquells

genotips que tinguin un rendiment major serien aquells que tinguin una EUA menor i
una major g_ (Araus et al., 2002) el que pot comportar una major us efectiu de I'aigua

(Blum, 2009).
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Per altra banda, tot i les correlacions negatives obtingudes en els tractament fertilitzat
(Taula 2), I'efecte del N en les plantes és controvertit. Tanmateix, s’ha observat que
al aplicar N, la 6C pot disminuir (Shangguan et al., 2000) o augmentar (Cabrera-
Bosquet et al., 2007). En els casos en que la 6'®C augmenta en part podria ser
perque en absencia de sequera el N es considera com el principal nutrient que limita
el rendiment i el major factor que controla 'acumulacié de la taxa de la biomassa
(Jensen et al., 1990). En conseqguéncia el subministrament de N pot tenir un efecte
negatiu en la g, degut a un estrés hidric causat per una gran biomassa. Com a
consequencia el radi del CO, intracellular (C) i el de I'ambient (C) disminueix
(Cabrera-Bosquet et al., 2007), el que pot causar un augment de la 6'*C i de la
EUA (tant instantania com integrada en el temps). En els nostres resultats, tot i
que la 8'*C de la majoria d’organs es van correlacionar negativament amb el GY,
el tractament fertilitzat mostra una §'*C més enriquida en tots els organs comparat

amb el tractament que no estava fertilitzat (Taula 1, Capitol 5).

Per altra banda, la §'3C de I’0rgan que mostra correlacions genotipiques negatives
més constants contra el GY en les diferents condicions de creixement van ser
els grans madurs (Taula 2). A més, les correlacions negatives van ser més debils
durant el 2010 que el 2011. La causa de les més baixes correlacions al 2010 podria
estar relacionada amb el més baix rendiment d’aquest any (menor que 2.1 Mg-ha™)
comparat amb el 2011 (2.1 Mg-ha™). Un menor GY suggereix que all 2010 el cultiu
podria haver estat sotmes a un estres mig, afectant aixi la forca de les correlacions
(Figura 1 de la disussid). De fet, en experiments sota sequera on els rendiments
sén molt baixos (menor de 2 Mg-ha™), les correlacions entre la 6'°C i el GY poden
ser inexistents (Araus et al., 2003) o inclus canviar a positives (Voltas et al., 1999;

Rebetzke et al., 2002; Condon et al., 2002).
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Per altra banda, mentre les condicions ambientals com la disponibilitat d’aigua
o nitrogen poden afectar la &'*C i la seva relacié amb el GY, basicament per un
efecte en la conductancia estomatica, també hi ha diferéncies constitutives de
la §'°C associades als diferents organs (Hubick and Farquhar, 1989; Araus et al.,
1993). Doncs, en cereals C, com ara el blat o I'ordi, la 6'°C dels grans madurs s’ha
demostrat que pot reflectir millor les condicions d’estrés experimentades pel cultiu
(particularment durant I’estadi reproductiu), comparat amb la §'*C de la fulla bandera
en el que no esta tant clar que correlacioni amb el GY (Austin et al., 1990). De fet, els
nostres resultats ho recolzen, ja que la 6°C de la fulla bandera tot i correlacionar molt
be amb el GY en els tractaments de nitrogen (induit per un ampli rang ambiental) no
correlaciona en condicions de reg suplementari (Taula S2, Capitol 5) ni quan es van

separar les 4 condicions de creixement (Taula 2).

2. Relacio entre la composicio isotopica del carboni i la fotosintesi de I’espiga
A banda del potencial Us directe que pugui tenir I'analisi de la 6C (o del A™C)
en els diferents teixits de la planta, com indicador de rendiment potencial o de
I'adaptacioé a la sequera (i estressos relacionats com salinitat, calor, etc.) en blat
i altres conreus C,; la firma isotopica del de carboni també pot servir de manera
indirecta per formular altres criteris de seleccié que tenen els mateixos objectius d’
incrementar el rendiment i I’estabilitat del blat. En aquest context, un cami pot se
seleccionar per una major fotosintesi de I'espiga (Araus et al. 1993; Tambussi et al.
2005; Tambussi et al. 2007b; Araus et al. 2008; Parry et al. 2011). S’ha demostrat
que la fotosintesi de I'espiga en condicions de sequera pot tenir una gran contribucio
durant 'ompliment del gra (Tambussi et al., 2005). No obstant, tot i que s’ha estudiat
ampliament la fotosintesi de I’espiga (Araus et al., 1993; Bort et al., 1994; Tambussi
et al., 2005, 2007b; Maydup et al., 2010; Saeidi et al., 2012) la seva contribucio

durant 'ompliment del gra no és encara del tot clara, degut a problemes intrinsecs
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a la naturalesa intrusiva de les tecniques de fenotipatge emprades fins la data. En
aquest context, aquesta Tesi proposa I'Us de la composicid isotopica del carboni
(abundancia natural), per desenvolupar una aproximacio per quantificar la contribucié
relativa dels diferents organs a I'ompliment del gra (Capitols 1 i 2). L’aproximacié
es va basar en les diferencies constitutives de la 6'C (abundancia natural) dels
assimilats de diferents organs fotosintéticament actius durant 'ompliment del gra.
Per exemple, en aquest sentit la 6'°C de la fulla bandera s’ha observat que té un
valor més baix (més negatiu) comparat amb I'espiga, mentre que la §'°C dels grans
madurs exhibeixen valors entre la fulla bandera i 'espiga (Araus et al., 1993). La
naturalesa d’aquestes diferéncies constitutives entre els organs (p.e. fulla i espiga)
esta probablement associada a les diferéncies de la permeabilitat de I'0rgan al CO,

atmosferic (Farquhar, 1989; Araus et al., 1993).

No obstant, s’ha de tenir en compte els factors que puquin afectar la signatura
isotopica dels foto-assimilats. Aixi, la §'°C dels carbohidrats exportats des dels
organs autotrofics fins als organs heterotrofics podrien patir un fraccionament
durant la carrega, transport o descarrega del floema (Cernusak et al., 2009). Pero,
aquest fraccionament tot i haver-se demostrar majoritariament en espécies arbories
(Damesin and Lelarge, 2003; Scartazza et al., 2004; Brandes et al., 2006; Gessler
et al., 2007, 2009a) i en especies llenyoses, en especies herbacies no sembla ser
tant evident. De fet, diversos estudis realitzats en blat (Yoneyama et al., 1997) i
altres especies herbacies com la mongeta i Ricinus communis (Badeck et al., 2005;
Gessler et al., 2009b) no van poder provar que hi hagués un clar fraccionament
post-fotosintetic de la §'*C dels sucres entre la fulla i el floema. Per una altra banda,
la respiracié associada a la translocacié pot tenir una efecte en la discriminacié de
I'isotop de carboni, tot i que la disciminacio s’ha vist que pot ser molt baixa (Bort et

al., 1996; Badeck et al., 2005).
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Aixi, assumint els punt comentats més amunt, la 6'°C dels grans madurs seran el
resultat de la combinacié de la §'*C dels assimilats produits per els diferents organs
fotosintetics. Amb aquest métode, I'objectiu va ser comparar la 6'°C dels assimilats
produits per els diferents organs fotosintétics amb la 6'°C dels grans madurs (Capitols

1,2).

2.1 Contribucio relativa de I’espiga i la fulla durant Pompliment del gra en
condicions de sequera

La fulla bandera en blat s’ha considerat tradicionalment com el principal organ
fotosintetic durant I'ompliment del gra (Evans and Rawson, 1970; Araus and Tapia,
1987). En conseqliéncia, I'aproximacié emprada va implicar comparar la contribucio
relativa de la fulla bandera amb la de I’espiga a I’'ompliment del gra (Capitol 1) en un
experiment amb quatre condicions de creixement (reg i sequera, fertilitzat i sense
fertilitzar amb N). Paral-lelament, també es va avaluar si els genotips previs a la
Revolucié Verda (antigues) responien igual que les varietats modernes a I’aproximacié
desenvolupada. Els nostres resultats estan d’acord amb la literatura, (Tambussi et
al., 2007a). Aixi la contribucio relativa de I’espiga va augmentar amb I’estrés hidric
dels grans (observat per una major 6'°C dels grans madurs) (Figura 1, Capitol 5).
A més, es van observar diferencies genotipiques en la contribucié relativa de la
fotosintesi de I'espiga (Figura 2, Capitol 1). Els genotips antics, caracteritzats per
tindre un index de collita menor, mostraren una contribucié fotosintética relativa
molt major que els genotips actuals. El fet de trobar una contribucié de I’espiga
major al disminuir I'index de collita (Figura 3, Capitol 1), suggereix que I'ompliment
del gra pot ser mantingut basicament per la fotosintesi de I’espiga en els genotips
antics, a part de la contribucié que puguin tenir les reserves pre-antesi (Maydup et
al., 2012). Per contra, la correlacié negativa entre la contribucié de I'espiga i el HlI,

sobretot en els genotips actuals (Figura 4, Capitol 1), suggeria que al augmentar la
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mida relativa del ‘desti’ (es a dir augmentar el HI), 'ompliment del gra no es podia
sustentar Unicament per la fotosintesi de I’'espiga. De fet, estudis recents indiquen
evidéncies de I'aparicié d’una limitacié de la ‘font’ en els genotips moderns (Alvaro
et al., 2008; Pedro et al., 2011; Acreche and Slafer, 2011; Serrago et al., 2013). Aixi,
I'increment del HI, acompanyat de la disminucié de les reserves pre-antesi degut als
gens de nanisme (Maydup et al., 2012) recolzen que els genotips moderns no poden

ser nodrits Unicament per la fotosintesi de I'espiga.

Per una altra banda, la contribucié relativa de I'espiga no només va estar governada
per la relacio “font-desti”, sind també per les condicions de creixement. De fet, al
afegir el N, la contribucid relativa de I’espiga va incrementar (Taula 3, Capitol 1), tant en
condicions de reg suplementari com de sequera. Com s’ha comentat abans (a I'apartat
1), la fertilitzacié nitrogenada pot causar un augment de les condicions d’estres hidric
en el cultiu (induit per un augment de biomassa). En consegiencia, la contribucié
relativa de I'espiga a 'ompliment del gra pot augmentar (degut a la millor adaptacié
que té I'espiga en sequera). De fet, en un estudi de blat dur sota bones condicions
agronomiques, es va trobar que la taxa de fotosintesi instantania de tota I'espiga podia
correlacionar millor amb el GY que la lamina de la fulla bandera (Abbad et al., 2004). No
obstant aixo, els genotips amb major contribucié de I’espiga no necessariament tenen
més alt rendiment del gra. De fet, tal com s’indica més amunt, els ecotips que tenen
un HI baix tenen una contribucié de I'espiga més elevada. Tal i com s’explica més
en detall en el Capitol 2, el lleuger deficit hidric en bones condicions agronomiques i
elevat adobat nitrogenat, pot causar un augment en la contribucié relativa de I'espiga
(Tambussi et al. 2007) perd no necessariament un augment del GY. Per tant, s’ha
de tenir cura alhora d’avaluar la contribucié relativa de I'espiga, sobretot en que el
panel de genotips estiguin exposats ja siguin a condicions agronomiques optimes o

alternativament sota nivells similars d’estrés hidric.
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Per altra banda, en els tractaments on la correlacié de la 6'°C de I'espiga contra el
rendiment era la més alta, la correlacio entre la §'°C de la fulla bandera i el rendiment
va ser la més baixa (Taula 2 i Taula S2, Capitol 5). Ara bé, tot i la baixa contribucié
fotosintetica relativa observada en la fulla bandera (Figura 1, Capitol 1) no es pretén
contradir I'important rol que té junt amb les fulles més inferiors. En realitat, sén les fulles
les que determinen el nombre de flors fertils per espiga o inclis el nombre de llavors
i la seva mida potencial (Slafer i Savin, 1994). De fet, sota condicions agronomiques
optimes, els valors acumulats de CO, fixat per la fulla i I'espiga (incloent la respiracio),
han sigut comparables amb el pes total dels grans per espiga des de I'espigat fins a
la maduresa fisiologica (Figura 1, Capitol 2). Aixi, considerant una translocacié eficient
vers el “desti” i poca respiracié nocturna, tant la fulla bandera com I'espiga podien tenir
un paper comparable i suficient per si mateix alhora de mantenir 'ompliment del gra.
De fet, les mesures de llum interceptada per la lamina de la fulla bandera i I'espiga van
ser similars (Figura 3, Capitol 2), mentre que la llum absorbida per la resta de la tija va
representar un 40% del total rebut per la fulla bandera i 'espiga conjuntament. Aquests
resultats indiquen que la fulla bandera no és necessariament I'inica font d’assimilats de
la tija. Aixo ens indica que I'aproximacié aqui presentada, té la limitacio inherent de no
considerar la contribucié potencial d’altres organs fotosintetics que també poden estar
desenvolupant un paper important durant 'ompliment del gra, com serien el peduncle, la
beina de la fulla bandera, i les fulles inferiors. Pero, tot i la potencial contribucioé dels altres
organs (a part de I'espiga) a 'ompliment del gra, la produccié potencial de biomassa
calculada per I'espiga a partir de la irradiancia interceptada a nivell de dosser, va ser de
4.1 g-espiga™’ (Figura 5, Capitol 4), assumint una eficiencia fotosintetica del 2.4% (Zhu
et al., 2008). Aquests valors potencials de produccié (a partir de la fotosintesi bruta de
I'espiga) van ser comparables amb el pes final dels grans per espiga, proporcionant
més evidencies indirectes a favor de la importancia de la fotosintesi de I'espiga durant

'ompliment del gra, comparat amb la fulla bandera.
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2.2 Contribucio relativa de les arestes i la tija durant Pompliment del gra en
condicions agronomiques optimes

Aixi, com ja s’ha vist a I'apartat anterior, I’espiga comparada amb la fulla bandera en
condicions de sequera, pot tenir un paper important com a font de foto-assimilats
durant 'ompliment del gra. Perd, també s’ha demostrat que I'espiga pot tenir un paper
rellevant sota bones condicions agronomiques (Araus et al., 1993; Bort et al., 1994;
Tambussi et al., 2005, 2007a; Maydup et al., 2010). A més, en aquestes condicions,
diferents malalties fungiques poden afectar les fulles (Robert et al., 2005) més que les
espigues (Tiedemann and Firsching, 2000). En aquest cas, es va considerar una nova
aproximacioé metodologica per avaluar la contribucié dels principals organs fotosintetics
de I'espiga que son les glumes i les arestes (Bort et al., 1994). També, es va tenir en
compte la 8'*C del peduncle ja és I'0rgan pel qual travessen tots els assimilats que
provenen de la fulla bandera, la beina, les fulles inferiors, aixi com també les reserves
pre-antesis que es remobilitzen als grans en creixement (Gebbing and Schnyder,
1999). De fet, s’ha documentat que durant la primera meitat del 'ompliment del gra
és quan s’utilitzen les reserves pre-antesi (Wardlaw and Willenbrink, 1994; Gebbing
and Schnyder, 1999). Aixi, el peduncle doncs també esta integrant la contribucio
potencial de totes aquestes reserves. A més, per tenir una idea dels carbohidrats
disponibles en cadascun dels organs analitzats, aquests es van quantificar a la part
superior del peduncle, a la fulla bandera, a les arestes i a les glumes . Tots aquestes
organs van mostrar uns valors similars. En canvi, en la part inferior del peduncle els
valors de carbohidrats solubles van ser de fins a sis vegades més que els altres organs
(Fig. 2, Capitol 2). Aix0 possiblement estigui indicant que sota bones condicions
agronomiques, la capacitat fotosintética de les plantes durant 'ompliment del gra,
excedeix la demanda dels grans en creixement (Slafer and Andrade, 1991; Bingham et
al., 2007; Dreccer et al., 2009). De totes maneres, en el cas de que aquestes reserves

es remobilitzessin, la §'*C de peduncle les estaria en part de reflexant.
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A I'experiment del CIMMYT sota bones condicions agrondmiques, I'espiga va
representar una contribucié d’'un 70% del total d’assimilats que van als grans (Figura
4, Capitol 2). De fet, es van obtenir resultats similars en un experiment amb marcatge
del 8C (Aranjuelo et al. 2011), on es va estudiar el carboni fixat per la fulla bandera
durant I'inici de 'ompliment del gra. En aquest estudi, només una petita part dels
sucres solubles fixats per la fulla bandera van arribar a I’espiga. La resta de sucres
solubles que no van viatjar vers I'espiga es van emmagatzemar com compostos
estructurals de carboni i midé que posteriorment es van respirar. Aixi, en aquest
estudi es va concloure que el carboni sintetitzat a I'espiga és el que majoritariament

es va utilitzar per 'ompliment del gra.

Per altra banda, la re-fixacié del CO, respirat és un element a tindre en compte (Bort
et al., 1996) en aquesta aproximacio, ja que s’ha vist que pot contribuir fins a un 70%
de la sacarosa acumulada a les bractees (Gebbing and Schnyder, 2001). Pero, en el
nostre estudi el CO, respirat de tots els organs analitzats van mostrar una §'*C més
enriquida en comparacié amb el substrat original. Aixo indicaria un empobriment en
8C dels substrat, el que no dona suport a un possible enriquiment de la §'°C dels

grans degut a la translocacié de carbohidrats i a la respiracio .

Per altra banda, en la nostra aproximacié, tampoc es van incloure les glumes,
tot i que s’ha documentat que sén fotosintéticament actives i una possible font
d’assimilats (Araus et al., 1993; Bort et al., 1994). A més, s’ha vist que les glumes re-
fixen principalment CO, (Bort et al., 1996) respirat pels grans (Gebbing and Schnyder,
2001). Es més, si les bractees de I'espiga sén herméticament tancades al gas, no hi
ha discriminaci6 durant el procés de re-assimilacié del CO, respirat (Farquhar, 1989)
i per tant les diferencies entre §'*C dels grans i de la fraccié soluble de les glumes

haurien de ser minimes. De fet, als nostres resultats la §'*C de les glumes i els grans
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no van ser significativament diferents (Taula 2, Capitol 2). Per tant, la importancia de
la fotosintesi de I’espiga a I'ompliment del gra es podria estar subestimant, ja que les
glumes no es van incloure en I'aproximacio tot i el seu paper en la re-assimilacié del

CO, que s’allibera durant els processos de respiracio.

2.3 Contribucio relativa de les arestes i la tija durant 'ompliment del gra en
condicions de sequera i deficieéncia de nitrogen

En els apartats anterior, la contribucio relativa de I’espiga a 'ompliment del gra va
ser en tots els casos elevada tot i variar en funcié de I’estatus hidric de la planta.
Resumint els resultats en els capitols anteriors, er una banda es va comparar la
contribucié relativa del conjunt de I’espiga amb la de la fulla bandera (Capitol 1)
sota un ampli rang ambiental (diferents adobats nitrogenats i nivells d’estres hidric).
Per altra banda, es va comparar especificament la contribucié de les arestes (com
a indicador de la contribuci6 relativa de I’espiga) amb la del peduncle (el qual
englobava els assimilats que provenen de les fulles inferiors, beina, i reserves pre-
antesi) en bones condicions agronomiques de creixement (Capitols 2 i 3). Com jas’ha
comentat la contribucioé de les reserves emmagatzemades a les parts vegetatives de
la tija pot augmentar en condicions de sequera (Bidinger et al., 1977). Aixi, per tenir
en compte aixo, es va aplicar I'aproximacioé emprada per el blat tendre crescut sota
bones condicions hidriques de CIMMYT (Capitol 2), al blat dur sota les condicions
de sequera i déficit de nitrogen (Figura 3), considerant el peduncle i les arestes. Aixi,
utilitzant el peduncle, es tenen en compte les reserves emmagatzemades previes a la
floracio a més de la activitat fotosintetica durant I'ompliment del gra. De fet, aquestes
reserves estan constituides per carbohidrats no estructurals de baix pes molecular
com la fructosa i el mido (Blacklow et al., 1984), que principalment s’emmagatzemen
en els entrenusos superiors de la tija (Seide, 1996), convertint al peduncle com el

potencial contribuidor d’aquestes reserves (Hafsi et al., 2001).
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Els resultats van mostrar un alta contribucié relativa de I'espiga (les arestes) en
comparacié amb el peduncle (Figura 3 de la discussid). Aquesta tendencia va ser
més marcada en el tractament no fertilitzat. En aquest cas, al no afegir-hi nitrogen
la sequera fa incrementar la contribucio relativa de I'espiga a I'ompliment del gra
(Tambussi et al., 2007a). Per altra banda, el promig de la contribucié relativa de
I’espiga en el tractament fetilitzat (mitja dels tres intervals), va ser major en comparacié
amb el tractament de baix nitrogen. Aixd concorda amb els resultats que es van
obtenir en el Capitol 1, tot i emprar una aproximacié metodologica més senzilla (la
contribucié de I’espiga va ser major en els tractaments amb alt nitrogen, Taula 3,
Capitol 1). De fet, s’ha demostrat que al aplicar nitrogen en un cultiu de blat (en
condicions de camp), la fotosintesi de I'espiga pot tindre un paper decisiu (Abbad
et al., 2004) alhora d’obtenir un alt rendiment (Olszewski et al., 2014). De fet, s’ha
documentat en tractaments amb alt nitrogen una correlacié molt més forta entre el
rendiment i la fotosintesi de I'espiga que amb la fotosintesi de la fulla bandera, des

de I’espigat fins a ’'ompliment del gra (Olszewski et al., 2014).
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2.4. Assumpcions/limitacions de I’aproximacio de I'isotop de carboni

En I'aproximacié isotopica és van assumir uns aspectes: (i) només es van considerar
dues fonts de foto-assimilats durant 'ompliment del gra, (i) els foto-assimilats
d’aquestes dues fonts tenien una diferencia significativa en I'abundancia natural
18C:12C, (iii) donat que vam mostrejar nomes dues vegades durant I'ompliment del
gra, vam considerar que els valors es mantenien constants al llarg del periode de
'ompliment del gra i (iv) el fraccionament secundari durant ’emmagatzematge i
mobilitzacié als grans era minim (Cernusak et al., 2009). Aquest ultim punt comentat
per Raven i Griffiths (2015) podria estar explicant la §'*C més elevada del peduncle
observada en els nostres resultats. Tal enriquiment del *C al peduncle podria ser
causa del fraccionament secundari durant la (re) mobilitzacié i emmagatzematge
dels carbohidrats (per exemple, de la fulla bandera). Cernusak et al. (2009), explica
en detall una serie d’hipotesis que podrien explicar el potencial fraccionament
entre els organs ‘font’ i els organs ‘desti’. Tot i no haver-se demostrat en el blat un
fraccionament durant la remobilitzacié dels carbohidrats al gra (Yoneyama et al.,
1997), un dels mecanismes addicionals que podria induir a un fraccionament de
I'isotop de carboni, és el possible desplagament dels carbohidrats emmagatzemats
durant la nit enlloc de durant el dia (Tcherkez et al. 2004). No obstant, estudis en el
girasol i el blat no van poder demostrar una variacio al llarg del dia de la 6'*C en els
carbohidrats (Ghashghaie et al., 2001; Kodama et al., 2011). També, altres processos
que podrien estar alterant la §'*C de les espigues en el blat és la matéria organica que
arriba a I'’espiga a través del xilema. El xilema transporta acids organics i aminoacids
sintetitzats a les arrels (en plantes C,) els quals mostren una &'°C molt menor que
aquells sintetitzats a les fulles (Yoneyama et al., 1997). Aixi, el subministrament de
C del xilema i el floema durant 'ompliment del gra, des de les arrels o el peduncle,
podria estar afegir fonts addicionals de variacié en la §'°C de I'espiga. De totes

maneres el subministrament via xilema de C a I’espiga es quantitativament molt petit
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(Taiz and Zeiger, 2002). Tot i aixi, 'aproximacié metodologica que aqui es proposa
per inferir les particions de la font-desti, s’ha de tenir en compte que no informa
sobre la contribucio real dels organs fotosintéetics a ’'ompliment del gra, si no que

estima les maximes capacitats fotosintetics de cada organ de manera comparativa.

3. Comparativa entre metodologies per estimar la contribucié relativa de
I’espiga i la tija durant 'ompliment del gra

Tot i les limitacions comentades, aquesta aproximacié metodologica s’ha provat en
diversos experiments de camp sota diferents condicions de creixement ambientals.
Aixi aquesta metodologia basada en I'estudi de la composicié isotopica del carboni
en la seva abundancia natural, s’ha demostrat que funciona per elucidar la contribucio
relativa dels diferents organs fotosintetics. A més, I'aproximacié es pot utilitzar
en diferents régims hidrics i de nitrogen, amb I'avantatge afegida de que és una
aproximacio no intrusiva. Aixi, s’eviten efectes compensatoris no desitjats entre els
organs (Chanishvili et al., 2005). Tot i aix0, I'aproximacié es va comparar amb altres
dues metodologies de caire més intrusiu sota bones condicions agronomiques. Les
tecniques que es van utilitzar per inhibir la fotosintesi de I’espiga i de la tija van ser (j)

I'aplicacié d’un herbicida DCMU i (ii) I'ombrejat (Capitol 4).

En el tractament de DCMU, el pes dels grans per espiga (GW_,) va assignar un rol
major a la fotosintesi de la tija (70%) comparat amb el de I'espiga (40%) (Figura 3,
Capitol 4). No obstant, quan el DCMU es va aplicar a la tija, no només va afectar a
la fotosintesi d’aquesta, si no que també es va inhibir parcialment la fotosintesi de
I'espiga. En la mateixa linia, en un estudi realitzat per Nicolas i Turner (1993), les
fulles i tiges es van ruixar amb tres dessecants diferents (paraquat, clorat de magnesi
i clorat de sodi). En el mencionat estudi, els dessecants van afectar també a les

espigues, el que en consequeéncia va reduir el pes dels grans en més d’un 70%. Tot
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plegat suggereix que els compostos quimics es van transportar des de la tija i les
fulles (via el floema) a I’espiga i a continuacio als grans en desenvolupament (Blum
et al., 1983). No obstant aix0, no tots els compostos quimics afecten de la mateixa
manera els grans en desenvolupament. De fet, en un estudi de Saeidi et al. (2012)
en blat, van ruixar les tiges i les espigues amb el dessecant de iodur de potassi. A
continuacio, van observar una major contribucié de I’espiga a 'ompliment del gra
comparat amb la tija. La diferencia basica entre aquest dessecant i els utilitzats
per Nicolas i Turner (1993) va ser que el iodur potassic es transportava pel xilema
(Herrett et al., 1962), i no pel floema, creant una afectacié menor a I’espiga i els grans
en desenvolupament. Aixi, per tal d’evitar transports no desitjats dels productes
quimics dins de la planta, 'ombrejat va ser el sistema que es va utilitzar per inhibir
la fotosintesi en el seglient any. En aquest cas el pes dels grans per espiga (GW__)

van ser similar a les espigues i a les tiges ombrejades, indicant que la fotosintesis de

’espiga i la tija podien ser comparables en termes d’ompliment del gra.

No obstant, els resultats obtinguts per aquestes metodologies de naturalesa
intrusiva s’han d’interpretar amb cautela, perque poden apareixer mecanismes
compensatoris que incrementin la contribucié a 'ompliment del gra dels organs no
tractats o bé de les reserves pre-antesi (Aggarwal et al., 1990; Eyles et al., 2013). De
fet, la contribucio total de I'espiga sumada a la de la tija durant 'ompliment del gra
dels tractaments de DCMU (110%) i d’'ombrejat (119%), van ser majors comparades
amb el control (100%). En conseqliéncia, aquests resultats indiquen els possibles
efectes compensatoris dels organs no tractats (Figura 3, Capitol 3). En aquesta linia,
en els estudis realitzats per Aggarwal et al. (1990) i Ahmadi et al. (2009), el pes final
dels grans no va disminuir quan es va defoliar la planta, i els autors van indicar
que I'ompliment del gra estava governat per I’0organ ‘desti’ més que pels organs

‘font’. Paradoxalment, la fotosintesi de I'espiga no es va considerar en aquests
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treballs (Saeidi et al., 2012), de manera que els seus resultats podrien interpretar-se
de dues maneres. Per una banda, els resultats podrien estar esbiaixats degut als
mecanismes compensatoris dels organs no afectats (com és I’espiga) pel tractament
de defoliacié (Chanishvili et al., 2005). Per una altra banda, el pes del grans no va
disminuir, revelant I'important rol que pot estar exercint la fotosintesi de I'espiga
durant 'ompliment del gra. Comparativament, tot i les limitacions imposades pels
tractaments experimentals de naturalesa intrusiva, la inhibicié de la fotosintesi de
I'espiga (per accioé del DCMU o de I'ombrejat) va reduir de manera similar el pes final
dels grans en un 35-40% el que esta d’acord amb treballs previs (Maydup et al.,

2010).

En definitiva, les diferents metodologies en bones condicions agronomiques, ja sigui
per I'aplicacio de DCMU, d’ombrejat o per I'aproximacio de la §'*C, van mostrar una
contribucié de I'espiga a I’'ompliment del gra al menys comparable a la de la tija (on
s’inclou la fulla bandera, les fulles inferiors, i la beina). En aquest cas, I"aproximacio
va mostrar una contribucio relativa maxima de I'espiga d’un 74% de promig (Figura
3, Capitol 3). En canvi, en condicions de sequera la contribucio relativa de I’espiga
va augmentar fins al 100% (Figura 1, Capitol 1), el que esta d’acord amb la literatura
existent (Araus et al., 1992, 1993; Tambussi et al., 2005, 2007a; Maydup et al., 2010,
2012, 2014), En un estudi dut a terme per Merah i Monneveux (2014) també es van
comparar els efectes de 'ombrejat i I’excisio amb la remobilitzacié del carboni de
diferents organs durant 'ompliment del gra. No obstant, en aquest estudi no es
va quantificar de manera precisa la contribuci6 relativa de cadascun dels organs a
I'ompliment del gra. Perd aixi i tot, es van obtenir resultats similars als duts a terme
en el Capitol 3, recalcant la importancia de la I'espiga i les arestes com a majors
proveidors de foto-assimilats (Jia et al., 2015), i per contra la modesta contribucié de

la fulla bandera al rendiment sota condicions Mediterranies.
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4. Relacio entre la composicio isotopica de I’oxigen i el rendiment

Com s’ha comentat en els punts anteriors d’aquesta tesi, I'isotop estable de carboni
(63C) és una eina molt util per (i) avaluar I'estatus hidric del cultiu sota condicions
de creixement diferents, (i) avaluar les diferencies genotipiques de les plantes
exposades a diferents condicions, i de manera més novedosa per (i) seleccionar
genotips amb una fotosintesi de I'espiga més elevada. De fet, la 6'°C en plantes C,
s’ha utilitzat ampliament per seleccionar genotips amb alta eficiencia transpiratoria
(ET) especialment durant les etapes inicials del conreu (Farquhar i Richards 1984;
Richards et al. 2002) i en aquest sentit el CSIRO australia ha emprat un alt 6'°C en
la plantula com a criteri de seleccid de diferents varietats de blat adaptades a les
condicions mediterranies australianes (Condon and Richards, 1992; Condon et al.,
1993, 2004; Richards et al., 1993). No obstant, la utilitzacié de la 6'3C com una eina de
seleccid de genotips amb un major rendiment no és senzilla ja que com s’ha vist en
les seccions anteriors que depén de les condicions hidriques del cultiu i també de les
condicions de nitrogen. Aixi, pel ambients de la conca Mediterrania on son esperables
pluges durant el creixement del conreu, incloent 'ompliment del gra, la seleccié
basada en una alta 6'°C en els grans es una possibilitat (Araus et al. 2002a; Araus
et al. 2008; Taula 1 en aquesta discussio). L'alta §'°C estaria indicant que les plantes
que exhibeixen menor ET son possiblement aquelles més capaces d’utilitzar aigua
disponible al terra i per tant aquelles que tenen un Us efectiu de I'aigua millor (Araus
et al., 2008; Blum, 2009). Per altra banda la 6'°C en plantes C, com el blat de moro,
mostra una variacié molt petita i en conseqiiéncia la seva utilitat és sovint limitada
per diferenciar entre condicions de creixement (Hubick et al., 1990; Monneveux et al.,
2007; Cabrera-Bosquet et al., 2009a). Com a alternativa, s’ha proposat la §'®0 dels
teixits de la planta com un tret per seleccionar cultius C, millor adaptats a la sequera
(Cabrera-Bosquet et al., 2009b). A més, a diferéncia de la 6'°C, no hi ha divergéncies

particulars pel que fa al fraccionament de la 6'°0 en cultius C, i C,.
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D’acord amb la base teorica (Barbour and Farquhar, 2000) la variacié de la 6'0 prové
de les condicions d’evaporacio les quals es van conrear les plantes. Aixi, en aquesta
Tesis de manera general i sense tenir en compte les caracteristiques especifiques de
cada experiment (diferents camps experimentals), les especies estudiades (és a dir,
el blat dur (C,) i el blat de moro (C,)), aixi com la ubicaci6 (és a dir, Aranjuez, Espanya
o Tlaltizapan, Mexic), la 6’0 en els teixits de la planta va augmentar sempre com a
resposta a la limitacié d’aigua en cada un dels experiments. No obstant aixo, també es
van observar diferencies en I'enriquiment de la 60 en els diferents organs analitzats

en blat i blat de moro aixi com la seva relacié amb el rendiment.

4.1 Relacio entre la composicio isotopica de I’oxigen i el rendiment en blat

Durant I’experiment del 2011 la 680 dels grans madurs va associar-se fortament amb
el rendiment combinant tots els regims hidrics i de nitrogen (Taula 4, Capitol 5). Pero
les correlacions dins de cada condici6é en particular van ser casi inexistents (Taula
1 Discussio Tesi). De manera similar, a I'experiment del 2010 (amb les mateixes 4
condicions de creixement) les correlacions no van ser significatives ni en sequera ni
en el tractament fertilitzat (Taula 3, Capitol 5). Els agents implicats en la major o menor
forca de les correlacions podrien ser les condicions ambientals favorables del 2011,
el que van causar rendiments molt més alts al 2011 que al 2010 i per tant un rang de
rendiments més elevant al englobar diferents condicions de creixement. La manca
de constancia de les correlacions entre els dos anys esta d’acord amb altres estudis
realitzat en blat (Barbour et al., 2000; Araus et al., 2013). A més, a I’estudi de Barbour
et al., (2000), la correlacio entre la §'®0 dels grans madurs i el rendiment no va ser
constant al llarg dels tres cicles que va durar I’experiment. L’esmentada correlacio va
ser només significativa I’any on va haver-hi una precipitacié més alta i una radiacio
solar baixa. Aix0 suggereix que la 60 en els grans madurs no es preserva sota

ambients amb un rang ambiental baix i un estres moderat. La causa de la disparitat
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de les correlacions observades entre la 6'®0 dels grans madurs i GY durant els
nostres experiments en el blat, podria ser la proporcié de foto-assimilats que s’han
remobilitzat (Barbour et al., 2000) durant 'ompliment del gra. Sota condicions de
deficit hidric s’han observat alts nivells de remobilitzacié dins la planta, els quals
podrien estar interferint en la preservacié de les condicions evaporatives impreses
en la 6'®0 dels grans (Barbour et al., 2000). Aquests foto-assimilats provenen de
les trioses fosfat formades a partir de la fotosintesi durant el dia, i es convertiran a
sacarosa per transportar-se aixi a través del floema (Barbour and Farquhar, 2000). A
més, la transmissié de la §'®0 des de I'aigua de les fulles fins a la materia organica
engloba molts processos, fet que complica la seva interpretacio. De fet, el principal
intercanvi de I’'aigua amb I’oxigen dels grups carbonil es produeix durant la formacié
de les molécules trioses fosfat (Sternberg et al., 1986; Barbour et al., 2000), ja que
dos dels tres atoms d’oxigen presents a la molecula provenen de I'aigua i un del CO,
(Schmidt et al., 2001). No obstant, la 6'®0 dels carbohidrats de la fulla bandera van
correlacionar molt bé amb el GY en quasi totes les condicions de creixement de reg i
de sequera (amb alt i baix nitrogen), i d’alt i baix nitrogen (amb reg i sequera) durant el
2010 (Taula 3 i Taula S2, Capitol 5) i també durant el 2011 unint totes les condicions de
creixement (en aquest la correlacio es va fer amb la 6'®0 de la matéria seca de la fulla
bandera). Per contra, no es van trobar correlacions fenotipiques significatives quan es
separar les 4 condicions de creixement (Taula 1 de la discussid). No obstant, la forca
de les correlacions unint varies condicions de creixement indica que les condicions
evaporatives ocorregudes durant el cultiu encara es preserven en els assimilats de
la fulla bandera (Gessler et al., 2013). L’enriquiment evaporatiu de la 6'®0 a I’'aigua
de la fulla esta ampliament establert pels models mecanistics que caracteritzen els
factors ambientals i fisiologics que controlen la transpiracié (Dongmann et al., 1974;
Cernusak et al., 2005). S’ha de tindre en compte pero, que I'enriquiment evaporatiu

de l'aigua de la fulla esta governat per un intercanvi bidireccional del vapor d’aigua
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entre la fulla i 'aire de 'ambient, i que pot estar afectat al mateix temps pel déficit
de vapor d’aigua de l'aire i la composicié isotopica del vapor d’aigua (Gessler et al.,

2013).

En canvi, la 8'®0 de la materia organica total dels grans, les arrels, o I’espiga, no
estava correlacionada de manera constant contra el rendiment dins de cada una
de les diferents condicions de creixement. La rad per aquesta manca de correlacio
podria ser consegliéncia de I'alteracié de la §'®0 de la materia organica des de
els organs fotosintetitzadors fins als grans o altres organs heterotrofics. Aixi les
reaccions bioquimiques dels diferents processos de la sintesi de la matéria organica
(Farquhar i Lloyd, 1993) com la carrega, transport i descarrega dels assimilats
depositats als grans (Offermann et al., 2011a) poden causar aquest fraccionament
de la 6'®0. Durant el transport de la sacarosa pel floema, s’ha observat un baix
intercanvi d’atoms d’oxigen entre I'aigua del floema i la sacarosa (Gessler, 2011).
Pero el model de flux de pressié que caracteritza el transport del floema (Van Bel,
2003) implica I'intercanvi continu de sacarosa entre els tubs cribosos del floema
i les cél-lules d’acompanyament. Es en aquest moment quan podrien aparéixer
noves oportunitats de interconversié metabolica de la sacarosa amb atoms d’oxigen
de I'aigua del floema (en equilibri amb el xilema), causant una pérdua parcial de la
senyal enriquida que prové de les fulles (Offermann et al., 2011). Per altra banda,
I'aigua font també pot estar interferint en la 60 de la materia organica (Epstein et
al., 1977; Yakir et al., 1990b; Roden et al., 2000; Williams et al., 2005; Barbour, 2007).
Paral-lelament, la font d’aigua (aigua de la base de la tija) pot estar sotmesa a un
enriguiment degut a la evaporacio en la fulla bandera durant la transpiracié (Farquhar

et al., 1993) i durant la formacio6 del gra (Pande et al., 1994).
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A més, en el blat la 60 de I'aigua en els grans en creixement esta subjugada a
un enriquiment bifasic en comparacié amb I'aigua de la tija (Pande et al., 1994).
Aguest enriquiment bifasic té relacié per una banda amb el metabolisme del gra
en desenvolupament i la subseglent rapida perdua d’aigua, i per altra banda amb
el metabolisme oxidatiu durant les darreres etapes de la maduracié (Pande et al.,
1995). Per tant, I’enriquiment bifasic dels grans podria ser una font més de variacié
de la 60 de la matéria organica total. De fet, en els nostres resultats I'aigua dels
grans en desenvolupament van mostrar una 60 major comparada amb I’aigua de
la tija (Taula 2, Capitol 5). En consequeéncia, I’enriquiment de I'aigua que conté el
gra podria estar obstaculitzant la capacitat de la 60O de registrar les condicions
ambientals a la materia organica total dels grans madurs.

D’altra banda la 60 de I'aigua de la fulla bandera esta molt més enriquida en
comparacié a l'aigua dels grans en desenvolupament i la tija (Taula 2, Capitol
5). Aquests resultats concorden amb els processos d’evaporacié ampliament
documentats que ocorren a les fulles (Farquhar and Gan, 2003; Barbour et al.,
2004). A més la 6'®0 de I'aigua de la fulla bandera es va correlacionar fortament
amb el GY (Taula 4, Capitol 5), el que estara principalment reflectint I’enriquiment
per evaporacio i per tant les condicions ambientals, amb I’avantatge addicional que
s’evita el fraccionament associat a les reaccions bioquimiques durant la sintesi de la

materia organica (Farquhar and Lloyd, 1993).

Finalment un altra font de variacié podria ser també la contribucio de les reserves
pre-antesi (Bidinger et al., 1977) durant I'ompliment del gra. Aixo seria especialment
evident en el 2010, ja que s’ha documentat que pot ser major en condicions de
creixement més limitades (Slafer and Andrade, 1991; Bingham et al., 2007; Dreccer

et al., 2009).

262



4.2 Relacid entre la composicio isotopica de I'oxigen i el rendiment en el blat
de moro

Per altra banda, el blat de moro va mostrar baixes correlacions entre la 6®0 dels
grans madurs i el rendiment, sobretot alhora de detectar diferencies genotipiques
(Capitol 4). En el cas del blat de moro, els sucres transportats des del floema als
grans es produeix via pedicel, on la sacarosa es divideix en glucosa i fructosa, i es
torna a re-sintetitzar a sacarosa abans de convertir-se en mido (Felker and Shannon,
1980; Griffith et al., 1987). De fet, el midé és el principal component del gra en el
blat de moro (Nelson and Pan, 1995; James et al., 2003). Com a conseqiéencia de
la hidrolisi de la sacarosa i la seva posterior re-sintesi, les possibilitats d’intercanvi
amb l'aigua augmenten (Barbour and Farquhar, 2000). Aquestes conversions
metaboliques podrien impedir que les condicions evaporatives impreses en els foto-

assimilats produits a les fulles es conservin en la 60 dels grans madurs.

A més, no només la re-sintesi de la sacarosa als grans podria estar interferint en la
conservacioé de la “senyal” isotopica de les condicions evaporatives de les fulles als
grans, sind que també el temps invertit pels assimilats en ser transportats pel floema
(Song et al., 2014; Gessler et al., 2014). En els nostres resultats la §'80 dels assimilats
transportats pel floema van donar valors més enriquits en condicions optimes de
reg en comparacié a la sequera en blat de moro (Capitol 4). Aquests resultats van
presumiblement en contra de la teoria que estableix que I'evaporacié de la fulla
és més alta en condicions de sequera (Farquhar and Lloyd, 1993; Cernusak et al.,
2003). Aquesta aparent contradiccié podria ser una conseqgiencia d’un temps més
curt de permaneéncia a la tija en condicions de sequera dels sucres no estructurals.
Una curta permanencia dels sucres dins del floema pot provocar un intercanvi major
amb I'aigua font, el que empobreix més la §'®0 dels assimilats que es transporten

pel floema tot i estar sota condicions de sequera. Per contra, un temps de rotacié
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més lent (és a dir una llarga permaneéncia dels sucres dins del floema) en condicions
optimes, podria haver resultat en que els sucres transportats pel floema no s’hagin
intercanviat tant amb I’aigua font i que els seus valors s’assemblin més als de la 6'®0
dels sucres que provenen de les fulles (més enriquits) (Song et al., 2014; Gessler et
al., 2014). A més, aquest efecte pot haver-se accentuat per una major assignacio
basipétala dels sucres en sequera per promoure el desenvolupament de les arrels
(Palta and Gregory, 1997), incrementant aixi la quantitat relativa dels sucres a la
base de la tija (Gessler et al., 2014). Pero, I’enriquiment dels assimilats transportats
pel floema s’ha vist que depén en gran mesura de I'especie (Gessler et al., 2013). A
diferencia del blat, en el blat de moro la contribucié al ompliment dels grans de les
reserves pre-antesis sintetitzades abans de la floracié sén minimes ja que I’'ompliment
del gra en aquesta especie es manté basicament pels assimilats actuals produits
pels organs fotosintetics (Cliquet et al., 1990; Prioul et al., 1990). En els nostres
resultats, tot i la manca de fortes correlacions entre la 680 dels grans madurs contra
el GY, si es van observar fortes correlacions entre la §'®0 dels grans madurs amb la
g.. De fet, Barbour et al., (2000), també observa que la 6'°0 dels grans madurs va
correlacionar débilment contra el GY pero fortament amb la g_. En definitiva, tot i els
esmentats processos de fraccionament del gra, les condicions transpiratives de la

fulla sembla que encara es conserven (al menys en part) en el gra.

Per altra banda, es va trobar que les “sedes” (estigmes) podien reflectir el rendiment
millor que els grans madurs i que les fulles (Taula 4, Capitol 4). De fet, factors com
I'interval entre la floracié masculina (antesis) i femenina (aparicié de les “sedes”), que
rep el nom d’ASI (de I"acronim en anglés de Anthesis-to-Silking Interval), I'extrusio
de les sedes o la viabilitat del pol-len sén parametres que determinaran en nimero
de grans per panotxa i la productivitat de la planta (Barker et al., 2005). Aixi es va

trobar que les sedes podrien estar reflectint la demanda evapo-transpirativa durant
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la floracié femenina. En aquest sentit, les sedes podrien ser un bon indicador de
la tolerancia a la sequera durant la floracié femenina, ja que aquestes contenen
un percentatge d’aigua molt major que les fulles i per altra banda estan menys
protegides que les fulles en front a I’evaporacio. A més, tenint en compte que el blat
de moro és particularment sensible a la sequera durant I’estadi reproductiu donat el
caracter al-logam de I'esmentada especie, la 6'®0 de les sedes podria estar integrant
les condicions ambientals durant la important fase reproductiva, i en conseqiencia

el rendiment.

En definitiva, i tenint en compte I'absencia de correlacions entre la 6'®0 dels sucres
transportats pel floema i el rendiment (Taula 3, Capitol 4), tot plegat suggereix
que encara hi ha una manca de coneixement dels mecanismes que controlen la
transferéncia de la senyal isotopica de I'oxigen dels organs autotrofics als organs
heterotrofics. No obstant, I'abséncia de correlacions entre la 6'80 sucres transportats
pel floema i I'aigua font (Taula 3, Capitol 4) suggereix que I'aigua font podria estar
intercanviant-se després de descarregar els assimilats a I’organ ‘desti’ i no abans
(Sternberg et al., 1986). En canvi, si s’hagués trobat una correlacié significativa entre
6'80 sucres transportats pel floema i I’aigua font hauria indicat que I’'aigua de I’oxigen

s’ha intercanviat en el floema, abans d’entrar a I’organ heterotrofic.

En definitiva, en el blat de moro la §'80 de les “sedes” van poder reflectir millor el

rendiment que la §'®0 d’altres organs, mentre que en el blat van ser les fulles.
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4.3 Comparativa entre la composicio isotopica de I’oxigen en el blat i el blat de
moro

El blat de moro té la 60 dels grans més empobrida que la resta d’organs (“sedes”
i fulles), en comparacié al blat que en general té la 6'®0 dels grans més enriquida
que la resta d’organs (ex. I'espiga, fulles i arrels). La diferencia es podria explicar
en part per les diferéncies morfo-fisiologiques del blat i el blat de moro (Barbour
et al., 2000). Per exemple la posicié apical de I’espiga en el blat fa que aquesta
estigui sotmesa a condicions de més irradiacio i en conseqiiencia de més calor, el
que podria estar provocant un enriquiment de §'®0 dels grans comparat amb les
fulles (Taula 1, Capitol 5). Per contra, la posicié a mitja algada de la panotxa en la
planta de blat de moro, li proporciona més ombra (i temperatures més baixes) el que
segurament estara afavorint una §'®0 dels grans més empobrida comparat amb de
les fulles (Taula 1, Capitol 4). També per la quantitat d’aigua font intercanviada amb
els foto-assimilats que s’envien als grans, o la formacié de midé en el blat de moro, o
I’enriquiment bifasic en els grans del blat podrien ser factors que també estiguessin

alterant la 6'®0 dels grans madurs.

5. Relacio de la composicio isotopica de I’hidrogen amb el rendiment

Com s’ha vist als apartats anteriors la §'*C es un bon indicador del rendiment, encara
que s’han de tenir en compte algunes consideracions en quant a la seva utilitzacié
i interpretacié com a eines de millora. En el cas del 60, encara que el valor assolit
pels assimilats reflecteix les condicions d’evaporacio i la signatura isotopica no depen
directament del metabolisme fotosintetic, el seu Us esta limitat per processos de
fraccionament. En aquest sentit es important estudiar les possibilitats de les signatures
isotopiques d’altres elements com ara I’hidrogen. A I'igual que la 6'0, la §°H també
reflecteix condicions evaporatives, perod a diferencia de I'autonomia de la §'®0 de la

fotosintesi (Barbour and Farquhar, 2000; Barbour et al., 2000), la §°H si es veu afectada
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per aquesta. Els nostres resultats evidencien que la §°H dels assimilats esta sotmesa a
grans fraccionaments post-fotosintetics. Les diferencies en la 6°H dels diferents organs
de la planta eren molt elevades comparades amb els valors relativament propers de
6C i &'®0 entre les diferent parts de la planta (Figura 3, Capitol 5). Ara bé, com es
mostra a la Taula 2 (Discussi6 de la Tesi), la §°H, tant a la matéria organica total com
dels carbohidrats solubles, sén capaces de captar les diferéncies entre regims hidrics,
metabolismes fotosintetics i inclis I'efecte de la salinitat. A més, la §2H dels carbohidrats
de I'espiga van mostrar correlacions fenotipiques amb el rendiment en comparacié als
grans i les fulles (excepte en WW-LN), (Taula 1 de la discussié de la tesi). Curiosament
en I'Unic ambient de creixement (tractament fertilitzat i reg suplementari) on aquesta
correlacié va ser positiva va ser el mateixa on es va trobar I'Unica correlacié positiva

entre §°C (en aquest cas de la fraccio soluble de la fulla banderal) i GY.

No obstant les grans diferéncies observades entre els organs, la §°H dels grans, es
va correlacionar molt bé amb el rendiment, inclis millor que la §'*C i la 6'0 en el
tractament de sequera (combinant els dos nivells de N). A més, en els tractament
fertilitzats i sense fertilitzar (incloent els dos regims hidrics) on les correlacions entre
la 8'°C i el GY (apartat 1) van ser més debils, la 8°H va correlacionar més fortament

contra el GY (Taula 3, Capitol 5).

Aixi mentre que en el cas de la §'®0, I'enriquiment bifasic podria estar creant una
pérdua de la senyal isotOpica original en els grans (o altre organ heterotrofic), en el cas
del 8°H aquesta signatura isotopica no sembla estar afectada de la mateixa manera.
De fet, I’'abseéncia de correlacions entre la 60 i la 6°H dels grans madurs, suggereix
que els dos isotops no estan sotmesos als mateixos processos de fraccionament.
Inclus les baixes correlacions observades entre la 60 dels grans madurs i el

rendiment, especialment en els tractaments combinant dos nivells de nitrogen sota
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un Unic nivell hidric, suggereix que I'isotop '®0 és més sensible als processos de
fraccionament bioquimics durant la formacié del gra (Farquhar and Lloyd, 1993) o
amb l'intercanvi amb I'aigua font (Barbour, 2007) que no pas I'isotop 2H. A més, els
carbohidrats de la fulla bandera van correlacionar millor entre la §°H i la §'*C que no
pas entre la 6°H i la §'®0 (Figura 2, Capitol 5). Aix0, estaria d’acord amb el fet de que
la 62H dels carbohidrats de la fulla no només esta afectada per la transpiracio i la
g, (com es el cas de §'®0) sin6 també per les reaccions fotosintéetiques (Yakir et al.,
1990b). A més, tant la 6'°C com la §°H van mostrar comportaments similars en els
tractament fertilitzats (amb dos regims hidrics) i de sequera (amb dos nivells de N), aixi
com la seva relacié amb el nitrogen total de la fulla bandera i la g_. El comportament
similar entre els dos isotops indica que podrien estar exposats a fonts de variacio
analogues, amb la diferéncia que la §°H podria estar donant informacié de I'estat
autotrofic del teixit de la planta (Yakir and Deniro, 1990). Aixi, a diferencia del 6'°C,
la 6°H dels carbohidrats reflexa I’efecte net de dots efectes antagonics (Yakir, 1992).
Com s’ha comentat a la introduccié, comparat amb I'aigua del medi, I’efecte de la
fotosintesi produeix carbohidrats amb I’hidrogen unit al carboni empobrit en 2H (Yakir
et al., 1990a), mentre que el metabolisme post-fotosintétic mostra un efecte oposat
enriquit en 2H (Ziegler, 1989). Aixi, la 8°H dels carbohidrats sera un balang dels dos
processos oposats (Yakir et al., 1990b). Aixi, si s’observen valors empobrits de la
6°H estaria indicant I’existencia de processos fotosintetics, és a dir I'autotrofia d’una
organ. Per contra, si els valors de la 6°H sén enriquits, estaria indicant I’existencia
de processos post-fotosintetics i en consequliencia I’heterotrofia d’una organ (Yakir,

1992).

5.1 Mecanisme autotrofic de I’espiga
Els valors empobrits de la §°H dels carbohidrats de la fulla comparats amb els grans

(Taula 1, Capitol), recolzen la hipotesi de que I'activitat fotosintetica (autotrofica) de
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les fulles provoca un fraccionament negatiu de Iisotop d’hidrogen. En canvi, els
valors enriquits de la 6°H dels grans madurs, segons la hipotesi formulada per Ziegler
(1989), estarien representant el fraccionament degut al metabolisme heterotrofic
dels carbohidrats enviats al gra (Yakir and Deniro, 1990) i també (al menys en
part) el fraccionament bifasic que experimenta el gra en el procés de maduracié
(Pande et al., 1994, 1995). Si seguim el mateix raonament pel que fa a I'espiga, la
62H dels carbohidrats dona uns valors més empobrits que els grans madurs pero
més enriquits que la fulla bandera. Tot i ser merament especulatiu, ja que aquest
és el primer experiment publicat on s’analitza la §°H de I'espiga, aquests resultats
ens estarien indicant I'activitat autotrofica (Yakir and Deniro, 1990) de I'espiga (pels
empobrits valors obtinguts en la §°H en comparacié amb els grans). Aixo recolzaria la
importancia constatada en els capitols 1, 2 i 3 de la capacitat intrinseca fotosintetica

de I'espiga durant 'ompliment del gra.

Una altra hipotesi per explicar les diferencies de 62H entre la fulla i I'espiga, podria
ser que la §°H de I'espiga estigués més enriquida que la fulla degut al fraccionament
per transpiracié associat a la posicié apical que I'espiga ocupa en la planta. Ara bé,
si els valors enriquits s’haguessin donat pel fenomen de la transpiracié (Wershaw
et al.,, 1966) i d’evaporacidé (Gonfiantini et al., 1965; Deniro and Epstein, 1979),
caldria esperar correlacions entre la &°H i la 8'®0 dels carbohidrats (Sternberg
and Deniro, 1983) de I'espiga (el que indicaria una mateixa font de variacio) pero
aquestes correlacions no es van observar. Per contra, les majors correlacions en els
carbohidrats de I’espiga es van mostrar entre la 8°H i la 6°C (Figura 2, Capitol 5).
Aix0 indica, que els valors més enriquits de la §°H de I'espiga comparat amb la fulla
bandera no sembla que siguin Unicament el resultat del fraccionament fisic degut a la
transpiracio (Ziegler et al., 1976). El fet de que la discriminacio de I'isotop d’hidrogen

vagi en la mateixa direccid que I'isotop de carboni i no que I'isotop d’oxigen, estaria
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d’acord amb la dependencia de la 6°H de les reaccions bioquimiques associades
a la fotosintesis (Sternberg and Deniro, 1983) tals com el procés fotosintetic de la

reduccié del NADP+* (Luo and Sternberg, 1991).

5.2 Metabolisme fotosintétic de I'’espiga

Per altra banda, Ziegler et al. (1976) observa en un experiment a I’hivernacle que el
quocient de 2H/'H en la mateéria organica total de plantes amb el metabolisme CAM
era molt més alt que a les plantes amb metabolisme C, i C,. Els autors van postular
que les plantes CAM estan enriquides en 6°H en comparacio a les plantes C, i C,
degut a la seva habilitat de mantenir I’activitat metabolica sota condicions d’estres.
De fet, en plantes CAM, com Kalanchoe daigremontiana, Ziegler et al. (1976) van
observar correlacions significatives entre la 6°H i la §'3C, tant en plantes crescudes
en el laboratori com en condicions de camp, perd que al privar-les d’aigua, la 6°H
de la fraccié tant soluble com de la insoluble de fulles va esdevenir menys negativa
mentre que el 6'°C augmentava (Ziegler et al., 1976). Aixi, van postular que aquests
canvis podrien estar indicant I’enriquiment del deuteri en I’'aigua dels teixits durant la
transpiracio (Wershaw et al., 1966). Pero, més tard, es demostra que els processos
responsables del fraccionament isotopic de la &°H en les plantes CAM, eren
consequéncia de les reaccions bioquimiques, més que de I'evaporacid, ja que la 6°H

va correlacionar debilment amb la 680 de la cel-lulosa (Sternberg and Deniro, 1983).

Aixi, per comparar els diferents isotops analitzats en aquesta Tesi, i els seus valors
en funcié del metabolisme fotosintétic, es va elaborar la Figura 4. Aixi mateix, al
comparar la §'*C de fulles de les plantes amb metabolisme “CAM-cycling” amb la
8'®C de les fulles C,, els valors que es van obtenir van ser similars (Figura 4). En
canvi, els valors de la 6°H de les plantes C, mostraren uns valors molt més negatius

que les CAM-cycling. Si extrapolem aquests resultats amb I’enriquiment en 2H de
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I'espiga en comparacié a la fulla bandera tot i se purament especulatiu, ens podria
estar indicant una possible interferéncia del metabolisme CAM, especialment en
condicions d’estrés hidric a I’espiga. De fet, les diferencies entre la §°H de la fulla
bandera versus I’espiga van ser majors en condicions d’estres hidric, principalment
perque la §°H de I'espiga es va enriquir més que la fulla bandera (Taula 1, Capitol 5).
Aquest major enriquiment podria estar en part recolzant ’esmentada interferencia
del metabolisme CAM a I’'espiga especialment en condicions de sequera. De fet,
s’ha demostrat que en fulles madures de plantes C, tals com Jatropha curcas L.
el metabolisme CAM pot ser que s’expressi debilment quan apareixen severes
condicions pero essent igualment la fotosintesi C, la principal proveidora de C a la

planta (Winter i Holtum, 2015).

Aixi, ja sigui per processos transpiratoris o bioquimics, I'enriquiment de la §°H dels
carbohidrats de I'espiga podria estar relacionat amb I’existencia de cert metabolisme
CAM (Figura 3). El metabolisme fotosintetic de I'espiga ha sigut un tema controvertit
durant les ultimes tres décades (Singal et al., 1986; Bort et al., 1995). Estudis més
recents demostren que a I’'espiga del blat, I'activitat de I'enzim RuBP carboxilasa
decreix significativament sota condicions de deficit hidric mentre que la de I'enzim
de la PEP carboxilasa augmenta junt amb el NADP-malat especialment en les
glumes i les lemnes (Jia et al., 2015). De fet, depenent de les especies, hi ha varies
modalitats de plantes amb metabolisme CAM (Nobel, 2003; Silvera et al., 2005,
2014). Pero, la modalitat que s’ha observat en certes espécies i que potser existeix
en I’espiga i altres organs com les tijes, en la utilitzacié del metabolisme CAM d’una
manera opcional facultativa, en el que s'’utilitza la via C, sota condicions optimes de
creixement, o s’utilitza la via CAM en resposta a la sequera a través la capacitat de
canviar de manera reversible a la via CAM e(Winter et al., 2008; Winter and Holtum,

2014).
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En definitiva, I'existéncia d’un cert metabolisme CAM facultatiu per un estres hidric
recolzaria I'important rol de la fotosintesi de I’espiga durant I'ompliment del gra
especialment en condicions de sequera (Capitol 1), perd també pot ser important en
condicions optimes de creixement degut a la seva plasticitat fotosintetica (Capitols

2i3).

CAM  CAM-cycling

I 5°H leaf
YA 5’Hgrain
== j’Hear
73 s'"Cleaf
3 s'"cgrain
=3 5"°Cear
5'°Oleaf
5'®0grain
3 5"0ear

Figura 4. Composicio /sofopica (%q) ae /'hidrogen (&PH), 'oxigen (87°0) / e/ carbori
(67°C) en la fracclo soluble de fulles / espiga / e/ grans maaurs ern el metabolisme C,
(Titicumn turgiaum L. var. Durumy), metabolisme C, (Zea mays L.) 1 e/ metabolisme CAM
(Corpobrotus eaulis L.) 7 la mitia de plantes CAM-cycling cultivades en condicions
optimes dalgua. Les aades ade plantes C, C,/ CAM son resultats propis, mentre que

/es dades de &FH, 6°C / 67°0 ade /'especie CAM-cycling aixi'com la &5°C 7 la 67°0 de /a

2
)
%)
=
0

2

o

planta ae/ metabolisrme CAM es van completar amb /a bibliogrania (Sternberg et al.,
7984). Les plantes CAM-cycling actuen com una C, quar estarn en bones conajclions
hiarques, pero canvien a CAM quarn estan estressaaes, mostrant una fixacio de/ CO,
nocturna pero fuctuacions al llarg ae/ dia aels acias orgarnics (Sternberg and Derro,

7983).

273






Conclusions



276



CONCLUSIONS

1. 8"C, particularly from mature grains in wheat reflected growing conditions.
However, phenotypic correlations between §'°C in the mature kernels with GY,
increased with better growing conditions.

2. 86"C, when analized in different plant parts was also a good indicator for selecting
genotypes with enhanced ear photosynthesis during grain filling. The &§'*C
approach assigned a higher role to the ear compared to the flag leaf, supporting
new evidences on the important role of the ear providing assimilates to the grain.

3. However, contribution of the ear decreased in modern cultivars compared to
landraces, and this is probably associated with the appearance, to some extent,
of source limitation driven by the increase in HI.

4. Moreover, it was not only the genotypic variability but also the improving growing
conditions decreased the relative contribution of the ear and the flag leaf to grain
filling

5. Even under good agronomical conditions, the contribution of the ear was more
important than the flag leaf during grain filling. Such a conclusion is also supported
by similar photosynthetic contribution per whole organ recorded during the
reproductive period by the ears and flag leaf blades.

6. Ear contribution to grain filling may still be underestimated because the glumes
were not included in the approach using §'°C. Whereas awns may be the organ of
the ear that is pre-eminent in fixing atmospheric CO,, the glumes may also play a
major photosynthetic role in re-assimilating CO, respired by the ear.

7. Experimental approaches of intrusive nature such as shading treatments indicate

similar contribution of the ear and the culm. Conversely, the DCMU approach
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assigned a higher role to culm photosynthesis, but herbicide application in the

culm affected the ear, biasing the final grain weight. Nevertheless, the results
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10.

11.

12.

278

from any intrusive treatment should be interpreted with caution, as unwanted
compensatory mechanisms in the remaining unaffected organs could affect final
grain weight.

In general without taking into account the specific characteristics of each
experiment (field conditions or plots), the species studied (i.e. durum wheat (C,)
and corn (C,)), and location (i.e, Aranjuez, Spain or Tlaltizapan, Mexico), the 6'*O
in plant tissues always increased in response to water stress.

However 680 of kernels in durum wheat performed very poorly (lost all its capacity)
for predicting GY even combining years and growing conditions. Only when
combining water regimes, the §'®0 of the flag leaf water was strongly correlated
with GY, indicating that §'0 flag leaf water may be reflecting leaf evaporative
enrichment and therefore the environmental conditions, with the additional
advantage of avoiding fractionation associated with biochemical reactions in the
synthesis of organic.

In the case of maize, although GY was only marginally correlated through
genotypes with 8'®0 of different tissues in maize, the silks were the tissue best
related with GY.

Our results for both maize and durum wheat provide indirect evidence that
exchange with un-enriched source water is likely to occur within the sink tissues,
rather than during phloem transport to the reproductive organs. This finding will
eventually help to discard plant tissues, which are more susceptible to post-
photosynthetic fractionation processes, and may help to understand the use of
6180 as a genotype selection tool for the adaptation of maize and other crops
to drought.

6?H performed better than the other two isotopes predicting GY and N content
in durum wheat under water stress but combining contrasting N regimes. &2H,

similarly than 8°C, correlated negatively with g_ and grain yield.



13. The absence of correlations between §'®0 and 6°H in mature kernels suggest that

14.

the two isotopes are not subjected to the same isotope fractionation processes. In
addition, when analyzed the water soluble fraction of the leaf flag, §H correlated
better with 6'3C than with 680, suggesting that 6°H of carbohydrates in the leaf
was affected not only by the transpiration and g_ (as the case 6'®0) but also by
photosynthetic reactions.

6%H in the water soluble fraction of the ear was lower compared to the grains, but
much higher than the flag leaf. This observation further support the photosynthetic

nature of the capacity of the ear (autotrophic activity)
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