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Abstract: Grain development in cereals depends on synthesis and remobilisation compounds such

as water-soluble carbohydrates (WSCs), amino acids (AAs), minerals and environmental conditions

check for

updates during pre- and post-anthesis. This study analyses the impact of water stress on metabolite (WSCs,

AAs and nitrogen) dynamics between the source (leaves and stems) and sink (grain) organs in
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triticale, bread wheat, durum wheat and barley. Plants were grown in glasshouse conditions under
well-watered (WW) and water-limited (WL) regimes (from flag leaf fully expanded until maturity).
The results showed that the stem WSC content and the apparent mobilisation of WSC to the grain

were much higher in triticale and were associated with its larger grain size and grain number. In
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the four cereals, grain weight and the number of kernels per spike were positively associated with
stem WSC mobilisation. After anthesis, the AA concentration in leaves was much lower than in the
grain. In grain, the main AAs in terms of concentration were Asn, Pro and Gln in triticale, bread, and
durum wheat, and Asn, Pro and Val in barley. The water-limited regime reduced grain weight per
plant in the four cereal species, but it had no clear effects on WSC content and AAs in leaves and

grain. In general, triticale was less affected by WL than the other cereals.
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July 1. Introduction

The production of cereals is strongly influenced by water availability. In Mediter-
ranean climate regions, the grain filling stage in cereals generally occurs under water-
limited conditions (WL) [1-4] and high demand for evapotranspiration [5,6] (called ‘termi-
nal drought’), which reduce the rate of photosynthesis and assimilates that are translocated
to the grain [7]. The assimilates necessary for grain filling are provided by photosynthesis
in the leaves [8] and spikes [1-11], and water-soluble carbohydrates (WSCs) stored in dif-
ferent parts of the plants such as leaves [12,13], stems [14-16] and roots [17]. In temperate
cereals, the stem reserves accumulated during pre- and/or post-anthesis are translocated
to the growing grains [7,18,19]. The remobilisation of WCSs to the grain depends on
environmental and genetic factors [20], and plant development stage [21,22].

Under WL conditions, cereals can increase the synthesis and accumulation of com-
patible solutes to maintain cell turgor pressure and the water potential gradient for water
uptake by the roots [23]. The WSCs and amino acids (AAs) play an important role in main-
taining the structural integrity of enzymes, membranes, hormones and other cellular com-
ponents [23,24]. AAs have different functions in the plant, such as transporting and storing
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nitrogen [25], contributing to cellular energy metabolism [26] and as a source for synthesis-
ing secondary metabolites [27]. Among them, the most studied is proline [28,29], which
also acts in eliminating reactive oxygen species (ROS), and in stabilising sub-cellular [30]
and protein structures [24,31]. WSCs can reduce sink limitations to photosynthesis [32]
because the sucrose produced in the cytosol can be mobilised and stored in stems and other
organs of the plant [15,33]. These WSCs also play a role in protecting cell integrity [34] and
they are important signals in the regulation of plant metabolism and development [35].

Comparative studies between small grain cereals, such as bread wheat (Triticum
aestivum L.), durum wheat (T. durum L.), triticale (Triticosecale Wittmack) and barley
(Hordeum vulgare L), under optimal and rainfed conditions, have shown differences in grain
yield [36-40] and physiological traits [3,40-42], and the chemical quality in grains [43],
suggesting different tolerances to WL conditions. Also, sink-source relationships could be
diverse in the four species due to differences in leaf size and carbon assimilation (source),
and spike size and grain number per spike (sink). There is evidence that triticale has a
higher leaf photosynthetic rate, number of grains per spike [3], and produces more biomass,
which are all associated with higher radiation use efficiency than bread wheat [44]. In
rainfed environments in southern Australia, barley has faster development and biomass
accumulation [45], and relative to triticale and wheat is the first to reach the double ridge,
anthesis and physiological maturity stages [46]. Grain growth depends on the synthe-
sis and remobilisation of carbohydrates and AAs from the sources (leaves and stems) to
the sink (grain) [19,36,37]. For instance, high stem WSC concentrations and contents are
considered as useful traits for grain yield (GY) improvement under terminal drought condi-
tions [38-40]. Therefore, the study of carbohydrates and AA dynamics under well-watered
(WW) and water-limited (WL) conditions could provide a better understanding of the yield
potential and the resilience to drought stress of these four cereal species.

As far we are aware, there have been no direct comparisons of the accumulation of
WSCs in stems and leaves, and AAs in leaves, and their remobilisation to the grain among
triticale, bread wheat, durum wheat and barley. Thus, this work aimed to analyse the
carbohydrate and amino acid dynamics during the grain filling stage in these four cereals,
and how this process is affected by water deficit.

2. Materials and Methods
2.1. Plant Material and Growing Conditions

Four cereals, triticale (cv. Aguacero-INIA), bread wheat (cv. Pantera-INIA), durum
wheat (cv. Queule-INIA) and barley (RCSL-8 INIA-UTalca) were grown in a glasshouse
with natural light and temperature control at the Plant Breeding and Phenomic Center
facilities (35°24'19” S; 71°37'59” W), Universidad de Talca, Talca, Chile. The four genotypes
were selected due to their high yields in previous trials under different environmental
conditions. Temperature and relative humidity conditions in the glasshouse are shown in
Figure S1. Five plants of each genotype were grown in 7.5 L pots containing a mix of sand:
perlite: organic soil (1:1:1). The sowing date was 4 May. Prior to sowing, pots were watered
and left to drain for 24 h. Then they were weighed and the difference between this weight
and the weight before irrigation (dry substrate) was calculated to obtain the water holding
capacity (WHC) of the substrate. During the experiment pots were weighed after and
before irrigation to maintain the water content of each treatment. On this basis, irrigation
was applied every 2-3 days to maintain the pots at 80% of the WHC until the flag leaves
were fully expanded (Zadoks stage Z41) [47]. Then, two water regimes were imposed:
well-watered (WW) and water-limited (WL), with 80% and 40% of WHC, respectively.
Plants were fertilised each week with 250 mL of complete Hoagland solution [48] until flag
leaf elongation. Plants were randomly distributed, and the experimental design considered
four species, two water treatments and three replications.

Physiological evaluations and sampling for biochemical analysis started at the be-
ginning of grain filling in each genotype and were carried out every seven days for five
weeks. At each interval, the gas exchange of the flag leaves was assessed, and then flag
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leaf, stem, and spike samples were collected from two plants of each genotype, treatment,
and replication. Flag leaves were cut, frozen in liquid nitrogen and stored at —80 °C until
analysis. Each of the main stems (two stems per pot) was cut into two segments, the upper
stem (peduncle and second internode) and lower stem (rest of the stem). Stems and spikes
were dried in an air-forced oven for 48 h at 60 °C and then weighed. After that, the spikes
were threshed, and the grain was harvested and weighed.

2.2. Physiological Traits

The CO, assimilation rate (An) (umoL CO, m~2 s~ 1) was measured in flag leaves us-
ing a portable infra-red gas analyser (IRGA) (CIRAS-2 model, PP Systems, Amesbury,
MA, USA), operated at 0.250 L min~! flow rate, CO, 380 ppm, photon flux density
1500 mmoL m~2 s~ ! and leaf temperature 25 °C. Measurements were performed between
12:00 and 16:00 on sunny days, using a broadleaf cuvette (1.7 cm? leaf area). In barley,
the flag leaves were very small and An measurements were taken in the leaf immediately
below the flag leaf.

2.3. Carbohydrate Determination in the Stems, Flag Leaves and Grain

Dried stems were ground in a mill (IKA®A10 basic) to a fine powder. The determina-
tion of total WSCs was performed using the anthrone method [15,19]. For WSC extraction,
100 mg of milled tissue and 3 mL of extraction buffer containing 80% ethanol 10 mM
Hepes-KOH (pH = 7.5) were used. Samples were shaken for 30 min at 77 rpm, incubated
for 24 h at 65 °C, then shaken again for 30 min at 77 rpm, and after 10 min the supernatants
were collected and stored at —20 °C until analysis. The WSC was measured using anthrone
(Sigma-319899) and 1 to 10 uL of the extracted sample. The samples were measured in
a microplate spectrophotometer (BioTek®Gen5.2.06) at 620 nm. The calibration curve
was done using glucose (D-(+)-Glucose (Sigma-G8270)). The WSC content was expressed
as a function of the weight of each stem segment. The WSC mobilisation (MWSC) was
estimated, according to Ehdaie, et al. [49], using the maximum WSC content and the WSC
content at harvest. The mobilisation efficiency (ME) was determined as MWSC/maximum
WSC content x 100.

For the determination of WSCs in the leaves and grain, 25 mg of freeze-dried flag
leaves and dry ground grain were used. Samples were homogenised in 1 mL 80% ethanol,
mixed, and incubated at 70 °C for 90 min. After that, samples were centrifuged at
14,000 g rpm for 10 min and the supernatant collected and stored at —20 °C. Glucose,
fructose, sucrose, and maltose concentrations in the supernatant were determined by
HPLC with pulsed amperometric detection on a DX-500 Dionex system (Conquer Scientific,
Poway, CA, USA). The grain pellet was also stored at —20 °C for starch determination.

Before the starch concentration assessment in grain, the pellet was re-suspended in 1
mL of 80% ethanol, mixed, and centrifuged at 14,000 x ¢ rpm for 10 min. Then the super-
natant was discarded, and the pellet was dried at 45 °C. For starch solubilisation, the pellet
was re-suspended again in 400 pL of KOH 0.2 N, mixed, and then incubated at 95 °C for
90 min. Approximately 220 uL of 1 N acetic acid was added to the sample until the pH was
adjusted to around 4.7 and then the sample was centrifuged at 14,000x g rpm for 10 min.
The supernatant was collected and used for starch measurements. Starch concentration was
determined using an amyloglucosidase-based test kit (Boehringer Mannheim, Mannheim,
Germany) and spectrophotometer measurements of the absorbance at 340 nm.

2.4. Free Amino Acid (AA) Determination

Freeze-dried samples of flag leaves and dry ground grain (20 mg each) were ho-
mogenised in 400 pL of 80% ethanol and incubated at 80 °C for 1 h. Then the sample was
centrifuged at 14,000x g rpm and 4 °C for 10 min and the supernatant collected and com-
pletely dried using a speed vacuum concentrator. The pellet was re-suspended in 100 pL
of Milli-Q water, centrifuged at 14,000x g rpm and 4 °C for 10 min and the supernatant
was collected. AA content in the supernatant was determined by HPLC (Waters Corp.,
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Milford, MA, USA) after derivatisation with 6-aminoquinolyl-N-hydroxysuccinimidyl car-
bamate [50]. Eighteen AAs were analysed: serine (Ser), glycine (Gly), tyrosine (Tyr), pheny-
lalanine (Phe), leucine (Leu), valine (Val), asparagine (Asn), aspartate (Asp), isoleucine (Ile),
lysine (Lys), methionine (Met), threonine (Thr), arginine (Arg), glutamine (Gln), glutamic
acid (Glu), histidine (His), proline (Pro) and gamma-aminobutyric acid (GABA).

2.5. Nitrogen and Carbon Determination in Grain

For each determination, 100 mg of pulverised samples were used for N and C concen-
tration (%) analyses. Determinations were carried out using an elemental analyser (EA1108;
Carlo Erba Strumentazione, Milan, Italia).

2.6. Productivity Traits

Kernel weight (grains per spike), kernel number, and the weight of a single kernel
were evaluated in the main stem at maturity. Evaluations were performed in two main
stems per pot and three replicates. Total aboveground biomass, spike number and grain
productivity were evaluated at the end of the experiment in five plants per pot, and data
are expressed per plant.

2.7. Statistical Analysis

Differences among days after anthesis, genotypes and water availability were deter-
mined through analysis of variance (ANOVA) using Statgraphics Centurion XVIIL.

3. Results
3.1. Leaf Photosynthesis and WSCs in Flag Leaves, Stems and Grain

Under the two water regimes, barley had the shortest flag leaf measurement time
(26 DAA) and triticale had the longest (36 DAA) of the four cereals, indicating the shortest
and longest canopy durations after anthesis, respectively (Figure 1). The flag leaf An
decreased during the grain filling stage in the four cereals and both water regimes, whereas
the concentration of leaf WSCs increased, except in triticale and bread wheat under the
WL regime where the WSC content decreased after 29 DDA, and in durum wheat where
WSC tended to decrease in both water regimes after 22 DDA (Figure 1). In general, the WL
regime led to a reduction in An in the four cereals, but to an increase in leaf WSCs (except
in durum wheat) throughout the measurement period (Figure 1). Analysis of the different
WSCs in the flag leaves indicated that sucrose was the dominant carbohydrate in the four
cereals and water regimes, followed by maltose in triticale and durum wheat (Figure 2).
The relative concentration of leaf WSCs differed among species; for instance, in the last
measurement period, triticale had 54.5% sucrose, 21.7% glucose and fructose, and 23.8%
maltose (Figure 2A), whereas barley had 40.4% sucrose, 48.7% glucose and fructose, and
10.9% maltose (Figure 2D). Under the WL regime, triticale leaves had significantly higher
concentrations of glucose and fructose in the first measurement of grain filling, but not in
the last measurement (Table S2). A similar pattern was observed in bread wheat and barley
for glucose and fructose (Table S2). In barley, maltose was higher under WL in the last two
leaf measurements.

Sucrose also had the highest concentration in grain, in the four cereals and the two
water regimes. Nevertheless, the concentration of sucrose declined strongly during grain
growth (Figure 3). At harvest, the relative concentration of the different WSCs was similar
in the four cereals; on average, sucrose represented 73.63% of the WSCs, maltose 19.98%,
fructose 3.37% and glucose 3.03%. As grain filling progressed, the degradation or trans-
formation of grain WSCs into starch occurred in the grain (Figure 4A,B). Positive and
exponential relationships were observed between grain starch and grain growth in the
four cereals under both the WW and WL regimes (Figure 4C,D). In general, the highest
concentrations of starch were achieved in barley.
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Figure 1. Time variation (expressed as days after anthesis, DAA) of flag leaf photosynthesis (An) and flag leaf water-soluble
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grown under well-watered (WW) and water-limited (WL) regimes. The regression equations are in Table S1.
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Figure 2. Time variation (expressed as days after anthesis, DAA) of the concentrations of different water-soluble carbo-
hydrates (WSCs) (glucose, fructose, sucrose and maltose) (g 100 g DW1)in flag leaves in (A) triticale, (B) bread wheat,
(C) durum wheat, and (D) barley under water-limited (open symbols) and well-watered (closed symbols) regimes. The

regression equations are in Table S1.
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10

7 A) Well-watered iti 7
N ;2:089 @ Triticale 10 B) Water-limited
i 2
= 8 4 @Bread wh 8 ee0s0
] T ]
°
= @ Durum wh 1;
2 ¢ [a)
@ 2 ¢
S ABarley >
= g
%ﬂ 4 A o 4 4
3 Q
v
E 091 EP
. R?=0.99
0 T T T T 1 0 T T T T !l
0 1 2 3 4 5 0 1 2 3 4 5
60 R ]
C) Well-watered 60 D) Water-limited
T 50 1 ’T;SO ]
g [
5 G ® 40 4 R?=0.99
¥ £
E 30 ‘E 30 A
%a o0
2 50 | £ 20 |
£ £
& 10 & 10 1
0 T T T T 0 T
0 : ¥ 2 3 4 5 0 1 2 3 4 5

starch (pmol g DW™) starch (pmol g DW™?)

Figure 4. Relationships between starch in grain and water-soluble carbohydrate (WSC) concentrations in grain (A,B) and
grain weight (C,D) of four cereals (triticale, bread wheat, durum wheat and barley) grown under well-watered (A,C) and
water-limited (B,D) regimes. The regression equations are in Table S4.

The stem WSC content was much higher in triticale than the other three cereals
(Figure 5A; Table 1). Under the WW regime, the stem WSC content was, in general, higher
than under WL; statistical differences were detected at some of the time points, particularly
for triticale and bread wheat (Figure 5; Table 1). The lower stem showed the largest
accumulation of WSCs in the four cereals (Table 1). The mobilisation of WSC (MWSC)
from the lower stem and the whole stem was significantly higher in triticale than the
other cereals, but there were no differences among bread wheat, durum wheat and barley
(Table 1). The water regime did not have a significant (p > 0.05) effect on MWSC from
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the upper stem, while mobilisation from the lower and whole stem was higher under the
WW regime (Table 1). The mobilisation efficiency (ME) from the upper stem increased
significantly (p < 0.05) under the WL regime in the four cereals (Table 1).
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Figure 5. Time variation (expressed as days after anthesis, DAA) of water-soluble carbohydrate (WSC) content in stems
during the grain filling period in (A) triticale, (B) bread wheat, (C) durum wheat, and (D) barley under well-watered (WW)
and water-limited (WL) regimes. Statistical differences (p < 0.05 *; p < 0.01 **) between water regimes.
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The stem MWSC of the four genotypes under the two water regimes exhibited positive
and significant relationships with grain weight and the number of kernels per spike
(Figure 6). Triticale showed the highest grain weight and MWSC, which was associated
with a high number of kernels, whereas bread and durum wheat had similar values and
barley had the lowest values of grain weight and MWSC, which was associated with lower
grain yield per spike. Regarding the water regime, triticale and bread wheat showed
greater MWSC under WW, while in durum wheat and barley there were no differences
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(Figure 6).
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Figure 6. Relationship between the mobilisation of water-soluble carbohydrate (MWSC) and (A) grain weight per spike
at maturity and (B) kernel per spike (KS) in four cereals (triticale, bread wheat, durum wheat and barley) grown under
well-watered (closed symbols) and water-limited (open symbols) regimes.
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Table 1. The maximum and minimum water-soluble carbohydrates (WSC), mobilisation of WSC (MWSC) from the upper stem (peduncle and second internode), the lower stem (rest of the
internodes) and the whole stem, and mobilisation efficiency (ME) in triticale, bread wheat, durum wheat and barley grown under well-watered (WW) and water-limited (WL) regimes. The
ANOVAs for each treatment were performed to compare water regimes within each genotype (ANOVA T) and to compare genotypes for each water regime (ANOVA G). Means with a
common letter are not significantly different among genotypes.

WSC (g stem—1) MWSC (g stem—1) ME (%)
Max Min
Cereal WW WL ANOVA T WW WL ANOVA T WW WL ANOVA T WW WL ANOVA T
Triticale 0.53 051a ns 0.09 a 0.03 * 0.44 047 a ns 81.83 94.16 *
Upper Bread 0.28 0.18b ns 0.05b 0.01 * 0.23 0.17b ns 82.63 96.76 *
wheat
stem [V)VLE;‘;? 0.27 027b ns 0.04b 0.01 *t 0.23 025b ns 83.45 95.35
Barley 0.23 024b ns 0.03b 0.02 ns 0.2 023b ns 88.54 93.37 *
ANOVA G ns * * ns ns * ns ns
Triticale 294 a 1.74 a * 0.03 0.06 a ns 291 a 1.68 a * 98.89 96.32 ns
Lower Ef:‘; 0.99 b 0.59 b * 0.06 0.01b ns 0.93b 0.58 b * 93.94 97.98 ns
stem aulf;‘;? 0.66 b 0.54b ns 0.09 0.02b ns 0.56 b 0.51b ns 85.58 95.44 ns
Barley 0.48b 041b ns 0.04 0.02b ns 0.44b 0.39b ns 91.26 92.85 ns
ANOVA G Lt *ok ¥ ns * %o R ns ns
Triticale 3.34a 224 a * 0.12 0.09 a ns 322 a 2.15a * 96.25 95.74 ns
Bread 127b 0.76 b * 0.11 0.02b * 1.16b 0.75b * 91.42 97.59 ns
wheat
Stem ?V‘E;‘ar:‘ 0.93b 0.80 b ns 0.14 0.04b * 0.79b 0.77b ns 85.14 95.39 *
Barley 0.67b 0.65b ns 0.07 0.04b ns 0.60 b 0.62b ns 90.1 93.28 ns
ANOVA G Ex L3 R ns * R Ex L3 ns ns

ME = (Mobilised WSC/maximum WSC content) * 100. Statistical differences (p < 0.05 *; p < 0.01 **; p < 0.001 ***), non-signicant differences (ns).
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The increase in average grain weight during grain filling showed positive and linear
relationships with the leaf WSC content (Figure S2), and negative and logarithmic rela-
tionships with stem WSC content (Figure S3), in the four species. Significant genotypic
differences were found for slopes (p = 0.0000) and intercepts (p = 0.041) among curves of
grain weight and stem WSC content. Barley had the best fit (R = 0.77 and 0.6, for leaves and
stems, respectively), indicating a possible greater dependence of stored assimilates for grain
filling, followed by durum wheat (R? = 0.70 and 0.45 for leaves and stems, respectively),
and both bread wheat (R? = 0.61) and triticale for leaves (R? = 0.49) (Figures S2 and S3).

The total above-ground biomass per plant was different between genotypes (p < 0.001),
with barley having a 35% higher biomass accumulation per plant compared to the other
cereals, and this was associated with a major number of spikes per plant (Table 2). In
terms of grain production, the values for barley were significantly different from bread and
durum wheat (Table 2).

Table 2. Productivity traits: spike number (SN per plant), grain weight (GW, g plant ') and above-
ground biomass (AB; g plant~!) at harvest in triticale, bread wheat, durum wheat and barley grown
under well-watered (WW) and water-limited (WL) conditions. G—genotype; T—treatment (water
regime). Means with a common letter are not significantly different.

Cereal Trat SN GW AB
. WW 2a 6.69 ab 13.63 a
Triticale WL 2a 5.45 ab 1241a
WW 3ab 6.35b 13.19a
Bread wheat WL 3ab 5.09b 11.48a
WW 5¢ 6.73b 14192
Durum wheat WL 4be 463D 1142a
Barley WW 10d 749 a 18.75b
WL 9d 543a 1562 b
ANOVA
G %% * *ok %
T * *ok% %o
GxT n.s. n.s. n.s.

Significance levels: * (p < 0.05), ** (p < 0.01), *** (p < 0.001), n.s. (differences not significant; p > 0.05).

3.2. Amino Acids in Flag Leaves and Grain

The AA concentration during grain filling was lower in the leaves than in grain
(Figure 7; Figure S4). A few days after anthesis the main AAs in leaves were Ser, Asp,
Arg, Glu and Pro, but just before the onset of leaf senescence, no statistical differences
among AAs and species were found, except for Glu (p < 0.0000), which had higher values
in triticale and barley compared to durum wheat. The water regime had little effect on the
total AA concentration in leaves (Figure 7), but it did affect the concentration of specific
AAs at the beginning of grain growth (Figure 5S4 and Table S5); for instance, in triticale
under the WL regime Ser and Arg increased, but Asp, Glu and Pro decreased, whereas in
durum wheat Ser, Asp, Glu and GABA increased, but Arg decreased. However, at harvest,
the differences in AA concentrations between the WL and WW regimes were much lower
(Figure S4 and Table S5).

In grain, the total AA concentration decreased during grain filling in the four cereals
(Figure 7); during early grain growth, the most abundant AAs were Asn, Asp, Glu and Pro
(Figure 54). At harvest, only a few AAs showed statistical differences between cereals; Arg
(p = 0.0002) in triticale was higher than in the other three cereals; Asp (p = 0.037) in triticale
and bread wheat were higher than in durum wheat, and Tyr (p = 0.005) was higher in
durum wheat than in the other three cereals. Among the cereals, triticale showed the highest
concentration of total AAs, followed by bread wheat, barley, and durum wheat (Figure S4).
The WL regime increased the total AA concentration at the beginning of grain growth in
bread and durum wheat and barley, but not in triticale (Figure 7). The concentration of
the different AAs also varied in relation to water availability during grain filling; under
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WL, triticale showed an increase in Gln, Glu and Gly at the beginning of grain filling,
while Asn was higher at harvest. In bread wheat and barley under WL, all AAs showed
higher concentration at the beginning of grain formation. Durum wheat showed a higher
concentration of Asn at the beginning and end of grain filling (Figure S4 and Table S5).
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Figure 7. Time variation (expressed as days after anthesis, DAA) of the total amino acid concentration in leaves (diamonds)
and in grain (square), and grain weight (circle), in the four cereals (A) triticale, (B) bread wheat, (C) durum wheat, and (D)
barley grown under well-watered (blue) and water-limited (red) regimes. The regression equations are in Table S6.

The N concentration in grain tended to decrease at maturity in all cereals, particularly
under the WL regime. In bread wheat, the N and protein concentration at 36 DAA were
statistically (p > 0.05) higher under the WL regime (Figure 8B). The grain N at maturity
was not statistically different among the cereals; it ranged from 1.43% in barley to 1.62% in
durum wheat, with the low nitrogen content in grain also being associated with the protein
content, which was 8.15%, 8.29%, 9.05% and 9.21% in the barley, triticale, bread wheat and
durum wheat grains, respectively (Figure 8).

3.3. PCA Analysis

The PCA analysis for metabolic and productivity traits in grain at harvest showed that
the first two principal components explained 74.6% of the variability (55.9% PC1 and 18.7%
PC2) (Figure 9). The PCA showed a clear separation between triticale and the other three
cereals, and in barley between the water regimes. The loading plot (Figure 9B) showed that
the performance of bread wheat, durum wheat and to some extent barley was associated
with starch, maltose, two AAs (GABA, Tyr), %C and protein. The performance of triticale
was mainly associated with most of the AAs (Arg, Ile, Met, Asp, Glu, Ser, Arn, Phe, Val,
Leu, Pro, and Gly), WSCs (fructose, glucose and sucrose), grain production (GY and g
grain), the mobilisation of WSC (MWSC) and the relation C/N.
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Figure 8. Percentage of nitrogen (%N; line) and protein (%Prot; bars) concentrations at three time points during grain filling

(days after anthesis, DAA) in the four cereals (A) triticale, (B) bread wheat, (C) durum wheat, and (D) barley grown under
well-watered (WW) and water-limited (WL) regimes. Statistical differences (p < 0.05 *).
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Figure 9. Biplot of the first two components (PC1 and PC2), for the principal component analysis (PCA) of 29 traits evaluated

in the four cereals triticale (circles), bread wheat (squares), durum wheat (diamonds) and barley (triangles). PC1 and PC2

explained 55.9% and 18.7% of the variability, respectively. Measurements were performed at maturity. Data used for the

PCA are mean values of all traits evaluated in each genotype and water availability regime. In the score plot (A), closed and

open circles represent the well-watered and water-limited regimes, respectively. In the loading plot (B) is the distribution

of AAs.

4. Discussion

4.1. Carbohydrate Dynamics between Source and Sink Organs

During pre- and post-anthesis, cereals stored WSCs in the stems and then translocated
them to the grain [51-54]. The capacity to store and remobilise reserves is important in
cereals because during grain growth leaf photosynthesis declines (Figure 1) as senescence
progress [16], and therefore the stem WSCs are of great relevance for grain growth, par-
ticularly under drought conditions [55-57]. In our study, the mobilisation efficiency was
improved under the WL regime in the upper but not in the lower stems (Table 1), indicat-
ing that under the WL regime cereals are more efficient at mobilising reserves from the
internodes closest to the spike [6,49]. In this sense, Hou, et al. [52] reported a coordinated
action in gene expression related to fructan synthesis and degradation in different parts of
the stem. The mobilisation of WSCs is associated with the size (strength) of the source [6].
In the current study, triticale showed the highest MWSC and grain weight per spike, which
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are associated with higher kernel weight and the number of kernels per spike (Table 1;
Figure 6). Triticale also had the highest WSC content, which is considered a useful trait for
improving grain weight and productivity [55,58]. By contrast, barley showed the lowest
MWSC and WSC content in the stem, and also the lowest grain weight per spike. On the
other hand, barley allows greater water reduction than wheat [59]. However, the grain
yield per plant was not significantly different from triticale, which was associated with the
greater spike number in barley (Table 2). This suggests the grain filling in barley depends
to a greater extent on spike photosynthesis [20,60] and to a lesser degree on the reserves
accumulated in the pre-anthesis stage. Nevertheless, in terms of mobilisation efficiency, no
statistical differences were found between cereals (Table 1).

Soluble sugars are an important signal in the regulation of the metabolism and develop-
ment of plants [35]. They fulfil a double role as metabolites and as signalling molecules [61]
and can play an important role in stress adaptation mechanisms [22]. The accumulation
of osmoprotective compounds in plants represents a specific metabolic response [29]. In
several plant species, the accumulation of WSCs has been observed in different plant
organs, especially under drought conditions [62]. In this study, An reduced under the WL
regime but the effects on leaf, stem and grain WSCs were low (Figures 1 and 2). This was
probably due to imposition of water deficit after the full extension of the flag leaves, with
the efficiency of photoassimilate translocation being more important at this point.

The drop in photosynthesis during grain filling and the rise in WSC concentrations in
flag leaves in the four cereals (Figure 1) suggests a decoupling between supply (photosyn-
thesis) and carbon demand (growth) leading to an improvement in the carbon status of
the plant [62-64]. Similar to other studies [65-67], in the four species sucrose was the most
abundant carbohydrate (fructans were not measured) in leaves and grain. Glucose and
fructose barely changed during grain filling (Figures 1 and 2), indicating that there are no
limitations to their synthesis, despite the decrease in An that is likely associated with plant
phenology. The higher concentration of these two carbohydrates in barley leaves (Figure 2)
may be a characteristic that distinguishes barley from other cereals, since in general terms
the maximum accumulation of WSCs was similar in all species (Figure 1). The shorter
grain filling period of barley might increase the rate of WSC remobilisation from stems,
leaves and spikes to the developing grain.

The decrease in grain WSCs during grain growth was associated with the accumu-
lation of starch (Figures 3 and 4) as a consequence of the progressive synthesis of starch
in the grain [68]. Starch is the most abundant and renewable polysaccharide in cereal
grains [66] and depending on the cultivar, it can comprise from 38% to 73% of the grain
endosperm [69]. Water availability did not affect the starch contents in the four cereals
(Figure 4), as previously reported for two barley cultivars under water stress [69]. However,
a study performed in triticale showed that water deficit decreased the grain starch content
and also changed its morphology, composition and physicochemical properties [66]. A
marked reduction in starch content has also been described in wheat [70]. By contrast, in
rice, water deficit increased the starch content in developing grains, and this was attributed
to accelerated senescence of plants under stress [65]. These results suggest that the accu-
mulation of starch in the grain depends on the species and the growing conditions of the
plant, which will directly affect the grain yield.

4.2. Amino Acids in Flag Leaves and Grain

In the present study, leaf AAs showed lower variation than in the grain during the
grain filling stage (Figure 7), possibly as a consequence of AA translocation from the oldest
to the youngest leaves [71]. In barley, the amount of total AAs in young leaves at four days
after anthesis was similar to that reported by Koga et al. [72]. The amino acids Glu and
Asn are the most abundant in plants [73]. In wheat grain, Glu was found to be the most
abundant AA [74]. Our study showed that the predominant AAs in grain were Asn, Pro
and Gln in triticale, bread, and durum wheat, and Asn, Pro and Val in barley (Figure S4).
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The decrease in the AA concentration in grains is probably related to their transforma-
tion into protein and other compounds [73]. In our study, the concentration of the different
AAs varied among species and water regimes. For instance, under the WL regime, triticale
possessed the highest concentration of Pro and Asn at the beginning of grain filling and
at harvest. In contrast, Asn was dominant at both times in the other cereals, but under
the WW regime Asn and Tyr had the highest concentrations except in durum wheat at
harvest (Figure 54). Asn is an important AA in nitrogen transport and stress responses and
contributes to the maintenance of osmotic pressure [25] and is the precursor of acrylamide
formation [75]. In the four cereals Asn tended to be higher under the WL regime (Table S5),
especially in triticale. The differences between cereals could be associated with the time
of measurement; barley had the highest level of Asn when analysed close to anthesis
(Figure S4).

Proline is an essential amino acid [29], which participates in the scavenging of reactive
oxygen species and the stabilisation of sub-cellular and protein structures [31]. In many
species of plants, the accumulation of proline has been associated with adaptation to
drought [28,76]. In leaves and grains of the present study, Pro was one of the most
abundant AAs, especially in the early stages of grain development, and in bread wheat and
barley Pro was highest in the grain under the WL regime (Figure S4). In the four cereals
Pro was higher at the beginning of grain growth, suggesting that this AA accumulates in
the initial stages of water deficit and then most likely declines as acclimation is achieved
in the plant. Pro is also accumulated in older leaves [25]. Asp seems to contribute to
the maintenance of osmotic potential [25], however, the concentration of Asp in leaves
of the four cereals was similar in both water regimes, suggesting that plants underwent
acclimation to the lower water availability.

In cereals, the N in the grain results from mobilisation from the senescent leaves or
the n stored in the roots [71,77]. The percentages of nitrogen in the grain evaluated at
medium grain filling and maturity were not statistically different (Figure 8), indicating
that the mobilisation of nitrogen was in the early stages of grain filling. At maturity, no
statistical differences were found among the cereals, but bread and durum wheat tended to
exhibit higher nitrogen and protein content compared to triticale and barley, which was
probably associated with the lower grain yield observed in the former genotypes (Table 2).
There could be a kind of “dilution” associated with higher yield [71,77] in triticale and
barley. Durum wheat usually has higher grain protein content than bread wheat [78],
and triticale has less variation in the amount of protein in grains [79]. In this study, there
was a tendency towards a higher percentage of protein and nitrogen in durum wheat in
well-watered plants, but under water-limited conditions there was an opposite trend that
could be related to sink strength (the number of grains per spike) [80], which was higher
under WL conditions.

5. Conclusions

In a comparison between four cereal species grown in glasshouse conditions under
well-watered (WW) and water-limited (WL) regimes, the stem WSC content and apparent
mobilisation of WSCs from the lower and whole stem was much higher in triticale, followed
by bread wheat and then by durum wheat and barley. The higher mobilisation of WSCs
in triticale was associated with its grain size and grain number, which increased the
demand for photoassimilates. The results suggested that reserves stored before anthesis
are more important than the efficiency of each genotype in mobilising WSCs and AAs
during grain growth and filling; indeed, the four cereals showed high efficiency in stem
WSC mobilisation under both water regimes. The water regime applied after flag leaves
were fully expanded reduced the productivity of the four cereal species but did not show
clear effects on WSC and AA contents in leaves and grain. The amount of AAs was higher
in grain than in leaves, which was probably associated with the production of proteins.
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