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Abstract

In wheat, the capacity to store soluble carbohydrates (CHS) in the stem and to remobilize them
towards the grain, constitutes a desirable characteristic to be incorporated in the germplasm
directed to regions where terminal drought frequently occurs. The objective of the work was to
evaluate the variability in the accumulation and remobilization of water-soluble carbohydrates
(CHS) and their contribution to grain yield when the post-synthesis source is altered by defoliation
and water stress. The experiments were carried out in the summer-autumn 2013 cycle (temporal,
exp. 1) and winter-spring 2013-2014 (irrigation, exp. 2) in Toluca, Mexico, at a density of 350
seeds m™, in the exp 1 the defoliation was performed 7 days after anthesis and in the exp. 2 was
not watered after anthesis. In the exp. 1 60 wheat elite lines and two source reduction treatments
(defoliated and defoliated, called environments onwards) were studied under a split plot design
with 2 replications. The exp. 2 consisted of 20 genotypes selected from exp. 1 and subjected to two
water regimes (irrigation and post-flowering drought) in a randomized complete block design with
3 replications where each water regime was considered an environment. Great variability was
observed for grain yield (RG) and the associated physiological characteristics. The RG was reduced
by an average of 14% due to defoliation and post-anthesis drought. The greater contribution of
CHS was in line with a greater efficiency of remobilization. There are promising genotypes for use
in breeding programs with a view to incorporating physiological characteristics to increase the
potential yield under conditions of biotic or abiotic stress in post-anthesis.
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Introduction

One of the great challenges facing national and international wheat breeding programs is the search
for physiological attributes that allow the crop to cushion the effects of biotic and abiotic stresses.
It is now known that water-soluble carbohydrates (CHS) stored in the stem before anthesis
contribute to maintain the rate of grain filling when photosynthesis declines due to some stress
(Dreccer et al., 2009). In Mexico, the wheat producing areas (Bajio and Northwest) could in the
near future be limited by water during the filling of grain, mainly because of the cost that this
represents (Ledesma-Ramirez et al., 2012), while in the valleys high fungal diseases defer wheat
yields (Hortelano et al., 2013).

In this sense, having efficient germplasm in storing and remobilizing CHS from the stem to the
grain in the face of any stress could be important in this region. The filling of grain in wheat
depends on the amount of assimilates stored in the stem, as well as the photosynthesis of the
leaves and spikes; however, CHS helps maintain the rate of grain filling when photosynthesis
decreases due to biotic and abiotic stress (Blum, 1998; Ehdaie et al., 2006). The accumulation,
translocation and distribution of CHS in wheat play an important role in grain yield (Zhang et
al., 2013).

The higher concentration of CHS in stems is associated with increases in yield and grain weight
under stress and non-stress conditions (Shearman et al., 2005; Rebetzke et al., 2008). The
contribution of CHS to yield varies according to growth conditions and can range from 10 to
20% without stress (Shearman et al., 2005) to 60% under severe stress (Blum, 1998; van
Herwaarden et al., 1998a, b). Recent studies mention that there is genetic variation for the
accumulation of CHS in wheat (van Herwaarden and Richards, 2002; Ruuska et al., 2006);
however, the genotypic variability to store, remobilize and its contribution to grain yield in elite
wheat lines is not yet very clear.

The remobilization of CHS from the vegetative tissues (stems and pods) is induced by early
senescence, a situation that occurs when the soil loses moisture rapidly during grain filling (Yang
et al., 2000), reducing photosynthesis, shortening the period of filling and final grain weight
(Tahir and Nakata, 2005; Zhang et al., 2012). This capacity associated with senescence is also
influenced by the environment, genotype and CHS demand for developing grains (Davison and
Chevalier, 1992).

Among the associated physiological characteristics of the plant for drought tolerance, the CHS
stored in leaves or stems have been considered of great importance because they not only act as a
regulator of osmotic adjustment, but are also a carbon source to maintain grain growth when
photosynthesis is inhibited by water stress in post-anthesis (VVan Herwaarden et al., 2006; Yang et
al., 2007). On the other hand, the remobilization of CHS from the stems to the spike changes
depending on the genotype and environmental conditions. Mariotti et al. (2003) found that the
contribution of CHS in pre-anthesis was 43 to 54% in durum wheat, whereas in barley it ranges
from 4 to 24% (Przulj and Momcilovic, 2001).

616



Rev. Mex. Cienc. Agric. vol. 10 num. 3 April 01 - May 15, 2019

Ehdaie et al. (2008) found a group of 11 different genotypes of wheat that the current assimilates
and the reserves in the stems contributed between 19.1 to 53.6% in irrigation, while in drought the
range was from 36.6 to 65.4%. The variability in the accumulated reserves and those that are moved
to the grain depends on the genotype, magnitude of the stress and even on the method used to
measure the CHS (Ehdaie et al., 2006).

In recent years, genetic improvement has used selection towards a greater accumulation of CHS in
the stem as an important tool to improve adaptation to unfavorable environments (van Herwaarden
and Richards, 2002; Ehdaie et al., 2006, 2008). It has been mentioned that there is genetic variation
for accumulation of CHS in the stem in anthesis and that genetic improvement to increase the
amount of CHS may be possible because it is a highly heritable character (Ruuska et al., 2006), but
controlled by a complex polygenic regulation (Rebetzke et al., 2008).

Recent studies with modern and old wheat cultivars indicate that the genetic improvement in this
species has increased the storage capacity of CHS in the stem of the new varieties (Foulkes et al.,
2007). This requires the search of the relationships between the CHS with agronomic characters
that allow the breeder to identify progenitors or advanced lines with high contents or with high
efficiency of CHS remobilization. Recently the world wheat consortium grouped a set of elite lines
in an international trial called CIMCOG (CIMMYT Mexico Core Germplasm Panel) (Foulkes et
al., 2011), with genotypes adapted to different regions of the world.

The characterization of said germplasm in response to different types of stress could help to identify
cultivars with high capacity to store and remobilize CHS when there are biotic and abiotic stresses
post-anthesis.

The objective of the work was to evaluate the variability in the accumulation and remobilization
of water-soluble carbohydrates and their contribution to grain yield when the post-anthesis source
is altered by defoliation and water stress.

Materials and methods

Two experiments were carried out in the Faculty of Agricultural Sciences of the Autonomous
University of the State of Mexico (UAEM), Toluca, Mexico at 19° 15 33”’ North latitude, 99° 39’
38’ West longitude and 2 640 masl. The climate of this locality is classified as a sub-humid
semicold with summer rains, with an annual precipitation range of 800 to 1 300 mm and a
temperature of 8 to 14 °C (INEGI, 2009). The experiments were established in a Vertisol-type soil
with a clay-loam texture (USDA, 2000).

The genotypes used were 60 wheat lines with good agronomic adaptation that are part of the
elite CIMCOG material. The complete collection of the genotypes of the CIMCOG group is
potentially useful in breeding programs aimed at further raising the yield potential. For this
reason, they are the main germplasm studied up to now by the world wheat consortium
(Reynolds et al., 2011).
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The exp. 1 was carried out in the summer-autumn (S-A) cycle of 2013 (temporary), which consisted
of the factorial combination of the 60 wheat genotypes and two source reduction treatments (D=
defoliate and SD= no defoliate), these last named environments. The treatments were distributed
in an arrangement of divided plots with 2 replications, where the large plot corresponded to the
genotypes and the subplot to the environments.

Seeding was done manually at a population density of 350 seeds per m? in plots of 2 rows of 3
m long and 0.2 m separation. Seven days after anthesis (Zadoks 60) (Zadoks et al., 1974), the
1 m long plants of the 2 rows of each plot were defoliated manually eliminating all the green
leaves.

The exp. 2 was conducted in winter-spring (W-S) 2013-2014, which consisted of the factorial
combination of 20 wheat lines (selected from exp.1 for showing different capacity to store and
remobilize CHS, but similar cycle before anthesis) and two treatments of water availability (R=
irrigation throughout the cycle and S= irrigation until anthesis and post-anthesis drought). In each
situation (R and S), the genotypes were distributed in a randomized complete block design with 3
replications. The availability of water was considered as an environment. The cultivars were sown
manually at a density of 350 seeds per m? in plots of 6 furrows 3 m long and 0.2 m from separation.

The water was controlled by drip irrigation. The experiments were kept free of weeds, pests and
diseases. The fertilization consisted of the formula 200-60-30, fractionating the nitrogen in the
sowing, terminal spikelet (encafie) and expanded flag leaf.

Grain yield and its components

In physiological maturity (Z89) (Zadoks et al., 1974) the 0.4 m? plants were extracted in each plot.
The dry weight of leaves, stems and ears was recorded after drying the samples in a forced air oven
for 72 h at 70 °C, until reaching constant weight. The grain yield per m? (RG) was determined by
weighing the grain obtained in the sample and the individual grain weight (PI1G) when counting
and weighing 1 000 grains.

Laboratory analysis

The CHS content was determined in anthesis (CHSAnNt) and physiological maturity (CHSMT),
randomly selecting a subsample of 20 fertile main stems (without spike or leaf blade) from the
biomass sample of each plot in each treatment. The CHS were extracted and measured using the
anthrone method of Yemm and Willis (1954) described by Galicia et al. (2009). The data was
obtained as a percentage of CHS in dry matter. These were used to calculate the CHS content per
stem (g stem™) or per unit area (g m2), according to the procedure described by Pask et al. (2013).

The amount of CHS mobilized from the stem to the spike, the remobilization efficiency and the
contribution to the grain yield were calculated using the following formulas (Shakiba et al.,
1996): 1. Total amount of CHS remobilized or translocated (CHSTransl)= maximum quantity of
CHS-quantity of CHS at maturity; 2. Total remobilization efficiency ERCHS= total amount of
CHS remobilized x 100/maximum amount of CHS; 3. Contribution to grain yield (CRG)= total
amount of CHS remobilized x 100/grain yield; and 4. Water soluble carbohydrates present in the
grain (CHSG).
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Statistical analysis

Analysis of variance was carried out according to the models mentioned above (Littell et al., 1996)
to evaluate the effect of treatments (environments) on each of the variables studied. When analysis
of variance revealed significant differences, the mean values for each treatment were compared
using Tukey's 5% honest minimum difference (DMSH) (Palaniswamy and Palaniswamy, 2006)
using SAS software (SAS, 2002).

Results and discussion

Effect of treatments on the variables studied

In the analysis of variance, important effects of the treatments were observed on the variables
evaluated in both experiments (Table 1 and 2). It can be seen that in the exp. 1 The effect of the
genotypes was highly significant (p< 0.01) for all the variables analyzed in the same way for
environments with the exception of CHSANt and the genotype-environment interaction (GxA) was
not significant for the PIG (Table 1). The coefficients of variation ranged from 0.9 to 19.3%
corresponding to soluble carbohydrates stored in the stem in anthesis and soluble carbohydrates
stored at physiological maturity (CHSMf) (Table 1).

Table 1. Values of F and its statistical significance for the variables evaluated in experiments 1

and 2.
FV gl RG PIG CHSAnt CHSMf CHSTransl ERCHS CRG
(g m?) (mg) (@m?  (gm? (g m?) (%) (%)
Exp. 1
Repetition 1 8" 0.02ns 0.6ns  15.1" 1.8ns 6.6 6.1
Genotypes (G) 59 8762 52749 203795 81739 222783 14.8759  26.4™ 80
Errorto (CM) 59 1969.7 12.6 1698 508.9 1660.1 89.8 106.6
Environments 1  336.319 78.67 14  4ns 305.1720 298.3"4 194511 519.778
A
gS >)( A 59 1776  1.4ns 4" 7.8731 8" 7 6.5 22 7177
Errorb (CM) 60 874.7 14.7 6.6 413.9 411.2 76.2 34.4
CV (%) 6.7 8.6 0.9 19.3 11.7 15 14
Exp. 2
Repetition/A 4 13ns  0.1ns 0.7ns 0.7ns 0.5ns 0.5ns 0.1ns
Environments 1 52.3°20 448.5™ 446.4™ 35 1330.7" 1281.2758 1841.8" 4536.6™
(A) 18 54 71 62
Genotypes (G) 19 8.2748 7.8748 215744 22724 15.6™ 23 84712 115720
GxA 19 0.9ns 1.3ns 59712 14.4™ 16 8712 85712 6.37 11
Error (CM) 76 1634.8 6.8 1420.5 128.2 1415.9 33.7 140.6
CV (%) 10 6.8 13.3 19.9 16.7 7.6 20

*=significant (p< 0.05), ™= highly significant (p< 0.01) and ns= (p> 0.05) not significant. CM= mean square of the error;
FV=source of variation; gl= degrees of freedom; RG= grain yield; PIG= individual grain weight; CHSAnt= water soluble
carbohydrates at the time of anthesis; CHSMf = water soluble carbohydrates at physiological maturity; CHSTransl=
soluble translocated carbohydrates (difference between CHSANt and CHSMf); ERCHS= total remobilization efficiency;
CRG= contribution to grain yield. Bold numbers indicate the contribution of the factor to the sum of squares total in (%).
The bold number indicates the contribution of the factor to the sum of squares total in (%).
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The variability observed among genotypes in terms of RG represented 62 and 48% in experiment
1 and 2, respectively of the total variation, while for the PIG it represented 50% in both
experiments. For the accumulation of carbohydrates soluble in the stem in anthesis (CHSANt) the
genotypic effect observed 95% of the total variability, which coincides with evidence in the
literature that mention that there is genetic variability for the accumulation of CHS in the wheat
stem (Ruuska et al., 2006; Dreccer et al., 2009).

On the other hand, the variability between genotypes in terms of CHS remobilization and their
contribution to grain yield represented 83 and 80% of the total variability, which indicates that the
genetic improvement in wheat towards a greater contribution to the RG of the reserves stored could
be possible to stabilize the grain yield in environments where stress due to biotic and abiotic factors
is frequent (Ehdaie et al., 2008).

General response of environments

With the exception of CHSAnt, defoliation affected significantly (p< 0.05) all the variables studied.
The RG, PIG, CHSMf and CHSG decreased on average 14, 9, 35 and 10%, respectively with
respect to the non-defoliated treatment, while, CHSTransl, ERCHS and CRG increased
significantly by 30, 31 and 52% respectively (Table 2) with defoliation. Drought on average
decreased GR, PIG and CHSMTf by 14, 9 and 71%, respectively with respect to irrigation, while in
the variables CHSAnNt, CHStransl, ERCHS, CRG, CHSG, significant increases were observed (56,
142, 56, 181 and 13%, respectively) with respect to the irrigated treatment (Table 2).

Table 2. Mean values for variables evaluated in each environment (D= defoliate, SD= no defoliate,
R=irrigation, S= drought). Average as genotypes average.

RG PIG CHSAnt CHSMf CHSTrasl ERCHS CRG CHSG

Ambient

@m? (mg) (@m?*) (@m?) (@gm?) (%) (%) (%)

SD 475.6a 46.3a 2785a 127.9a  150.6b  50.2b  33b la
D 405.6b 419b 2779a  82b 1959a  659a 502a  0.9b
R 431.4a 39.7a 2196b 88la  131.5b  589b  3lb 0.8b
S 371.8b 36b 3433a 251b  3182a  922a 87.2a  09a

Means with the same letter within each experiment do not differ significantly with 5% DMSH. RG= grain yield; PIG=
individual grain weight; CHSAnt= water soluble carbohydrates at the time of anthesis; CHSMf= water soluble
carbohydrates at physiological maturity; CHSTransl= total amount of soluble remobilized carbohydrates (difference
between CHSANt and CHSMf); ERCHS= total remobilization efficiency; CRG= contribution to grain yield; CHSG=
water soluble carbohydrates present in the grain.

In both experiments there were significant increases in the values of CHTransl, ERCHS and
CRG (30, 31 and 52%, respectively in defoliation, 142, 56 and 181%, respectively in drought).
The contribution of stem reserves to grain yield increased, when the genotypes were subjected
to different environments (defoliation and drought), with the contribution and remobilization
of the assimilated during the filling of larger grain under drought conditions. Similar results
report that the relative contribution of stem reserves to grain yield varies widely depending on
environmental conditions and genotypes and their values range between 6 and 100% (Borrell
et al., 1993).
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Evidence in the literature mentions that the reduction in assimilation under post-anthesis humidity
stress will induce a greater mobilization of stem reserves that will be used by the grain (Yang et
al., 2000). Also, several studies have shown that water stress during grain filling promotes
senescence of plants and increases the remobilization of stored carbon reserves in pre-anthesis
towards the grain (Ahmadi et al., 2009). The major contribution to grain yield under stress
conditions (defoliation and post-anthesis drought) was in line with a greater efficiency of
remobilization of the CHS from the stem.

Grain yield was marginally reduced (14% on average) both by defoliation and by drought, which
can be attributed to the fact that the extent of retranslocation of assimilates was much higher (59%),
under that condition, acting as an element of important compensation to ensure grain filling (Singh
and Singh, 2002; Ehdaie et al., 2008).

General effect of genotypes

A wide variability was observed among the 60 genotypes evaluated, in the variables RG, PIG, CHS
in anthesis, translocated CHS and contribution of CHS to the grain yield (Figure 1 and 2). The RG
ranged from 302 to 585 g m™, the PIG was between 31 and 57 mg grain™ (Figure 1).
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Figure 1. Grain yield (a) and grain weight; and (b) for 60 wheat lines grown in Toluca, Mexico.
Average data of environments (defoliated and unfrozen).

621



Rev. Mex. Cienc. Agric. vol. 10 num. 3 April 01 - May 15, 2019

While the CHs in anthesis were in the range of 125.6 to 545.1 g m, the CHS translocated between
11.2 to 464.9 g m and the contribution of CHS to the yield ranged between 3 and 155.5% (Figure
2). A greater amount of CHS remobilized to the grains was in line with a greater contribution of
these to the RG. In this sense, genotypes 8, 12, 13, 17, 19, 26 and 40, which translocated between
76 and 469.4 g m™2, in percentage terms also contributed more to the grain yield (76.4 to 155.5%)

(Figure 2).
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Figure 2. Carbohydrates soluble in anthesis (a) translocated soluble carbohydrates; (b) contribution

to grain yield; and (c) for 60 wheat lines. Average data of environments (defoliated and
defoliate).
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The great variability observed for grain yield, CHSAnt accumulation and contribution to grain
yield shows that within elite wheat germplasm (CIMCOG) there is potential to select progenitors
for breeding programs with a view to incorporating promising physiological characteristics (CHS)
(Rebetzke et al., 2008) that allow to increase the yield under conditions of biotic stress (foliar
diseases) (Serrago et al., 2011) or abiotic (drought) (Foulkes et al., 2007). A greater contribution
of CHS to the grain yield was related to a greater efficiency of remobilization (Figure 3). In the
defoliated plants there was a greater contribution of the CHS to the grain yield (range between 2.4
and 138.4%) with respect to the plants without defoliate (between 5.2 and 100.6%). In the same
way, the efficiency of remobilization presented higher average values in defoliated plants (range
between 5.4 to 94. 9%) in relation to non-defoliated plants (5.2 to 87.1%) (Figure 3).
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Figure 3. Relationship between the contribution of soluble carbohydrates to yield and efficiency of
remobilization, in 60 wheat lines grown under defoliated and unfrozen conditions.

Effect of water stress on CHS and grain yield

Water stress post-anthesis affected the RG, the PIG and the amount of CHS translocated from the
stem to the grain in the different cultivars (Figure 4). The average RG in drought was 371.8 g m™
and under irrigation 431.5 g m, which represents a 14% reduction with respect to the irrigation
treatment. In this sense, the translocation of CHS under drought conditions was higher (318.2 g m
2) with respect to irrigation (131.5 g m), representing an increase of 141% with respect to the
irrigation condition. Similar results of CHS remobilization were found by Zhang et al. (2012) when
water availability represented only 50% of a favorable condition.

In regions where the availability of water for grain filling is limiting, CHS play an important role
in the definition of RG (Ehdaie et al., 2008), therefore, the identification of genotypes with the
ability to accumulate and remobilize CHS from the stem is a priority in breeding programs (Dreccer
et al., 2009). Based on the great variability observed in both environments, it was possible to
identify genotypes (12 and 16) that did not show significant changes in the RG and in the PIG in
both environments, mainly due to their ability to remobilize assimilated from the stem to the spike
(Figure 4a, 4b).

623



Rev. Mex. Cienc. Agric. vol. 10 num. 3 April 01 - May 15, 2019

600 1 ® Riego 0 Sequia

(@)

131 o
[ ]

a
o
o

o
o
o

Rendimiento de grano (g m?)

Peso individual de grano (mg grano'?)

300
[¢]
200 1 318
318
100 T T T T T ) 20 " j " j j '
0 100 200 300 400 500 600 0 100 200 300 400 500 600
CHS translocados (g m?) CHS translocados (g m?)

Figure 4. Relationship between grain yield (a) individual grain weight; and (b) soluble carbohydrates
translocated from the stem to the spike, in 20 wheat lines grown in two environments.
Vertical and horizontal lines within the figures represent the average of each environment.

The average PIG was marginally affected (9.5%) by the post-anthesis water deficit, while the
CHS translocation under this condition represented 59% with respect to the control treatment
(Figure 4b). The contribution of the CHS to the yield of grain in drought was higher (range
between 31.0 to 155.6%) with respect to irrigation, thus also greater efficiency of remobilization
was observed (82.9 to 95.7%) with respect to the cultivars grown under irrigated conditions, with
values of 10.8 to 71.7% for the contribution to yield and from 23.3 to 80% in efficiency of
remobilization (Figure 5a).
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Figure 5. Relationship between CHS contribution to yield and efficiency of CHS (a) CHS
remobilization in physiological maturity and stem dry weight (b), in 20 wheat lines grown
under irrigated and drought conditions.
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In drought it could be seen that for similar values of remobilization efficiency there was a wide
variability in the contribution of the CHS to grain yield (Figure 5a). A higher CHS content per
stem at physiological maturity was associated with a higher dry weight of them at that stage
(Figure 5b). The content of carbohydrates stored in the stem for the genotypes grown under
irrigation conditions was 0.27 to 1.23 g stem™, while in the drought situation it was 0.06 to 0.28
g stem™ (Figure 5b).

Conclusions

There was variability between the genotypes studied for grain yield and for accumulation and
remobilization of CHS towards the grain. The amount of CHS remobilized, efficiency of
remobilization and contribution to yield increased significantly (30, 31 and 52% in defoliation
and 142, 56 and 181% in drought, respectively). There are genotypes (8, 12, 13, 17, 19, 26 and
40) that could have potential for use in breeding programs with a view to incorporating
promising characteristics. The contribution of CHS to grain yield related to greater
remobilization efficiency.
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