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Abstract

Background: Waterlogging at early and later growth stages could affect sulfur (S) uptake,
distribution, yield, and quality of winter wheat. We hypothesized that the hybrid winter
wheat variety (Hyvento), with a high degree of heterosis and genetic diversity, is likely to
uptake and utilize S more efficiently and withstands waterlogging better than the inbred
wheat variety (Kredo).

Aims: The objective of the present study was to investigate the effect of 2-week water-
logging at the end of tillering stage (Feekes Stage 6) and/or ear emergence stage (Feekes
Stage 10.1) on grain yield, yield components, S-uptake and its partitioning, and compo-
sition of grain storage proteins (glutenins and gliadins) of hybrid (Hyvento) and inbred
(Kredo) winter wheat varieties.

Methods: Plants were grown in large containers (120 L) in a semi-controlled green-
house and harvested three times immediately after each waterlogging treatment and
at agronomic maturity. Grain yield, S concentration in different plant organs, total pro-
tein content, and patterns of gluten proteins (gliadin and glutenin) and their subunits (by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis) in grains were evaluated.
Results: Grain yield of the inbred variety was more negatively affected under early
and late waterlogging than the hybrid variety and was associated with reduced grain
size. The decline in grain yield was significantly higher under late waterlogging (30%-
31%) than early waterlogging (17%-18%). Compared to the hybrid variety Hyvento, the
waterlogging-induced decline in S concentration in grains, husk, and straw was markedly
lower in the inbred variety Kredo. While early waterlogging did not affect total grain pro-
tein content in either of the varieties, late waterlogging significantly reduced the total
grain protein content (18%) in the inbred variety Kredo. Similarly, the grain gliadin content
of the hybrid variety was not affected by both waterlogged conditions, whereas 32% and
23% reductions were recorded for the inbred variety under early and late waterlogging,
respectively. Nevertheless, waterlogging significantly increased the proportion of S-poor

high-molecular-weight glutenin subunits and w-gliadin in the inbred variety.
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1 | INTRODUCTION

Waterlogging (WL) is one of the major abiotic stresses that impede the
production and quality of crops (Arata et al., 2019). Because of global
climate change, the magnitude and frequency of WL risk are predicted
to increase, especially in the high- and mid-latitude regions (Easterling
et al., 2000; Garcia et al., 2007; Jiang et al., 2008; Schumacher & John-
son, 2006). Moreover, the occurrence of flash floods is also expected
to increase in Europe due to an intensified hydrological cycle by global
warming (Feyen et al., 2012; IPCC, 2014). Annually, about 10% of the
world’s land area and 10-15 million ha of the world’s wheat-growing
regions, including 15-20% of wheat cultivated area, are affected by WL
(Hossain & Uddin, 2011).

In Germany, heavy rainfall events have become more intense, and
the average annual precipitation has been significantly higher over
the last 20 years (Deumlich & Gericke, 2020). Accordingly, winter
(December to February) and summer (June to August) precipitations
in northern Europe have increased up to 70 mm (Maraun, 2013) and
18 mm per decade, respectively (Van den Besselaar et al., 2013). There-
fore, wheat is likely to experience WL stress during the end of tillering
(Feekes Stage 6) and ear emergence (Feekes Stage 10.1) stages, which
are critical for crop establishment, grain yield, and quality.

Under WL conditions, ethylene production rapidly increases inside
the plants as a primary signal for acclimation to this adverse condi-
tion (Pan et al., 2021). This stress can result in anaerobiosis, which may
cause leaf senescence, reduced root growth, and tillering, ultimately
affecting biomass and grain yield. In addition, WL restricts photosyn-
thesis and carbohydrate synthesis both in the shoot and root (Xie et al.,
2003; Yamauchi et al., 2013). These effects depend on the duration of
WL, crop development stage, and the WL-resistance capacity of the
crop species/variety (Arata et al., 2019; Arduini et al., 2016; De San
Celedonio et al., 2014). Coincident with the susceptibility of wheat to
WL, a grain yield decline ranging from 20% to 50% has been reported
(Arduini et al., 2016; Belford, 1981; Cao et al, 1996; Ding & Musgrave,
1995; Zhang et al., 2006) depending upon the duration and timing of
WL (Musgrave & Ding, 1998; Xie et al., 2003).

WL decreases the uptake and transport of ions through roots caus-
ing nutrient deficiencies (Setter et al., 2009; Wollmer et al., 2019;
Zhang et al., 2011). Sulfur (S) deficiency is among the most proba-
ble nutrient deficiencies that might occur under WL conditions due
to the reduction of sulfate into hydrogen sulfide and its subsequent

volatilization or precipitation as sulfides of micronutrient cations (Fe,

Conclusion: It could be inferred from the present study that hybrid winter wheat variety is
relatively resistant to waterlogging than the inbred wheat variety, and thereby produces
higher grain yield. Efficient uptake and metabolism of S could be one of the mechanisms

conferring waterlogging resistance in winter wheat.

genetic diversity, hybrid and inbred wheat, sulfur uptake protein accumulation pattern, waterlogging

Cu, Mn, and Zn) (McGrath et al., 1996; Ponnamperuma, 1972; Steffens
et al., 2005). Apart from the precise effects on crop growth and grain
yield, soil S deficiency can also exert a considerable influence on wheat
quality due to the alteration of S-rich prolamins (a- and y-gliadins,
low-molecular-weight glutenin subunits [LMW-GS]) and S-low/S-poor
prolamins (high-molecular-weight glutenin subunits [HMW-GS], w-
gliadins) (Wollmer et al., 2018). Thus, the proteins responsible for the
breadmaking process, gliadins and glutenins, will be affected (Jiang
et al., 2008). Glutenins are multimeric aggregates of HMW-GS and
LMW-GS subunits. On the other hand, gliadins are mainly monomeric
proteins and divided into four structural types, that is, a-, 8-, - and w-
gliadins. The quality of wheat grains is affected by the proportion of
each protein fraction constituting that grain protein (Payne et al., 1987
Wieser, 2007).

Tolerance of the winter cereal to WL is related mainly to (1) the
duration of the WL event, (2) the crop development stage at which
WL occurs, and (3) the sensitivity of the species or variety (Brisson
et al.,, 2002; de San Celedonio et al., 2014). For instance, WL for 20
days can reduce the grain yield of winter wheat by 32%-94% (de San
Celedonio et al., 2014). Regarding the development stages of wheat,
it was revealed that the order of susceptibility to WL at different
stages was as follows: booting stage > jointing stage > tillering stage
> grain filling stage (Bao, 1997). Furthermore, there are pieces of evi-
dence of genotypic differences among wheat genotypes’ intolerance
to WL (Mano & Oyanagi, 2009). Therefore, hybrid wheat production
is a potential strategy to alleviate yield depressions and fluctuations
caused by weather extremes and associated plant stresses (Miihleisen
et al., 2014). Hybrid genotypes showed more tolerance against dif-
ferent abiotic stresses, including WL, drought, frost, salinity, and heat
stresses (Adee, 2016; Cao et al., 1992; Carretero et al., 2014; Collaku
&Harrison, 2005; Longin et al., 2013; Unay & Simsek, 2020; Zhou et al.,
2007). For example, hybrid wheat (lbrahim et al., 2014; Jatoi et al.,
2014) and maize (Adee et al., 2016; Singh et al., 2013) varieties were
found more tolerant to drought stress and hybrid wheat to salinity and
heat stresses (Yildirim et al., 2010).

The differences between the commercial high-yielding inbred and
hybrid wheat genotypes regarding tolerance, yield, and yield quality
under WL are still scarce, especially under west-European conditions.
In addition, the WL-induced effects on inbred and hybrid wheat vari-
eties, S uptake, and distribution and grain quality concerning protein
composition have not so far been examined to draw a factual and
sound inference (Ashraf, 2014). This justifies the integrated analysis
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TABLE 1 pH,organic matter, and nutrient contents of the topsoil
and subsoil used in the experiment.

Parameter Topsoil Subsoil
Texture Loamy sand Sandy loam
pH1.25 (CaCl,) 6.0 5.8.
Organic matter (gkg™1) 15.0 40

Total nitrogen (N, %) 0.09 0.03
Potassium (K, mg kg™1) 99.6 33.2
Phosphorus (P, mg kg™1) 48.0 21.8

Sulfur (5042 mgkg™ 160.0 70.0

of these variables under WL stress. Therefore, we consider it a rea-
sonable hypothesis that the hybrid wheat variety, with a high degree
of heterosis and genetic diversity, uptakes and utilizes S more effi-
ciently and withstands WL better than the inbred wheat variety at
Feekes Stage 6 and/or Feekes Stage 10.1. Accordingly, the objective
of the present study was to assess the comparative performance of
commercial hybrid and inbred winter wheat varieties regarding grain
yield, yield components, S-uptake and its partitioning, and grain stor-
age proteins (glutenins and gliadins) composition under early and late
WL conditions.

2 | MATERIALS AND METHODS
2.1 | Container experiment

Seeds of hybrid (Hyvento) and inbred (Kredo) winter wheat (Triticum
aestivum L.) varieties were obtained from Nordsaat Saatzucht GmbH,
Langenstein, Germany. The experiment was carried out in 120-L plas-
tic containers (height: 0.9 m, area: 0.16 m2) with draining valves at the
bottom (Hohmann et al., 2016), filled with the soil derived from the
experimental farm of Kiel University, Germany. The soil is classified
as a Cambisol following the criteria described by WRB (IUSS Work-
ing Group WRB, 2015). After drying and homogenization, the soil was
filled in three steps in the containers: (1) gravel layer as drainage, (2)
mixture of sandy loam subsoil and sand (1:1 [w/w]), and (3) mixture
of loamy sand topsoil with sand (9:1 [w/w]). The pH, organic matter
content, and nutrient contents of loamy sand topsoil and sandy loam
subsoil are depicted in Table 1. Before seed sowing, each container
was applied with the following fertilizers as basal dose (per kg of soil):
44 mg Ca(H,PO4),, 156 mg K,S04, 23 mg MgSO4+7H,0, 150 mg urea
(CH4N,0), and 25 mg (NH4),SO4. The experimental containers were
placed in a nontemperate greenhouse for the whole growing period.
The experiment consisted of the following three treatments: (1) control
(moisture level equivalent to 60% soil water holding capacity [WHC]),
(2) early WL (EWL,; at first node visible stage [Feekes Stage 6; Large,
1954]), and (3) late WL (LWL; at beginning of ear emergence [Feekes
Stage 10.1]). For both WL treatments, approximately 3-cm layer of
water was kept above the soil surface for 14 days. The WL treat-
ments were terminated by draining the water through the faucets at

the bottom of each container. After termination of WL treatments, the
moisture level in the containers was maintained equivalent to the con-
trol, that is, 60% WHC. The water level in the containers was adjusted
to 60% soil WHC by weighing the containers twice a week. The exper-
imental treatments, each having four replicates, were arranged in a

completely randomized design.

2.2 | Soil sampling and analysis

Soil samples (each of approximately 250-300 g) were collected from
all the containers by digging three soil cores near the center to a
depth of 50 cm before seed sowing and after the WL treatments have
been implemented. The holes so formed in the pots were filled with
the soil taken from the surrounding areas. After that, the soil sam-
ples were kept at -20°C, and later analyzed for SO42"-S contents by
inductively coupled plasma optical emission spectrometry (ICP-OES)
following their extraction with 0.0125 M CaCl, (soil to solution ratio
of 1:4) as described by Bassler and Hoffmann (1997).

2.3 | Plant sampling and analysis

Plant samples were collected immediately after the termination of WL
and at maturity. Five plants were randomly selected for the first sam-
pling. From the top, three leaves were separated as younger leaves,
while the rest of the leaves were collected as older leaves, and shoot
samples were also collected separately. For sampling at maturity, plants
in each container were harvested as one biological replicate and sepa-
rated into straw, husk, and grains. The samples were oven-dried (65°C)
to a constant weight, and their dry weights were recorded. For further
analysis, samples were milled to a fine powder with a ball mill (MM 200,
Retsch GmbH, Haan, Germany).

2.3.1 | Determination of total S and N

For determining S and N, the ground fine powdered samples were
weighed (5-10 mg each) and mixed with 10 mg wolfram-(IV)-oxide.
Subsequently, the samples were put into aluminum capsules, and total
N and S contents were determined by a CNS elemental analyzer (Flash
EA 1112 NCS, Thermo Fisher Scientific, Waltham, MA, USA) follow-
ing the Dumas combustion method. Raw protein concentration of the
wheat flour was obtained by multiplying N concentration by 5.81
(Fujihara et al., 2008).

2.3.2 | Extraction and quantification of storage
protein fractions

Wheat grain storage proteins were extracted stepwise following a
published protocol with modifications (Wollmer et al., 2018). In brief,

100 mg of whole flour was extracted with 1 mL extraction buffer
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FIGURE 1 Effect of early waterlogging (EWL) and late waterlogging (LWL) on straw yield (A), grain yield (C), and thousand grain weight of the
inbred (Kredo) and hybrid (Hyvento) varieties of winter wheat. Data are means of four replicates. Error bars represent standard deviations. Data
with different letters are significantly different as measured by Duncan’s multiple range (DMR) test (p < 0.05).

(pH 7.6) containing 0.4 M NaCl, 67 mM NayHPOy4,and 7.7 mM KH, PO 4
for obtaining the albumin-globulin fraction. Thereafter, gliadins were
extracted from the residue with 0.5 mL 60% (v/v) ethanol and then
glutenins with 1 mL extraction buffer containing 50% 1-propanol (v/v),
2 M urea, 1% dithiothreitol (DTT) (w/v), and 0.1 M Tris-HCI (pH 7.5). A
chloroform/methanol solution was used to precipitate the proteins of
each fraction. Finally, protein concentration was determined following
the Bradford method (Bradford, 1976).

2.3.3 | Fractionation and determination of protein
subunits

One-dimensional sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (1D SDS-PAGE) was performed to quantify gliadin and
glutenin subunits following the protocol described by Laemmli (1970).
Based on molecular weights or S contents, the gliadin was separated
into S-rich y-gliadins and a/f-gliadins, and S-poor w-gliadins. Similarly,
glutenin was separated into LMW-GS, namely, D-type, B-type, and C-
type, and HMW-GS (D’ovidio & Masci, 2004). Gels were prepared using
15% polyacrylamide gels (15% separating gels and 6.3% stacking gels)
with a 7 cm x 8.6 cm x 0.1 cm in a Bio-Rad Mini-PROTEAN Verti-
cal Electrophoresis Cell (Bio-Rad Laboratories, Hercules, USA). Each
gel was loaded with 3 ug gliadin and glutenin per slot, with 70 volts
for 120 min. A molecular weight standard (Rotimark 10-150, Roti-
Mark, Roth, Crailsheim, Germany) was used for comparison. Proteins
were fixed to the SDS-PAGE gels overnight using 40% ethanol and 10%
acetic acid. After that, gel staining was done using “PhastGelTM Blue
R” and then removed and stained with 10% acetic acid until the gel
background was transparent. After destaining, all gels were scanned
with an image scanner (Epson PerfectionV 700) at 300 dpi and 16
bits per pixel as TIF format. Gels were analyzed according to Wollmer
et al. (2018) with modifications. In this study, all bands were calculated
using Gel Analyzer 19a software. However, Gel lanes and bands were
detected automatically and selected manually. The raw volumes of all
bands in each lane were calculated with a different software than the
above-referenced workers and adjusted manually where needed. Rel-

ative percentage of each band was used to equalize the differences

between each staining. In this process, the sum of all band’s raw vol-
umes was set to 100% and used to calculate the percentage of each

band of a lane.

2.4 | Statistical analysis

The data were statistically analyzed by two-way ANOVA, and the sig-
nificance of differences among means was determined by Duncan’s
multiple range (DMR) test at p < 5%. The analytical software Statis-
tix 10 (Tallahassee, Florida, USA) was used to perform the statistical

analysis.

3 | RESULTS
3.1 | Plant growth and yield

The straw dry matter, thousand-grain weight, and grain yield of both
varieties were significantly affected by WL treatments (Figure 1).
WL-induced reduction in straw yield of Kredo was almost double
(32%/37%) that of Hyvento (18%/22%) under both WL treatments
(Figure 1A). Following the same trend, a significantly higher reduc-
tion in grain yield of Kredo (22%/44%) was recorded as compared to
Hyvento (16%/31%) with both EWL and LWL treatments (Figure 1B).
The reduction in grainyield was associated with thousand grain weight,
which also decreased in the same proportion (Figure 1C). However,
the negative effect of LWL on straw vyield, grain yield, and thousand
grain weight of both the varieties was markedly higher than the EWL
treatment (Figure 1A-C).

3.2 | Changes in soil sulfate and plant S
concentrations

The concentration of plant-available SO42~ in soil was significantly
reduced by WL treatments, causing a 51%-60% reduction in SO42

concentration in waterlogged soils compared to the control (Figure 2).
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TABLE 2 Nitrogen to sulfur (N/S) ratio in grains of hybrid (Kredo)
C‘\ Kredo and inbred (Hyvento) varieties of winter bread wheat grown under
2 a control (no waterlogging), early waterlogging (EWL), and late
g) 1504 L Hyvento waterlogging (LWL) treatments.
?E/ T a Treatment Kredo Hyvento
[0
‘g‘ 100 Control 14.28b 14.34b
‘O b EWL 19.40ab 17.94ab
N
<t
8 50 e LWL 21.21a 20.21ab
— Note: Data presented are the means + SD of four replicates. Different let-
(% ters indicate a significant difference from each other in all combinations
0 T T (Duncan’s multiple range test, p < 0.05).
Control WL Control WL

FIGURE 2 Effect of early waterlogging (EWL) and late
waterlogging (LWL) on soil sulphate content. Data are means of four
replicates. Error bars represent standard deviations. Data with
different letters are significantly different as measured by Duncan’s
multiple range (DMR) test (p < 0.05).

Accordingly, WL had a drastic effect on S contents in different parts
of waterlogged plants, collected immediately after the termination
of WL treatments and at maturity. The highest significant differences
were recorded in the younger leaves, showing reductions in S con-
centration by 47% and 50% in Kredo and 36% and 31% in Hyvento
with EWL and LWL treatments, respectively, compared to the control
(Figure 3A). Similarly, S concentration in the shoots decreased by
46% and 44% in Kredo and 27% and 37% in Hyvento under EWL and
LWL, respectively (Figure 3B). WL at both stages caused significant
changes in the S concentrations of grain and husk of both varieties.
Sulfur concentration in the grains of Kredo and Hyvento reduced by
29% and 25% under EWL and 42% and 30% under LWL, respectively
(Figure 4A). The highest reduction in S concentration was recorded
in the husk for Kredo (60%-65%) and Hyvento (50%-57%) under
both WL treatments (Figure 4C). Surprisingly, neither of the WL treat-
ments affected S concentration in the straw of Hyvento (Figure 4B).
In contrast, both WL treatments reduced S concentration in the
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o
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o
o
|

Control EWL
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straw of Kredo by 44% under EWL and 60% under LWL (Figure 4B).
Though the N/S ratio of grains between varieties was unaffected at
EWL, the N/S ratio of Kredo (inbred) significantly increased at LWL
(Table 2).

3.3 | Grain total protein and protein compositions

WL at both growth stages tended to decrease the total grain pro-
tein concentration of Kredo (9%-10%) and Hyvento (15%-19%)
(Figure 5A); however, the effect was significant only for Kredo with the
LWL treatment (Figure 5A). Among the storage proteins, the amount of
gliadin in Kredo was significantly reduced by both EWL (32%) and LWL
(23%), but it remained unaffected in Hyvento (Figure 5C). The glutenin
content in grains remained unchanged with EWL, but LWL significantly
increased the amount of glutenin in grains of both varieties (Figure 5B).
In Kredo, the ratio of gliadin to glutenin was reduced significantly by
35% and 38% compared with the control, respectively, whereas this
response was absent in Hyvento (Figure 5F).

Nine protein bands were detected for the gliadin fractions, and
their relative quantities were analyzed in both varieties. In Kredo,
both WL treatments significantly increased S-poor w-gliadins and
decreased S-rich y-gliadins compared to the control (Figure 5D).
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FIGURE 3 Effect of early waterlogging (EWL) and late waterlogging (LWL) on sulfur (S) concentration in younger leaves (A) and shoot (B) of
the inbred (Kredo) and hybrid (Hyvento) varieties of winter wheat. Data are means of four replicates. Error bars represent standard deviations.
Data with different letters are significantly different as measured by Duncan’s multiple range (DMR) test (p < 0.05).
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FIGURE 4 Effect of early waterlogging (EWL) and late waterlogging (LWL) on sulfur (S) concentration in postharvest grain (A), straw (B), and
husk (C) of the inbred (Kredo) and hybrid (Hyvento) varieties of winter wheat. Data are means of four replicates. Error bars represent standard
deviations. Data with different letters are significantly different as measured by Duncan’s multiple range (DMR) test (p < 0.05).

TABLE 3 Relative abundance (%) of high molecular weight
(HMW-GS) and subfractions (D-type, B-type, C-type) of LMW-GS
glutenin in grains of inbred (Kredo) and hybrid (Hyvento) varieties of
winter wheat grown under control (no waterlogging) early
waterlogging (EWL) and late waterlogging (LWL) treatments.

Kredo Hyvento

Subunit/type Control EWL LWL Control EWL LWL

HMW-GS 17.11de 21.25bc 23.15a 16.06e 17.66d  20.64c
D-type 13.67c  1590b 16.61b 20.60a 21.67a  21.16a
B-type 26.67a 22.54b 20.89c 18.49d 15.54e  14.92e
C-type 45.90ab 42.01cd 39.43d 46.48a 43.74abc 43.58abc

Note: Data presented are the means +SD of four replicates. Different let-
ters within a row indicate a significant difference from each other in all
combinations (Duncan’s multiple range test, p < 0.05).

However, these responses were not identified in the hybrid variety
Hyvento (Figure 5E).

For the glutenin subfractions, 13 bands were detected in Kredo,
and 12 bands were detected in Hyvento. In Kredo, S-low HMW-GS
increased by 25% and 36% under EWL and LWL, respectively. How-
ever, in Hyvento, HMW-GS increased only by 10% and 28% under
EWL and LWL, respectively (Table 3). Under EWL and LWL, there was
a statistically significant and similar drop in the relative abundance
of S-rich B-type LMW-GS subfraction both in Kredo (15% and 22%,
respectively) and in Hyvento (16% and 19%, respectively) (Table 3).
Nevertheless, the relative abundance of LMW-GS C-type subfraction
in Kredo was decreased by 8% and 14% in EWL and LWL, respectively
(Table 3). In contrast, Hyvento did not show a similar response under
either of the WL treatment (Table 3).

4 | DISCUSSIONS

Although many researchers have evaluated the effects of WL on

the growth, physiological behavior, and ionic homeostasis in different

crops, studies on the possible differences in WL tolerance between
hybrid and inbred wheat varieties and the underlying mechanisms
are lacking. To contribute to this platform, we evaluated the WL tol-
erance in two winter wheat varieties, a high-yielding inbred variety
(Kredo) and a commercial hybrid variety (Hyvento), on the basis of
growth, yield, yield quality as well as S uptake pattern. The present
study revealed high genotypic differences for WL tolerance, whereby
Hyvento (hybrid) wheat variety proved relatively tolerant to WL than
Kredo (inbred) variety. These observations agree with previous work
on other crops showing that hybrid varieties’ tolerance to different
abiotic stress is higher than inbred varieties (Adee, 2016; Carretero
et al., 2014; Collaku & Harrison, 2005; Unay & Simsek, 2020; Yildirim
et al., 2010). Other studies have shown that high-yielding wheat geno-
types are more affected by WL than lower yielding one because they
could not maintain high tillering and kernels per spike (Collaku & Har-
rison, 2002; Setter et al., 2003). However, in our study, the inbred
variety Kredo showed a higher reduction in grain yield than the hybrid
Hyvento, and the decline in yield was associated with a decrease in
kernel size. Likewise, Sharma et al. (2018) noted substantial genotypic
variation for grain yield and biomass under WL treatments. Compared
to EWL for both varieties, grain yield decreased drastically at LWL.
However, other published results also noted a substantially higher
reduction in grain yield (92%) of wheat exposed to WL at the Feekes
Stage 10.1 (de San Celedonio et al., 2014).

Our results showed that WL caused a significantly higher S decrease
in all plant tissues (younger leaves, shoot, straw, husk, and grains) of
the inbred variety Kredo than Hyvento (Figure 3). Moreover, the
reduction in S concentration in plant tissues was higher in the case of
EWL than in LWL treatment. Therefore, we assumed that WL induced
a higher reduction of S concentrations in Kredo that would have more
adversely affected the yield and grain quality than Hyvento. Similarly,
Singh et al. (2017) noticed that average leaf S concentration was
reduced by 61% relative to drained conditions, diminishing yield by
27%. Some other researchers also observed that S deficiency caused
yield losses of up to 55% (De Ruiter & Martin, 2001; Flaete et al., 2005;

Jarvan et al., 2008; Sahota, 2006). The decline in tissue S concentration
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FIGURE 5 Effectof early waterlogging (EWL) and late waterlogging (LWL) on grain protein concentration (%) (A), glutenin (mg g~ flour) (B),

gliadin (mg g1 flour) (C), gliadin/glutenin ratio (D), w-gliadin (%) (E), and y-gliadin (%) (F) of the inbred (Kredo) and hybrid (Hyvento) varieties of
winter wheat. Data are means of four replicates. Error bars represent standard deviations. Data with different letters are significantly different as

measured by Duncan’s multiple range (DMR) test (p < 0.05).

was associated with a 54%-65% decline in SO42- concentration in the
WL soils (Figure 2).

WoL-induced S deficiency in plants also affects the contents and
composition of crude grain protein (Jiang et al., 2009; Zorb et al.,
2009). Though recent studies demonstrate that WL affects the pro-
tein compositions, especially gliadin subunits of winter wheat varieties
(Wollmer et al., 2018), the comparative effect of WL on inbred and
hybrid varieties has not been studied so far. In this study, we observed
that the grain protein concentrations and the gliadin and glutenin sub-
fractions and their subunits pattern in the inbred variety Kredo were
more severely affected than the hybrid variety Hyvento in response to
EWL and LWL. Based on the criteria given by Randall et al. (1981), the

grains of both varieties produced under EWL and LWL regimes could be

classified as S deficient (S < 0.12%, N/S ratio > 17:1; Table 2). Accord-
ingly, we can infer that this S deprivation, in turn, was underpinned by
low grain gluten proteins as well as gliadin and glutenin subunits, thus,
increasing the relative pools of S-low/poor HMW-GS and w-gliadin.
Indeed, it has been indicated that S deficiency was correlated with a
significant increase in S-poor w-gliadins and S-low HMW-GS as well
as a substantial decrease in S-rich LMW-GS and y-gliadin (Anderson
et al., 1997; MacRitchie & Gupta, 1993; Moss et al., 1981; Shewry
et al.,, 2001; Wieser et al., 2004; Zhao et al., 1999). Thus, this statement
supports that WL negatively affected the S uptake, translocation, and
remobilization from shoots and roots, which affects yield and storage
proteins, because S is essential for the biosynthesis of wheat storage

proteins (Yu et al., 2021). Under such circumstances, a remarkable shift
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in grain storage protein composition is likely to occur because gliadins
and glutenins comprise S-containing amino acids in different propor-
tions (Shewry et al., 2000). A similar trend was reported under various
abiotic stresses (DuPont et al., 2006; Zérb et al., 2017). Accordingly,
gluten proteins and their subfractions were less affected in Hyvento
under WL due to the lesser reductions in S concentration in grains,
shoots, and leaves. We concluded that efficient uptake of S and its
utilization into different grain proteins have partially conferred WL
tolerance in hybrid winter wheat Hyvento.

5 | CONCLUSIONS

The results of this study proved that late water logging has more dras-
tic negative effects on S uptake, grain yield, and protein patterns of
both the varieties than early water logging. The hybrid variety Hyvento
proved to be more efficient in S uptake and its utilization in different
proteins than inbred variety Kredo. Moreover, unaffected total pro-
tein content and gliadin fractions in Hyvento under WL treatments,
leading to a higher proportion of S-rich LMW-GS and y-gliadin than
Kredo, imply that this variety is also efficient in S utilization in differ-
ent proteins. Thus, an efficient S uptake, its translocation to shoots,
and subsequent metabolization could be among the key mechanisms

conferring waterlogging tolerance in hybrid winter wheat.
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