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Global climate change is causing an increasing number of drought events, which
might impact the stability of wheat breadmaking quality. In this study, 73 spring
wheat lines with diverse genetic backgrounds (modern, old, and wheat–rye
introgression) were drought treated, and the grains were analyzed by high-
performance liquid chromatography for protein composition traits related to
breadmaking quality. The amount of total sodium dodecyl sulfate-extractable
and -unextractable proteins (TOTE, which correlates to grain protein content)
increased significantly under late drought, while no effect of early drought was
found on the analyzed protein composition traits. Under control treatment,
genotypes with 3R showed significantly higher TOTE than genotypes with 1R,
1RS, and 2R, indicating the potential role of 3R in increasing grain protein
concentration. The lower percentage of sodium dodecyl sulfate-unextractable
polymeric protein in the total polymeric protein (%UPP) found in 1R and 1RS
genotypes as compared to modern and old genotypes suggested a gluten
strength reduction induced by 1R and 1RS. Despite the negative yield–protein
correlation found in this study, lines 252 (3R), 253 (3R), and 258 (2R) displayed the
presence of germplasmwith both high yield and protein concentration. The %UPP
was found to be positively correlated to spike-size-related traits (grains per spike,
grain weight per spike, and spike length) across all three treatments. Additionally,
high and stable TOTE was mainly obtained in genotypes with 3R, while old
genotypes showed dominant performance in %UPP. Thus, genes responsible
for high and stable protein concentration and gluten strength should be
explicitly searched among introgression lines with chromosome 3R and old
Swedish cultivars, respectively.
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Abbreviations: C, control treatment; EDS, early drought treatment; LDS, late drought treatment; LPP,
large polymeric proteins; SPP, smaller polymeric protein; LMP, large monomeric protein; SMP, smaller
monomeric protein; TOTE, total SDS-extractable protein; TOTU, total SDS-unextractable protein; %UPP,
the percentage of SDS-unextractable polymeric protein in the total polymeric protein; %LargeUPP, the
percentage of large SDS-unextractable polymeric protein in the total large polymeric protein; %LUMP, the
percentage of large SDS-unextractable monomeric protein in the total large monomeric protein; Mon/
Pol, the ratio of total monomeric protein to the total polymeric protein; SNPP, spike number per plant;
SPL, spike length; PSPP, productive spikes per plant; TGW, 1000-grain weight; GPS, grains per spike;
GWPS, grain weight per spike; GWPP, grain weight per plant; and GPP, grains per plant.
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1 Introduction

With climate change, the global average temperature has
increased over the decades. It is predicted to increase even faster
in the future (Allen et al., 2019), thereby resulting in increased
frequency and length of droughts. Drought has been reported as the
major limiting factor to crop production as it significantly restricts
plant growth and impacts the physiological, biochemical,
morphological, and molecular characteristics of plants
(Gregorova et al., 2015; Chaudhry and Sidhu, 2022). Thus,
significant drought-induced yield losses have been reported from
different regions of the world (Fischer and Maurer, 1978; Giunta
et al., 1993; Senapati et al., 2019). Although grain yield is generally
considered the most important trait, the end-use quality of certain
crops is directly linked to processing efficiency, and drought-related
effects on such parameters are also of relevance (Li et al., 2013).

Wheat (Triticum aestivum) is one of the three major crops
worldwide and, thus, necessary in the human diet as a source of
calories and proteins (Shiferaw et al., 2013). The breadmaking
quality of wheat is an essential end-use character, which has been
found to be highly correlated to protein composition (Branlard and
Dardevet, 1985; Payne et al., 1987; Park et al., 2006). Proteins present
in the wheat grain are divided into albumins, globulins, gliadins, and
glutenins based on their solubility (Osborne, 1907). The gliadins and
glutenins, also determined as gluten proteins, comprise 85% of the
wheat grain proteins. The gluten proteins form polymers and
monomers in the wheat grain (Markgren et al., 2020), which are
reformed and rearranged during processing (Johansson et al., 2013).
The specific distribution of polymeric and monomeric proteins
determines the flour properties, including breadmaking quality
(Gupta et al., 1993; Gupta et al., 1996; Zhang et al., 2008;
Johansson et al., 2013). In addition, the polymerization behavior
of the proteins is known to affect the breadmaking quality; e.g., the
unextractable polymeric protein in total polymeric protein (%UPP)
correlates positively with gluten strength (Gupta et al., 1993; Jia et al.,
1996), while the total amount of SDS-extractable proteins (TOTE)
correlates positively with the grain protein content (Johansson et al.,
2013). Therefore, %UPP and TOTE are the two main protein
parameters determining the end-use quality of the wheat grain.

Wheat protein composition is a grain quality property that
varies among genotypes with different genetic backgrounds
(Shewry et al., 1994; Veraverbeke and Delcour, 2002; Johansson
et al., 2013). Compared to modern wheat, old wheat has a higher
ratio of gliadins to glutenins, which contributes to weaker gluten,
being less suitable for modern bread-baking processes (Desheva
et al., 2014; Geisslitz et al., 2019). The introgression of the rye
chromosome 1RS to the wheat genome has, in several previous
studies, been reported to reduce the breadmaking quality by
producing dough with unusually high stickiness and low strength
(Dhaliwal et al., 1987; Graybosch et al., 1993; Fenn et al., 1994), even
though the introgression of 1RS brought improvements in yield and
disease resistance (Kim et al., 2004; Purnhauser et al., 2011; Ren
et al., 2018).

In addition, environmental factors such as temperature,
nitrogen, and soil moisture have been reported to contribute to
differences in protein concentration and composition (Graybosch
et al., 1995; Johansson et al., 2013; Rozbicki et al., 2015). Both grain
protein concentration and bread loaf volume have been reported to

increase under drought treatment (Kimball et al., 2001; Guzmán
et al., 2016), while increases in %UPP and TOTE were noted under
drought at the heading stage (Leiva et al., 2021). Furthermore,
prolonged heat and drought in 2018 resulted in an increase in %
UPP, though with a decrease in protein content, compared to the
data from 2017 in Sweden (Lama, 2023). Differences in gluten
strength were found as a result of variations in precipitation and
temperature during the crop season (Johansson et al., 2020;
Mkhabela et al., 2022). Although several observations have been
made evaluating the effects of drought on wheat gluten, more studies
are urgently needed to deepen our understanding of the relationship
between yield performance, protein composition and drought stress
in the context of fast global climate change.

The present study aimed to evaluate the effects of early and late
drought on protein content and composition in a wide variety of
spring wheat genotypes. Changes in different protein parameters
were related to the diverse genetic background of the wheat
evaluated, i.e., the modern, old, and wheat–rye introgression
lines. Furthermore, previously obtained yield data were included
in this study to establish the connection between drought effects on
grain yield and quality. This entire study was designed based on the
hypothesis that genes from different genetic sources impact baking
quality performance under drought stress.

2 Materials and methods

2.1 Plant materials

A total of 73 spring wheat (T. aestivum L.) genotypes with a wide
genetic background (Lan et al., 2022) consisting of 9 modern wheat
cultivars and breeding lines received from the breeding company
Lantmännen, 14 Swedish old cultivars released between 1928 and
1990 (Johansson et al., 2021), and 50 wheat-alien introgression lines
(Merker, 1984) with rye chromosomes 1R, 2R, 3R, 4R, 5R, 6R, and
Leymus racemosus (wild rye) chromosome N in the form of
translocation and substitution (Rahmatov, 2016) were used in this study.

2.2 Growing conditions and drought
treatments

All grain samples were collected from an experiment carried out
in 2020 under strictly controlled conditions in the Biotron facility at
the Swedish University of Agricultural Sciences, Alnarp, Sweden, as
has previously been described (Lan et al., 2022). Thus, the hourly
regulated temperature and humidity were set according to the mean
climate data of Malmö, Sweden, from 2010–2019, obtained from the
Swedish Meteorological and Hydrological Institute (SMHI). Three
growing conditions were implemented for all the genotypes,
i.e., standard growing conditions used as a control (C) where
plants were watered every second day throughout the
experiment, early drought stress (EDS) growing conditions where
a 28-day water withholding was imposed from 30 days after
planting, and late drought stress (LDS) growing conditions where
a 14-day water withholding was imposed from 60 days after
planting. Details of the temperature, humidity, and treatments
for the present study are as previously described by Lan et al. (2022).
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2.3 Grain protein content

The protein content of flour samples (73 × 3 biological
replicates) harvested from the control condition was determined

using the elemental particle analyzer method (EPA, Flash
2000 Elemental Analyzer, Thermo Scientific). A conversion factor
of 5.7 was used to convert the nitrogen content into protein content
(Mosse, 1990).

FIGURE 1
Example (introgression genotype 256, chromosome: 3R) of SE-HPLC chromatograms of (A) SDS-extractable and (B) SDS-unextractable gluten
proteins under different treatments. Chromatograms were divided into four sections representing large polymeric proteins, smaller polymeric proteins,
large monomeric proteins, and smaller monomeric proteins. The area of each section under the chromatograms represents the amount of the
corresponding protein fraction. AU, absorbance unit of the UV detector.
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2.4 Size-exclusion HPLC

For each genotype (total of 73), spikes of three biological
replicates for each growing condition were sampled, resulting in
a total of 657 samples. After threshing, the husked grains of each
genotype were milled to flour for 30 s by using a laboratory mill
(Mixer Mill 400 MM, RETSCH) to obtain the whole-grain flour
samples.

Extraction of proteins was carried out on two technical replicates
of each of the 657 whole-grain flour samples, following a previously
developed two-step protocol (Gupta et al., 1993) with minor
modifications. In the first step, 16.5 mg of each flour sample was
used to extract proteins with 1.4 ml of 0.5% SDS-phosphate buffer
(pH 6.9). The samples were subjected to 10 s of vortexing (VOTEX-
GENIE 2, Scientific Industries) followed by 5 min of stirring
(VIBRAX, VXR basic, IKA) at 2,000 rpm and centrifugation
(LEGEND MICRO 17, Thermo Scientific) for 30 min at
10,000 rpm. According to the work of Larroque et al. (2000), the
supernatant was subjected to a 2 min water bath at 80°C (SUB Aqua
Pro, Grant) to avoid degradation of polymeric proteins by
deactivating the enzyme protease followed by a 2 min ice-water
bath to cool the supernatant down to a suitable status for SE-HPLC.
In the second step, 1.4 ml of 0.5% SDS-phosphate buffer (pH 6.9)
was added to each of the residual pellet from the first extraction,
which were then subjected to sonication for 45 s in an ultrasonic
disintegrator (Soniprep 150, Tamro, Mölndal, Sweden) with a 3 mm
exponential microtip at an amplitude of 5 µm. After sonication, all
the samples were centrifuged for 30 min at 10,000 rpm, the
supernatant of each sample was collected, and following the work
of Larroque et al. (2000), it was treated for 2 min at 80°C and then in
an ice-water bath.

All samples (total 2628) from the two-step extraction procedure
were loaded onto a Waters (Milford, MA, United States) HPLC
system with a BioSep SEC-4000 Phenomenex column. Each sample
was separated according to molecular size distribution under
30 min, and the proteins were detected by using a diode array
detector at a UV absorbance of 210 nm.

The results of SE-HPLC were output in the form of two
chromatograms (Figures 1A, B), one from the first extraction and
one from the second extraction. The wheat proteins consist of
gliadins, which are monomeric in their native form, and
glutenins, which are polymeric in their native form (Markgren
et al., 2020). However, during any kind of processing, cross-links
are broken and reformed among the proteins, which results in
gliadins being trapped (Johansson et al., 2013) or cross-linked
through disulfide, peptide, or lanthionine bonds or through
hydrophobic clustering into the polymer (Markgren et al., 2022).
Extraction of the proteins using SDS-phosphate buffer for the first
step and sonication for the second step is also known to not break all
of the disulfide bonds of the polymers (Johansson et al., 2013).
Therefore, both of the chromatograms visualized the presence of
both polymeric and monomeric proteins of various sizes, which has
previously been described in various studies (Gupta et al., 1993;
Johansson et al., 2013). Therefore, both chromatograms of each
sample were divided into four sections according to molecular size,
namely, large polymeric proteins (LPP), smaller polymeric proteins
(SPP), large monomeric proteins (LMP), and smaller monomeric
proteins (SMP). The relative amounts of these four types of proteins

were calculated based on areas covered by the absorbance curve
(Malik, 2012). Six protein parameters (Malik, 2012), including total
SDS-extractable protein, total SDS-unextractable protein (TOTU),
the percentage of SDS-unextractable polymeric protein in the total
polymeric protein (%UPP), the percentage of large SDS-
unextractable polymeric protein in the total large polymeric
protein (%LargeUPP), the percentage of large SDS-unextractable
monomeric protein in the total large monomeric protein (%LUMP),
and the ratio of total monomeric protein to the total polymeric
protein (Mon/Pol), were calculated as follows:

TOTE � eLPP + eSPP + eLMP + eSMP,

TOTU � uLPP + uSPP + uLMP + uSMP,

%UPP� uLPP+uSPP( )× 100/ eLPP+ eSPP+uLPP+uSPP( ),
%LargeUPP � uLPP × 100 / eLPP + uLPP( ),

%LUMP � uLMP × 100 / eLMP + uLMP( ),
Mon/Pol � eLMP + eSMP + uLMP + uSMP( )

/ eLPP + eSPP + uLPP + uSPP( ).
Here, ‘e’ and ‘u’ represent SDS-extractable and SDS-

unextractable proteins, respectively. Based on previous results,
TOTE was used in the present study as an indicator of grain
protein content, and similarly, %UPP was used as an indicator of
gluten strength (Malik, 2012). To verify the strong correlation
between TOTE and grain protein content, a correlation analysis
between the two parameters was carried out as shown in the
appendix (Supplementary Figure S1).

2.5 Plant physiological yield traits

Yield-related traits obtained from the physiological
development of the plant, such as spike length (SPL), spike
number per plant (SNPP), productive spikes per plant (PSPP),
1000-grain weight (TGW), grains per spike (GPS), grain weight
per spike (GWPS), grain weight per plant (GWPP), and grains per
plant (GPP), were reported in a previous study (Lan et al., 2022).
Here, we evaluated the relationship between these yield traits and the
grain protein content and composition obtained from the
aforementioned HPLC analyses.

2.6 Data analysis

All the statistical analyses were carried out using the software
RStudio (Team, 2015). A two-way analysis of variance (ANOVA)
was conducted for each protein parameter to detect significant
variations between treatments and among genotypes. A mean
comparison was performed to verify the significant differences
between treatments pairwise and compare different genotype
groups (modern, old, 1R, 1RS, 2R, and 3R) using the LSD post
hoc test with the R package “agricolae.” Pearson’s correlation
coefficients between the six protein composition traits and eight
previously obtained yield traits, i.e., SPL, SPP, PSPP, TGW, GPS,
GWPS, GWPP, and GPP (Lan et al., 2022), were calculated and
visualized using R packages “Hmisc” and “corrplot,” respectively.
Principal component analysis (PCA) was computed and visualized
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using the R package “ggfortify” to further study the relationship
among different traits and treatments. The harmonic mean of
genotypic values (HMGV), relative performance of genotypic
values (RPGV), and harmonic mean of relative performance of
genotypic values (HMRPGV) were computed based on the best
linear unbiased prediction (BLUP) using the R package ‘metan’ to
rank genotypes with the highest TOTE and %UPP stability. The
additive main effects and multiplicative interaction (AMMI) was
performed using the R package ‘metan’ to study the TOTE and %
UPP stability of genotypes across treatments.

3 Results

3.1 Effect of drought stresses on protein
fractions

The grain protein content of the C samples varied between 8%
and 15% (Supplementary Table S2) and was found to significantly
and strongly correlate with TOTE (Supplementary Figure S1).
Therefore, the TOTE values were used to evaluate the effects of
drought on grain protein content. The ANOVA showed a significant
effect of drought stress on three of the studied protein parameters,

i.e., TOTE, TOTU, and Mon/Pol (Supplementary Table S2).
Significantly higher TOTE and TOTU levels were obtained for
LDS than C plants (C: 1.32 × 108, LDS: 2.33 × 108 and C: 3.2 ×
107, LDS: 5.5 × 107, respectively; Supplementary Table S3). Drought
stress at different stages affected the mean of the six protein
composition traits evaluated (TOTE, TOTU, %UPP, %LargeUPP,
%LUMP, and Mon/Pol) differently among the genotype groups
(modern, old, 1R, 1RS, 2R, and 3R; Figure 2; Supplementary Figure
S2). Thus, both TOTE and TOTU were significantly higher in all the
six genotype groups under LDS as compared to C (Figure 2A, B),
and only two genotype groups (modern and old) showed a
significantly lower Mon/Pol under LDS than C (Figure 2D). For
%UPP, %LargeUPP, and %LUMP, no significant effects of drought
treatments were noted among treatments, although significant
differences were found among genotype groups (Figure 2C;
Supplementary Figure S2).

A significantly higher TOTU was found for old genotypes than
for modern genotypes under C (modern: 2.72 × 107; old: 3.61× 107),
while a higher %LargeUPP was found for modern than old
genotypes under EDS (modern: 48.03; old: 42.53) (Figure 2B;
Supplementary Figure S2A). For the introgression genotypes, the
3R genotypes showed a significantly higher TOTE compared to 1R,
1RS, and 2R under C (Figure 2A). Furthermore, 1RS genotypes

FIGURE 2
Mean (A) total SDS-extractable proteins, (B) total SDS-unextractable proteins, and (C) the percentage of SDS-unextractable polymeric proteins in
the total polymeric proteins; (D) the ratio of total monomeric proteins to the total polymeric proteins of each genotype group under control, early
drought, and late drought treatments. Modern = approved cultivars and breeding lines received from company Lantmännen. Old = cultivars released
from 1928 to 1990. 1R = introgressions of chromosome 1R. 1RS = introgressions of chromosome 1RS. 2R = introgressions of chromosome 2R. 3R =
introgressions of chromosome 3R. Means of the same genotype group between treatments marked by the same capital letters do not differ significantly.
Means between different genotype groups within each treatment marked by the same lower letters do not differ significantly (LSD post hoc test at
p < 0.05).
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showed a lower TOTU than 1R genotypes under EDS (Figure 2B).
The 1R showed a higher %LUMP than 1RS under LDS
(Supplementary Figure S2B). Significantly, the highest Mon/Pol
was found for 1RS under all three treatments, and 1R genotypes
showed a higher value than 2R genotypes (Figure 2D).

3.2 Relationships among treatments, protein
composition, and yield traits

The PCA combining six protein composition traits (TOTE,
TOTU, %UPP, %LargeUPP, %LUMP, and Mon/Pol) and eight
previously obtained yield traits (SPL, SNPP, PSPP, TGW, GPS,
GWPS, GWPP, and GPP) divided the samples based on drought
treatment along the first principal component (PC1) axis,
explaining 40.2% of the variation (Figure 3). Thus, C samples
were located with negative values on the PC1, where the yield-
related traits were found, indicating generally high values of these
traits on the C samples. The LDS samples were found with basically
positive values on the PC1, which also was the case for TOTE,
indicating high grain protein concentration in the LDS samples.

The second principal component (PC2), explaining 24.6% of the
variation, generally differentiated the samples in relation to gluten-
strength-related parameters (%UPP, %LargeUPP, %LUMP, and
Mon/Pol), with a clear negative relationship between Mon/Pol
versus %UPP, %LargeUPP, and %LUMP (Figure 3). Samples of all
three treatments were differentiated along the PC2, thus indicating
a variation in gluten strength in the plant material used
independent of drought treatment.

3.3 Relationships between protein and yield
traits

This study showed several significant correlations among the six
protein composition traits (TOTE, TOTU, %UPP, %LargeUPP, %
LUMP, and Mon/Pol) and eight yield traits, including three spike
parameters (SPL, SNPP, and PSPP) and five grain-yield components
(TGW, GPS, GWPS, GWPP, and GPP) under different treatments.
A significantly negative correlation between TOTE and %UPP was
noted and retained under C (−0.42***), EDS (−0.37**), and LDS
(−0.49***; Figure 4).

FIGURE 3
Biplot of principal component analysis for protein composition traits, total SDS-extractable proteins, total SDS-unextractable proteins, the
percentage of SDS-unextractable polymeric proteins in the total polymeric proteins, the percentage of large SDS-unextractable polymeric proteins in the
total large polymeric proteins, the percentage of large SDS-unextractable monomeric proteins in the total large monomeric proteins, the ratio of total
monomeric proteins to the total polymeric proteins and yield traits, spike length, spike number per plant, productive spikes per plant, 1000-grain
weight, grains per spike, grain weight per spike, grain weight per plant, and grains per plant of genotypes studied under control, early drought stress, and
late drought stress.
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In the control group (C), two protein traits (TOTE and TOTU)
correlated significantly and positively with the spike length (SPL);
meanwhile, correlations between protein traits and grain yield traits
were mainly lacking (Figure 4A). For the EDS and LDS plants, a
higher number (than for C plants) of significant relationships were
found among protein parameters and yield traits. Thus, several of
the protein parameters (TOTU, %UPP, %LargeUPP, and %LUMP)
correlated significantly and positively with SPL, but TOTE and
Mon/Pol correlated significantly and negatively with grain yield
components (Figures 4B, C).

3.4 Genotypes with the highest and lowest
10% of TOTE

The 10% genotypes with the highest and lowest TOTE showed
values of 1.69–2.06 × 108 and 0.90–1.03 × 108 under C, 1.73–1.99 × 108

and 1.13–1.19 × 108 under EDS, and 3.27–3.94 × 108 and 1.33–1.63 ×
108 under LDS, respectively (Table 1). The 10% genotypes with the
highest TOTE were represented by wheat–rye introgression genotypes
across three treatments, except for one modern and one old genotype
appearing in LDS. In contrast, primarily modern and old genotypes
were found among the 10% of the genotypes with the lowest TOTE
under C and EDS, respectively.

A PCA comparing the effect of eight previously obtained yield
components (SPL, SNPP, PSPP, TGW, GPS, GWPS, GWPP, and
GPP) on the 10% genotypes with the highest and lowest TOTE
clearly showed the impact of the yield components on the grain
protein concentration (TOTE) for all treatments (Figure 5). High-
yield components were related to low TOTE for both the C
treatment (Figure 5A) and the EDS (Figure 5B) and LDS
(Figure 5C). However, a few genotypes, 252 (3R), 253 (3R), and
specifically, 258 (2R), were found with both high values on the yield
components and high TOTE under the C treatment (Figure 5B).

3.5 Genotypes with the highest and lowest
%UPP

The 10% genotypes with the highest and lowest %UPP showed
values of 45.29%–57.79% and 12.24%–23.29% under C, 44.65%–
55.29% and 15.05%–23.64% under EDS, and 45.01%–59.41% and
15.39%–22.53% under LDS, respectively (Table 2). The old
genotypes were found to dominate the 10% genotypes with the
highest %UPP while 1R and 1RS genotypes dominated the 10%
genotypes with the lowest %UPP, in both cases, across all three
treatments.

A PCA comparing the effect of eight yield components (SPL,
SNPP, PSPP, TGW, GPS, GWPS, GWPP, and GPP) on the 10%
genotypes with the highest and lowest %UPP showed a clear
impact of spike characters (GPS—grains per spike, GWPS—grain
weight per spike, and SPL—spike length) on %UPP, independent
of treatment (Figures 6A–C). Thus, in principle, a higher protein
polymerization is obtained with increased spike size.

Under LDS, additional yield components were found related to
the 10% genotypes with the highest %UPP (Figure 6C). However,
this relationship might be partly a result of the strong negative
correlation between grain yield components (GWPS, GWPP, and
GPP) and grain protein concentration (TOTE) and between grain
protein concentration (TOTE) and gluten strength (%UPP)
under LDS.

3.6 Genotypes with the highest stability and
adaptability of TOTE and %UPP

The 10% most stable and adaptable genotypes in TOTE showed
the harmonic mean of genotypic value of 1.91–2.12 × 108, the
relative performance of genotypic value of 1.18–1.32, and the
harmonic mean of relative performance of genotypic value of

FIGURE 4
Correlation among protein composition traits and previously studied yield traits, total SDS-extractable proteins, total SDS-unextractable proteins,
the percentage of SDS-unextractable polymeric protein in the total polymeric protein, the percentage of large SDS-unextractable polymeric protein in
the total large polymeric protein, the percentage of large SDS-unextractable monomeric protein in the total large monomeric protein, the ratio of total
monomeric proteins to the total polymeric proteins, spike length, spike number per plant, productive spikes per plant, 1000-grain weight, grains per
spike, grain weight per spike, grain weight per plant, and grains per plant under (A) control (C), (B) early drought, and (C) late drought stress. The
significance level for Pearson’s correlation coefficient was indicated by ***: p < 0.001, **: p < 0.01, and *: p < 0.05.
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TABLE 1 10% genotypes with the highest and lowest grain TOTE under control, early drought stress, and late drought stress treatments.

Treatment Highest 10%
genotype

Genetic
background

TOTE
(108)

Lowest 10%
genotype

Genetic
background

TOTE
(108)

C

260 NA 2.06 225 1R 0.90

253 3R 1.99 274 Modern 0.98

266 3RS 1.98 196 Old 1.00

252 3R 1.72 273 Modern 1.02

258 2R 1.71 281 Modern 1.02

263 (2) 1R+6R 1.69 271 2R 1.03

262 5R 1.69 277 Modern 1.03

EDS

253 3R 1.99 207 Old 1.13

252 3R 1.87 225 1R 1.13

224 1R 1.83 204 Old 1.14

221 1R 1.82 208 Old 1.17

258 2R 1.81 212 1R 1.18

263 5R 1.79 197 Old 1.18

260 NA 1.73 223 1R 1.19

LDS

257 3R 3.94 265 3RS 1.33

209 Old 3.82 273 Modern 1.34

245 2R 3.58 268 NN 1.37

277 Modern 3.42 281 Modern 1.56

235 1RS 3.39 266 3RS 1.58

250 3R 3.35 225 1R 1.59

260 NA 3.27 270 2R 1.63

FIGURE 5
Principal component analysis for yield components, spike length, spike number per plant, productive spikes per plant, 1000-grain weight, grains per
spike, grain weight per spike, grain weight per plant, and grains per plant of genotypes with the highest 10% (highest) and lowest 10% (lowest) TOTE under
(A) control (C), (B) early drought, and (C) late drought stress.
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TABLE 2 10% genotypes with the highest and lowest %UPP under control, early drought stress, and late drought stress treatments.

Treatment Highest 10%
genotype

Genetic
background

%
UPP (%)

Lowest 10%
genotype

Genetic
background

%
UPP (%)

C

225 1R 57.79 223 1R 12.24

206 Old 49.54 221 1R 21.78

205 Old 48.56 260 NA 22.00

248 3R 46.68 267 1RS 22.60

202 Old 46.27 198 Old 22.65

207 Old 46.15 229 1RS 23.15

200 Old 45.29 222 1R 23.29

EDS

225 1R 55.29 223 1R 15.05

206 Old 50.74 198 Old 21.14

212 1R 49.66 263 (2) 1R+6R 22.05

205 Old 49.24 221 1R 22.81

200 Old 46.25 267 1RS 23.11

279 Modern 45.49 222 1R 23.50

248 3R 44.65 224 1R 23.64

LDS

225 1R 59.41 257 3R 15.39

206 Old 48.90 260 NA 18.44

248 3R 46.39 220 1R 18.66

204 Old 46.02 223 1R 19.06

205 Old 45.84 198 Old 19.65

281 Modern 45.62 235 1RS 21.19

215 1R 45.01 245 2R 22.53

FIGURE 6
Principal component analysis for yield components, spike length, spike number per plant, productive spikes per plant, 1000-grain weight, grains per
spike, grain weight per spike, grain weight per plant, and grains per plant of genotypes with the highest 10% (highest) and lowest 10% (lowest) %UPP under
(A) control (C), (B) early drought, and (C) late drought stress.
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1.16–1.31. Meanwhile, the 10% most stable and adaptable %UPP
ranged from 43.44%–56.86% in HMGV, 1.21–1.58 in RPGV, and
1.21–1.58 in HMRPGV (Table 3).

Genotype 260, also identified as the highest in Table 1 under C,
showed the most stable grain protein concentration (TOTE)
performance simultaneously with the highest HMGV (2.12 × 108),

TABLE 3 10% genotypes with the highest, most stable, and most adaptable TOTE and %UPP based on BLUP indexes including the harmonic mean of genotypic
values indicating stability, the relative performance of genotypic values indicating adaptability to drought stress, and the harmonic mean of the relative
performance of genotypic values indicating stability and adaptability simultaneously.

Highest 10% genotype Genetic background HMGV (TOTE: 108, %UPP: %) RPGV HMRPGV

TOTE

260 NA 2.12 1.32 1.31

253 3R 2.12 1.30 1.29

257 3R 1.92 1.27 1.24

250 3R 1.91 1.23 1.22

258 2R 1.94 1.20 1.20

245 2R 1.84 1.21 1.19

252 3R 1.91 1.18 1.16

%UPP

225 1R 56.86 1.58 1.58

206 Old 49.33 1.37 1.37

205 Old 47.51 1.32 1.32

248 3R 45.61 1.27 1.27

202 Old 43.92 1.22 1.22

204 Old 43.57 1.21 1.21

207 Old 43.44 1.21 1.21

FIGURE 7
Additive main effects and multiplicative interaction biplots showing (A) TOTE (108) and (B) %UPP (%) versus the first principal component score of
73 genotypes and three growing conditions including control (abbreviated as C), early drought stress (EDS), and late drought stress (LDS). Genotypes
located closer to the horizontal axis (score 0 on PC1) had relatively higher stability in TOTE and %UPP across three growing conditions.
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RPGV (1.32), and HMRPGV (1.31). Genotype 225, also identified as
the highest in Table 2 under C, EDS, and LDS, showed the most stable
gluten strength (%UPP) simultaneously with the highest HMGV
(56.86%), RPGV (1.58), and HMRPGV (1.58; Table 3). Genotypes
with chromosome 3R (253, 257, 250, and 252) and old genotypes (206,
205, 202, 204, and 207) outnumbered other genotype groups among the
10% most stable TOTE and %UPP genotypes, respectively (Table 3).

The additive main effects and multiplicative interaction
identified the strongest interaction force under LDS due to its
longest vector, and C and EDS showed similar interaction forces
with genotypes for both TOTE and %UPP (Figure 7). The highest
and most stable TOTE was found in genotype 260 (NA), followed by
253 (3R), 258 (2R), 203 (old), and 224 (1R), with relatively high and
stable values of TOTE (Figure 7A). Meanwhile, the highest and most
stable %UPP was found in genotype 225 (1R), followed mainly by
old genotypes 206 (old), 205 (old), 248 (3R), and 202 (old), with
relatively high and stable values of %UPP (Figure 7B).

4 Discussion

The present study clearly showed the importance of the sources
of wheat germplasm for the performance in terms of grain protein
composition under drought stress. Genotypes containing 3R were
well represented with high TOTE both during control conditions
and at EDS and LDS. Thus, these genotypes were also found stable
for TOTE over optimal and drought conditions at various stages of
wheat development. A high %UPP was found in some of the old
genotypes at control conditions and also at EDS and LDS, which
resulted in the highest stability for some of the old genotypes across
control and drought conditions. However, part of the variations in
grain protein concentration (TOTE) was related to yield differences
among the genotypes, and also, a correlation prevailed between
gluten strength (%UPP) and some of the plant physiological
parameters. Thus, when searching for genotypes with high
stability across environments in quality traits, the relationship
resulting in decreases in yield has to be taken into consideration.
However, the 3R genotypes of the present study have previously
been shown with a high yield at EDS, indicating that a reduction in
yield is not the major explanation for the high grain protein
concentration in these genotypes.

The significantly higher grain protein content, measured as
TOTE, in 3R genotypes than in 1R, 1RS, 2R, modern, and old
genotypes under C, indicated the presence of genes in 3R that
contribute to high grain protein concentration. The low TOTE in
modern wheat may be attributed to a high yield performance of
these genotypes, with a high transfer of starch to the grains, thereby
diluting the protein content. Unlike modern wheat, known to have
high and stable yield performance as a result of yield-oriented
breeding programs, the introgressed wheat lines have been
developed attempting to introduce resistance genes from wild or
distant relatives to wheat. Several successful transfers of rye genes
have been reported, which contribute to disease resistance in
adapted wheat cultivars (Friebe et al., 1996; Rahmatov, 2016;
Crespo-Herrera et al., 2017). The chromosome 3R has been
reported to increase stem rust resistance (Miller, 1984; Rahmatov,
2016), tolerance to early drought (Lan et al., 2022), and aluminum
(Salvador-Moreno et al., 2018) in wheat. However, there is no report

about the effect of 3R on breadmaking quality. In addition, studies
on the contribution of 3R in breeding are fewer than those on other
rye chromosome transfers, such as from 1R. The lack of studies on
3Rmay be attributed to its poor transmission rate (25.0%) compared
to 1R (51.6%) and 2R (51.6%) while performing backcrossing (Li
et al., 2018). In addition to contributing to high TOTE at control
conditions, 3R was also found to contribute to stability in TOTE
across drought environments, as demonstrated by the BLUP-based
values of HMGV, RPGV, and HMRPGV. Thus, three wheat–rye
introgression genotypes (252, 253, and 258) were found with both
high TOTE and yield, as well as with high stability of TOTE across
drought environments. Furthermore, the results of AMMI
confirmed the high and stable TOTE of 253 and 258, and it also
identified the strongest genotype × environment interaction in LDS.
As our results demonstrated a significantly higher grain protein
concentration with 3R than other rye chromosomes (1R, 1RS, and
2R) and genetic backgrounds (modern and old), and also stability
across environments, without a reduction in yield, studies should be
performed to identify the genes behind these characteristics and to
further explore the effect of 3R on wheat grain quality.

The negative relationship between TOTE and yield traits
identified in a correlation analysis was further confirmed by a
PCA evaluating the impact of yield components on the highest
and lowest TOTE. Across all three treatments, a high yield was
mainly associated with the 10% genotypes with the lowest TOTE. A
negative yield–protein relationship in wheat has been reported by a
range of studies (Kibite and Evans, 1984; Simmonds, 1995; Feil,
1997; Cooper et al., 2001) and has long been viewed as the main
difficulty in developing cultivars with both high protein content and
yield (Blackman and Payne, 1987). Both grain yield and protein
concentration of wheat have been reported as highly prone to
genotype × environment interactions (Oury et al., 2003; Asseng
and Turner, 2007). However, grain protein concentration and grain
yield have been assigned as separate characters governed by different
genes. Instead, this negative yield–protein correlation is attributed to
the fact that grain yield is closely related to the starch content in the
grain (Bhullar and Jenner, 1985; Hakim et al., 2012). Thus, a
decrease in grain starch content results in a reduction in yield,
and if not, protein accumulation is impacted in a higher grain
protein concentration. In this study, three of the top 10% TOTE
genotypes were found with high yield components, i.e., 252 (3R)
with a relatively high number of spikes (SNPP and PSPP), 253 (3R)
with large grain size (TGW), and 258 (2R) with both high grain
number (GPS) and grain weight (GWPP). The fact that the yield
components responsible for the high yield despite high TOTE varied
among the three genotypes identifies different genetic-based
potential breeding solutions for a combination of high yield and
high protein concentration in the same genotype. Thus, the genetic
backgrounds for these phenotypic characteristics require further
investigation.

All genotypic and environmental characters impacting plant
development, e.g., days to heading and days to anthesis, have, in
previous studies, been shown to affect %UPP and, thereby, gluten
strength and breadmaking quality (Malik, 2012; Johansson et al.,
2013; Johansson et al., 2020). Thus, factors such as nitrogen regimes
and temperature have been shown largely impacting protein
polymerization and gluten strength (Johansson et al., 2013;
Gagliardi et al., 2020). However, the drought conditions used in

Frontiers in Food Science and Technology frontiersin.org11

Lan et al. 10.3389/frfst.2023.1163412

https://www.frontiersin.org/journals/food-science-and-technology
https://www.frontiersin.org
https://doi.org/10.3389/frfst.2023.1163412


the present study have previously been shown not to significantly
alter the days to heading or days to anthesis (Lan et al., 2022). These
findings correspond well with the fact that no significant differences
in %UPP were found among C and the drought treatments EDS and
LDS used here. However, despite no general effect of drought on %
UPP being noted, significant variations were found for genotype
groups. Thus, 1R genotypes showed a significantly lower %UPP than
old genotypes under C, andmoreover, the %UPP of both 1R and 1RS
was significantly lower than that of both modern and old genotypes
under EDS, verifying 1R and 1RS, contributing to a decreased gluten
strength, as has been described in previous studies (Graybosch et al.,
1993; Fenn et al., 1994). The 1B chromosome, substituted to 1R, is
known to contain genes for gluten proteins important for gluten
strength, and the secalins that the 1R adds cannot contribute similar
properties (Josephides et al., 1987; Graybosch et al., 1993). The
significantly higher Mon/Pol found in 1RS than in 1R, 2R, and 3R, as
well as modern and old genotypes in the present study, also indicates
the issue with less polymerization of the proteins related to the
substitution of gluten genes in 1B with secalin genes in 1R. This
increased Mon/Pol from 1RS obtained across all three treatments
further suggested that genes on the short arm of 1R played a major
role in forming weak and sticky dough as these quality defects were
independent of environments. Despite the negative effects on
breadmaking quality brought by 1RS, it is still one of the most
widely used sources of alien genes for wheat breeding due to several
traits being improved with the successful introgression of 1RS,
especially disease resistance, such as yellow rust (Yang et al.,
2016), stem rust (Mago et al., 2002), leaf rust (Hsam et al., 2000),
and powdery mildew (Mohler et al., 2001). Furthermore, 1RS was
also reported to increase root length (Lan et al., 2022), drought
tolerance (Ludlow and Muchow, 1990), and final yield (Ren et al.,
2018).

Regarding genotypes with the highest and lowest 10% %UPP,
old genotypes and 1R (including 1RS) dominated the highest and
lowest %UPP ranking, respectively, which implied high gluten
strength in old Swedish cultivars and further confirmed the poor
breadmaking quality brought by 1R and 1RS, as discussed above.
Among different yield components, GPS, GWPS, and SPL were
found to relate to high %UPP across the three treatments, indicating
the association between increased spike size and high gluten
strength. Previous studies have reported a positive correlation
between grain weight and gluten strength measured by
mixograph peak height (Tahir et al., 2006) and a negative
correlation between spike density and gluten strength indicated
by sodium dodecyl sulfate (SDS) sedimentation volume (Hailu
and Merker, 2008). However, the eventual relationship between
spike size and gluten strength, as reported here, needs to be further
elaborated on, and genes for its determination need to be further
determined. The fact that protein composition in the grains differs
along the wheat spike (Johansson et al., 2013) may contribute to the
results obtained. In addition to showing a high %UPP, old Swedish
cultivars also showed a stable %UPP over control and drought stress
conditions of different times during plant development. All the five
old genotypes (202, 204, 205, 206, and 207) identified as among the
10% of genotypes with the highest %UPP and also showed high
stability by HMGV, RPGV, and HMRPGV, and the high-and-stable
%UPP attribute of 202, 205, and 206 was confirmed by AMMI. In
general, high gluten strength has not been attributed to old wheat

genotypes in previous studies (Fois et al., 2011; De Santis et al.,
2017), which correspond to the results of the present study, where
old genotypes all over do not show significantly higher %UPP values
than modern wheat, and the %LargeUPP is even significantly lower
than in modern wheat for some treatments. Thus, from the present
study, it is shown that some specific old genotypes were identified
with high and stable gluten strength over control and drought
environments. The genetic background for this performance
needs to be further elaborated on.

Grain yield and quality are the two factors determining the
sufficiency and usefulness of wheat, respectively. Unfortunately,
both are under threat of drought stress with the increasing global
temperature (Allen et al., 2019). The extensive daily consumption of
different types of wheat products such as bread, pastries, noodles,
biscuits, and porridge amplifies the challenges of climate change on
the end-use quality (Johansson et al., 2020; Johansson et al., 2023),
which urged the need to improve wheat processing quality,
especially from genetic aspects. Using molecular markers, several
studies have reported the identification of responsible QTLs for
grain protein concentration in common bread wheat (Prasad et al.,
2003; Leonova et al., 2022), durum wheat (Blanco et al., 2006), and
synthetic hexaploid wheat with emmer background (Kunert et al.,
2007). By manipulating the expression of storage protein genes,
satisfactory protein content was found to be retained while
increasing the yield by altering field nitrogen supply and plant
density (Zheng et al., 2022). However, due to the genetic
complexity of wheat grain quality traits, the utilization of specific
genes (especially transferred from alien species or wild relatives) for
improving protein traits is difficult (Kulwal et al., 2005; Balyan et al.,
2013). Therefore, valuable genetic resources need to be tested more
widely in future studies to achieve successful quality breeding.

5 Conclusion

Global climate change is threatening food security in two
aspects, i.e., quantity and quality. Improvements in the stability
of the breadmaking quality of wheat are urgently needed against
increasing drought events. The baking quality is determined by
its protein composition parameters, especially the protein
concentration and gluten strength, which are known to be
affected by genotype × environment interactions. Therefore, in
search of genotypic resources and candidate genes contributing
to high and stable quality, this study investigated the impact of
drought on the protein composition of wheat materials with a
wide genetic background. Due to its highest total extractable
proteins among genotype groups, chromosome 3R demonstrated
a promising effect in increasing protein concentration that has
been reduced in modern breeding lines. Furthermore, the
simultaneous high performance in protein content and yield
found in 252(3R), 253(3R), and 258 (2R) proposed
possibilities of using wheat-alien introgression lines as genetic
resources to achieve high protein quality without losing yield.
Our stability analysis results also supported the contribution of
3R to high and stable protein content across varying
environments. Differently, some of the old Swedish cultivars
were found to be a potential genetic resource for high and
stable gluten strength. Thus, this study identifies 3R and some
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specific old Swedish cultivars as the two major sources for genes
related to protein concentration and gluten strength. Breeding
targets need to be adjusted accordingly to achieve wheat lines
with stable and high baking quality under increasing drought
conditions.
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