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Abstract
Background: Wheat processing quality is an important factor in evaluating overall wheat quality, and dough characteristics are
important when assessing the processing quality of wheat. As a notable germplasm resource, semi-wild wheat has a key role in the
study of wheat processing quality.
Results: In this study, four dough rheological characteristics were collected in four environments using a nested association mapping
(NAM) population consisting of semi-wild and domesticated wheat varieties to identify quantitative trait loci (QTL) for wheat
processing quality. A total of 49 QTL for wheat processing quality were detected, explaining 0.36–10.82% of the phenotypic variation.
These QTL were located on all wheat chromosomes except for 2D, 3A, 3D, 6B, 6D and 7D. Compared to previous studies, 29 QTL were
newly identified. Four novel QTL, QMlPH-1B.4, QMlPH-3B.4, QWdEm-1B.2 and QWdEm-3B.2, were stably identified in three or more
environments, among which QMlPH-3B.4 was a major QTL. Moreover, eight important genetic regions for wheat processing quality
were identified on chromosomes 1B, 3B and 4D, which showed pleiotropy for dough characteristics. In addition, out of 49 QTL, 15
favorable alleles came from three semi-wild parents, suggesting that the QTL alleles provided by the semi-wild parent were not utilized
in domesticated varieties.
Conclusions: The results show that semi-wild wheat varieties can enrich the existing wheat gene pool and provide broader variation
resources for wheat genetic research.

Background
Bread wheat (Triticum aestivum L.) is a crucial source of protein, minerals and vitamins that feeds over 35% of the world’s population
[1, 2]. Hence, improving the processing quality of wheat is an important goal in wheat breeding. Investigation of the relationship
between seed storage protein alleles and processing characteristics indicates that storage proteins are the main determinant of wheat
processing quality [3]. The seed storage proteins in wheat consist of gliadin and glutenin, which can be used to predict dough
rheological properties, including the viscoelastic and mixing properties [4]. The genes coding for gliadin are located on the short arms
of the chromosomes of homologous groups 1 and 6 [5]. Glutenin in the endosperm consists of high-molecular-weight (HMW-GS) and
low-molecular-weight glutenin subunits (LMW-GS). HMW-GSs are encoded by Glu-1 loci that are located on the long arms of the
chromosomes of homologous group 1, including Glu-A1, Glu-B1 and Glu-D1 [5]. LMW-GSs are encoded by Glu-3 loci that are located on
the short arms of the chromosomes of group 1, including Glu-A3, Glu-B3 and Glu-D3 [6]. Research has indicated that both glutenin and
gliadin are significantly associated with wheat processing quality by affecting the viscoelasticity and flexibility of dough [7, 8].
Most of the quality-related traits of interest in wheat breeding are characterized by polygenic inheritance, which is generally studied with
quantitative trait loci (QTL) mapping [3, 9–16]. Some stable QTL for protein content were discovered on chromosomes 1A, 1D, 2B, 3A,
4A, 5A, 5D, 7A, and 7B [3, 7, 12, 15, 17, 18]. Krystkowiak et al. [7] detected one major QTL on chromosome 5D that influences starch
content, wet gluten content, and zeleny sedimentation value. Stable QTL for the starch content of wheat flour were detected on
chromosomes 4A and 7D [9]. In addition, QTL for wet gluten content of wheat flour were identified on chromosomes 5AS and 5AL [15].
Due to a complex interaction between proteins and other components, such as pentosans, the predictability of dough strength from
chemical composition is difficult, and therefore rheological tests are required [19, 20]. The dough rheological characteristics of wheat
are quantitative traits that are dependent on multiple genes and are greatly influenced by environmental conditions. Studies have
reported that dough properties are influenced by the properties of storage proteins, which can be reflected by mixograph, farinograph,
and extensograph parameters [13, 19, 21]. Many rheological tests have been widely used as predictors of wheat processing quality and
end-use quality [3, 15, 19]. Mann et al. [3] discovered that dough rheology QTL were highly correlated across multiple environments and
primarily influenced by the Glu-1 loci (Glu-B1, Glu-D1). Tsilo et al. [22] detected a major QTL cluster for dough rheological properties on
chromosome 1B, which explained the large total phenotypic variation in dough development time, mixing tolerance index, dough
stability and time to dough breakdown.
Several segregant biparental populations can be adopted for QTL mapping, such as backcross, F2, doubled haploid (DH), introgression
lines and recombinant inbred line populations. In most previous studies, these approaches for wheat processing quality QTL mapping
were utilized [9, 10, 23]. However, the linkage analysis achievable with biparental populations showed a narrow genetic background and
was often able to detect QTL only with large intervals because of limited recombination events [24-26]. This limitation can be partially
overcome by analyzing multiple related populations, such as nested association mapping (NAM) population [27, 28]. Nested
association mapping populations created by the hybridization of one common parent with several other parents have become desired
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for QTL analyses due to their advantages of broad genetic diversity and high resolution. Such populations have been used to identify
QTL in different crops, including maize, soybean, sorghum, barley, bread wheat and durum wheat [29, 30]. However, there are few
studies on QTL analysis of wheat processing quality using a NAM population [31, 32].
In previous studies, most of the material on wheat processing quality represented domesticated cultivars, and compared with wild and
semi-wild varieties, their genetic diversity will decrease with domestication [33]. Through whole-genome sequencing analysis, it was
determined that composite introgression from wild populations contributed to 4–32% of the bread wheat genome, which increased the
genetic diversity of bread wheat [34]. Three semi-wild wheat subspecies germplasm resources unique to western China, including the
Tibetan weedrace (T. aestivum ssp. tibetanum Shao) characterized by strong seed dormancy, hulled glumes and brittle spikelets,
Xinjiang rice wheat (T. petropavlovskyi Udats. et Migusch.) characterized by a long glume, and Yunnan hulled wheat, or “Tiekemai” (T.

aestivum ssp. yunnanense King), named for its very hard and tough glumes that adhere to the grains [35-37]. The unique semi-wild
wheat subspecies in China have a primitive chromosomal constitution, which is crucial to probe the effect of domestication on
processing quality in wheat breeding [35]. Therefore, in this study, a wheat NAM population was constructed by crossing one common
parent, Yanzhan 1, and four divergent parents, including three semi-wild cultivars from China and one domesticated variety from the
British islands. This NAM population was used for QTL mapping for wheat processing quality, which will facilitate high-quality wheat
breeding and marker-assisted selection (MAS) in wheat breeding.

Results
Phenotypic analysis of wheat processing quality
The five parents of the NAM population had different dough rheological characteristics (Fig. 1A). Among them, HU (Hussar) had the
best dough characteristics, while the dough characteristics of YZ (Yanzhan 1) and YN (Yunnanxiaomai) were poor. We found that the
common parent YZ had a longer MlPT (midline peak time), wider PkWd (peak width) and wider WdEm (width at eight minutes) than the
other parents, CY (Chayazheda 29) and YN, and had the smallest MlPH (midline peak height) compared with the other four donor
parents. HU had the highest values for all dough rheological characteristics compared with the other four parents, which indicated that
HU had optimal dough characteristics. CY had a longer MlPT, wider PkWd and wider WdEm than YN. YN had a wider MlPH than YZ, CY
and YT but the shortest MlPT and the narrowest WdEm compared with the other four parents. Compared with YZ, CY and YN, YT
(Yutiandaomai) had the longest MlPT, widest WdEm and narrowest PkWd. Observing the phenotypic data distribution of the NAM
population, there was strong transgressive segregation for all dough rheological characteristics in each RIL population except for the
MlPT of HU-RILs (Fig. 1B, Table S1).
To evaluate the pairwise correlations between dough rheological characteristics, Pearson’s correlation was estimated using BLUP (best
linear unbiased prediction) values combined over four environments (Fig. 1C). WdEm was significantly positively correlated with MlPT
and PkWd but significantly negatively correlated with MlPH. PkWd was significantly positively correlated with MlPT and MlPH. The
correlation between MlPT and MlPH was not significant.
The heritabilities of dough rheological characteristics in the NAM population were 42.7–84.7%, and they were differed largely in the
four RIL populations (Table S2). PKWD is a relatively important dough rheological parameter to measure wheat processing quality, and
its phenotype is greatly affected by the environment (42.7 –59.7%). Among them, the heritabilities of the HU-RIL and YT-RIL populations
were higher, whereas those in the YN-RIL population were lower.
QTL analysis of wheat processing quality
A total of 49 QTL were detected on chromosomes 1A (2), 1B (17), 1D, 2A, 2B (3), 3B (11), 4A, 4B, 4D (2), 5A, 5B (3), 5D, 6A (2), 7A, and
7B (2) for wheat processing quality in four individual environments and combined QTL analysis (Fig. 2, Table S3). Ten, eighteen, eleven,
and ten QTL were identified for MlPT, MlPH, PkWd and WdEm, respectively. These QTL explained 0.36–10.82% of the phenotypic
variation. Thirty-four of these QTL were identified in the individual environment and the combined environment analysis. The favorable
alleles of two, seven, six, ten and twenty-four QTL were provided by parents CY, YN, YT, HU and YZ, respectively (Table S4).
For MlPT, ten QTL were found on chromosomes 1A, 1B (4), 3B (2), 4B, 5A, and 7B in four environments and the combined environment
analysis, explaining a range of 1.47% to 8.29% of the phenotypic variation (Fig. 2, Table S3). Six of those QTL were detected in the
individual environment and combined environment analyses. One stable QTL, QMlPT-1B.2, had a favorable allele from YT and was
found in two individual environments and the combined environment analysis, explaining 2.20–3.66% of the phenotypic variation. The
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donor parent YN contributed the best favorable allele for QMlPT-3B.1, which was stably detected in three individual environments,
explaining 2.86–4.14% of the phenotypic variation. Five QTL, including QMlPT-1A, QMlPT-1B.3, QMlPT-1B.4, QMlPT-4B and QMlPT-7B,
were identified in one environment and the combined environment analysis, with 4.15–8.29%, 2.80–3.28%, 3.31–4.19%, 2.74–3.11%
and 1.47–4.02% of the phenotypic variation, respectively. QMlPT-1B.1, QMlPT-3B.2 and QMlPT-5A, with LOD values of 3.71–6.38, 3.08–
8.03 and 2.66–4.88, respectively, were found in two environments, accounting for 2.24–5.42%, 2.07–3.70% and 1.78–1.82% of the
phenotypic variation, respectively. The favorable alleles of two and three QTL of the ten QTL were provided by semi-wild parents YN
and YT, respectively, while one and four QTL out of the remaining QTL were provided by domesticated parents HU and YZ, respectively
(Table S4).
For MlPH, 18 QTL were identified, which were distributed on chromosomes 1B (6), 2B, 3B (5), 4D, 5B (2), 5D, 6A, and 7B in four
environments and the combined environment analysis, explaining 0.36–10.82% of the phenotypic variation (Fig. 2, Table S3). Twelve
of the eighteen QTL were detected in both individual environments and the combined environment analysis. The favorable alleles of
two stable QTL (QMlPH-3B.3 and QMlPH-3B.4) were contributed by HU, which were identified in all four environments and the
combined environment analysis, explaining 1.50–8.60% and 1.71–10.82% of the phenotypic variation, respectively. QMlPH-1B.4, a
favorable allele from the common parent YZ, was stably identified in four environments, with an LOD value of 4.01–9.75 and
phenotypic variation of 1.42–4.50%. QMlPH-1B.3 and QMlPH-5D, with LOD values of 5.18–10.25 and 3.21–5.99, respectively, were
stably detected in the two environments and the combined environment analysis, accounting for 1.15–4.90% and 1.10–2.21% of the
phenotypic variation, respectively. Eight QTL, including QMlPH-1B.5, QMlPH-1B.6, QMlPH-3B.1, QMlPH-4D, QMlPH-5B.1, QMlPH-5B.2,
QMlPH-6A and QMlPH-7B, were detected in one environment and the combined environment analysis. In addition, five QTL, QMlPH1B.1, QMlPH-1B.2, QMlPH-2B, QMlPH-3B.2 and QMlPH-3B.5, were identified in two environments. Three OTL with favorable alleles were
detected in the three semi-wild parents CY, YN, and YT (Table S4). Compared with the other four parents, the alleles of the domesticated
parent HU increased the MlPH for five QTL, while the common parent YZ decreased the MlPH for ten QTL.
For PkWd, eleven QTL were stably detected on chromosomes 1A, 1B (4), 2B, 3B (2), 4A, 6A, and 7A, explaining 0.55–6.09% of the
phenotypic variation (Fig. 2, Table S3). All of these QTL except for QPkWd-1B.1 were identified in both individual environments and the
combined environment analysis. QPkWd-3B.1 and QPkWd-3B.2 are favorable alleles from the common parent YZ and were detected in
three or more environments. For five QTL (QPkWd-1B.2, QPkWd-1B.3, QPkWd-1B.4, QPkWd-4A and QPkWd-6A), the alleles increasing
PkWd were provided by YZ, accounting for 1.74–5.31%, 1.85–4.70%, 1.93–4.85%, 0.76–3.02% and 1.49–3.37% of the phenotypic
variation, respectively. For QPkWd-1A and QPkWd-7A, the alleles increasing PkWd were donated by HU, with 5.85–7.29 and 3.04–3.36
of the LOD value, respectively, accounting for 2.15–2.81% and 1.12–2.88% of the phenotypic variation, respectively. In addition, in
QPkWd-1B.1 and QPkWd-2B, the alleles decreasing PkWd were provided by CY and YT, respectively, accounting for 0.96–4.80% and
0.55–4.16% of the phenotypic variation, respectively.
For WdEm, ten QTL were detected on chromosomes 1B (3), 1D, 2A, 2B, 3B (2), 4D, and 5B in individual environmental and combined
environment analyses, accounting for 0.51–9.70% of the phenotypic variation (Fig. 2, Table S3). Six QTL were identified in both
individual environments and the combined environment analysis. Two QTL, QWdEm-1B.2 and QWdEm-3B.1, were stably identified in
three environments and the combined environment analysis, with 4.70–5.78 and 4.44–16.13 of the LOD value, respectively, explaining
0.51–2.42% and 2.14–8.82% of the phenotypic variation, respectively. QWdEm-1B.1 and QWdEm-1B.3 had LOD values of 4.14–4.89
and 4.87–6.87, respectively and were detected in the two environments and the combined environment analysis. In these two QTL, the
alleles decreasing WdEm were donated by YN, accounting for 1.19–2.73% and 1.75–3.25% of the phenotypic variation, respectively.
The alleles in HU increased WdEm for two QTL, QWdEm-2A and QWdEm-4D, which explained 2.34–4.05% and 0.85–2.12% of the
phenotypic variation, respectively. For QWdEm-1D and QWdEm-2B, favorable alleles were donated by YT and YN, respectively.
Favorable alleles of three QTL, QWdEm-3B.1, QWdEm-3B.2, and QWdEm-5B, were provided by the common parent YZ. Among the ten
QTL for WdEm, the favorable alleles of four and one QTL were provided by semi-wild parents YN and YT, respectively. In addition, two
and three QTL were provided by domesticated parents HU and YZ, respectively (Table S4).
Eight important genetic regions for wheat processing quality
In this study, eight important genetic regions were found on chromosomes 1B (4), 3B (3), and 4D (Table 1). QG-3B.1 was associated
with all dough rheological characteristics, QMlPT-3B.1, QMlPH-3B.3, QPkWd-3B.1, and QWdEm-3B.1, within 4.71 Mb of physical
distance. Three genetic regions, QG-1B.3, QG-3B.2, and QG-4D, influenced MlPH and WdEm. QG-1B.2, located on flank marker
BS00047700_51– IAAV4866, was associated with MlPT, MlPH, and PkWd. QG-1B.4, located on flank marker tplb0048b10_1365–
Ku_c28580_432, influences dough rheological characteristics MlPT, MlPH, and WdEm. In addition, QG-1B.1 and QG-3B.3 were located
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on flank markers wsnp_Ku_rep_c70742_70379526– tplb0059c20_2221 and wsnp_Ex_c64005_62987067– wsnp_BE497740B_Ta_2_1,
respectively, which influence PkWd and WdEm, and PkWd and MlPT, respectively.

Discussion
Trait correlations
Wheat processing quality is a quantitative genetic trait controlled by multiple genes and affected by the environment. The dough
characteristics influenced by glutelin and gliadin are comprehensive traits that reflect wheat processing quality. Here, we found that the
dough rheological characteristics were different among three semi-wild wheat varieties (YN, YT, CY) and two cultivated wheat cultivars
(HU and YZ) (Fig. 1A). Therefore, the NAM population composed of the five parents was used to detect QTL of wheat processing
quality. The results show that the NAM population had large variation between three semi-wild RIL populations, CY-RILs, YN-RILs, and
YT-RILs (Fig. 1B).
The difference between MlPT and MlPH was not significant, but there were significant correlations between the other dough rheological
characteristics (Fig. 1C). Moreover, one important genetic region, QG-3B.1, associated with all dough rheological characteristics, was
detected (Table 1). In addition, in terms of the association among the four dough rheological characteristics, MlPT was significantly
positively correlated with PkWd and WdEm (Fig. 1C). Specifically, PkWd and WdEm increased with increasing MlPT (verified by QG1B.2, QG-1B.4 and QG-3B.3; Fig. 1B-C, Table 1). Although MlPT and MlPH were colocalized between two genetic regions, QG-1B.2 and
QG-1B.4, the correlation between MlPT and MlPH was not significant. We suspect that this may be because MlPT is related to the
protein content, while MlPH is related to the gluten strength and the ability of the dough to resist external forces. WdEm was
significantly positively correlated with PkWd (verified by QG-1B.1) and significantly negatively correlated with MlPH (substantiated by
QG-1B.3, QG-3B.2, and QG-4D, Fig. 1C, Table 1).
Comparison with previous studies
In this study, 49 QTL for wheat processing quality were identified, 29 of which were unique to this study compared with previous
studies, and four novel QTL (QMlPH-1B.4, QMlPH-3B.4, QWdEm-1B.2 and QWdEm-3B.2) were stably identified in three or more
environments (Fig. 2, Tables 2, S3). For MlPT, five of ten QTL were previously reported. QMlPT-1A, with a favorable allele in HU, was
mapped close to the gene Glu-A1, whose effect was consistent with the longer MlPT of Hussar (Figs. 1A, 2, Table S3) [38]. Similar
genetic regions of two QTL, QMlPT-1B.3 and QMlPT-1B.4, which had favorable alleles from the common parent YZ, were reported by
Tsilo et al. [22] (Fig. 2, Table S3). QMlPT-3B.1 was previously reported by Liu et al. [11] to be located at a similar genetic region on
chromosome 3B. QMlPT-7B was identified close to the Psy-B1 gene, which indicates that Psy-B1 is associated with the synthesis of
carotenoids that are not related to dough characteristics [39].
Eighteen QTL for MlPH were identified, five of which were previously reported (Fig. 2, Table S3). QMlPH-1B.1 was detected in two
environments and was located near two genes, Gli-B1 and Glu-B3. QMlPH-1B.5 was located near gene Glu-B1 [40]. Three QTL, QMlPH3B.2, QMlPH-3B.3, and QMlPH-6A, were detected at a similar genetic region by Carter et al. [41], Liu et al. [11], and Li et al. [23],
respectively. Among the five QTL that were reported in previous studies, the allele of QMlPH-3B.3 was provided by HU with higher MlPH,
and favorable alleles of the other QTL were detected in YZ with lower MlPH, indicating that YZ may have a recessive allelic variation
gene that affects gluten strength (Fig. 1A, Table S3).
Regarding PkWd, eleven QTL were detected, six of which were reported by previous studies (Fig. 2, Table S3). Two QTL, QPkWd-1B.1
and QPkWd-4A, at similar genetic regions were reported by Li et al. [23, 42]. QPkWd-1B.3 was mapped close to the gene Glu-B1 [40].
Two QTL, QPkWd-2B and QPkWd-3B.1, were previously reported by Liu et al. [11] in a similar genetic region. In addition, QPkWd-7A was
located at a similar genetic region in a previous study by Zhang et al. [15].
Regarding WdEm, four of ten QTL were detected in previous studies (Fig. 2, Table S3). Three QTL, QWdEm-1B.1, QWdEm-1D, and
QWdEm-3B.1, were reported from similar genetic regions on chromosomes 1B, 1D, and 3B, respectively [11, 23, 42]. In addition, QWdEm2A was previously reported at a similar genetic region [11, 43, 44].
Application potential of semi-wild cultivars in breeding good-quality wheat
Here, a NAM population consisting of three unique semi-wild wheat cultivars of China (CY, YN, and YT), the Chinese domesticated
cultivar YZ, and the British domesticated cultivar HU was used to identify QTL for wheat processing quality. The size of a single RIL
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population that constitutes the NAM population limits the precise locations of QTL, but the NAM population based on the
polymorphism between YZ and the other four parents has a series of recombinants containing various recombinant fragments. Based
on the advantages of broader genetic bases and potentially higher mapping resolution, NAM population for comprehensive analysis of
QTLs can achieve repeatability verification of QTLs from public parents across different populations, increase the number of QTL
detected and increase the sensitivity of QTL detection.
Four novel QTL, QMlPH-1B.4, QMlPH-3B.4, QWdEm-1B.2, and QWdEm-3B.2, were stably detected (Table 2). One novel and major QTL,

QMlPH-3B.4, was detected in all four environments and the combined QTL analysis, and its favorable allele came from the good-quality
parent HU. Domesticated parent HU had the longest MlPT, highest MlPH, and widest PkWd and WdEm among the parents (Fig. 1A).
QMlPH-3B.4 could be utilized for quality improvement of YZ by increasing MlPT, MlPH, PkWd, and WdEm. We generally think that QTL
detected in multiple environments should also be detectable when using BLUP values. QMlPH-1B.4 was detected in four environments
except for BLUP. This may be because the BLUP value only considers the contribution of genetic factors to the phenotype. Therefore,
we think that environmental effects may explain why that QTL was not detected under BLUP. In summary, to achieve good-quality
wheat production, breeding wheat varieties that contain high-quality genotypes is paramount, but a suitable planting environment is
also necessary [45].
Forty-nine QTL were identified in this study, of which 23 were identified in one environment and combined QTL analysis. Among the 23
QTL, five, eight, eight and two QTL were for MlPT, MlPH, PkWd, and WdEm, respectively (Table S3). For PkWd, 73% of QTL were
detected in one environment and combined QTL analysis, which could be because PkWd is highly influenced by the environment. This
phenomenon can be verified by the heritability of PkWd, which has the lowest heritability among the four dough rheological
characteristics (Tables S2). Among the 49 QTL, we found that favorable alleles of 17 QTL located on chromosome 1B were provided by
YZ, CY, YN, and YT, while favorable alleles of nine QTL located on chromosome 3B were detected in domesticated parents HU and YZ
(Table S3). Four Chinese cultivars have poor dough characteristics compared with the British domesticated cultivar HU (Fig. 1A). This
phenomenon suggests that there may be genes on chromosome 3B of HU that affect wheat processing quality.
The existing gene pool of wheat is narrow because it is composed of current and historical wheat cultivars without allelic variation
from landraces and wild species [23, 33]. The latest research shows that from the perspective of the whole genome level, Tibetan semiwild wheat has been de-domesticated from local landraces, and its genome is rich in variation [46]. Therefore, as a valuable resource to
broaden the genetic diversity of wheat breeding, Chinese semi-wild cultivars can be used for genetic research of wheat processing
quality, especially the release of the semi-wild wheat reference genome (Tibetan semi-wild wheat) [46]. The favorable alleles of 31% of
the QTL for wheat processing quality were provided by three semi-wild parents, which may be because semi-wild wheat contains alleles
that are not utilized by existing cultivated wheat varieties [36, 47] (Table S4). Hence, semi-wild wheat varieties can enrich the existing
wheat gene pool, provide broader resources for wheat genetic research, and help in investigating the effect of domestication on the
processing quality of wheat.

Conclusions
A wheat NAM population consisting of semi-wild and domesticated wheat varieties was used to detect QTL for wheat processing
quality. A total of 49 QTL were identified, of which four novel QTL were stably identified in three or more environments. In addition, 15
of 49 QTL favorable alleles were provided by three semi-wild parents, which indicated that semi-wild wheat contained unique genetic
material that was not used in domesticated varieties. Therefore, semi-wild wheat can be used as a genetic resource to enrich the
existing wheat gene pool and provide more abundant variation for genetic research on wheat processing quality. In addition, the release
of whole genome data of semi-wild wheat (Tibetan semi-wild wheat) [46] provides genomic information for further discovery of
excellent alleles in semi-wild wheat and highlights the significance of studying the role of semi-wild wheat in evolution.

Methods
Plant material and experimental design
A wheat NAM population consisting of four RIL populations was constructed to detect QTL for wheat processing quality. Yanzhan 1
(YZ, T. aestivum L.) from Henan Province of the Huanghuai region, China was the common parent. Three of four divergent parents were
semi-wild cultivars in China, including Yunnanxiaomai (YN, T. aestivum ssp. yunnanense King) from Yunnan Province [36],
Yutiandaomai (YT, T. petropavlovskyi Udats. et Migusch.) from Sinkiang, and Cayazheda 29 (CY, T. aestivum ssp. tibetanum Shao)
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from Tibet [37, 46]. The other divergent parent was the British dwarf cultivar Hussar (HU), which is a good-quality cultivar [48]. The four
RIL populations (nine and ten generations of self-pollination) were derived using a single seed descent method. The hybridizations of
YZ with YN, YT, CY, and HU ultimately yielded 98, 93, 82, and 97 lines, respectively.
The NAM population along with the five parents were planted in De’zhou (E1, 116.39°E, 37.38°N), Tai’an (E2, 117.17°E, 36.17°N) and
He’ze (E3, 115.50°E, 35.57°N) in Shandong Province during 2015–2016. The materials were planted again in Tai’an (E4) during 2016–
2017. In each environment, each plot comprised two rows with a 2.0 m row length, 0.25 m row spacing, and 50 seeds per row. Two
replicates were performed under each environment. All fields were managed in accordance with standard local practices.
Traits investigated
The plants in each plot were harvested to evaluate the wheat processing quality. The moisture (%) and protein (%) of grain and flour of
the NAM population were determined by near-infrared reflectance spectroscopy on a Perten Diode Array 7200 (Perten Instruments,
Huddinge, Sweden) instrument according to the methods of the American Association of Cereal Chemists (AACC) 39-10 and 39-11 [49].
The grains were conditioned to 14% moisture content and then milled using a Quadrumat Junior (Brabender GmbH & Co. KG Duisburg,
Germany.) according to the methods of AACC 26-95 and 26-50. Then, a 10 g-Mixograph (National Mfg. Co. Nebraska, America) was
used to carry out rheological tests according to the AACC 54-40A method. For each of the samples, two planting replications were used
for phenotypic data collection, and the following parameters were recorded: MlPT, midline peak time (min); MlPH, midline peak height
(%); PkWd, peak width (%); and WdEm, width at eight minutes (%).
Statistical analysis of phenotypic data
The best linear unbiased prediction (BLUP) for each line of wheat processing quality was counted across environments using the “lmer”
function implemented in the R package lme4 (https://cran.r-project.org/web/packages/lme4/index.html). Each BLUP was used to
calculate the pairwise correlations for phenotypic data using the “rcorr” function implemented in the R package Hmisc. Boxplots for
phenotypic data were obtained from the BLUP value using Origin Pro V9.1 software (https://www.originlab.com/). Analysis of variance
(ANOVA) for the five parents in wheat processing quality was calculated by Statistics Program for Social Sciences V20 software.
Furthermore, the heritabilities were calculated through the AOV function of IciMapping V4.1 software using the formula h2 = VG / (VG +

VGEI /e + Ve/er), where VG, VGEI and Ve are the variances of G (genotypes), GEI (genotype × environment interactions) and the error,
respectively; e is the number of environments; and r is the number of replications [50].
QTL analysis
An integrated high-density linkage map (containing 2009 SNP markers) published previously was used in this study [51], and the
procedure was as follows: first, the redundant markers of the 90,000 SNP array were processed through the “BIN” function of
IciMapping V4.1. Second, the remaining markers were divided into different linkage groups through the “MAP” function of IciMapping
V4.1 [50]. Third, based on the Kosambi mapping function, we constructed four individual maps of the RILs. Finally, four individual
maps were combined with Join Map V4.0 (https://www.kyazma.nl/index.php/JoinMap/). The averaged value for each line in each
environment was used to conduct individual environment QTL analysis, and BLUP values across four environments for each line were
used for combined QTL analysis. QTL detection for wheat processing quality was performed by joint inclusive composite interval
mapping (JICIM) in IciMapping V4.1 software [50]. Using this method, the walking step was set as 1.0 cM, and a stepwise regression
probability of 0.001 was used to identify QTL. A QTL was identified when the LOD score was greater than 2.5 in the NAM population
and greater than 2.0 in at least one RIL population. In this study, QTL clusters affecting quality-related traits (MlPT, MlPH, PkWd, and
WdEm) were defined with the prefix “QC”.
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Chemists; BLUP, best linear unbiased prediction; ANOVA, analysis of variance; JICIM, joint inclusive composite interval mapping; QC,
QTL cluster; Add, additive effects; MlPT, midline peak time; MlPH, midline peak height; PkWd, peak width; WdEm, width at eight minutes;
YZ, Yanzhan 1; HU, Hussar; YN, Yunnanxiaomai, YT, Yutiandaomai; CY, Chayazheda 29.

Declarations
Page 7/16

Ethics approval and consent to participate
Not applicable.
Consent for publish
Not applicable.
Availability of data and materials
All data generated or analysed during this study are included in this published article [and its supplementary information files].
Competing interests
The authors declare that they have no competing interests.
Funding
The cost of microarray as well as other materials was founded by the National Key Research and Development Program
(2016YFD0100102-2), and the labor cost was founded by the Project of Shandong Province Higher Educational Science and
Technology Program (J16LF06). The funding body had no role in the design of the study and collection, analysis, and interpretation of
data and in writing the manuscript.
Authors' contributions
YGB and PSS conceived and designed the research. JMH performed the analysis, interpreted the results and drafted the manuscript.
GLX, GXZ and XM grew plant material. PJ constructed the linkage map. YZ revised the manuscript. LXX and JY carried out the work of
material planting management. All authors read and approved the final version of the manuscript.
Acknowledgements
We thank to Prof. XYK and JZJ for the RIL populations materials.
Authors' Information
1

State Key Laboratory of Crop Biology, Shandong Key Laboratory of Crop Biology, College of Agronomy, Shandong Agricultural
University, Taian 271018, P.R.China.
2

Lianyungang Academy of Agricultural Sciences, Lianyungang 222000, P.R. China

3Yantai
4

Academy of Agricultural Sciences in Shandong Province, Yantai 265500, P.R. China

Agricultural Technology Station, Sunwu Sub-district Office, Huimin County, Shandong Province 251700, P.R. China

5College of

Agriculture, Liaocheng University, Liaocheng 252059, P.R. China

References
1. Brenchley R, Spannagl M, Pfeifer M, Barker GLA, D’Amore R, Allen AM, McKenzie N, Kramer M, Kerhornou A, Bolser D, Kay S, Waite
D, Trick M, Bancroft I, Gu Y, Huo N, Luo MC, Sehgal S, Gill B, Kianian S, Anderson O, et al. Analysis of the bread wheat genome using
whole-genome shotgun sequencing. Nature. 2012; 491:705–710.
2. Hussain W, Baenziger PS, Belamkar V, Guttieri MJ, Venegas JP, Easterly A, Sallam A, Poland J. Genotyping-by-sequencing derived
high-density linkage map and its application to QTL mapping of flag leaf traits in bread wheat. Sci. Rep. 2017;7:16394.
3. Mann G, Diffey S, Cullis B, Azanza F, Martin D, Kelly A, McIntyre L, Schmidt A, Ma WJ, Nath Z, Kutty I, Leyne PE, Rampling L, Quail
KJ, Morell MK. Genetic control of wheat quality: interactions between chromosomal regions determining protein content and
composition, dough rheology, and sponge and dough baking properties. Theor. Appl. Genet. 2009; 118:1519–1537.

Page 8/16

4. Michel S, Kummer C, Gallee M, Hellinger J, Ametz C, Akgol B, Epure D, Gungor H, Loschenberger F, Buerstmayr H. Improving the
baking quality of bread wheat by genomic selection in early generations. Theor. Appl. Genet. 2018;131:477–493.
5. Payne PI, Holt LM, Worland AJ, Law CN. Structural and genetical studies on the high-molecular-weight subunits of wheat glutenin.
Theor. Appl. Genet. 1982;63:129–138.
6. Cassidy BG, Dvorak J, Anderson OD. The wheat low-molecular-weight glutenin genes: characterization of six new genes and
progress in understanding gene family structure. Theor. Appl. Genet. 1998;96:743–750.
7. Krystkowiak K, Langner M, Adamski T, Salmanowicz BP, Kaczmarek Z, Krajewski P, Surma M. Interactions between Glu-1 and Glu-3
loci and associations of selected molecular markers with quality traits in winter wheat (Triticum aestivum L.) DH lines. J. Appl.
Genet. 2017;58:37–48.
8. Gao S, Gu Y, Wu J, Coleman-Derr D, Huo N, Crossman C, Jia J, Zuo Q, Ren Z, Anderson OD, Kong X. Rapid evolution and complex
structural organization in genomic regions harboring multiple prolamin genes in the polyploid wheat genome. Plant Mol. Biol.
2007;65:189–203.
9. Deng Z, Fang W, Guo X, Zhao X, Guo H, Hu S, Tian J. Genetic dissection of interactions between wheat flour starch and its
components in two populations using two QTL mapping methods. Mol. Breed. 2018;38:41.
10. Liu T, An Y, Liu K, Wang F, Xie C, Zhang Y, Guan X, Tian J, Chen J. A genetic analysis of the quality of northern-style Chinese
steamed bread. Mol. Breed. 2017;37:41.
11. Liu J, He Z, Wu L, Bai B, Wen W, Xie C, Xia X. Genome-wide linkage mapping of QTL for black point reaction in bread wheat
(Triticum aestivum L.). Theor. Appl. Genet. 2016;129:2179–2190.
12. Cui F, Fan X, Chen M, Zhang N, Zhao C, Zhang W, Han J, Ji J, Zhao X, Yang L, Zhao Z, Tong Y, Wang T, Li J. QTL detection for wheat
kernel size and quality and the responses of these traits to low nitrogen stress. Theor. Appl. Genet. 2016;129:469–484.
13. Zhang Y, Tang J, Zhang Y, Yan J, Xiao Y, Zhang Y, Xia X, He Z. QTL mapping for quantities of protein fractions in bread wheat
(Triticum aestivum L.). Theor. Appl. Genet. 2011;122:971–987.
14. Suprayogi Y, Pozniak CJ, Clarke FR, Clarke JM, Knox RE, Singh AK. Identification and validation of quantitative trait loci for grain
protein concentration in adapted Canadian durum wheat populations. Theor. Appl. Genet. 2009;119:437–448.
15. Zhang W, Chao S, Manthey F, Chicaiza O, Brevis JC, Echenique V, Dubcovsky J. QTL analysis of pasta quality using a composite
microsatellite and SNP map of durum wheat. Theor. Appl. Genet. 2008;117:1361–1377.
16. Arbelbide M, Bernardo R. Mixed-model QTL mapping for kernel hardness and dough strength in bread wheat. Theor. Appl. Genet.
2006;112:885–890.
17. Cabrera A, Guttieri M, Smith N, Souza E, Sturbaum A, Hua D, Griffey C, Barnett M, Murphy P, Ohm H, Uphaus J, Sorrells M, Heffner E,
Brown-Guedira G, Sanford DV, Sneller C. Identification of milling and baking quality QTL in multiple soft wheat mapping
populations. Theor. Appl. Genet. 2015;128:2227–2242.
18. Deng Z, Tian J, Chen F, Li W, Zheng F, Chen J, Shi C, Sun C, Wang S, Zhang Y. Genetic dissection on wheat flour quality traits in two
related populations. Euphytica. 2015;203:221–235.
19. Lado B, Vazquez D, Quincke M, Silva P, Aguilar I, Gutierrez L. Resource allocation optimization with multi-trait genomic prediction
for bread wheat (Triticum aestivum L.) baking quality. Theor. Appl. Genet. 2018;131:2719–2731.
20. Hamer RJ, MacRitchie F, Weegels PL. Chapter 6: Structure and functional properties of gluten, in: K. Khan, P.R. Shewry (Eds), Wheat:
Chemistry and Technology, AACC International, Inc., St. Paul, Minnesota, USA. 2009:153–178.
21. Hayes BJ, Panozzo J, Walker CK, Choy AL, Kant S, Wong D, Tibbits J, Daetwyler HD, Rochfort S, Hayden MJ, Spangenberg GC.
Accelerating wheat breeding for end-use quality with multi-trait genomic predictions incorporating near infrared and nuclear
magnetic resonance-derived phenotypes. Theor. Appl. Genet. 2017;130:2505–2519.
22. Tsilo TJ, Nygard G, Khan K, Simsek S, Hareland GA, Chao S, Anderson JA. Molecular genetic mapping of QTL associated with flour
water absorption and farinograph related traits in bread wheat. Euphytica. 2013;194:293–302.
23. Li Y, Zhou R, Wang J, Liao X, Branlard G, Jia J. Novel and favorable QTL allele clusters for end-use quality revealed by introgression
lines derived from synthetic wheat. Mol. Breed. 2012;29:627–643.
24. Edae EA, Byrne PF, Haley SD, Lopes MS, Reynolds MP. Genome-wide association mapping of yield and yield components of spring
wheat under contrasting moisture regimes. Theor. Appl. Genet. 2014;127:791–807.
25. Doerge RW. Multifactorial genetics: mapping and analysis of quantitative trait loci in experimental populations. Nat. Rev. Genet.
2002;3:43–52.
Page 9/16

26. Holland JB. Genetic architecture of complex traits in plants. Curr. Opin. Plant Biol. 2007;10:156–161).
27. Jordan K. Sequence-based map development of wheat NAM populations. Plant & Animal Genome. 2015.
28. Tian F, Bradbury PJ, Brown PJ, Hung H, Sun Q, Flint-Garcia S, Rocheford TR, McMullen MD, Holland JB, Buckler ES. Genome-wide
association study of leaf architecture in the maize nested association mapping population. Nat. Genet. 2011; doi:10.1038/ng.746.
29. McMullen MD, Kresovich S, Villeda HS, Bradbury P, Li H, Sun Q, Flint-Garcia S. et al. Genetic properties of the maize nested
association mapping population. Science. 2009;325:737-740.
30. Kidane YG, Gesesse CA, Hailemariam BN, Desta EA, Mengistu DK, Fadda C, Pe ME, Dell-Acqua M. A large nested association
mapping population for breeding and quantitative trait locus mapping in Ethiopian durum wheat. Plant Biotechnol. J.
2019;17:1380–1393.
31. Jordan KW, Shichen W, Fei H, et al. The genetic architecture of genome-wide recombination rate variation in allopolyploid wheat
revealed by nested association mapping. Plant J. 2018;95.
32. Bajgain P, Rouse M, Tsilo TJ, Macharia GK, Bhavani S, Jin Y, Anderson JA, Bai G. Nested Association Mapping of Stem Rust
Resistance in Wheat Using Genotyping by Sequencing. Plos one. 2016;11:e0155760.
33. Pont C, Leroy T, Seidel M, Tondelli A, Duchemin W, Armisen D, Lang D, Bustos-Korts D, Goue N, Balfourier F, Molnar-Lang M, Lage J,
Kilian B, Ozkan H, Waite D, Dyer S, Letellier T, Alaux M, Wheat and Barley Legacy for Breeding Improvement consortium, Russell J,
Keller B, et al. Tracing the ancestry of modern bread wheats. Nat. Genet. 2019;51:905–911.
34. Zhou Y, Zhao X, Li Y. et al. Triticum population sequencing provides insights into wheat adaptation. Nat. Genet. 2020;
https://doi.org/10.1038/s41588-020-00722-w.
35. Wei Y, Zheng Y, Liu D, Zhou Y, Lan X. HMW-glutenin and gliadin variations in Tibetan weedrace, Xinjiang rice wheat and Yunnan
hulled wheat. Genet. Resour. Crop Ev. 2002;49:327–330.
36. Chen F, Yu Y, Xia X, He Z. Prevalence of a novel puroindoline b allele in Yunnan endemic wheats (Triticum aestivum ssp.
yunnanense King). Euphytica. 2007;156:39–46.
37. Jiang Y, Wang J, Luo W, Wei Y, Qi P, Liu Y, Jiang Q, Peng Y, Chen G, Dai S, Zheng Y, Lan X. Quantitative trait locus mapping for seed
dormancy in different post-ripening stages in a Tibetan semi-wild wheat (Triticum aestivum ssp. tibetanum Shao). Euphytica.
2015;203:557–567.
38. Liu S, Chao S, Anderson JA. New DNA markers for high molecular weight glutenin subunits in wheat. Theor. Appl. Genet.
2008;118:177–183.
39. He X, Wang J, Ammar K, Peña RJ, Xia X, He Z. Allelic variants at the Psy-A1 and Psy-B1 loci in durum wheat and their associations
with grain yellowness. Crop Sci. 2009;49:2058–2064.
40. 40. Butow BJ, Gale KR, Ikea J, Juhasz A, Bedo Z, Tamas L, Gianibelli MC. Dissemination of the highly expressed Bx7 glutenin
subunit (Glu-B1al allele) in wheat as revealed by novel PCR markers and RP-HPLC. Theor. Appl. Genet. 2004;109:1525–1535.
41. 41. Carter AH, Garland-Campbell K, Morris CF, Kidwell KK. Chromosomes 3B and 4D are associated with several milling and baking
quality traits in a soft white spring wheat (Triticum aestivum) population. Theor. Appl. Genet. 2012;124:1079–1096.
42. 42. Li J, Cui F, Ding A, Zhao C, Wang X, Wang L, Bao Y, Qi X, Li X, Gao J, Feng D, Wang H. QTL detection of seven quality traits in
wheat using two related recombinant inbred line populations. Euphytica. 2012;183:207–226.
43. 43. Sun D, He Z, Xia X, Zhang L, Morris CF, Appels R, Ma W, Wang H. A novel STS marker for polyphenol oxidase activity in bread
wheat. Mol. Breed. 2005;16:209–218.
44. 44. He X, He Z, Zhang L, Sun D, Morris CF, Fuerst EP, Xia X. Allelic variation of polyphenol oxidase (PPO) genes located on
chromosomes 2A and 2D and development of functional markers for the PPO genes in common wheat. Theor. Appl. Genet.
2007;115:47–58.
45. 45. Asseng S, Martre P, Maiorano A, Rötter RP, O’Leary GJ, Fitzgerald GJ, Girousse C, Motzo R, Giunta F, Babar MA, Reynolds MP,
Kheir AMS, Thorburn PJ, Waha K, Ruane AC, Aggarwal PK, Ahmed M, Balkovič J, Basso B, Biernath C, Bindi M, Cammarano D,
Challinor AJ, De Sanctis G, et al. Climate change impact and adaptation for wheat protein. Glob. Change Biol. 2019;25:155–17.
46. Guo W, Xin M, Wang Z et al. Origin and adaptation to high altitude of Tibetan semi-wild wheat. Nat. Commun. 2020; 11:5085.
47. Du X, Hu J, Ma X. et al. Molecular characterization and marker development for high molecular weight glutenin subunit 1Dy12**
from Yunnan hulled wheat. Mol. Breeding 2019;39:4.
48. Wilde F, Schon CC, Korzun V, Ebmeyer E, Schmolke M, Hartl L, Miedaner T. Marker-based introduction of three quantitative-trait loci
conferring resistance to Fusarium head blight into an independent elite winter wheat breeding population. Theor. Appl. Genet.
Page 10/16

2008;117:29–35.
49. AACC International, Approved methods of the American Association of Cereal Chemists, Tenth edition, AACC International. St. Paul,
Minnesota, USA. 2000.
50. Meng L, Li H, Zhang L, Wang J. QTL IciMapping: Integrated software for genetic linkage map construction and quantitative trait
locus mapping in bi-parental populations. Crop J. 2015;3:269–283.
51. Hu J, Wang X, Zhang G, Jiang P, Chen W, Hao Y, Ma X, Xu S, Jia J, Kong L, Wang H. QTL mapping for yield-related traits in wheat
based on four RIL populations. Theor. Appl. Genet. 2020;133:917–933.

Tables
Table 1 Eight important genetic regions associated with multiple dough rheological characteristics.
Genetic
region

QTL

Flanking markers of peak

QG-1B.1

QPkWd-1B.1, QWdEm-1B.1

wsnp_Ku_rep_c70742_70379526

tplb0059c20_2221

QG-1B.2

QMlPT-1B.1, QMlPH-1B.2, QPkWd-1B.2

BS00047700_51

IAAV4866

QG-1B.3

QWdEm-1B.2, QMlPH-1B.3

Tdurum_contig20299_368

BobWhite_c48550_198

QG-1B.4

QMlPT-1B.2, QWdEm-1B.3, QMlPH-1B.4

tplb0048b10_1365

Ku_c28580_432

QG-3B.1

QMlPT-3B.1, QPkWd-3B.1, QWdEm-3B.1,
QMlPH-3B.3

wsnp_Ex_c3257_6003626

wsnp_Ex_c8715_14590273

QG-3B.2

QWdEm-3B.2, QMlPH-3B.4

wsnp_Ku_c29102_39008953

wsnp_Ex_c64005_62986957

QG-3B.3

QMlPT-3B.2, QPkWd-3B.2

wsnp_Ex_c64005_62987067

wsnp_BE497740B_Ta_2_1

QG-4D

QMlPH-4D, QWdEm-4D

BS00103682_51

Ex_c42133_630

MlPT, midline peak time; MlPH, midline peak height; PkWd, peak width; WdEm, width at eight minutes; QG, QTL cluster.
Table 2
Four novel QTL that were stably identified in three or more environments.
QTL

Environment

Position

Flank markers of peak

LOD

PVE (%)

QMlPH1B.4

E1/E2/E3/E4

44

tplb0048b10_1365

Ku_c28580_432

4.0129–
9.7453

1.4168–
4.503

QMlPH3B.4

E1/E2/E3/E4/BLUP

63

wsnp_Ku_c29102_39008953

wsnp_Ex_c64005_62986957

6.365–
32.0377

1.711–
10.8244

QWdEm1B.2

E1/E2/E3/BLUP

38

Tdurum_contig20299_368

BobWhite_c48550_198

4.6957–
5.7802

0.5107–
2.4201

QWdEm3B.2

E1/E2/E3

63

wsnp_Ku_c29102_39008953

wsnp_Ex_c64005_62986957

6.1816–
20.4799

2.5598–
9.7032

MlPT, midline peak time; MlPH, midline peak height; PkWd, peak width; WdEm, width at eight minutes. E1, 2016 De’zhou; E2, 2016
Tai’an; E3, 2016 He’ze; E4, 2017 Tai’an; BLUP, best linear unbiased prediction. PVE, phenotypic variance explained.
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Figure 1
Phenotypic data of wheat processing quality of the five parents and the NAM population. A. The four dough rheological characteristics
of the five parents (a–e) and the ANOVA between five parents of four dough rheological characteristics (f–i). Labels A and B indicate
significant differences at the level of P < 0.01, and labels a and b indicate significant differences at the level of P < 0.05. B. The boxplot
for four dough rheological characteristics of four RIL populations. The different color lines of black, green, yellow, red, and blue indicate
the five parents of the NAM population YZ, CY, HU, YN, and YT, respectively. C. The relationships between four dough rheological
characteristics of the NAM population. YZ, Yanzhan 1; CY, Chayazheda 29; HU, Hussar; YN, Yunnanxiaomai; YT, Yutiandaomai. MlPT,
midline peak time; MlPH, midline peak height; PkWd, peak width; WdEm, width at eight minutes.
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Figure 2
Identified QTL for wheat processing quality detected in the NAM population. Red, blue, green and purple indicate the midline peak time,
the midline peak height, the peak width, and the width at eight minutes, respectively. The outermost part of the graph represents the
QTL/gene reported in the previous study.
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