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This study aimed to clarify the genetic mechanisms behind wheat flour color. Flour color-
related traits (L*, a*, and b*) and polyphenol oxidase (PPO) activity are important parameters
that influence the end-use quality of wheat. Dissecting the genetic bases and exploring
important chromosomal loci of these traits are extremely important for improving wheat
quality. The diverse panel of 205 elite wheat varieties (lines) was genotyped using a high-
density Illumina iSelect 90K single-nucleotide polymorphisms (SNPs) assay to disclose the
genetic mechanism of flour color-related traits and PPO activity. In 2 different environments
and their mean values (MV), 28, 30, 24, and 12 marker-trait associations (MTAs) were iden-
tified for L*, a*, b" traits, and PPO activity, respectively. A single locus could explain from
5.52% to 20.01% of the phenotypic variation for all analyzed traits. Among them, 5 highly
significant SNPs (P<0.0001), 11 stable SNPs (detected in all environments) and 25 multitrait
MTAs were identified. Especially, BS00000020_51 showed pleiotropic effects on L*, a*, and
b*, and was detected in all environments with the highest phenotypic contribution rates.
Furthermore, this SNP was also found to be co-associated with wheat grain hardness, ash
content, and pasting temperature of starch in previous studies. The identification of these
significantly associated SNPs is helpful in revealing the genetic mechanisms of wheat color-
related traits, and also provides a reference for follow-up molecular marker-assisted selec-
tion in wheat breeding.
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Introduction

Common wheat (Triticum aestivum L.) is one of the most important crops in the world.
Its flour can be used to make a variety of foods, such as bread, steamed bread, and noo-
dles, which have important roles in human nutrition. Flour color significantly influences
the quality of these end-use products (Zhao et al. 2013). And they are usually expressed
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as L" (lightness), a" (red—green chromaticity) and b* (yellowness) of the flour sample
(Oliver et al. 1992). Theoretically, a pure white flour should have zero values for a* and
b*, and one hundred for L* (Sun et al. 2002). Low values of L* with high positive values
of a” result in a gray and dull color (Zhang et al. 2009a). For yellow alkaline noodles, a
flour with high b* value is desirable in both Japan and China (Kruger et al. 1992). But for
steamed bread and dumplings, a white flour with extremely low value for b*and high
value for L* is popular in China (Zhang et al. 2009b). Studies have shown that oxidase,
yellow pigment, impurities, flour particle size, water content, flour yield, and milling
process are the main factors affecting the color of wheat flour and its products (Zhang and
Tian 2008). Of these, polyphenol oxidase (PPO) is the main factor leading to the brown-
ing during processing and storage and then influencing color, which can explain from
50% to 70% of variations (Morris et al. 2000). Color is the first impression of the flour
foods for the consumers, and is also one of the most important parameters for evaluating
the quality of wheat flour and its products. Therefore, revealing its genetic basis and iden-
tifying the favorable genes is beneficial for breeding new wheat varieties with high qual-
ity using molecular marker-assisted selection (MAS).

These flour color-related traits and PPO activity are complex quantitative traits con-
trolled by multiple genes (Moses et al. 2001). Currently, the main methods used to per-
form genetic analysis for quantitative traits are linkage analysis and association mapping.
Previously, a large number of studies related to quantitative trait locus (QTL) mapping for
wheat flour color and PPO activity were performed using linkage analysis, and some
major QTLs were identified (Zhang et al. 2009¢c; Zhai et al. 2016). These studies utilized
biparental segregating population, which is subject to low allele numbers and limited re-
combination (Flint-Garcia et al. 2003). Consequently, the QTLs revealed so far for these
traits might represent only parts of the genetic system. In comparison, a genome-wide
association study (GWAS) is a recently developed, high-resolution method for genetic
mapping using existing germplasm (such as landraces, elite cultivars, and advanced
breeding lines) based on linkage disequilibrium (LD) (Ingvarsson and Nathaniel 2011).
The GWAS permits a survey of a wide range of alleles at each locus, detection of MTAs
at the whole-genome level, and identification of elite alleles for significantly associated
loci (Zhang et al. 2013). To date, few reports have used association mapping to dissect the
genetic mechanism of whole wheat flour color-related traits and PPO activity. Especially,
no study has dissected the genetic basis of these traits using GWAS based on tens of thou-
sands of SNP markers.

A systematic GWAS was performed using an [llumina iSelect 90K SNP array and a
panel of 205 elite wheat cultivars (lines) derived from the winter wheat region of China
to clarify the genetic mechanisms behind the whole wheat flour color. The main objects
of this work described here were to dissect the genetic basis of all analyzed traits and find
significant associations between marker and certain trait. The results can lay a foundation
for molecular-assisted breeding, functional gene research, and widening the genetic di-
versity of wheat germplasm.
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Materials and Methods
Test materials and field planting

The test materials used in the present study comprised 205 diverse varieties or lines care-
fully chosen to represent genetic stock used in the winter wheat regions of China. Of
these, 203 varieties and lines came from 10 provinces that are major winter wheat produc-
tion regions in China, and the remaining 2 varieties, used as founder parents, were from
other countries (Mexico and France). The 205 varieties and lines included 77 bread varie-
ties, 55 founder parents, and 73 breeder’s lines (Table S1%).

All the test materials were planted in the test fields of Shandong Agricultural Univer-
sity (Tai’an, 116°36°E, 36°57°N) and Dezhou Academy of Agricultural Sciences (Dezhou,
116°29’E, 37°45°N) during the wheat crop cycles in 2014-2015. A completely rand-
omized design was used with three replications in two different environments, and all
lines were grown in a three-row plot, 25 cm apart. Field management was the same as the
general field, and no serious pests and lodging were observed during the period of growth.
At last, the lines were harvested individually at maturity and cleaned prior to milling.

Measurement of the flour color and PPO activity

The whole wheat meal was prepared by milling the wheat grains in a whirlwind mill
(Perten3100, Sweden).

Flour color parameters (L*, a*, and b") were measured using a Minolta colorimeter
(CR-400, Minolta, Japan) with the Commission Internationale de I’éclairage L*a"b" color
system. L* represented the lightness (0 for black and 100 for white), a* represented the
red—green direction, and b* represented the yellow—blue direction. Each sample was re-
peated three times, and the observed value in each environment was the average value of
the samples.

A total of 10.0 mg sample of wheat flour was weighed, and 100 pl of phosphate-buft-
ered saline (pH 7.2-7.4) was added and mixed well. Then, the mixture was centrifuged
for 20 minute at 2000-3000 rpm. The supernatant was collected carefully, which was the
PPO extract. The absorbance (optical density) was measured at 450 nm using a micro-
plate reader (RT-6100, Shenzhen Rayto Corporation, China) by taking advantage of the
plant polyphenol oxidase enzyme-linked immunosorbent assay kit (Shanghai Jianglai
Biological Technology Co. Ltd., China). The PPO activity in the sample was calculated
using the standard curve, and the unit of enzyme activity was U/mg. Each sample was
assayed in duplicate, and the mean values were used for statistical analysis.

Molecular analysis

DNA was extracted using the slightly modified Triticarte Pty. Ltd (http://www. triticarte.
com. au/) method. The DNA quality was determined by electrophoresis on 0.8% agarose
*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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gel, and the DNA concentration was determined using a NanoDropND-1000 UV-Vis
spectrophotometer (NanoDrop Technologies, NC, USA).

The Genome Center at the University of California, CA, USA, was entrusted to per-
form genotyping of the population DNA using the jointly developed wheat 90K Illumina
iSelect array (81,587 SNPs) (Wang et al. 2014) following the manufacturer’s recommen-
dations as described by Akhunov et al. (2009). The genotyping assays were carried out on
the Illumina iScan Reader. Genotypic clusters for each SNP were determined using the
polyploidy version of the Genome Studio software (Illumina, http://www.illumina.com).
The accuracy of SNP clustering was visually checked, and incorrectly clustered SNPs
were manually adjusted. Quality control of the obtained genotype data was performed
using PLINK v1.07 (Purcell et al. 2007), excluding the SNP markers with the detection
rate of less than 0.8 and the minor allele frequency of less than 0.05. Finally, a total of
24,355 SNPs were obtained for the association analysis.

Data analysis

The variance, descriptive statistics, and correlation of the tested traits were performed
using the statistical software SPSS 17.0 (SPSS, IL, USA). The TASSEL 3.0 software
(http://www.maizegenetics.net/) was used to evaluate the MTA. The P value determined
whether a QTL was associated with the marker or not. The R’ was used to evaluate the
magnitude of the MTA effects. SNPs with P <0.001 were considered to be significantly
associated with individual traits. Analysis of population structure and kinship were evalu-
ated referring to the method of Chen et al. (2016).

Results
Phenotypic evaluation

The phenotypic variation of wheat flour color-related traits in different environments is
shown in Table 1. The variation coefficient of L*, a*, and b, as well as PPO activity of the
test materials, was ranged from 2.89% to 83.87%. The variation coefficient of a* was the
highest, whereas that of L* was the smallest. Analysis of variance (ANOVA) showed ex-
tremely significant differences between the varieties and the interaction of cultivars x
environment for all traits (Table 1). Thus, the four analyzed traits showed broad pheno-
typic variations among different varieties and environments, and their genetic diversity
was high. Moreover, the population had the potential of screening excellent germplasms,
which were suitable for GWAS analysis.

The relationships among all analyzed traits are shown in Table S2. Highly significant
correlations were observed among L*, a*, and b*. Of these, significant negative correla-
tions were observed between L* and a” as well as b*, whereas significant positive correla-
tions were found between a* and b*. Moreover, the correlations among these three traits
had the same tendency under different environments, which meant that the correlation
coefficient was the largest between L*and a*, while it was the smallest between a“and b".
Moreover, the correlation coefficient in Tai’an was less than that in Dezhou across each
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Table 1. Descriptive statistics and ANOVA for phenotypic observations of flour color-related traits
in 205 wheat cultivars (lines)

Trait Environ- Range Mean=SD CV/% £ Value
ment G GxE
Tai’an 77.03-89.97 84.04+2.43 2.89
L" | Dezhou 75.81-89.07 82.55+2.75 3.33
Mean 76.42-89.28 83.27+2.47 2.96 145.83™ 18.68"
Tai’an —0.71 to 2.84 0.67+0.56 83.87
Flour color a" | Dezhou 0.11-3.48 1.48+0.61 41.03
Mean —0.28 to 3.16 1.09+0.57 52.11 127.64™ 14.87™
Tai’an 7.45-15.77 12.24+1.81 14.80
b* | Dezhou 8.20-16.87 13.02+1.89 14.49
Mean 7.98-16.08 12.64+1.78 14.09 3.20™ 1.34™
Tai’an 5.86-14.03 9.36+1.70 18.16
PPO (U/mg) Dezhou 4.81-11.28 8.47+1.40 16.53
Mean 6.38-14.03 8.98+1.32 14.68 109.36™ 89.6!""

**Significant at the 0.01 probability level.

environment. However, the correlation between three color-related traits and PPO activ-
ity was not significant.

GWAS of flour color-related traits and PPO activity

Before embarking on GWAS, three different association models (GLM, GLM_Q, and
MLM_Q +K) were used for finding the most valid number of associated loci, based on
L* data collected from the 2 different environments (Fig. S1). Results showed that the
number of positively associated loci was the lowest by MLM Q +K, and its actual P
value was in good agreement with the expected P value, demonstrating that this model
can well reduce potential false positives. Therefore, this study selected MLM_Q +K to
perform the GWAS for the four analyzed traits.

A total of 64 SNPs significantly associated with flour color-related traits and PPO ac-
tivity were detected at P <0.001 (-lg P>3.00) across the 2 different environments and
mean values (MV), with the percentage of variance explained by the associated SNPs
(R?) from 5.52% to 20.01% (Table S3). Of these associated loci, five SNPs showed high-
ly significant associations with flour color-related traits (P < 0.0001).

In total 28 loci were found to be significantly associated with L*, which distributed on
the chrs. 1A, 1B, 3B, 4A, 5A, 5D, 6A, and 7B, accounting for 5.54%—16.42% of the phe-
notypic variance in each environment (Table S3). Of these, three markers (Excalibur
49550 97, wsnp_ Ex c23787 33024604, and IAAV4799) on chr. 5A, one marker
(BS00000020 _51) on chr. 5D, and one marker (tp/b0039c07 537) on chr. 7B were de-
tected in all environments, suggesting that these MTAs could be considered stable mark-
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Figure 1. Genome-wide association scan for a* among the 205 wheat germplasms

ers for the trait. Especially, the locus (BS00000020 51) on chr. 5D showed a highly sig-
nificant (P < 0.00001) association with L" and had the highest R? (14.32%). Moreover, a
locus harboring six MTAs for L* was detected on chr. 5A (93¢M), which could be re-
garded as a strongly associated region for L".

For a*, 30 MTAs were mapped onto chrs. 1A, 1B, 3A, 3B, 3D, 4A, 5A, 5B, 5D, 6A,
6B, 7A, and 7B, which accounted for 5.73%—14.32% of the phenotypic variance in each
environment (Table S3 and Fig. 1). Of these, three MTAs (Jagger c1888 277,
BS00000020 51, and tplb0039c07 537) on chrs. 1B, 5D, and 7B were detected in all
environments, and one locus (BS00000020 51) on chr. 5D showed a highly significant
(P<0.0001) association with a” and had the highest R? (14.32%). Besides, a strongly as-
sociated region for a" was also found on chr. 6B (66 ¢cM), which harbors four MTAs.

A total of 24 MTAs for b* were identified on the chrs. 1A, 1B, 2A, 3B, 5A, 5D, 6A, 7A,
and 7B, which accounted for 5.52%—20.01% of the phenotypic variance in each environ-
ment (Table S3). Of these, four loci were detected in all environments, including one
marker (Kukri_c34242 404) on chr. 1A, one marker (BS00000020 51) on chr. 5D, and
two markers (Excalibur c1791 331 and Excalibur ¢39817 332) on chr. 7A. The locus
BS00000020 51 on chr. 5D showed a highly significant (P <0.000001) association with
b" and had the highest R? (20.01%). In addition, a locus located on chr. 5A (93 ¢M), har-
boring six MTAs, which was regarded as a strongly associated region for b™.

The detected loci significantly associated with PPO activity were only 12 distributed
on the chrs. 1D, 3D, 4A, 5A, 6A, 7A, and 7D, accounting for 5.63%—9.08% of the phe-
notypic variance in each environment (Table S3). Of these, the MTA (BS00022237 51)
on chr. 7A had the highest R but was detected only in one environment. No significantly
associated locus was detected in all environments at the same time, and only one marker
(BobWhite _c11000_782) on the chr. 3D was detected in one environment and MV.

A total of 25 multitrait MTAs for wheat flour color-related traits were detected in this
study. Among the MTAs for L", 23 loci controlled two or more traits at the same time, of
which Jagger ¢1888 277 and Excalibur ¢49550 97 were pleiotropic loci for L* and a*
across all environments. The BS00000020 51 and tpl/b0039c07 537 loci also showed plei-
otropic effects on L, a*, and b*, and were detected in all environments. Among the MTAs
for a*, 17 loci simultaneously controlled two or more traits. The MTA tp/b0039¢07 537 had
a pleiotropic effect on a* and b* across all environments. A total of 15 associated loci for b*
had pleiotropic effects, each of which controlled 2 or more traits. It was worth mentioning
that BS00000020 51 locus on chr. 5D was detected to control L*, a*, and b" in all environ-
ments. Moreover, the R? value in single environment was more than 10.0%.
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Discussion
GWAS for flour color and PPO activity

In total 28, 30, 24, and 12 SNP loci were found to be significantly associated with L*, a*,
b", and PPO activity, respectively, across 2 different environments and MV. Of these, 5,
3, and 4 MTAs were stably associated with L*, a*, and b" in all environments, respec-
tively. However, among the MTAs for PPO activity, only one locus was stably detected in
two different environments, which might be because it was prone to be affected by the
environment (Hu et al. 2004). Fulton et al. (1997) believed that QTLs that could be de-
tected in different environments might be more valuable in breeding compared with
QTLs with high contribution rate of phenotypic variation found only in a specific envi-
ronment. Therefore, MTAs stably detected across multiple environments in the present
study can be applied in wheat breeding.

Moreover, among the detected MTAs for flour color-related traits in this study, 25
multitrait MTAs were identified, each of which controlled 2 or more traits. For example,
the loci BS00000020 51 and tplb0039c07 537 were located on chrs. 5D and 7B, respec-
tively, showed pleiotropic effects on the three traits L, a*, and b*. Thumma et al. (2001)
pointed out that if QTL for two traits were on the same chromosomal region, a causal
relationship might exist between the two traits. The identification of these multitrait
MTAs suggested that the three traits L*, a*, and b* were closely associated, which was
consistent with the correlation analysis of the three traits (Table S2). Humphries et al.
(2004), Zhang et al. (2009a), and Zhai et al. (2016) also obtained the same results, indicat-
ing pleiotropic effect or a close link between the controlling genes of three traits. How-
ever, the MTAs for PPO activity were independent of flour color-related traits, which was
consistent with the findings of Zhai et al. (2016), indicating that PPO influenced the qual-
ity of wheat end-use products by browning reaction during processing but not by influ-
encing flour color.

Comparison with previous studies

Compared with previous studies for flour color-related traits in wheat, the 44 detected
SNP loci in this study were consistent with or closely adjacent to the QTL position identi-
fied in previous studies (Table S3). For example, among the MTAs for L* detected in this
study, Kukri ¢22349 754, Kukri rep c102231 265, and GENE-1118 58 (chr. 1A) were
found to be in the same genomic region as the QTL (QFL".mna-1A4.1) for L* detected by
Tsilo etal. (2011). The MTA for a*, BS00025964 51 (chr. 1B), was only about 3 ¢cM away
from the QTL (galB) detected by Zhang et al. (2009a). The MTAs (Kukri c¢22349 754,
Kukri_rep ¢102231 265, and GENE-1118 58) for b* located on chr. 1A were closely
adjacent to the MTA (wPt-731090) for b* detected by Yu et al. (2014). Above all, five
MTAs for flour color-related traits not only were detected across all environments in this
study but also were closely adjacent to the loci reported by previous studies (Yu et al.
2014; Zhai et al. 2016; McCartney et al. 2006). All these findings validated that MTAs
detected in this study were reliable in our material and among the environments. These
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consensus SNP/QTL loci may serve as candidate regions for further study of the genetic
mechanism of flour color. Further exploring and studying the candidate genes of these
key loci may provide important molecular information for the future improvement of
wheat flour color.

The natural population used in this study has been utilized to dissect the genetic basis
of other quality and agronomic traits in wheat by our research teem (Chen 2016; Liu et al.
2017). Compared with these studies, SNP BS00000020 51 (chr. 5D) detected in the pre-
sent study, was significantly associated with L*, a*, and b, also had a pleiotropic effect on
wheat kernel hardness and ash content. This locus might contain genes that controlled the
flour color, kernel hardness, and ash content at the same time, which was consistent with
the results that flour color was closely correlated with the kernel hardness and ash content
in wheat (Zhang et al. 2009b). In addition, this MTA was detected in all environments
with the highest phenotypic contribution rates in the present study, which might be a
newly identified locus for wheat flour color-related traits. Therefore, future studies should
be focused on this genomic region to explore the candidate gene for wheat flour color.

Most previous studies have shown that the major genes controlling the PPO activity in
wheat are located on homoeologous group 2 chrs. of wheat (Demeke et al. 2001; Raman
et al. 2005). However, other chrs. such as the homoeologous groups 3 and 5 as well as
chrs. 6B and 7D also had some minor genes (Demeke et al. 2001). This study did not find
SNPs that were significantly associated with wheat PPO activity on the homoeologous
group 2. Nevertheless, several MTAs were found on homoeologous groups 3 and 5 as
well as chrs. 7D, which might be minor gene loci controlling PPO activity. Furthermore,
the detected MTAs RAC875 c13 1458 and Excalibur ¢53930 53 (chr. 5A), together
with plb0024a09 742 and tplb0024a09 2106 (chr. 7D), were mapped into the adjacent
regions on the same chr. of QTLs for PPO activity detected by Zhao et al. (2013) and Zhai
et al. (2016), respectively. The differences between the results of this study and other
previous studies might be related to the differences in the mapping population, analyzing
methods, as well as marker type and positions on different genetic maps. Moreover, the
newly identified SNPs significantly associated with PPO activity needed to be further
validated by using different populations and locations.
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