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Abstract: The consensus map is used for the verification of marker order, quantitative trait locus
(QTL) mapping and molecular marker-assisted selection (MAS) in wheat breeding. In this study, a
wheat consensus genetic map named as Sp7A_G7A, was constructed using 5643 SNP markers in two
double haploid (DH) populations of Spitfire x Bethlehem-7AS (Sp7A) and Gregory x Bethlehem-
7AS (G7A), covering 4376.70 cM of 21 chromosomes (chr) with an average interval of 0.78 cM. The
collinearity of the linkage maps with the consensus map of Con_map_Wang2014 and the physical
map of wheat reference genome (IWGSC RefSeq v1.0) were analyzed based on the Spearman rank
correlation coefficients. As results, the three constructed genetic maps of Sp7A, G7A and Sp7A_G7A
showed high collinearity with the Con_map_Wang2014 and the physical map, and importantly,
the collinearity level between our constructed maps and the wheat physical map is higher than
that between the Con_map_Wang2014 and the physical map. The seed coat color QTL detected in
both populations under multiple environments were on the region (745.73-760.14 Mbp) of the seed
color gene R-B1/Tumyb10-B1 (TraesCS3B02G515900, 3B: 757,918,264-757,920,082 bp). The validated
consensus map will be beneficial for QTL mapping, positional cloning, meta-QTL analysis and
wheat breading.

Keywords: collinearity; consensus map; double haploid (DH) populations; linkage map; QTL; seed
coat color parameters; wheat

1. Introduction

Common wheat (Triticum aestivum L.) (2n = 6x = 42, AABBDD) is an allohexaploid
species derived from the hybridization of diploid Aegilops tauschii (2n = 2x =14, DD) and
tetraploid wild emmer (2n = 4x =28, AABB) 10,000 years ago [1]; it is one of the four most
important crops grown world-wide, supplying food for 35% of the world population [2].
Intense breeding activities for improving wheat varieties especially on yields over the past
century have been carried out to meet the demand of the gradually increasing human
population. Molecular markers have been widely used as an efficient tool for genetic
analysis and positional cloning of plant species during the last three decades. Meanwhile,
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molecular marker-assisted (MAS) breeding has been increasingly used for the decreasing
costs of marker assays and provided a faster and more efficient breeding strategy for
a long-term breeding process [3-7]. QTL mapping and genome wide association study
(GWAS) are major strategies to identify quantitative trait loci (QTL) underlying many
important agronomic and economical traits [5,8-11].

Genetic linkage maps play an important role in genetic studies, including, but not
limited to: QTL or gene mapping, MAS, positional cloning, epistasis dissection, physical
and genetic map integration, and genome assembly [8,12-14]. With the development of
different types of DNA markers and sequencing techniques, a great progress has been
made in the linkage maps of common wheat, the markers from restriction fragment length
polymorphisms (RFLP) [15], through random amplified polymorphic DNA (RAPD) mark-
ers [16], amplified fragment length polymorphisms (AFLPs) [17] and simple sequence
repeats (SSRs) [18], to high-throughput marker systems including diversity array tech-
nology (DArT) [19,20], genotyping-by-sequencing (GBS) [21,22] and single nucleotide
polymorphisms (SNPs) [23,24] were widely used in the construction of genetic map in
wheat. Recently, with the development of microarray of markers and the reduction of
sequencing cost, high-throughput SNP markers have been more and more widely used in
the construction of wheat genetic map and QTL mapping. Zhai et al. [25] constructed a
high-density genetic linkage map with 10,816 SNP and SSR markers for QTL analysis of
spike morphological traits and plant height in winter wheat. Wen et al. [14] constructed a
high-density SNP-based consensus map integrating genetic maps from four recombinant
inbred line populations of wheat using 90K Infinium iSelect SNP assay, with 29,692 SNP
markers covering 2906.86 cM. Liu et al. [26] constructed a high-density genetic map with a
wheat 55 K SNP array, containing 12,109 SNP markers spanning 3021.04 cM across the 21
wheat chromosomes, which was highly consistent with the physical map and useful for
QTL mapping.

QTL mapping with linkage map based on a single mapping population is often limited
by the genetic background and a low level of polymorphism [27]. However, the consensus
map, integrating genetic information of different populations, provides more polymorphic
markers, higher marker density and greater genome coverage for mapping without the
need for additional genotyping. Meanwhile, it is very useful for the verification of marker
order, the correction of multiple alignment markers, and the identification of chromosomal
rearrangements such as translocations, inversions, and duplications [14,28-31]. Several
consensus maps were constructed and effectively used in QTL desertion, position cloning
and MAS, including the maps based on SSR markers [32], and millions of SNP markers
genotyped by high-throughput sequencing technology or SNP array like 55 K, 90 K, 660 K,
and 820 K for wheat [14,21,28-31].

The wheat 90 K Infinium iSelect SNP array, a currently useful genotyping strategy for
wheat, was widely used in wheat researches, including genetic diversity, QTL analysis,
GWAS, and MAS breeding [10,11,14,24,33,34]. In this study, Sp7A and G7A, derived
from the crosses of Spitfire x Bethlehem-7AS and Gregory x Bethlehem-7AS respectively,
shared one common parent (Bethlehem-7AS), which were genotyped using 12 K Targeted
Genotyping-By-Sequencing (tGBS) and 90 K Infinium iSelect SNP array, respectively. A
high-density consensus map was constructed using two DH populations to validate the
chromosomal locations of mapped SNPs, and to increase the marker density in the map as
a reference resource for genetic studies, QTL mapping and MAS breeding. In addition, in
order to validate the effectiveness of consensus map in this study, the quality of the linkage
map, and the detected QTLs for seed coat color parameters in wheat were evaluated. The
present high-density consensus map will be helpful in QTL mapping and position cloning
for important traits and MAS in wheat breeding.
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2. Materials and Methods
2.1. Plant Material and Field Trials

Two DH populations derived from the crosses Spitfire x Bethlehem-7AS (191 lines)
and Gregory x Bethlehem-7AS (218 lines) were used in the construction of linkage maps
and consensus map. Spitfire is a medium yield variety with high grain protein content
and nitrogen use efficiency (NUE), while Gregory produces high grain yield with low
protein content [35]. Bethlehem-7AS is the 7AS chromosome arm substitution line (CASL)
of Bethlehem (wild emmer), which is one of Israeli common cultivar with high protein
content and good yield [36].

Based on the seed availability, in 2017, 120 lines of G7A DH population, in a completely
randomized design with two repeats were planted in Wongan Hills (G7A_W) and Man-
jimup (Sp7A_M) of Western Australia while 112 lines of Sp7A in Wongan Hills (Sp7A_W),
Katanning (Sp7A_K) and a glasshouse (Sp7A_GH, One replicate) at Murdoch University.
Local practices of cultivation approaches were followed. In the glasshouse experiment,
fertilizers were mixed with the potting mix soil before sowing [37], the pots were arranged
based on a randomized complete block design and were rotated once fortnight to avoid the
influence of the pot position. The glasshouse temperature was controlled at 25 °C/11 °C
(day/night). Each pot was watered to 70% field capacity daily with demineralized water.
After harvesting, seeds for each DH line were collected for trait measurement.

2.2. DNA Extraction and Genotyping

DNA was extracted from a single plant of each DH line of Sp7A (191 lines) and G7A
(218 lines) together with their parents according to a modified method of Zhou et al. [38].
The DNA concentration was measured by Nanodrop (Thermo Scientific, Waltham, MA,
USA). The populations were genotyped using 12 K tGBS and 90 K wheat Infinium iS-
elect SNP arrays in Sp7A and G7A, respectively. SNP allele clustering and genotype
calling were performed using the polyploid version of GenomeStudio software (Illumina,
http:/ /www.illumina.com). Genotype calling was performed using a default clustering
algorithm as initially described in Wang et al. [24]. Genotyping data were corrected and
filtered according to the following rules: SNP markers with low calling rate (<80%) were
deleted together with distorted markers and double-cross markers. Afterwards, 2367
SNPs for the population of Sp7A and 3555 SNPs for the population of G7A were used
to construct the single linkage maps, respectively. The physical positions of SNP mark-
ers were obtained by blasting the SNP-flanking sequences against the reference genome
sequences of Chinese Spring released by the International Wheat Genome Sequencing Con-
sortium (IWGSC RefSeq v1.0, http:/ /www.wheatgenome.org/) with a filtering threshold
of E-value < 1 x 10710, For a specific marker with multiple physical positions, the position
matching the linkage group of Wang et al. [24] and this study was chosen as the physical
locations of the marker, which corrected the location information of the marker.

2.3. Construction the Single and Consensus Map

The QTL IciMapping V4.1 software [39] was used to group with LOD thresholds
> 3.0, then the SNP markers for the construction of individual linkage map for each
population were ordered using “nnTwoOpt” algorithm. The consensus map of this study
was constructed using MergeMap [40] to calculate the consensus marker orders of linkage
groups according to the individual maps. Firstly, individual linkage maps were converted
to acyclic graphs (DAGs) internally [41], and then, a consensus graph was merged on the
basis of shared vertices, finally, each consensus DAG was simplified and linearized using a
mean distance approximation to produce the final consensus map.

2.4. Map Validation

In order to confirm the marker order in the present consensus map, marker as-
signments to linkage group were compared with the corresponding positions in the
consensus map constructed by Wang et al. [24] (Con_map_Wang2014) and the puta-
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tive physical positions in the wheat genome reference (IWGSC RefSeq v1.0, http://
www.wheatgenome.org/). The quality of the constructed individual linkage maps and
consensus map were evaluated by the marker order consistency between our consen-
sus map and Con_map_Wang2014, the collinearity between the linkage maps in this
study and the wheat reference genome, the heat map and the uniform distribution of
recombination fractions on the genome. The collinearity was evaluated by the Spear-
man rank correlation coefficient calculated by the R function cor.test. The heat maps
of recombination fractions were constructed by the package “pheatmap” for R program
(https://cran.r-project.org/web/packages/pheatmap/index.html).

2.5. Seeds Coat Color Parameters Measurement

Five hundred seeds of each DH line in the different replication for the three environ-
ments were used to measure the seeds coat color parameters L, a, and b with a SeedCount
SC6000R analyser, a digital imaging systems specifically designed for the grain industry
(Next Instruments, Ltd., Condell Park, NSW, Australia), using the Commission Interna-
tionale de 1’Eclairage (CIE) L, a and b color system, respectively [42]. “L” designates the
lightness of the sample (100 for white and 0 for black), “a” designates redness when positive
or greenness when negative, and “b” designates yellowness when positive or blueness
when negative. Each sample was scanned for three times, the mean values were used for
statistical analysis and further analysis. Statistical analysis was carried out using SPSS 22.0
program (IBM SPSS Statistics, Chicago, IL, USA).

2.6. Inclusive Composite Interval Mapping of QTLs for Seeds Coat Color

QTL mapping was conducted to analyze the QTLs for seed coat color parameters
using Inclusive Composite Interval Mapping (ICIM) [43] implemented by QTL IciMapping
4.1.0.0 (available at www.isbreeding.net). The walk speed for genome-wide scanning was
set at 1 cM. The significant QTLs were calculated based on 1000 permutations at the 0.05
probability level at LOD threshold 3.

2.7. Common QTL across the Two DH Populations

Due to the differences in the two individual linkage maps, it was difficult to directly
detect common QTLs across the two DH populations based on the QTL or marker position
in each linkage map. Therefore, we assigned each QTL of the two population to the
consensus map and the physical map. If the flanking markers of one QTL were 5 cM or
20 Mbp apart from the flanking markers of another QTL on both sides, the two QTLs were
declared as common QTLs. The detected QTL was named as q + trait name + chromosome
+ the number of QTL on the chromosome, such as “qCIE-a-3B-1". “qCIE-a” indicated one
QTL for seeds color parameters redness (CIE-a) in wheat, and “3B-1" indicates the first
QTL on chromosome 3B [44]. Compared with the previously reported QTLs or gene for
seeds coat color, the common QTLs in this study were used to validate the correctness and
affection of the linkage maps and consensus map.

3. Results
3.1. Construction of the Individual Maps and Consensus Map

After stringent filtration as described above, 2367 (Sp7A) and 3555 (G7A) SNP markers
were used to construct the linkage maps, the details of the markers and the linkage maps
were listed in the Table S1.

For Sp7A, 2367 SNP markers were grouped into 21 linkage groups corresponding to
the 21 wheat chromosomes, covering 2838.18 cM across the whole genomes with an average
interval of 1.20 cM; total map length for each chromosome ranged from 85.94 cM (Chr3D)
to 186.92 cM (Chr5A), and chromosomes 5B and 6D showed the minimum (0.63 cM)
and maximum (5.70 cM) average marker-intervals, respectively (Table 1 and Table S1,
Figure S1.


http://www.wheatgenome.org/
http://www.wheatgenome.org/
https://cran.r-project.org/web/packages/pheatmap/index.html
www.isbreeding.net

Agronomy 2021, 11, 227

50f17

Table 1. Description of basic characteristics for two individual maps and the constructed consensus map.

Map Sp7A 2 G7A? Sp7A_G7A ¢
Map Interval Map Interval Map Interval
chr. MU' pength  Length  Coll1®  Coll2f Coll3s  MIX' rength  Length Coll1t  Coll2f Colizt  MUX' yengh  Length Coll1t  Coll2f Coll3E
° (cM) (M) 4 o (cM) (™) 4 ° (cM) (™) 4
1A 148 121.42 0.82 0.951 0.989 0.933 164 218.69 1.33 0.996 0.978 0.968 299 220.96 0.74 0971 0.982 0.955
1B 185 132.90 0.72 0.947 0.997 0.943 127 134.23 1.06 0.905 0923 0.801 309 136.51 0.4 0911 0.954 0.896
1D 27 89.83 333 0.894 0.995 0.902 65 151.09 232 0.932 0.983 0.933 89 157.95 1.77 0.937 0.990 0.936
2A 93 122.13 1.31 0.890 0.999 0.893 181 273.22 1.51 0.908 0.953 0.884 256 262.65 1.03 0.891 0.964 0.886
2B 218 155.92 0.72 0.882 0.995 0.885 341 242,90 0.71 0.877 0.952 0.890 537 243.32 0.45 0.878 0.967 0.889
2D 39 143.01 3.67 0.841 0.978 0.856 87 244.12 2.81 0.734 0.960 0.696 121 241.58 2.00 0.775 0.960 0.751
3A 165 153.97 0.93 0914 1.000 0.909 191 197.28 1.03 0.964 0.965 0.951 325 193.09 0.59 0.945 0.980 0.940
3B 173 146.16 0.84 0.951 0.977 0.922 279 225.96 0.81 0.909 0.904 0.904 427 251.99 0.59 0.924 0.932 0910
3D 16 85.94 5.37 0.588 0.997 0.582 87 132.02 1.52 0.673 0.500 0573 101 141.67 1.40 0.728 0.509 0.555
4A 71 155.41 2.19 0.970 1.000 0.969 282 249.15 0.88 0.861 0917 0.786 339 244.36 0.72 0.880 0.933 0.818
4B 78 98.00 1.26 0.977 0.995 0.978 95 120.40 127 0.996 0.983 0.988 164 116.39 0.71 0.987 0.985 0.982
4D 16 93.91 5.87 0.982 0.979 0.991 43 146.03 3.40 0.862 0.920 0.873 54 145.17 2.69 0.871 0.933 0.884
5A 233 186.92 0.80 0.945 1.000 0.945 182 247.14 1.36 0.978 0.961 0.962 387 244,58 0.63 0.960 0.989 0.957
5B 213 134.29 0.63 0.936 0.979 0914 225 235.87 1.05 0917 0.967 0.901 422 232.68 0.55 0.922 0.971 0.904
5D 37 179.87 4.86 0.534 0.423 0.843 39 256.64 6.58 0.709 0.990 0.745 74 258.21 3.49 0.679 0.820 0.822
6A 100 123.92 1.24 0.989 1.000 0.990 195 223.79 115 0.891 0.926 0.878 277 220.12 0.79 0.921 0.955 0918
6B 118 120.87 1.02 0911 0.977 0.883 226 166.00 0.73 0.931 0.878 0.943 333 162.66 0.49 0.927 0.904 0.922
6D 32 182.40 5.70 0.369 0.174 0915 46 188.29 4.09 0.107 0.151 0.936 75 186.97 249 0.190 0.148 0933
7A 233 161.34 0.69 0.859 1.000 0.859 376 248.20 0.66 0.815 0.955 0.772 574 244.78 0.43 0.824 0.969 0.794
7B 147 135.42 0.92 0.908 0.998 0.909 242 183.68 0.76 0.922 0.968 0910 377 176.79 047 0.925 0.974 0916
7D 25 114.55 458 0.452 0.990 0.447 82 297.22 3.62 0.847 0.999 0.852 103 294.27 2.86 0.750 0.995 0.745
Genome

A 1043 1025.11 0.98 0.931 0.998 0.928 1571 165747  1.06 0916 0.951 0.886 2457 163054  0.66 0913 0967  0.8954
B 1132 923.56 0.82 0.931 0.988 0919 1535  1309.04  0.85 0.923 0.939 0.905 2569 132034 051 0.925 0955 09171
D 192 889.51 463 0.666 0.791 0.791 449 1415.41 315 0.695 0.786 0.801 617 142582 231 0.704 0765  0.8037
Whole 2367 283818 120 0.842 0.926 0.879 3555 438192 123 0.844 0.892 0.864 5643 437670  0.78 0.847 0.896 0.872

2 the linkage map of Spitfire x Bethlehem-7AS (Sp7A); ® the linkage map of Gregory x Bethlehem-7AS (G7A); © the consensus map of this study (Sp7A_G7A); ¢ Average interval length (cM); ¢ The Collinearity
between the linkage map of this study and the consensus map of Wang et al. [24] (Con_map_Wang2014); f The Collinearity between the linkage map of this study and the physical map of wheat genome (IWGSC
RefSeq v1.0.); & The Collinearity between the Con_map_Wang2014 and the physical map of wheat genome (IWGSC RefSeq v1.0.).
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For G7A, 3555 SNP markers were grouped into 21 linkage groups corresponding to the
21 wheat chromosomes, covering 4381.92 cM across the whole genomes with an average
interval of 1.23 cM. Total map length for each chromosome ranged from 120.40 cM (Chr4B)
t0 297.22 ¢M (Chr7D), and chromosomes 7A and 5D showed the minimum (0.66 cM) and
maximum (6.58 cM) average marker-intervals, respectively (Table 1 and Table S1, Figure S2.

MergeMap [40] was used to construct the consensus map by calculating the consensus
marker orders of linkage groups according to the individual maps. For Sp7A_G7A, totally
5643 SNP markers were grouped into 21 linkage groups corresponding to the 21 wheat
chromosomes, covering 4387.01 cM across the whole genomes with an average interval
of 0.78 cM; total map length for each chromosome ranged from 121.97 cM (Chr4B) to
294.27 ¢M (Chr7D), and chromosomes 7A and 5D showed the minimum (0.43 cM) and
maximum (3.49 cM) average marker-intervals, respectively (Table 1 and Table S1, Figure 1).
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Figure 1. The consensus map constructed by 5643 SNP markers in two double haploid (DH) populations of Spitfire x
Bethlehem-7AS (Sp7A) and Gregory x Bethlehem-7AS (G7A).

3.2. Evaluation of the Individual Maps and Consensus Map
3.2.1. Heat Map

To estimate the quality of the linkage maps, the pair-wise recombination rates (r) of
the SNP markers for Sp7A and G7A were calculated, and the heat maps were generated,
respectively (Figure S3). The value for the recombination rate was indicated by different
colors ranging from yellow (lower) to purple (higher). As shown in Figure S3, the colors on
and near diagonal lines for all the chromosomes are yellow, indicating that they have low
recombination or high linkage disequilibrium, and the squares of different size along the
diagonal lines indicate the existence of different sizes of LD blocks or linkage regions. From
the marker density of different chromosomes, the Figure S3 shows the large variations of
the recombination rate for different chromosomes in Sp7A and G7A.

3.2.2. Similar Recombination Patterns in Wheat Genome

The similar recombination trends showed in constructed genetic maps of Sp7A and
G7A, in which the recombination rate of chromosome arms in the distal is higher than that
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in the proximal, while D genome showed the lowest recombination rate. In the genetic
maps of Sp7A and G7A, each chromosome was divided into 10 intervals according to
its physical positions. In each interval, the recombination rate between adjacent markers
was calculated, and the sum of all the recombinant rates in each interval was presented in
Figure 2. The results show that the recombination rates in the intervals near the two ends
of each chromosome were high and in the middle region were low (Figure 2). This result is
consistent with those in previous studies that the recombination rates along chromosome
arms show higher in high-recombination regions of distal than in low-recombination
regions of proximal [45,46].
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Chromosomes

Figure 2. The cumulative recombination rate of the interval recombinant fractions on 21 chromosomes
for the two DH populations. (A) The DH population of Sp7A; (B) The DH population of G7A; The
red and blue lines represent different chromosomes.

3.2.3. The Collinearity of Linkage Maps with the Previous Reported Map and the Wheat
Reference Genome

To evaluate the collinearity of the linkage maps in current study with the previously
reported consensus map of Con_map_Wang2014 and the physical map of wheat reference
genome (IWGSC RefSeq v1.0), the genetic Spearman rank correlation coefficient for each
chromosome was calculated according to genetic orders of the shared markers between the
three linkage maps in the present study and Con_map_Wang2014, respectively (Table 1),
and the Spearman rank correlation coefficient of each chromosome was calculated between
the genetic and the physical orders of the markers for the three linkage maps, respectively
(Table 1). The consecutive curves and the circos graph of collinearity among genetic map,
Con_map_Wang2014 and the physical map were showed in Figures 54 and S5 and Figure 3,
respectively. The linkage maps of Sp7A, G7A, and the consensus map of Sp7A_G7A
constructed in this study showed high collinearity with Con_map_Wang2014 and the
physical map of wheat genome (Figures 54 and S5 and Figure 3).
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Figure 3. The circos graph and the consecutive curves of collinearity among the consensus map of Sp7A_G7A,
Con_map_Wang2014 and the physical map of wheat genome (IWGSC RefSeq v1.0). (A) The circos graph of collinearity
among Sp7A_G7A, Con_map_Wang2014 and the physical map. (a) The chromosomes and the physical location scale of
wheat; (b) Physical map of the SNP markers using in Sp7A_G7A, Con_map_Wang?2014; (c) The collinearity between the
consensus map of Sp7A_G7A and the physical map; (d) The consensus map of Sp7A_G7A; (e) The collinearity between
Sp7A_G7A and Con_map_Wang2014; (f) The consensus map of Wang et, al. (Con_map_Wang2014); (B) The consecutive
curves of collinearity between Sp7A_G7A and the physical map; (C) The consecutive curves of collinearity between

Sp7A_G7A and Con_map_Wang2014.

Among all the twenty-one Spearman rank correlation coefficients between the linkage
map of Sp7A and Con_map_Wang2014, 12 were larger than 0.90, ranging from 0.369
(ChréD) to 0.989 (Chr6A) showing high collinearity (Table 1, Figure S4A,C). A larger
correlation coefficient revealed between the linkage map of Sp7A and the wheat reference
genome with 19 larger than 0.90, 13 larger than 0.99, and ranging from 0.174 (Chr6D) to
1.000 (Chr4A, Chr5A, Chr6A, and Chr7A) (Table 1, Figure S4B,C)

Similarly, the high collinearity presented between the linkage map of G7A and
Con_map_Wang?2014. There were 12 Spearman rank correlation coefficients larger than
0.90, ranging from 0.107 (Chr6D) to 0.996 (Chr1A and Chr4B) (Table 1, Figure S5A,C). It
is also noticed that a higher collinearity between the linkage map of G7A and physical
map with 18 correlation coefficients larger than 0.90, ranging from 0.151 (Chr6D) to 0.999
(Chr7D) (Table 1, Figure S5B,C).

Similar results showed consensus map of Sp7A_G7A. The higher collinearity dis-
played between Sp7A_G7A and the physical map. Among all the twenty-one Spearman
rank correlation coefficients between Sp7A_G7A and Con_map_Wang2014, 11 were larger
than 0.90, ranging from 0.190 (Chr6D) to 0.987 (Chr4B) (Table 1, Figure 3A,C), whereas
18 were larger than 0.90 between Sp7A_G7A and the physical map, ranging from 0.148

(ChréD) to 0.9950 (Chr7D) (Table 1, Figure 3B,C).

The high collinearity showed the high degree of marker order consistency among
three constructed genetic maps of current study, Con_map_Wang2014 and the physical
map of wheat reference genome IWGSC RefSeq v1.0. It is noteworthy that the collinearity
between the linkage maps of this study and physical map was higher than that between
the consensus map of Wang et al. [24] and the physical map (Table 1). One interesting
phenomenon on Chr6D was found that the collinearity among the three linkage maps and
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Con_map_Wang?2014 as well as physical map was much lower in both two populations
(Table 1, Figures S4 and S5 and Figure 3).

3.3. QTL Mapping for Seeds Coat Color Traits in Wheat
3.3.1. Phenotypic Variation

The seeds coat color parameters (including: Brightness (L), redness (a), and yellowness
(b)) were measured by SeedCount SC6000R analyser (Next Instruments, Ltd., Australia).
The large color variations were observed in both populations in all environments (Table 2).
For Sp7A, across all three environments, the average brightness was 50.72, ranging from
43.20 to 59.90, while the redness was 6.33, ranging from 3.60 to 9.50 and yellowness was
18.27 varied from 13.90 to 24.70. For G7A, across two environments, the average brightness
was 51.00, ranging from 44.20 to 57.60 while the redness averaged 6.38, ranging from 3.6
to 8.6 and yellowness was 19.47 varied from 15.90 to 23.05. The broad-sense heritabil-
ity of three seed coat color parameters was calculated for two populations in different
environments (Table 2). The result showed high heritability (>90%) in both populations
and environments, indicating the high genetic variations within the populations. The
correlation analysis of the seeds coat color parameters in different populations was showed
in Figure 4. The three parameters (redness, yellowness, brightness) of seeds coat color
showed high correlation with each other in the two populations at different environments.
The parameter redness (a) was negatively correlated with yellowness (b) and brightness
(L), while b was positively correlated to L. In addition, the correlations coefficients among
the three parameters of seed coat color for the two populations were similar in different en-
vironments, indicating the stability of seed coat color and the accuracy of the measurement.

Table 2. Phenotypic characteristics of three parameters brightness (L), redness (a), and yellowness (b) for seed coat color in

all the two DH populations and their parents.

Parents DH Lines
DH Populations ? Trials P Traits © H2 (%) ?
P1 (%) 4 P2 (%) © Mean (%) SDf CV (%) 8 Min (%) Max (%)
Sp7A Sp7A_W CIE-L 53.60 4713 51.12 2.72 5.32 45.70 56.20 93.82
CIE-a 5.00 7.90 6.23 1.20 19.29 4.10 8.00 96.62
CIE-b 19.60 17.43 18.36 1.33 7.23 15.30 21.40 92.57
Sp7A_K CIE-L 54.80 48.83 51.59 2.74 5.31 45.20 57.20 93.43
CIE-a 4.65 7.30 6.04 1.18 19.44 3.60 8.60 95.01
CIE-b 20.55 17.35 18.84 1.44 7.67 15.60 22.70 91.33
Sp7A_GH CIE-L 49.45 3.39 6.86 43.20 59.90
CIE-a 6.72 1.24 18.41 4.50 9.50
CIE-b 17.60 1.93 10.95 13.90 24.70
G7A G7A-W CIE-L 57.20 4713 52.16 2.90 5.56 45.60 57.60 94.26
CIE-a 5.30 7.90 6.11 1.40 2291 3.60 8.60 96.07
CIE-b 22.60 17.43 19.23 1.45 7.54 15.90 23.05 93.34
G7A_M CIE-L 49.84 2.16 4.33 44.20 54.60
CIE-a 6.64 0.68 10.24 5.40 8.20
CIE-b 19.71 1.32 6.70 17.00 23.00

2 DH population: Sp7A, Spitfire x Bethlehem-7AS, G7A, Gregory x Bethlehem-7AS;® The DH population and the trials, Sp7A_W, Sp7A
population at Wongan Hills (2017), Sp7A_K, Sp7A population at Katanning (2017), Sp7A_GH, Sp7A population at glasshouse at Murdoch
university (2017), GZA_W, G7A population at Wongan Hills (2017), G7A_M, G7A population at Manjimup (2018); © The three parameters L,
aand b of the seed coat color measured by SeedCount SC6000R analyser; ¢ P1, the female of the DH population, for Sp7A, P1 is Spitfire,
for G7A, P1 is Gregory; € P2, the male of the DH population, Sp7A and G7A share the same P2, Bethlehem-7AS; f Standard deviation;
8 Coefficient of variation (CV); M Broad-sense heritability (H?).

3.3.2. QTL Analysis for Seeds Coat Color in Two Populations

For the DH population of Sp7A, in the three trials (Sp7A_K, Sp7A_W and Sp7A_GH),
a total of 11 significant QTLs were detected (Table 3, Figure 5), which included five QTLs of
brightness (L), three QTLs for each redness (a) and yellowness (b), respectively. One stable
QTL gCIE-L-3B-2 located at 97 <M of Chr3B of Sp7A, were co-detected for brightness in
three environments with LOD value ranging from 20.72 to 36.12, explaining 41.0-72.3%
of phenotypic variation. Stable QTL gCIE-a-3B-1 located at 59-61 cM, were detected for
redness in Sp7A_K and Sp7A_W with LOD value of 4.22-47.59, explaining 4.2-50.2% of
phenotypic variation, moreover, stable QTL qCIE-a-3B-2 located at 97 cM same as qCIE-
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L-3B-2, were detected for redness in three environments with LOD value of 34.39-53.50,
explaining 30.0-80.5% of phenotypic variation. Stable QTL gCIE-b-3B-1 were detected at
97 cM for yellowness in three environments with LOD value of 7.05-24.02, explaining
14.5-63.6% of phenotypic variation (Table 3, Figure 5).
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Figure 4. The correlation of the three parameters brightness (L), redness (a), and yellowness (b) of seeds coat color in the
two DH populations Sp7A and G7A.
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Figure 5. QTL co-located for brightness (L), redness (a), and yellowness (b) of seeds coat color parameters on chromosome

3B in the two DH populations and multiple environments. (A) The genetic linkage map of Chr3B for Sp7A, G7A and
Sp7A_G7A, the lines showed the collinearity; (B) The LOD graph of QTL mapping for Sp7A and G7A; (C) the enlarged QTL
located region of seeds coat color parameters on Chr3B of Sp7A, G7A, Sp7A_G7A and the corresponding physical region;

The red and cyan region is the QTL location region of seeds coat color parameters for Sp7A and G7A, respectively.
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Table 3. Quantitative trait locus (QTL) detected for brightness (L), redness (a), and yellowness (b) of seeds coat color parameters in the two DH populations and multiple environments.

QTL Chr. Left Marker Right Marker ~ Sp7A (cM) ? G7A (cM) P Sp7A_G7A (cM) ¢ Physic (Mbp) 4 Trials © LOD PVE (%) f Add
qCIE-a-2B-1 2B 2B_IWB72842 2B_IWB3605 63 85.5 65.11-65.32 G7A_W1 421 3.1 0.26
qCIE-a-2B-2 2B 2B_IWB25663  2B_IWB36919 73 96.5 65.47-91.84 G7A_WP 5.47 3.1 0.25

2B 2B_IWB25663  2B_IWB36919 75 102.55 65.47-91.84 G7A_W2 433 24 0.22
qCIE-a-3A-1 3A 3A_IWB28028  3A_IWB73101 118 114.23 699.69-686.78 G7A_W2 3.54 1.9 —-0.20
qCIE-a-3B-1 3B 3B_IWB21771  3B_IWB71478 59 65.33 78.6-71.8 Sp7A_KP 422 42 —-0.21

3B 3B_IWA5960 3B_IWB66011 60 66.37 114.72-112.27 Sp7A_W2 5.11 45 —0.24

3B 3B_IWA5960 3B_IWB66011 60 66.37 114.72-112.27 Sp7A_WP 6.04 5.5 —-0.25

3B 3B_IWB21846 3B_IWA5880 61 75.95 237.34-190.47 Sp7A_K1 47.59 50.2 —1.21
qCIE-a-3B-2 3B 3B_IWB7061 3B_IWB74787 97 159.81 745.73-750.14 Sp7A_K1 37.69 30.0 —-0.92

3B 3B_IWB7061 3B_IWB74787 97 159.81 745.73-750.14 Sp7A_GH 53.50 75.9 -1.09

3B 3B_IWB7061 3B_IWB74787 97 159.81 745.73-750.14 Sp7A_W1 34.39 73.5 -1.03

3B 3B_IWB7061 3B_IWB74787 97 159.81 745.73-750.14 Sp7A_K2 35.09 80.5 -1.07

3B 3B_IWB7061 3B_IWB74787 97 159.81 745.73-750.14 Sp7A_W2 39.90 79.6 -1.00

3B 3B_IWB7061 3B_IWB74787 97 159.81 745.73-750.14 Sp7A_KP 36.74 78.6 —-0.91
3B 3B_IWB7061 3B_IWB74787 97 159.81 745.73-750.14 Sp7A_WP 39.53 77.0 —-0.93
3B 3B_IWB49715  3B_IWB50512 152 156.29 744.58-744.42 G7A_M 14.84 57.6 —-0.51

3B 3B_IWB8128 3B_IWB23680 155 159.29 750.14-756.71 G7A_W2 53.99 83.9 -1.32

3B 3B_IWB23680  3B_IWB30522 156 160.28 756.71-760.14 G7A_W1 43.07 77.7 -1.29

3B 3B_IWB23680  3B_IWB30522 156 160.28 756.71-760.14 G7A_WP 53.92 84.1 -1.29
qCIE-a-4B-1 4B 4B_IWB55667 ~ 4B_IWB45261 77 81.11 645.3-651.99 Sp7A_GH 3.19 2.0 -0.18
qCIE-b-3B-1 3B 3B_IWB7061 3B_IWB74787 97 159.81 745.73-750.14 Sp7A_K1 18.49 54.8 1.05

3B 3B_IWB7061 3B_IWB74787 97 159.81 745.73-750.14 Sp7A_W1 22.85 19.8 1.02

3B 3B_IWB7061 3B_IWB74787 97 159.81 745.73-750.14 Sp7A_K2 16.87 54.6 1.04

3B 3B_IWB7061 3B_IWB74787 97 159.81 745.73-750.14 Sp7A_W2 23.11 62.8 1.02

3B 3B_IWB7061 3B_IWB74787 97 159.81 745.73-750.14 Sp7A_KP 21.53 59.5 1.09

3B 3B_IWB7061 3B_IWB74787 97 159.81 745.73-750.14 Sp7A_WP 24.02 63.6 1.02

3B 3B_IWB48681 3B_IWB9095 99 163.87 755.32-760.58 Sp7A_GH 7.05 14.5 0.79

3B 3B_IWB31324  3B_IWB34252 143 147.39 744.22-696.24 G7A_M 20.77 58.7 1.18

3B 3B_IWB8128 3B_IWB23680 155 159.29 750.14-756.71 G7A_W1 25.80 63.4 1.17

3B 3B_IWB8128 3B_IWB23680 155 159.29 750.14-756.71 G7A_W2 26.26 64.1 1.19

3B 3B_IWB8128 3B_IWB23680 155 159.29 750.14-756.71 G7A_WP 29.26 68.0 1.18
qCIE-b-4B-1 4B 4B_IWA3874  4B_IWB34413 53 57.1 506.15-527.3 Sp7A_W1 34.56 39.3 —1.44
qCIE-b-4D-1 4D 4D_IWB55185 4D_IWA465 71 77.48 379.24-438.26 Sp7A_GH 5.64 11.3 0.70
qCIE-L-1D-1 1D 1D_IWB65070 ~ 1D_IWB10914 35 36 10.43-11.66 G7A_W2 6.00 4.7 0.67

1D 1D_IWB65070  1D_IWB10914 35 36 10.43-11.66 G7A_WP 4.63 3.7 0.57
qCIE-L-2B-1 2B 2B_IWB9200 2B_IWB72380 47 61.15 54.55-58.33 Sp7A_WP 3.71 4.1 —0.54
qCIE-L-2B-2 2B 2B_IWB25663  2B_IWB36919 76 76.51 65.47-91.84 G7A_WP 421 3.6 —-0.57

2B 2B_IWB36919  2B_IWB70041 78 80.18 91.84-91.26 G7A_W2 3.73 2.7 —0.51
qCIE-L-3B-1 3B 3B_IWB37006 3B_IWA3426 50 56.12 48.89-52.73 Sp7A_K1 3.61 5.7 0.59

3B 3B_IWB37006 3B_IWA3426 50 56.12 48.89-52.73 Sp7A_KP 4.30 5.4 0.58
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Table 3. Cont.

QTL Chr. Left Marker Right Marker Sp7A (cM) @ G7A (cM) b Sp7A_G7A (cM) € Physic (Mbp) d Trials © LOD PVE (%) f Add
qCIE-L-3B-2 3B 3B_IWB7061 3B_IWB74787 97 159.81 745.73-750.14 Sp7A_K1 24.26 63.1 1.94
3B 3B_IWB7061 3B_IWB74787 97 159.81 745.73-750.14 Sp7A_GH 20.72 41.0 2.17

3B 3B_IWB7061 3B_IWB74787 97 159.81 745.73-750.14 Sp7A_W1 22.27 59.6 2.01

3B 3B_IWB7061 3B_IWB74787 97 159.81 745.73-750.14 Sp7A_K2 26.35 71.5 2.37

3B 3B_IWB7061 3B_IWB74787 97 159.81 745.73-750.14 Sp7A_W2 36.12 72.3 2.51

3B 3B_IWB7061 3B_IWB74787 97 159.81 745.73-750.14 Sp7A_KP 29.66 68.1 2.05

3B 3B_IWB7061 3B_IWB74787 97 159.81 745.73-750.14 Sp7A_WP 32.95 71.7 2.25

3B 3B_IWB34252 3B_IWB23127 145 149.39 696.24-752.09 G7A_M 7.71 359 1.28

3B 3B_IWB8128 3B_IWB23680 155 159.29 750.14-756.71 G7A_W2 41.60 70.7 2.62

3B 3B_IWB8128 3B_IWB23680 155 159.29 750.14-756.71 G7A_WP 40.12 70.7 2.51

3B 3B_IWB23680 3B_IWB30522 156 160.28 756.71-760.14 G7A_W1 26.85 64.9 2.36

qCIE-L-4D-1 4D 4D_IWA7427 4D_IWB55185 70 73.99 359.64-379.24 Sp7A_GH 3.68 5.4 0.79
qCIE-L-7A-1 7A 7A_IWB25757 7A_IWB2998 73 124.52 199.01-147.07 Sp7A_GH 4.38 6.5 0.87
qCIE-L-7B-1 7B 7B_IWB12014 7B_IWB9796 163 156.54 708.95-712.74 G7A_W2 4.39 32 —0.56

2 The genetic position of the QTLs detected on the linkage map of Spitfire x Bethlehem-7AS (Sp7A); ® The genetic position of the QTLs detected on the linkage map of Gregory x Bethlehem-7AS (G7A); ¢ The
collinear genetic position of the detected QTLs for the two population on the consensus map constructed by the linkage map of Sp7A and G7A (Sp7A_G7A); ¢ The corresponding physical region of the detected
QTLs for the two population on the physical map of wheat genome (IWGSC RefSeq v1.0); ¢ The DH population and the trials, Sp7A_W, Sp7A population at Wongan Hills (2017), Sp7A_K, Sp7A population at
Katanning (2017), Sp7A_GH, Sp7A population at glasshouse at Murdoch university (2017), G7A_W, G7A population at Wongan Hills (2017), G7A_M, G7A population at Manjimup (2018), the “1, 2, P” behind the

trials means the replicate 1, replicate 2 and the mean of the two replicates; f The Proportion of phenotypic variation explained by QTL.
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For the DH population of G7A, in the two field trials (G7A_W and G7A_M), a total of
9 significant QTLs were detected (Table 3, Figure 5). Four QTLs were for each brightness
and redness, while one QTL for yellowness. One stable QTL gCIE-L-3B-2 located at
145-156 cM of Chr3B in G7A, were co-detected for brightness in two environments with
LOD value ranging from 7.71 to 41.60, explaining 35.9-70.7% of phenotypic variation. In
three environments, QTL gCIE-a-3B-2 and qCIE-b-3B-1 located at 143-156 cM were detected
with LOD value over 15, explaining 57.6-84.1% and 58.7-68.0% of phenotypic variations,
respectively (Table 3, Figure 5).

Overall, QTL gqCIE-L-3B-2, qCIE-a-3B-2 and qCIE-b-3B-1 were co-detected with a large
LOD value and PVE% in single environment, which were located at 97 cM and 143-156 cM
on Chr3B in both Sp7A and G7A populations, collinear to the same region 149-160 cM
of consensus map and 745.73-760.14 Mbp of wheat genome (Table 3, Figure 5). L, a, and
b, 3 parameters of seeds coat color, showed high correlation with each other (Figure 4),
therefore, the region of the three QTLs was significantly associated with seed coat color.
Moreover, one gene R-B1/Tamyb10-B1 (TraesCS3B02G515900, 3B: 757,918,264-757,920,082 bp)
located in the region of the QTLs for seeds color of this study (Figure 5), was reported to
control seed coat color in wheat [47,48].

4. Discussion
4.1. Consensus Map Increased the Mapping Resolution

MergeMap [40] was used to construct the consensus map by calculating the consensus
marker orders of linkage groups according to the individual map. The consensus map
(Sp7A_G7A) from the two populations had an average interval of 0.78 cM between two
adjacent markers, lower than that observed in the two individual maps, which was 1.20 cM
for Sp7A and 1.23 cM for G7A). Overlapping regions between individual maps were en-
riched by additional markers, the gaps between adjacent markers were observed smaller in
Sp7A_G7A, and the density of Sp7A_G7A was also increased. High consistency of marker
order among Sp7A_G7A of this study and the Con_map_Wang2014 as well as the physical
map was confirmed by pairwise Spearman rank correlation coefficients, respectively, which
evaluated the degree of marker order correspondence (Table 1). Therefore, either the
marker orders of individual maps or consensus map were proved more reliable. The per-
centages of the three sub-genome lengths (A = 37.2%, B = 30.2%, D = 32.6%) in the present
consensus map were closer to those (A = 34.1%, B = 31%, D = 34.9%) in Wang et al. [24].

4.2. The Collinearity of the Consensus Map

The collinearity of the linkage maps in current study with the Con_map_Wang2014
and the physical map of wheat reference genome (IWGSC RefSeq v1.0) was evaluated
through Spearman rank correlation coefficient (Table 1, Figures S4 and S5 and Figure 3).
Most chromosomes showed high collinearity among three constructed genetic maps of
current study, the Con_map_Wang2014 and the physical map. Moreover, the collinearity
between our constructed maps and the physical map of wheat is higher than that between
the Con_map_Wang2014 and the physical map (Table 1), which illustrated that the linkage
maps and the consensus map of our study were reliable for further study including QTL
mapping and MSA. In this study, the collinearity of Chr6D between the linkage maps for
the two populations and the physical maps was low, suggesting a chromosomal inversion
existing on Chré6D. It may also be caused by fewer markers on Chr6D. More polymorphic
markers are needed to confirm the order on 6D. Similar result had been reported in Ma
etal. [49]. The collinear analysis is a useful tool to validate the correctness of the constructed
maps, to help with the correction of the exact marker location and to find chromosomal
rearrangement including inversion.

4.3. Application of the Integrated Consensus Map

The current linkage maps have been validated in two aspects. Firstly, the linkage map
was verified based on its characteristic analysis, including the heat map of recombination,
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the distribution of recombination fractions on the genome, and the marker order consistency
between our consensus map and Con_map_Wang?2014 as well as the collinearity between
the linkage maps in this study and the physical map of wheat reference genome (Table 1,
Figures 54 and S5 and Figure 3). Secondly, the linkage map was validated by the QTL
co-location for seeds coat color in the two populations based on the constructed individual
genetic maps and consensus map.

Wheat seeds coat color, associated with pre-harvest sprouting (PHS), is a very impor-
tant trait for wheat breeding. Red-grained wheats are usually more tolerant to PHS than
the white-grained wheats [50,51]. R-B1/Tamyb10-B1 (TraesCS3B02G515900, 3B: 757,918,264
757,920,082 bp), on chromosome 3B, controls seeds coat color and shows multiple effects
on wheat PHS resistance by accumulating red pigment catechins that inhibit seed germi-
nation [47,52]. Many papers of QTL mapping and cloning have co-located the QTL or
gene for seeds coat color on chromosome 3B around or at the physical region of Tamyb10-
B1 [48,53,54]. In this study, we detected the QTLs for seeds coat color parameters (L, a,
and b) in the similar region (745.73-760.14 Mbp) on Chr3B both in the two populations
and multiple environments based on the individual DH population map and consensus
map with high LOD values of 7.71-53.99, explaining 14.5-84.1% of phenotypic varia-
tion (Table 3, Figure 5), moreover, the consensus map narrowed the co-located region to
(750.14-760.14 Mbp) (Figure 5). This is further proof that the accuracy of the individual
Sp7A and G7A map, and consensus map, and those maps are reliable and functional for
QTL mapping. The SNP markers on the consensus map are derived from genes, and will be
beneficial to association mapping, meta-QTL analysis and positional cloning, and utilized
in wheat breeding.

5. Conclusions

A total of 5643 SNP markers in two DH populations were grouped into 21 linkage
groups corresponding to the 21 wheat chromosomes for constructing a consensus genetic
map, covering 4376.70 cM across the whole genomes with an average interval of 0.78 cM.
The relatively high collinearity of linkage maps with the Con_map_Wang2014 and the
physical map of wheat reference genome, and the QTLs for seeds coat color parameters
detected in this study validated the quality of the linkage maps. The two single genetic
maps of Sp7A and G7A, and the consensus map of Sp7A_G7A will be very useful for QTL
mapping, positional cloning, meta-QTL analysis and wheat breading.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
395/11/2/227/s1. Figure S1. The genetic linkage map constructed by 2367 SNP markers in a
DH population derived from a cross between Spitfire and Bethlehem-7AS. Figure S2. The genetic
linkage map constructed by 3555 SNP markers in a DH population derived from a cross between
Gregory and Bethlehem-7AS. Figure S3. The heat map of the matrices of pair-wise recombination
fractions indicated by SNP markers for each chromosome. (A) The DH population of Sp7A; (B) the
DH population of G7A; the axes of X (horizontal) and Y (vertical) represent the markers on each
chromosome, the diagonal indicates that the recombination rate of the same marker is 0.0, and the
cell color indicates the recombination rate of the two markers. Figure S4. The circos graph and the
consecutive curves of collinearity among the genetic linkage map of Sp7A, Con_map_Wang2014 and
the physic map of wheat genome (IWGSC RefSeq v1.0). (A) The circos graph of collinearity among
the genetic linkage map of Sp7A, Con_map_Wang2014 and the physic map, (a) the chromosomes and
the physical location scale of wheat; (b) Physic map of the SNP markers using in the Sp7A; (c) the
collinearity between the linkage map of Sp7A and the physic map; (d) the linkage map of Sp7A;
(e) the collinearity between the linkage map of Sp7A and Con_map_Wang2014; (f) the consensus
map of Wang et al. (Con_map_Wang2014); (B) the consecutive curves of collinearity between the
linkage map of Sp7A and the physic map; (C) the consecutive curves of collinearity between the
linkage map of Sp7A and Con_map_Wang2014. Figure S5. The circos graph and the consecutive
curves of collinearity among the genetic linkage map of G7A, Con_map_Wang2014 and the physic
map of wheat genome (IWGSC RefSeq v1.0). (A) The circos graph of collinearity among the genetic
linkage map of G7A, Con_map_Wang2014 and the physic map, (a) the chromosomes and the physical
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location scale of wheat; (b) Physic map of the SNP markers using in the G7A; (c) the collinearity
between the linkage map of G7A and the physic map; (d) the linkage map of G7A; (e) the collinearity
between the linkage map of G7A and Con_map_Wang2014; (f) the consensus map of Wang et al.
(2014) (Con_map_Wang2014); (B) the consecutive curves of collinearity between the linkage map of
G7A and the physic map; (C) the consecutive curves of collinearity between the linkage map of G7A
and Con_map_Wang2014. Table S1. The details of the markers, the linkage maps of individual maps
for Sp7A and G7A populations and the consensus map.
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