
Research Article
A High-Density SNP and SSR Consensus Map Reveals
Segregation Distortion Regions in Wheat

Chunlian Li,1,2,3 Guihua Bai,3,4 Shiaoman Chao,5 and Zhonghua Wang1,2

1College of Agronomy, Northwest A&F University, Yangling, Shaanxi 712100, China
2State Key Laboratory of Crop Stress Biology for Arid Areas, Northwest A&F University, Yangling, Shaanxi 712100, China
3Agronomy Department, Kansas State University, Manhattan, KS 66506, USA
4Hard Winter Wheat Genetics Research Unit, USDA-ARS, Manhattan, KS 66506, USA
5Cereal Crops Research Unit, USDA-ARS, Fargo, ND 58102, USA

Correspondence should be addressed to Guihua Bai; gbai@ksu.edu

Received 6 March 2015; Revised 16 August 2015; Accepted 27 August 2015

Academic Editor: Klaus Wimmers

Copyright © 2015 Chunlian Li et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Segregation distortion is a widespread phenomenon in plant and animal genomes and significantly affects linkagemap construction
and identification of quantitative trait loci (QTLs). To study segregation distortion in wheat, a high-density consensus map was
constructed using single nucleotide polymorphism (SNP) and simple sequence repeat (SSR) markers by merging two genetic maps
developed from two recombinant-inbred line (RIL) populations, Ning7840 ×Clark and Heyne × Lakin. Chromosome regions with
obvious segregation distortion were identified in the map. A total of 3541 SNPs and 145 SSRs were mapped, and the map covered
3258.7 cM in genetic distance with an average interval of 0.88 cM. The number of markers that showed distorted segregation was
490 (18.5%) in the Ning7840 × Clark population and 225 (10.4%) in the Heyne × Lakin population. Most of the distorted markers
(630) were mapped in the consensus map, which accounted for 17.1% of mapped markers. The majority of the distorted markers
clustered in the segregation distortion regions (SDRs) on chromosomes 1B, 2A, 2B, 3A, 3B, 4B, 5A, 5B, 5D, 6B, 7A, and 7D. All of
the markers in a given SDR skewed toward one of the parents, suggesting that gametophytic competition during zygote formation
was most likely one of the causes for segregation distortion in the populations.

1. Introduction

Segregation distortion in some chromosome regions, in
which the frequencies of segregating alleles skew from their
expected Mendelian ratios, is a widespread phenomenon
in plants and animals and is an important evolutionary
force [1]. A segregation distortion region (SDR) can be
identified by segregation distortion markers (SDMs) that
significantly deviate from the expected Mendelian segrega-
tion. Segregation distortion loci (SDLs) or linked markers
showing segregation distortion toward the same parent are
often clustered in a small genomic region [2]. Segregation
distortion can be caused by competition among gametes
for preferential fertilization and by abortion of the male or
female gametes or zygotes [1]. Segregation distortion can also
occur as a result of conscious or unconscious selection during

development of mapping populations. Segregation distortion
affects accuracy of linkage map construction by introducing
errors in map distance estimation and marker order and
thus could affect mapping quantitative trait loci (QTLs) when
many SDLs are present [3, 4]. Although SDLs may not have a
large impact on the estimations of QTL position and effect
in a large mapping population, the QTL detection power
can be lower when QTLs and SDLs are closely linked [5].
Therefore, it is necessary to consider segregation distortion
in map construction and QTL analysis.

Most interest in segregation distortion is currently cen-
tered on the genomic regions harboring markers with seg-
regation distortion in different populations and their effects
on linkage map construction and QTLmapping. Segregation
distortion has been described inmany crop species, including
barley (Hordeum vulgare) [6], chickpea (Cicer arietinum) [7],
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soybean (Glycinemax) [8], rice (Oryza sativa) [5], maize (Zea
mays) [9], and wheat (Triticum aestivum) [10]. Like regular
QTLs, SDLs can be mapped using DNA markers.

A high-resolution genetic linkage map plays fundamen-
tal roles in QTL and association mapping, comparative
genomics, map-based cloning, and molecular breeding. One
precondition for the construction of high-resolution genetic
linkage maps is availability of polymorphic DNAmarkers. To
date, many hexaploid wheat (Triticum aestivum L.) linkage
maps have been constructed using different types of mark-
ers, including restriction fragment length polymorphisms
(RFLPs), simple sequence repeats (SSRs), diversity arrays
technology (DArT), and single nucleotide polymorphisms
(SNPs) [11–21]. SSR markers are informative, and many of
them are genome specific, so they are suitable for serving as a
framework to anchor other markers in a map. Limitations in
the number of available SSRs and in throughput for marker
analysis, however, make them unsuitable for high-resolution
mapping. SNPs are the most abundant and suitable for high-
throughput multiplex analysis and thus are ideal for develop-
ing high-density genetic maps for QTL mapping and other
genetic analyses [22]. In common wheat, progress in SNP
discovery and detection has been slow because of the highly
repetitive nature of genome sequences [23]. Most currently
available wheat genetic maps have poor marker coverage
and were constructed mainly using a single population, so
mapsmay not be useful for QTL analysis andmarker-assisted
breeding. A high-throughput wheat SNP chip recently was
developed by the International Wheat SNP Consortium, and
a high-density wheat SNP consensus map of 7,504 SNPs was
constructed using seven mapping populations [21]. The SNP
chip and map developed from the study provide a powerful
resource for further mapping of important traits and for
genome-wide association studies in wheat.

The development of a high-density genetic linkage map,
especially a consensus map that integrates two or more link-
age maps constructed using different populations, facilitates
identification of genes for agronomic important traits and
whole-genome scanning to identify the common positions
and effects of SDLs and understanding of the various mech-
anisms of segregation distortion. In the present study, we
constructedmaps using both SNPs and SSRsmarkers and two
wheat RIL populations derived from the crosses of Ning7840
× Clark and Heyne × Lakin and investigated segregation
distortion in the maps. The high-density maps developed in
this study will be useful for mapping of genes of important
wheat traits and developing high-throughput markers for
marker-assisted breeding.

2. Materials and Methods

2.1. Mapping Populations. Two RIL mapping populations
were derived from wheat crosses of Ning7840 × Clark and
Heyne × Lakin by single-seed descent at Purdue University,
West Lafayette, IN, and at Kansas State University, Manhat-
tan, KS, respectively. The population sizes were 127 F

8
RIL

for Ning7840 × Clark and 146 F
6
RIL for Heyne × Lakin.

Ning7840 is a Chinese hard red facultative elite breeding line
with the pedigree of (Avrora × Anhui 11) × Sumai 3, and

Clark is a soft red winter wheat cultivar developed at Purdue
University [24]; Heyne and Lakin are both hard white winter
wheat developed at Kansas State [25, 26].

2.2. DNA Extraction and Marker Analysis. Genomic DNA
isolation and PCRs for SSRs were conducted following the
previously described protocols [27]. About 2000 SSR primers
from different sources [13–15] (http://wheat.pw.usda.gov/)
were used to screen the parents and polymorphic primers
were used to analyze the populations. PCR fragments were
separated by ABI PRISM 3730 DNA Analyzer (Applied
Biosystems, Foster City, CA, USA) and scored using Gen-
eMarker version 1.6 (Soft Genetics LLC, State College, PA,
USA).

SNP genotypingwas performed using 9Kwheat Infinium
iSelect SNP genotyping arrays developed by Illumina Inc.
(San Diego, CA). The SNP primers were assembled by the
International Wheat SNP Consortium [21]. The SNP assays
were conducted at the USDA Small Grains Genotyping
Laboratory in Fargo, ND. SNP genotypes were determined
using GenomeStudio v2011.1 (Illumina, San Diego CA).

2.3. Linkage Map Construction. All SNPs with less than
5% missing data were selected to construct two individual
maps and one consensus map using Carthagène software
[28]. For each population, both SNP and SSR data were
grouped using the “Group” command with a dist-threshold
of 0.3 and a LOD-threshold of 10 in Carthagène [28]. Each
group was then mapped using the “Nicemapd” command
to compute a marker order using two-point distances. The
best log-likelihood map was identified using the “Annealing”
command that optimized the maximum multipoint log-
likelihood using a dedicated simulated annealing stochastic
optimization algorithm. The map was further tested using
a flips algorithm that checked all possible permutations in
a sliding window of fixed size (size ≦ 5) and a polishing
algorithm that checked the reliability of the map by removing
one marker from the initial map and trying to insert it in
all possible intervals. Each group was assigned to 21 wheat
chromosomes according to the SSR loci that had known
chromosome positions, and the marker orders were checked
referring to a publicly available wheat consensus map [15].
Small linkage groups that belonged to the same chromosome
were merged together by setting the dist-threshold at 0.5 and
the LOD-threshold at 3.0.

The consensus map was constructed by merging the
two individual sets of marker data using the “dsmergen”
command and grouping them using the “group” command
with the dist-threshold at 0.3 and LOD-threshold at 26. The
other steps and parameters were set similar to what was
previously described for constructing the individual map.
Maps were drawn using MapChart 2.2 [29].

2.4. Analysis of Segregation Distortion Loci. The refined
datasets of two individual linkage maps were loaded into
QTL IciMapping 3.2 [30] to determine SDMs using the SDL
module. Goodness of fit to a Mendelian 1 : 1 segregation ratio
in both RIL populations was evaluated by Chi-square tests at
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Table 1:Description of the two individualmaps and their consensusmap constructed fromNing7840×Clark andHeyne×Lakin populations.

Chr. Ning × Clark map Heyne × Lakin map Consensus map
NM LGL MD NM LGL MD NM LGL MD

1A 125 204.0 1.63 110 169.2 1.54 188 177.1 0.94
1B 181 108.8 0.60 98 107.5 1.10 227 116.9 0.51
1D 30 61.6 2.05 44 103.6 2.35 49 89.5 1.83
Group 1 336 374.4 1.11 252 380.3 1.51 464 383.5 0.83
2A 103 175.1 1.70 134 170.5 1.27 161 98.1 0.61
2B 218 346.8 1.59 161 198 1.23 302 278.2 0.92
2D 63 154.0 2.44 28 80.6 2.88 61 128.2 2.10
Group 2 384 675.9 1.76 323 449.1 1.39 524 504.5 0.96
3A 186 285.7 1.54 124 185.8 1.50 265 242.7 0.92
3B 156 269.5 1.73 257 305 1.19 305 244 0.80
3D 26 91.0 3.50 15 111.3 7.42 18 11.2 0.62
Group 3 368 646.2 1.76 396 602.1 1.52 588 497.9 0.85
4A 129 204.8 1.59 189 163.3 0.86 249 208.6 0.84
4B 85 158.6 1.87 29 98.5 3.40 93 125.8 1.35
4D 6 19.8 3.30 9 35.2 3.91 8 22.8 2.85
Group 4 220 383.2 1.74 227 297 1.31 350 357.2 1.02
5A 173 271.4 1.57 158 208 1.32 256 233.1 0.91
5B 310 347.4 1.12 164 276.4 1.69 337 231.3 0.69
5D 25 54.0 2.08 24 18.1 0.75 29 21.1 0.73
Group 5 508 672.8 1.32 346 502.5 1.45 622 485.5 0.78
6A 209 207.6 0.99 105 118.2 1.13 273 156 0.57
6B 204 202.2 0.99 195 139.6 0.72 289 179.9 0.62
6D 48 139.6 2.91 36 28.9 0.80 60 56.1 0.94
Group 6 461 549.4 1.19 336 286.7 0.85 622 392.0 0.63
7A 227 350.1 1.54 148 205.9 1.39 292 268.8 0.92
7B 111 253.8 2.29 125 141.9 1.14 191 254.4 1.33
7D 39 160.5 4.12 20 90 4.50 33 114.9 3.48
Group 7 377 764.4 2.03 293 437.8 1.49 516 638.1 1.24
A-genome 1152 1698.7 1.47 978 1222.7 1.25 1684 1384.4 0.82
B-genome 1265 1687.1 1.33 1019 1260.8 1.24 1744 1430.5 0.82
D-genome 237 680.5 2.87 176 467.7 2.66 258 443.8 1.72
Whole genome 2654 4066.3 1.53 2173 2951.2 1.36 3686 3258.7 0.88
NM: number of markers mapped on each chromosome.
MD: average marker density in cM per marker.
LGL: linkage group length in cM.

a 5% significance level. An SDR was declared when three or
more closely linkedmarkers exhibited significant segregation
distortion.

3. Results

3.1. Map Construction. Number of markers, marker den-
sity, and map length of the three genomes and seven
homologous groups are listed in Table 1 and Supplementary
Table S1 (in the Supplementary Material available online
at http://dx.doi.org/10.1155/2015/830618) for both individual
and consensus maps. In the Ning7840 × Clark population,
2770 polymorphic markers (2404 SNPs and 366 SSRs) were
used to construct the linkage map, and 2654 (2384 SNPs and
270 SSRs) were mapped.The total map length was 4066.3 cM

at an average marker interval of 1.53 cM. Numbers of markers
and map lengths were significantly different among the
three genomes, with 1152 markers covering 1698.7 cM in A-
genome, 1265 markers covering 1687.1 cM in B-genome, and
237 markers covering 680.5 cM in D-genome. The marker
densities were 1.47 cM per marker for A-genome, 1.33 for B-
genome, and 2.87 for D-genome.

In the Heyne × Lakin population, among 2241 polymor-
phic markers (2071 SNPs and 170 SSRs) that were used to
construct the linkage map, 2173 markers (2050 SNPs and
123 SSRs) were mapped. The map length was 2951.2 cM,
with an average marker interval of 1.36 cM across three
genomes. Similar to the Ning7840 × Clark map, the A-, B-,
and D-genome have 978, 1019, and 176 markers, with map
lengths of 1222.7, 1260.8, and 467.7 cMandmarker densities of
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1.25, 1.24, and 2.66 cM/marker for each genome, respectively.
The variations in the three parameters among the seven
homologous groups were relatively smaller than those among
genomes in both maps. In the Ning7840 × Clark map, the
map lengths and marker densities of different homologous
groups varied from 374.4 cM at 1.11 cM/marker (Group 1) to
764.4 cM at 2.03 cM/marker (Group 7), whereas in the Heyne
× Lakin map, the map length and marker density ranged
from 286.7 cM at 0.85 cM/marker (Group 6) to 602.1 cM at
1.52 cM/marker (Group 3).

The consensus map was built by merging the two sets
of marker data together from the two mapping populations.
Among 4200 makers, including the 3714 SNPs and 486 SSRs
used to construct the consensus map, only 811 markers over-
lapped between the two maps. Consequently, 3686 markers
(88%), 3543 SNPs, and 143 SSRs were assembled into 36
linkage groups, representing all 21 wheat chromosomes. The
map covered 3258.7 cM in genetic distance at an average
density of 0.88 cM/marker. The A-, B-, and D-genome con-
tained 1684, 1744, and 258 markers at map lengths of 1384.4,
1430.5, and 443.8 cM and marker density of 0.82, 0.82, and
1.72 cM/marker, respectively. Among the seven homologous
groups, the map lengths ranged from 357.2 (Group 4) to
638.1 cM (Group 7), and the marker densities were from 0.63
(Group 6) to 1.24 cM/marker (Group 7). A total of 3679 loci
were mapped to a single chromosome with only seven SNPs
that could be mapped to two chromosomes in the same
homologous group; for example, IWA2861 and IWA5076
were mapped on both chromosomes 1A and 1B, IWA5685
was mapped on both 2A and 2D, and IWA766, IWA6994,
IWA1786, and IWA7066 were mapped on both 5B and 5D.
Thus, most mapped markers are chromosome-specific in the
consensus map.

3.2. Segregation Distortion in Two Maps. Among the 2654
mapped markers in the Ning7840 × Clark map, 490 (18.5%)
showed significant segregation distortion at 𝑃 < 0.05
(Table 2). Most of these SDMs (427) had predominant alleles
from Clark, and only about 13% (63) of SDMs showed bias
toward Ning7840 alleles. The number of SDMs was unevenly
distributed over different chromosomes, ranging from none
(4D) to 152 (6B) and from 27 (Group 4) to 165 (Group 6)
among homologous groups. The B-genome had the most
SDMs (287), and the D-genome had the fewest ones (25).
About 57% of SDMs were from three chromosomes, 1B (57),
6B (152), and 7A (69).Thirty significant SDRs (𝑃 < 0.05) were
located on 12 chromosomes (1A, 1B, 2A, 2B, 3A, 4B, 5A, 5B,
6A, 6B, 7A, and 7D) (Table 3). All of the SDMs in a given SDR
skewed toward the same parent; in most cases, this was the
male parent Clark, except for three SDRs on 4B and 7A that
distorted toward the female parent Ning7840.

Fewer SDMs (10.4% of 2173 markers) were mapped in
the Heyne × Lakin than in Ning7840 × Clark map. Most of
the SDMs (158) had predominant alleles from Lakin, and 67
SDMs showed bias toward Heyne. Most of the SDMs were
located on chromosomes 2B (74) and 3B (58). Similar to the
Ning7840 × Clark map, B-genome had the most SDMs and
D-genome the fewest ones, and homologous Group 2 had the
most SDMs (86) and Group 4 the fewest ones (3). A total

of 11 SDRs were found on seven chromosomes (2A, 2B, 2D,
3B, 5B, 5D, and 7A) at P < 5%. Five SDRs on chromosomes
2D, 3B, 5B, and 7A distorted toward male parent Lakin,
whereas four SDRs on chromosomes 2A and 5D distorted
toward female parent Heyne. On chromosome 2B, each SDR
distorted toward Lakin and Heyne, respectively (Table 3).

Most SDRs were located on different chromosome loca-
tions in the two maps. Only one SDR on chromosome
2B completely overlapped in the two maps. Two SDLs in
the marker intervals of IWA8195-IWA4890 and Xgwm3.2-
Xgwm47 on chromosome 2B of the Ning7840 × Clark map
can be located in the SDR interval of IWA5810-Xgwm120
in the Heyne × Lakin map. The SDR showed segregation
distortion toward the male parents in both maps.

4. Discussion

4.1. Mapping Populations. In this study, two wheat RIL
populations were used to construct the genetic maps. In the
Ning7840 ×Clark population, the two parents are genetically
and geographically far from each other, because Ning7840
is a hard facultative wheat from China and Clark is a soft
winter wheat from the US [24]. The parents exhibit signifi-
cant agronomic differences, including adaptation and yield-
related traits, end-use quality traits, and multiple disease
resistance [31, 32]; for example, Ning7840 is resistant to rusts
and Fusarium head blight but susceptible to Hessian fly [33],
whereas Clark has opposite reactions to these pests. Clark
also adapts well to US growing environments, but Ning7840
does not. Thus, a high-density map is essential for mapping
these traits and identification of markers linked to QTLs
underlining these traits for marker-assisted breeding.

Marza et al. [32] previously used this population to
construct a genetic map with 363 amplified fragment length
polymorphism (AFLP) markers and 47 SSR markers and
mapped some of these traits; however, no sequence infor-
mation is available for AFLP markers, so these markers that
link to certain QTLs cannot be converted to breeder-friendly
markers for breeding application. Also, the 47 SSR markers
used in the previous study did not cover all 21 chromosomes
to serve as a framework for the map. In this study, we
mapped 2404 SNPs and 366 SSRs in the map, about six times
more markers than in the previous map. These SNP markers
all have sequence information that can be used to develop
breeder-friendly markers. This map should be very useful in
mapping QTLs for contrasting traits between Ning7840 and
Clark and in identifying closely linked markers for marker-
assisted selection of these QTLs.

In the Heyne × Lakin population, as expected, fewer
polymorphicmarkers (2071 SNPs and 170 SSRs)weremapped
than for theNing7840×Clark population becauseHeyne and
Lakin have a closer genetic relationship and were released
from breeding programs in Kansas. Heyne and Lakin are
both hard white winter wheat and differ in resistance to leaf,
stem, and stripe rusts and to wheat spindle streak virus,
speckled leaf blotch, tan spot, powdery mildew, and Fusar-
ium head blight, with resistance genes mainly from Heyne
(http://www.ksre.ksu.edu/bookstore/pubs/l922.pdf) [25, 34].
Lakin has good noodle quality with a low level of polyphenol
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Table 2: Chromosome distributions of markers that show segregation distortion (𝑃 < 0.05).

Chr.
Ning7840 × Clark map Heyne × Lakin map

Number of
distorted
markers

Distortion toward
Ning7840

Distortion toward
Clark

Number of
distorted markers

Distortion toward
Heyne

Distortion toward
Lakin

1A 17 6 11 2 2 0
1B 57 0 57 0 0 0
1D 1 1 0 5 4 1
Group 1 75 7 68 7 6 1
2A 30 0 30 3 3 0
2B 28 1 27 74 26 48
2D 2 1 1 9 0 9
Group 2 60 2 58 86 29 57
3A 31 3 28 4 3 1
3B 9 5 4 58 0 58
3D 1 0 1 1 0 1
Group 3 41 8 33 63 3 60
4A 2 2 0 2 1 1
4B 25 25 0 1 0 1
4D 0 0 0 0 0 0
Group 4 27 27 0 3 1 2
5A 19 4 15 0 0 0
5B 9 1 8 28 1 27
5D 1 0 1 20 20 0
Group 5 29 5 24 48 21 27
6A 10 0 10 1 1 0
6B 152 1 151 7 3 4
6D 3 1 2 1 0 1
Group 6 165 2 163 9 4 5
7A 69 10 59 9 3 6
7B 7 2 5 0 0 0
7D 17 0 17 0 0 0
Group 7 93 0 17 9 3 6
A-genome 178 25 153 21 13 8
B-genome 287 35 252 168 30 138
D-genome 25 3 22 36 24 12
Total 490 63 427 225 67 158

oxidase (PPO), which is a very important end-use quality
trait for noodle production. This map will be useful in
identifying high-throughput SNP markers linked to QTLs
for local sources of resistance to multiple diseases and for
characterization of QTLs for noodle-making qualities in
white wheat.

4.2. GeneticMaps forWinterWheat. Several types ofmarkers
have been used for map construction [11, 12, 15, 17, 23, 32],
but most of those maps either have low resolution or consist
of markers that are unsuitable for high-throughput screening
of breeding materials. SNP markers are practically unlim-
ited in number, and many high-throughput SNP detection
systems have been developed for routine analysis, so SNP

has become a popular type of marker in development of
high-density geneticmaps. In wheat, the first SNP-basedmap
was constructed with 480 SNPs and 574 non-SNP markers
covering 2999 cM in distance and with marker density of
2.8 cM per marker [18]. More recently, the International
Wheat SNP Consortium assembled the wheat 9 K SNP chip
and built the first high-density SNP-based consensus map
using seven mapping populations [21]. This work mapped
7504 SNPmarkers, covering 4740.5 cMwith amarker density
of 1.9 SNP/cM. This SNP map is a very useful source of
SNP formap construction and high-resolutionQTLmapping
in wheat. In the current study, we constructed a consensus
map with 3541 SNPs that covered 3258.7 cM with an average
marker density of 0.88 marker/cM.We also mapped 145 SSRs
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Table 3: SDRs detected in the maps of Ning7840 × Clark and Heyne × Lakin at 𝑃 < 0.05.

SDR Chr. Number of markers Genetic distance (cM) Distortion toward parent
Ning7840 × Clark map

IWA4506-IWA1481 1A 5 11.2 Clark
IWA5352-IWA2064 1B 3 2.2 Clark
IWA7037-IWA1859 1B 4 6.9 Clark
IWA406-Xbarc152 1B 40 8.5 Clark
Xgwm537-IWA3382 2A 20 5.4 Clark
IWA5244-IWA7864 2A 10 11 Clark
IWA8195-IWA4890 2B 3 5.7 Clark
Xgwm3.2-Xgwm47 2B 4 0.4 Clark
IWA10-IWA5240 2B 5 2.9 Clark
IWA2008-IWA3111 3A 10 3.7 Clark
IWA4451-IWA7712 3A 5 0 Clark
IWA3739-Xgwm2 3A 9 7.6 Clark
Xgwm149-IWA187 4B 19 3.9 Ning7840
Xbarc163-IWA329 4B 4 10.3 Ning7840
IWA2840-IWA3335 5A 10 6.8 Clark
IWA6024-IWA3226 5B 3 0 Clark
IWA5398-IWA7764 6A 9 1.2 Clark
IWA5857-Xwmc705 6B 5 19.4 Clark
Xbarc185.3-Xbarc1033 6B 135 43.6 Clark
IWA1629-IWA3221 6B 3 0 Clark
IWA5204-IWA1741 6B 6 4.9 Clark
IWA2012-IWA1111 7A 19 17.1 Clark
IWA8066-IWA204 7A 13 0 Clark
IWA6261-IWA1424 7A 5 0 Ning7840
IWA5913-IWA5167 7A 9 5.4 Clark
IWA4994-IWA8204 7A 6 4.4 Clark
IWA828-IWA827 7D 5 0.4 Clark
IWA4131-IWA3745 7D 3 0 Clark
Xwmc313.2-Xwmc313.4 7D 3 6.3 Clark
Xbarc252.1-Xwmc222 7D 4 8.1 Clark

Heyne × Lakin map
IWA6798-IWA2601 2A 3 2.1 Heyne
IWA5810-Xgwm120 2B 46 29 Lakin
IWA2115-IWA7370 2B 26 38.9 Heyne
IWA6302-Xcfd51 2D 9 15.1 Lakin
IWA3901-IWA4498 3B 38 4.2 Lakin
Xbarc344-IWA4778 3B 12 16.3 Lakin
IWA8391-IWA7966 5B 26 38.5 Lakin
IWA4969-IWA6001 5D 5 7.9 Heyne
IWA8102-IWA2607 5D 8 0.7 Heyne
IWA1428-Xgwm272 5D 7 4.2 Heyne
IWA4594-IWA84 7A 6 0.3 Lakin

as a framework in the consensus map to anchor SNP to
each chromosome, so thismapprovides connections between
SNP and SSR markers and can be used for comparative
mapping of QTLs linked to SSR markers previously reported
in different studies. Although the number of SNPs mapped
in the current study was about half that of Cavanagh et al.
[21], the studies shared a total of 3415 SNPs [21], and the

chromosomal locations and relative genetic distance of most
SNPs were consistent, with only 145 SNPs mapped on differ-
ent chromosomes (data not shown). Among themarkers with
inconsistent chromosome locations, 42 located on 2A in our
mapwere located on chromosome 5B of Cavanagh’smap [21].
In the consensus map, some gaps in one individual map can
be filled with markers from another map, indicating that a



BioMed Research International 7

marker that is monomorphic in one mapping population can
be polymorphic in another population. Thus, constructing
a consensus map by combining the data from different
populations can help saturate a map and improve map
resolution. The current wheat consensus map also integrated
both SNP and SSR markers in the map and both populations
segregated for many important traits, so the map should be
very useful for fine-mapping andmap-based cloning of QTLs
for these traits.

4.3. Segregation Distortion. Segregation distortion is com-
mon in plants and has been reported in many species [6].
It might be a powerful force in the evolution of many
fundamental aspects of sexual reproduction [35]. Biological
segregation distortion is always associated with a cluster of
markers (SDMs) within a chromosomal region that harbors
the SDL, so most SDMs in the region are clustered together
to form SDR.This phenomenon has been reported in several
crops, including wheat [36], rice [37], maize [38], and barley
[6]. This study agrees with the observations from previous
studies. In general, SDR was declared when three or more
closely linked markers exhibited significant segregation dis-
tortion [6]. In this study, 379 SDMs were clustered in 30
SDRs with 3 to 135 SDMs per SDR in the Ning7840 × Clark
population, and 186 SDMs were grouped in 11 SDRs with 3
to 46 SDMs in the Heyne × Lakin population. The higher
number of SDRs and SDMs in Ning7840 × Clark than in
Heyne × Lakin may be partially explained by the fact that
Ning7840 is genetically and geographically far from Clark,
whereas Heyne and Lakin are more closely related. Thus, the
level of genetic difference between parents may be one of the
causes of difference in number of SDRs between the two pop-
ulations in this study. Translocation of alien fragments into
wheat is another source of segregation distortion. Sr36 for
stem rust resistance and Pm6 for powdery mildew resistance
onwheat chromosome 2B from the short armof chromosome
2G ofT. timopheevii are preferentially transmitted in different
backgrounds and have obvious segregation distortion [39–
41]; the SNP map from multiple populations also supports
this observation [21]. However, Sr40 for stem rust resistance
on 2B chromosome transferred from 2G of T. timopheevii
showed segregation distortion in one background but not
the other [42], so the presence of SDRs may vary with
sources and backgrounds of transferred alien fragments,
which is supported by the results from the current study.
Pedigree analysis indicated that both Ning7840 and Heyne
have an alien chromosome translocation with 1BS.1RS from
rye in Ning7840 (NGRP 2005) and short 2NS.2AS frag-
ment translocation from Triticum ventricosum in Heyne. In
Ning7840 × Clark, 1BS/1RS arm translocation contributed an
SDR, but 2NS in Heyne did not cause significant segregation
distortion in chromosome 2A (Table 3), which suggests that
not all alien fragment translocations lead to SDR, but if this
occurs, segregation usually distorted toward the parent with-
out an alien fragment, such as Clark in the Ning7840 × Clark
population. However, in the Ning7840 × Clark map, SDMs
were located on several chromosomes, including 1B, 2B, 3A,
6B, 7A, and 7D, with most SDMs on 1B and 6B (Table 3). The
largest SDR with the most SDMs is on chromosome 6B. In

theHeyne × Lakinmap,most SDMs are on chromosomes 2B,
3B, and 5B (Table 3).The segregationmainly distorted toward
male parents in both maps. These SDRs cannot be directly
explained by alien fragment translocation; therefore, some
othermechanisms, including preferential pollination, may be
involved in segregation distortion in wheat RIL population.

In the consensus map, 630 SDMs were mapped, and
mainly clustered to 14 SDRs on chromosomes 1B, 2A, 2B,
3A, 3B, 4B, 5A, 5B, 5D, 6B, 7A, and 7D (Figure 1). Most
SDRs skewed toward male parents, except SDRs on 4B
and 5D, which skewed toward female parents. These results
suggest that SDRs are real in RIL populations and that
SDMs constitute 17.1% of markers mapped in this study, so
they cannot be neglected in QTL mapping. One concern
is that segregation distortion may affect the recombination
frequencies and thus impede mapping precision in map
construction and QTL detection. The common practice in
QTL mapping is using SDMs to construct a linkage map
usingMendelianmarker loci first and then inserting distorted
markers into the map one by one to fill the missing portion
of the genome. In many map construction cases, however,
distorted markers are simply removed for map construction
and QTL analysis, so all QTLs in SDRs are not mapped in
these cases. Doucleff et al. [43] suggested that SDMs detected
at the 1% level rather than the 5% level should be excluded
in mapping to reduce the frequency of false positives. If
distortion is not extremely serious, the effect from distortion
actually can be trivial in a large mapping population. Zhang
et al. [5] demonstrated that segregation distortion may not
necessarily increase number of false QTLs or significantly
affect the estimation of QTL positions and effects. Xu [2]
also showed that the presence of SDLs was not necessar-
ily detrimental to QTL mapping because SDLs can either
decrease or increase the statistical power of QTL mapping;
indeed, many studies have shown important QTL located
in highly distorted chromosome regions. For example, Li
et al. [44] identified major QTL conferring resistance to
crown rot in barley that was located in one of the SDRs on
chromosome 3H, andBovill et al. [45] reported an association
between SDRs and QTLs or genes for crown rot resistance
in wheat. The Sr36 locus was in the SDR on chromosome
2B [40–42]. In the present study, an SDR identified in both
individual maps was located near the marker Xgwm47 on
2B, where several rust resistance loci, including Yr7, Sr9a,
and Lr50, were mapped (Wheat-Composite 2004-2B map
in GrainGenes: http://wheat.pw.usda.gov/). Torp et al. [46]
also identified QTL (QGpp.kvl-2B.1) in this chromosomal
region that affects embryo formation and plant regeneration
in double haploid population and also results in segregation
distortion in the region surrounding the QTL. In this study,
large variation among SDRs was observed (Table 3), with
some having a large number of SDMs and covering a long
chromosome fragment and others having only one or a few
markers covering a very short genetic distance. Some SDRs
in the latter case might be the result of genotyping error and
could be removed for map construction, but a large SDRwith
many markers should be included in the map with special
care. A large population may facilitate creation of desired
recombinants for QTL mapping and breeding selection.



8 BioMed Research International

IWA6922 IWA6745
IWA6481 IWA6391
IWA5423 IWA5342
IWA5341 IWA5340
IWA4990 IWA3469
IWA3468 IWA1830
IWA1563 IWA1562

IWA2427 IWA2426
IWA2428 IWA2425
IWA2424 IWA1512

IWA1511 IWA3143

Xwmc407 Xwmc597
Xgwm537

3.4

0.0

SD
Rn

c.2
A

1.3
IWA391 IWA390
IWA7297 IWA2372
IWA6395
IWA6396
IWA2008

IWA524 IWA799
IWA2028 IWA926
IWA523

IWA2029

0.0

3.4
12.8
28.6
29.0
44.1

46.8

47.5

51.1

54.2
54.9
55.2
55.8
56.4
69.4

78.8

82.5
84.4
90.7
91.6
91.9

92.2

92.5

93.5
93.8

94.4

95.7

97.0

97.3

97.5

97.6

97.9

102.4
102.7
103.0

103.9

104.2

104.5
104.6

104.8

105.1

107.3
108.1
108.4

109.3
110.0
114.8
116.1
116.7
120.1
121.6

124.0

124.4

124.5

124.7
125.0
128.4
129.0
129.4

129.9
130.9

131.9
132.4
133.0
135.5

(2A) (3A) (5A) (7A) (1B) (2B) (3B) (4B) (5B) (6B) (5D) (7D)

98.1
99.9

46.6

0.4
Xgwm480
Xcfa2076.2

IWA1612 IWA1611
IWA855 IWA3111
IWA5982 IWA5981
IWA5980 IWA5213
IWA5212 IWA2362
IWA616 IWA7602
IWA623
IWA4810
IWA5456
IWA445 IWA444

IWA4298 IWA4296
IWA7712 IWA4451
IWA2519 IWA335

IWA2886 IWA4923
IWA2618 IWA2617

IWA7114 IWA6783
IWA6170 IWA3836
IWA2750 IWA2748

IWA5314 IWA5313

IWA6914 IWA3771
IWA1605 IWA7441

IWA8621 IWA7970
IWA7891 IWA7817
IWA6913 IWA6907
IWA5579 IWA5578
IWA4794 IWA4707
IWA4110 IWA4001
IWA3999 IWA3772
IWA3600 IWA3512
IWA3250 IWA2986
IWA2925 IWA1982
IWA1701 IWA1700
IWA1604 IWA1536
IWA1507 IWA7564
IWA1762 IWA7150
IWA1984 IWA7440
IWA4930 IWA1983

IWA5994 IWA4025
IWA2332 IWA236

IWA5311 IWA5312

IWA248 IWA5124

IWA2023 IWA2153
IWA1887 IWA8580
IWA7011 IWA3070
IWA3069 IWA1487

IWA8388 IWA7415
IWA7036 IWA7012
IWA7010 IWA6923
IWA6483 IWA6256
IWA5164 IWA4397
IWA3071 IWA462

IWA2156 IWA5617

IWA8283 IWA7941
IWA6108 IWA5786
IWA5782 IWA5005
IWA5006 IWA4913
IWA4912 IWA4172
IWA3156 IWA1922
IWA1422 IWA143

IWA3498 IWA1614

IWA5849 IWA2944

IWA7454 IWA7064
IWA5763 IWA8526
IWA90 IWA5444
IWA6187 IWA5316

IWA7245 IWA5616
IWA5387 IWA6877
IWA2095 IWA2069
IWA1426 IWA7928
IWA5643 IWA3448
IWA720 IWA6229

IWA7649 IWA2898

IWA4675 IWA6413

IWA8577

IWA3936

IWA5298

IWA2316
IWA8215
IWA1972

IWA1308
IWA4138

IWA443

IWA6306
IWA5641
IWA5642
IWA1490
IWA3739

IWA7022

IWA7552

IWA4676
IWA4335

IWA5067
IWA4334 IWA4333

Xgwm2

IWA7387

IWA8405

IWA8468

IWA2987 IWA8558

IWA5332
IWA2154

IWA7541

IWA7350

IWA237

IWA73
IWA5285

IWA5315

IWA8630

IWA177
IWA8162
IWA8374
IWA1831
IWA7319
IWA3376

IWA7087

SD
Rn

c.3
A.

2
SD

Rn
c.3

A.
1

IWA5358

Xwmc524

IWA2642
IWA7509
IWA3335

IWA564
IWA2645 IWA2641
IWA6082 IWA6988

IWA649 IWA648

IWA2839 IWA2840
IWA2838
IWA7568
IWA5154

IWA7044

IWA7014
IWA4744

IWA7043

IWA5173

IWA2350

IWA4449

IWA4221

IWA5288
IWA1398
IWA6961

IWA2837 IWA7491

IWA675 IWA3702

IWA2959 IWA3623

IWA674 IWA3705
IWA3704 IWA3703

IWA6682 IWA6683
IWA4468 IWA3625
IWA4814 IWA835

IWA5040 IWA3887
IWA2657 IWA8320

IWA7255 IWA4447
IWA2223 IWA7256

IWA4462 IWA4220
IWA590 IWA454

IWA455 IWA4398

IWA4469 IWA5838
IWA7579 IWA6681
IWA1752 IWA7553
IWA7025 IWA4861
IWA4860 IWA3087
IWA2224 IWA7026
IWA5842 IWA6637

IWA4205 IWA4207

IWA5668 IWA3996

IWA2365 IWA2363

IWA1236 IWA7447

IWA3646 IWA3645
IWA3283 IWA4237

IWA739 IWA740

IWA6126 IWA4049
IWA4047 IWA2374
IWA4048 IWA703
IWA138 IWA8308
IWA3313 IWA4669
IWA4668 IWA4667

IWA850 IWA6036

IWA122 IWA121

IWA5884

IWA5107

IWA825
IWA1950

IWA7061
IWA1943
IWA8154

IWA6287

IWA7596

IWA7597

IWA5528 IWA5529

IWA1988 IWA1253
IWA291 IWA114
IWA1630 IWA5184

IWA7925 IWA5105
IWA1951 IWA7926

IWA3530 IWA1973

IWA3190 IWA8155

IWA6412 IWA7739
IWA1465 IWA1466 

IWA5294 IWA3220
IWA1716 IWA7980
IWA3776 IWA7687

IWA7865 IWA7759
IWA7758 IWA7669
IWA7530 IWA6912
IWA6606 IWA6166
IWA5431 IWA5175
IWA2815 IWA1978
IWA1717 IWA1718
IWA315 IWA8119
IWA7226 IWA3921
IWA3775 IWA8048

IWA154 IWA1280

IWA7473 IWA7392
IWA6196 IWA5914
IWA5295 IWA5120
IWA4424 IWA3212
IWA2814 IWA2548
IWA2463 IWA2354
IWA2075 IWA1697
IWA278 IWA7623
IWA6237 IWA8202
IWA324 IWA333
IWA156 IWA5384
IWA5395 IWA4454

IWA4465 IWA5728

IWA4069 IWA3811
IWA2378 IWA1062

IWA4765 IWA331

IWA330 IWA4766

IWA3365 IWA5614
IWA7801 IWA6227
IWA6226 IWA14

IWA4932 IWA6022

IWA4325
IWA5053

IWA4767

IWA6859
IWA5368

IWA7777
IWA3263
IWA6405

IWA4068

IWA5615

IWA8201 IWA7624

IWA8563
IWA6415
IWA4710

IWA1546

IWA155

IWA87

IWA6573

IWA7742

IWA738

IWA2445
IWA3683

IWA5094
Xgwm156

Xbarc100

Xgwm425.2

Xgwm293.3

Xgwm415

Xwmc150.3

Xbarc180

IWA4670

Xbarc197

IWA5623 IWA2014
IWA5624

IWA1343
IWA5945

IWA7665

IWA8537
IWA2364

IWA74
IWA3717

IWA6456

IWA12

IWA4980
Xbarc151

Xwmc415.1

IWA46 IWA2

IWA2256 IWA4448

IWA3391

Xcfa2149.10.0
1.0
1.7
2.1

2.4
3.2

12.6
13.0
13.4
15.1

19.4

32.6
34.8

80.8
82.7
83.8
84.2

85.4

95.2

100.2

101.5
101.9
102.1
102.4

102.7

104.6

104.8

105.2
105.4
106.5
108.1
109.2

109.4

112.4

114.3

115.3
116.4
117.7
118.3
121.3
123.5
125.3
130.9
131.6

132.3
132.7
148.6
150.8
151.8
153.0
154.5
156.9

157.9
158.9
162.7

162.9

163.1

163.7
165.8
166.3
168.9
169.4
173.6
174.8
177.3
179.8
180.6

184.8

185.2

185.6
186.4

187.2
187.5
187.7

189.7
189.9
190.2
190.7
191.0
191.1
192.2
194.3
195.0
195.1
195.5

195.6

195.9

196.3

197.3
199.6
200.1
201.3
201.7
202.2

202.7

202.8
203.2

204.9
206.2
215.0
217.0
217.5

219.1

219.5

219.9
220.8
221.2
222.4

231.9
232.4
232.8
233.1

SD
Rn

c.5
A

IWA62610.0

10.9

14.0
15.5

25.2
25.5
26.7
28.7
28.9

36.6
36.8
37.0
39.5
43.3
52.7
53.1

61.1
62.8
64.0
67.3

68.8

69.1

69.4
70.1
71.1
72.6
73.0

73.4

73.7

74.0
75.0
78.0
78.5

79.2
79.5
79.8
85.5
92.2
94.3
96.5

IWA7045 IWA1425
IWA1726 IWA5852
IWA1725 IWA1424
IWA4910 IWA6535
IWA4911
IWA7601
IWA5913 IWA4196

IWA7406 IWA7407
IWA4621 IWA4620
IWA3128 IWA5167
IWA7709 IWA7027
IWA1363
Xgwm332

Xgwm282.2
IWA2724 IWA2723
IWA7325
IWA7884 IWA4483
IWA4187

IWA6785
IWA4437
IWA8393
IWA7184

IWA7185

IWA1223 IWA865

IWA4176 IWA4173

IWA4887 IWA1519
IWA1271 IWA8057
IWA4434 IWA4433
IWA4364 IWA4363
IWA5379
IWA1515 IWA4137

IWA2675

IWA2929
IWA4177
IWA4175

Xwmc346

Xcfa2040.2 IWA7728

Xwmc166.1

Xgwm344
Xgwm344.2
Xwmc809

IWA3371
IWA179
IWA736 IWA737

IWA5873 IWA6833
IWA7005 IWA5904

IWA1517
IWA795

IWA4594

IWA6115 IWA84
IWA4595 IWA2905

IWA4994 IWA4991

IWA7028

IWA7409
IWA6670
IWA6680

SD
Rn

c.7
A

IWA1020
IWA8542
IWA1825
IWA3043
IWA8139
IWA1092

IWA7422

IWA7619

IWA2064
IWA415
IWA3189
IWA2890

IWA8543 IWA696

IWA5447 IWA5446
IWA3097 IWA3098

IWA5352 IWA8507

IWA2586 IWA2588
IWA7527 IWA5160
IWA5159 IWA4091
IWA4090 IWA2790
IWA2788 IWA2041
IWA1729 IWA6479
IWA734 IWA2040

IWA4940 IWA4702
IWA4703 IWA4939
IWA2889 IWA7040
IWA3684 IWA5227
IWA4999 IWA4819

IWA1889 IWA606

IWA7037 IWA6294
IWA2411 IWA2308

IWA4155 IWA4153
IWA4154 IWA6646

IWA2717 IWA5962

IWA5228 IWA5229

IWA5070 IWA4139

IWA4681
IWA2626
IWA854

IWA775

IWA5779
IWA573

IWA3945

IWA3713 IWA6018
IWA6731 IWA6134
IWA4680 IWA540

IWA1231 IWA1005

IWA2861 IWA5076

IWA3307 IWA491

IWA7982 IWA7787
IWA6917 IWA4204

IWA7560
IWA6107

IWA7017
IWA4987

Xwmc419

IWA4203 IWA3476
IWA2084 IWA1959
IWA790 IWA8281

IWA4557 IWA4556

IWA6684 IWA6073
IWA5348 IWA4198
IWA2221 IWA6758
IWA890 IWA4197
IWA189 IWA188

IWA8081 IWA7723
IWA7722 IWA7721
IWA7119 IWA5664
IWA6063 IWA5665
IWA4811 IWA3588
IWA3587 IWA3502

IWA1121 IWA1109
IWA141 IWA128

IWA6891 IWA6890
IWA6259 IWA3631

IWA4975 IWA3620

IWA8392 IWA8338
IWA7219 IWA6703
IWA5681 IWA5593
IWA4389 IWA1451

IWA361 IWA1578
IWA7480 IWA6449
IWA4504 IWA1948

IWA7399 IWA406
IWA435 IWA466
IWA764 IWA974
IWA1191 IWA1399
IWA1566 IWA1957
IWA1958 IWA1991
IWA2561 IWA2655
IWA2881 IWA3115
IWA3155 IWA3690
IWA3875 IWA4350
IWA4715 IWA4764
IWA4974 IWA8409
IWA5976 IWA8199
IWA8001 IWA6450
IWA6448 IWA7605
IWA7385 IWA7331
IWA7151 IWA7059
IWA6964 IWA6836
IWA6621 IWA6611
IWA6610 IWA6541
IWA6444 IWA6260
IWA6129 IWA6110
IWA6062 IWA5702
IWA5691 IWA5435
IWA5370 IWA5133

IWA3123 IWA7398
IWA4555

116.9

116.2

107.8
101.9
95.7
83.1

81.1

78.4
76.8
76.4
75.4
70.1

68.7

68.3

67.9

67.2

65.1

64.9
64.7

64.3

63.8

62.7

62.3
62.2
61.9

61.5

61.1

59.6
59.4
58.6
58.2
57.8
57.7
57.3

56.9

56.1
55.1
54.8
54.5
54.3

50.1
48.7
48.1
48.0
47.3
46.7
42.9

39.2

36.0

35.4

35.1

32.7

32.4

31.6
31.2
29.9
24.2
21.3
18.5

15.3

13.8
7.8
2.9
2.3
1.9
0.9
0.4
0.0

IWA8082
IWA8148

IWA7977

IWA8619

IWA8506
IWA131
IWA7578
IWA6945
IWA5635

IWA7703
IWA2998
Xgwm18

Xbarc185
Xgwm11

IWA2517 IWA767

IWA7594

IWA946

IWA255

IWA579
IWA1164
IWA4488
IWA8313
IWA1859
IWA3120

IWA3076

IWA8111
IWA4361
Xbarc61

IWA2315 IWA1890

IWA7811

SD
Rn

c.1
B

IWA7583 IWA7149

IWA7840 IWA1083

IWA840 IWA8153
IWA8149 IWA7839
IWA7055 IWA7054
IWA5919 IWA5918
IWA5630 IWA5629
IWA5628 IWA5206
IWA5205 IWA2566
IWA1385 IWA839
IWA6054 IWA2514

IWA1708 IWA4294
IWA3741 IWA8195

IWA1489 IWA6317

IWA7112 IWA7113

IWA5810 IWA5809

IWA8449 IWA1822
IWA5460 IWA3010
IWA1599 IWA2052

IWA3937 IWA3938
IWA5024 IWA3233
IWA2459 IWA1765
IWA638 IWA7955
IWA1293 IWA1292
IWA1291 IWA5051

IWA4097 IWA4095
IWA3148 IWA2702
IWA2676 IWA2179

IWA5177 IWA4909
IWA4098 IWA4096
IWA2701 IWA2678
IWA2677 IWA2379

IWA8295 IWA6121

IWA6122 IWA8362

IWA933 IWA7850
IWA5064 IWA4357
IWA4356 IWA543
IWA4890 IWA544

IWA3935 IWA4358

IWA2131 IWA2130

IWA5414 IWA5413
IWA2261 IWA469

IWA6047 IWA6076

IWA5512 IWA5397

IWA2237 IWA2950

IWA4636 IWA2294

IWA6875 IWA4983
IWA2885 IWA7951
IWA5464 IWA6075
IWA5290 IWA6216
IWA8112 IWA7215
IWA4822 IWA3942
IWA2349 IWA671
IWA4915 IWA4982
IWA4107 IWA4106

IWA5168 IWA5256
IWA2673 IWA6547

IWA5830 IWA4472
IWA2674 IWA50

IWA6830 IWA6462
IWA6136 IWA5038
IWA4102 IWA3428
IWA1087 IWA7263
IWA5811 IWA1912

IWA6664 IWA3622

IWA4984 IWA2977

IWA3213 IWA6781

IWA3924 IWA4894

IWA6509 IWA3127
IWA3126 IWA1763

IWA6427 IWA5377
IWA2671 IWA328

IWA5240 IWA1204

IWA7029 IWA5916
IWA5560 IWA4655
IWA4532 IWA4531
IWA4456 IWA3824
IWA3564 IWA3329
IWA3081 IWA3080
IWA2887 IWA2557
IWA2556 IWA2312
IWA1665 IWA1664
IWA1114 IWA763
IWA762 IWA608
IWA607 IWA295

IWA5818 IWA6070
IWA5392 IWA4673
IWA4135 IWA3328

IWA8083 IWA7069
IWA6739 IWA4652
IWA4554 IWA4421

IWA2571 IWA2572

IWA6474 IWA1359

IWA1930 IWA3838

IWA6085 IWA6048
IWA5410 IWA6184
IWA4284 IWA4285
IWA2117 IWA2116
IWA2115 IWA1929

IWA8124 IWA3723

IWA7656 IWA4808
IWA4724 IWA4723

IWA6852 IWA5991
IWA5990 IWA5989
IWA5694 IWA7122
IWA4665 IWA2779

IWA7800

IWA8152
IWA2973

IWA2482
IWA6138
IWA4953
IWA6263
IWA4963

IWA3407

IWA4420

IWA1093
IWA2391

IWA1360
IWA7916

IWA5708

IWA6069

IWA6740
Xgwm148

IWA8182
IWA5753
IWA6364
IWA8381

IWA6554
IWA3277

IWA6135
IWA3621

IWA6818

IWA5149
IWA6819

IWA1914

IWA10

IWA7661

IWA3278

IWA7076
IWA4323

IWA6265

IWA6308

IWA2924

IWA3973

IWA5513
IWA4256

IWA6453
IWA4275

IWA5411

Xwmc441
Xbarc101

IWA1389 IWA6399

IWA4948

Xgwm47
Xgwm3.2 Xgwm133
Xgwm130 Xgwm60

IWA7371

IWA7620

IWA2158 IWA4900

IWA7652

IWA4866

IWA8555

IWA1707 IWA7615
IWA4367

IWA6050
IWA2253

IWA226
IWA8589
IWA571

IWA2343
IWA3714
IWA8406

IWA6778
Xwmc628
Xwmc332

IWA8205
IWA3742

IWA6286 IWA5733
Xwmc41

0.0
13.9
16.8

16.9

17.2

17.6

18.5
19.1
19.5

34.4
37.4
37.8
50.1
50.9
55.3
58.2
58.7
59.7
61.1

61.9
62.7

63.9

65.1

68.0

71.7

72.0

72.9

73.2

75.1

76.7
82.1
82.4

88.2

89.0

89.4
89.8

90.3

91.1

92.5
93.0

101.5
105.9
108.9
109.6
110.0
110.4
111.4
111.9

122.4

123.6
123.8

124.5

125.2

125.6

126.5

127.9

128.7

129.6

131.0

131.5

132.5

133.3
134.5
135.0
140.2
140.9
141.3

143.5

143.6

143.8

145.7

146.8

147.2
148.7
149.5

150.7

152.5
155.9

157.2

167.7
168.0
171.5
172.6
173.3
173.6
176.1
177.8
178.2
179.6

180.8

193.3
193.7
213.4
215.5

215.9

216.3
221.1
223.2
244.7

245.8

259.2

SD
Rn

c.2
B.

2
SD

Rn
c.2

B.
1

IWA1756
IWA2148
IWA3951
IWA2147
IWA4311
IWA4312
IWA6930
IWA8628 IWA3454
IWA787 IWA785

IWA4324 IWA6056

IWA5013 IWA5016
IWA5015 IWA5014

IWA5510 IWA5511
IWA5432 IWA4497
IWA1733 IWA1732
IWA1731 IWA6856
IWA7561 IWA3669
IWA3273 IWA1974
IWA1682 IWA1541
IWA125 IWA8594
IWA7888 IWA3593
IWA3592 IWA7889
IWA5985 IWA3455
IWA1095 IWA8104
IWA3901 IWA624
IWA2862 IWA714

IWA8053 IWA3332
IWA3331 IWA8054

IWA5324 IWA5323
IWA3170 IWA8576
IWA1548 IWA4498

IWA4906 IWA2063

IWA5646 IWA8086
IWA7108 IWA6375
IWA5941 IWA3591
IWA2620 IWA8287

IWA7820 IWA7819
IWA6299 IWA2951

IWA2619 IWA7125

IWA6158 IWA6222
IWA6157 IWA4428

IWA1148 IWA4427
IWA7388 IWA4847
IWA4429 IWA1468
IWA1467 IWA7745

IWA6105 IWA6104

IWA8290 IWA7512
IWA6493 IWA5710
IWA4218 IWA3305
IWA3304 IWA3018
IWA2573 IWA8583

IWA4653 IWA5711

IWA7516 IWA1704
IWA4721 IWA8520
IWA4507 IWA5178

IWA2351 IWA5890

IWA5613 IWA4235

IWA7247 IWA6300
IWA4630 IWA4195
IWA4194 IWA4193
IWA3997 IWA2800
IWA2672 IWA1898
IWA1607 IWA7333
IWA6794 IWA6793
IWA4452 IWA1449
IWA1383 IWA3001

IWA6213 IWA2999

IWA2329 IWA3504
IWA6380 IWA5933
IWA628 IWA1206

IWA629 IWA183
IWA6698 IWA5814

IWA2400 IWA2990
IWA2492 IWA292

IWA2399 IWA2124

IWA3896 IWA6482

IWA4575 IWA3974
IWA2409 IWA1458

IWA7748 IWA5995
IWA5960 IWA4412
IWA4054 IWA3788
IWA2663 IWA2074
IWA1827 IWA1416
IWA1414 IWA316
IWA2662 IWA8457

IWA3787 IWA3117

IWA7285 IWA6200
IWA5925 IWA8326
IWA6185 IWA6201

IWA4439 IWA7510
IWA5100 IWA3710
IWA2022 IWA5101
IWA7519 IWA8196

IWA5869 IWA6297
IWA4863 IWA4613

IWA3021 IWA6814

IWA7294 IWA6165
IWA4310 IWA4040
IWA4039 IWA1863

IWA1995 IWA3904
IWA747 IWA748

IWA7267 IWA6192
IWA3732 IWA3731

IWA6920 IWA3725
IWA3150 IWA3149
IWA6238 IWA7714
IWA3426 IWA6632

IWA4625 IWA4624
IWA663 IWA7794

IWA7678 IWA7231

IWA6587 IWA7918
IWA3103 IWA4796

IWA5202 IWA5201

IWA3724 IWA6651
IWA4801 IWA7230
IWA5106 IWA4800
IWA2822 IWA7174
Xbarc147
Xgwm533
Xstsp
Xgwm389
IWA195244.0

242.2
240.0
238.3
237.0
233.9
232.9
232.1
231.5

230.7

229.9

228.8
228.4
221.7
220.8
192.5
191.7

190.0
188.8
185.3
183.4
182.3
179.2
175.4

174.4

173.4

173.2
172.8
172.0
169.2

166.6

166.2

159.7
157.8
156.6
149.6
149.0
148.9
148.2
146.3
145.8
144.9
141.3
141.0
140.4

140.1

139.8

139.5

139.2

138.9

138.6
137.7

134.7

133.8

133.3

133.2

132.9

130.6
130.3

129.9

129.1

127.5
126.9
126.3
124.0
123.5

122.5

121.9

121.7

121.3

120.4
120.2

119.7

119.2

118.8

118.4

117.9
116.8
112.2
111.9
111.7

111.0

110.8

110.7

110.1

109.7

108.9
108.6

106.4
103.9

103.4

100.3

99.8

99.5

98.9

97.0

97.6

95.7
94.6
91.0
87.9
84.5

83.8

64.9
63.8
58.9
56.8
39.3
38.9
37.6

36.9

26.0
21.6
21.1
10.1

7.4

IWA6919

IWA6464
IWA8460
IWA3983
IWA5618
IWA280

IWA7342
IWA7363

IWA3260
IWA1702

IWA6471

IWA5203
IWA4654

IWA4755 IWA4226

IWA186

IWA3245

IWA6720
IWA7035

IWA8480
IWA2550

IWA7860
IWA3425

IWA3726

IWA6761
IWA5396

IWA1417

IWA4838

IWA6381

IWA1598

IWA5677

IWA2510

IWA2408

IWA7595

IWA6677

IWA4236

IWA1909

Xbarc164

IWA1576
IWA2613

IWA2167
IWA6254
IWA344

IWA6223

IWA1196

IWA7225
IWA5805

IWA3306

IWA5775

IWA3046

IWA6900
IWA7391

IWA1684 IWA6542

IWA81

IWA2360

IWA3598

IWA298 IWA299
IWA6002

IWA3330
Xwmc291

IWA4778

IWA784
IWA786
IWA8058
IWA5594
IWA1094
IWA8043
IWA1745
IWA1744

Xgwm247
Xgwm340

0.0
0.4
5.9
6.2

SD
Rn

c.3
B

IWA6457
IWA7729
IWA2228
IWA506
IWA1768
IWA8107
IWA8108 IWA7268
IWA2298 IWA1316

IWA5679 IWA58

IWA7688 IWA6898
IWA6495 IWA6011
IWA5725 IWA5195
IWA4330 IWA4248
IWA4070 IWA3846
IWA3392 IWA2745
IWA2666 IWA2155
IWA1961 IWA1105
IWA1007 IWA1006
IWA782 IWA7167

IWA7168 IWA2532
IWA2398 IWA1818
IWA1344 IWA7437
IWA3551 IWA3608

IWA3611 IWA3610

IWA2755 IWA2754
IWA2393 IWA2171
IWA1382 IWA2974
IWA7172 IWA3253

IWA3279 IWA4115
IWA908 IWA1028

IWA4490 IWA6397
IWA5408 IWA2595

IWA3781 IWA27
IWA408

IWA1100
IWA6465
IWA8197
IWA5885

IWA3040
IWA5365
IWA6461
IWA329
Xbarc114

Xcfa2149.2125.8

115.2
108.5
107.2
106.8

106.4

103.8
84.6
83.3
83.1
82.3
77.3
77.2
76.8
75.4

75.0

74.4

73.8

72.7

72.3

70.8
63.8
62.1
60.8
60.2
59.6
59.0
55.6
54.4
51.9
47.2
46.3
44.9
29.0
26.0
22.2
21.5
19.8

18.5

18.1
11.4
10.2
9.7
1.4

123.5

IWA892

IWA3609

IWA187 IWA4640

IWA8019

IWA3615
IWA7266
IWA3290
IWA4662
Xgwm368
Xbarc20
Xwmc48

IWA453
IWA327
IWA7752
IWA113
IWA7641

IWA907
IWA3074
Xgwm149

Xwmc826.1

Xwmc617.2

0.0

SD
Rn

c.4
B

IWA6580 IWA6579
IWA6578 IWA2682

IWA2867 IWA2865
IWA3358 IWA3359

IWA3183 IWA7374

IWA8006 IWA5803

IWA4329 IWA5802
IWA7310 IWA2093

IWA2321 IWA1061

IWA766 IWA6994
IWA1786 IWA7066
IWA23 IWA22

IWA5804 IWA7903

IWA37 IWA5454
IWA6713 IWA4635
IWA4634 IWA7708
IWA6732 IWA936
IWA196 IWA197

IWA7585 IWA7965
IWA2388 IWA7966

IWA4182 IWA7393

IWA3800 IWA3275
IWA2500 IWA7791

IWA5551 IWA4820

IWA7733 IWA7732
IWA1577 IWA592

IWA1774 IWA2565
IWA6671 IWA3479
IWA3226 IWA6024

IWA4793 IWA4774
IWA3905 IWA3264
IWA2634 IWA6459
IWA4211 IWA8470
IWA3022123.3

122.1

121.7

121.1
120.5
119.3
117.2

116.0
113.9
112.3

110.3

107.1
105.3
103.6

99.8
98.6
92.9
90.8
87.3
65.5
64.6
64.3

62.9
62.8
61.9
60.0
58.9
58.2
47.9
47.4
45.7
45.4
44.0
41.1

35.4

34.9
32.5
32.2
31.9
31.1
29.9
28.3
25.9
22.7
21.3
20.9

20.1
17.5

16.9

16.3
14.5
12.3
10.8

9.8
9.4
9.0
8.6
6.3
0.7

0.0

IWA47

IWA4057

IWA5950
IWA1780
IWA3002

Xgwm408

IWA1564
IWA3214
IWA3984
IWA7340
IWA8031
IWA3394

IWA1259
IWA3500

IWA4185
IWA4184
IWA4183

IWA7963
IWA7668

IWA1460

IWA5552
IWA7989

Xgwm604

IWA6779

IWA6902

IWA1658

IWA3185

IWA2931 IWA8391

IWA2681
IWA6577
IWA2238
IWA2100

IWA3109

IWA1390
IWA4903

IWA4726
IWA2322

IWA3360
IWA6271

IWA2099 SD
Rn

c.5
B

IWA4969
IWA2803

0.0
0.3
7.4

8.0
7.7

9.0

11.6
16.3

8.3

IWA5012

IWA6749
IWA6001 IWA7250

Xgwm358
Xcfd40

IWA8102 IWA6496
IWA5366 IWA1172
IWA6052 IWA4550
IWA3733 IWA2607
IWA7517 IWA7243

SD
Rn

c.5
D Xgwm350

Xwmc313.2
Xwmc646 IWA827
IWA828

IWA5971
IWA5972 IWA906

IWA3750 IWA3751

IWA3745 IWA3749

IWA3744 IWA7039
IWA8075 IWA4548

IWA235 IWA5391

IWA3970 IWA7827
IWA6623

IWA7828114.9

111.9
110.5

89.7
76.9
76.5
75.3
64.9
55.3
54.4
6.7

4.6

3.8

3.3

2.8
0.4
0.0

IWA304
IWA1902
IWA1537

IWA6350
IWA732

Xbarc252.1

Xwmc702 Xwmc121

IWA4131 IWA4133

IWA3746

SD
Rn

c.7
D

IWA7621 IWA7498
IWA4568 IWA4567

IWA5605 IWA3268

IWA6864 IWA6179
IWA6141 IWA5204

IWA1485 IWA4868
IWA4869 IWA1484
IWA7116 IWA8072

IWA7479 IWA2212

IWA1816 IWA1817

IWA3221 IWA1629

IWA967 IWA308

IWA221 IWA5148
IWA4384 IWA2173
IWA2039 IWA1434

IWA5198 IWA5197
IWA2927 IWA6571
IWA3651 IWA3650
IWA4564 IWA3801

IWA4383 IWA4382

IWA3679 IWA3354
IWA800 IWA7084
IWA1017 IWA3899
IWA7648 IWA7189
IWA5625 IWA4484
IWA4436 IWA4435
IWA3172 IWA2085
IWA1857 IWA6420
IWA5044 IWA5045
IWA971 IWA755

IWA1251 IWA4503
IWA4501 IWA1501
IWA4502 IWA4500

IWA3460 IWA5346
IWA450 IWA1815

IWA8192 IWA8175
IWA8166 IWA8144
IWA7873 IWA6826
IWA6142 IWA5785
IWA5241 IWA5157
IWA4783 IWA4487
IWA7380 IWA6825
IWA5957 IWA5242
IWA5231 IWA5104
IWA3797 IWA3796
IWA3133 IWA3131
IWA2843 IWA2300
IWA2185 IWA1840
IWA997 IWA941

IWA3878 IWA4078
IWA8011 IWA7783
IWA6293 IWA4570
IWA4515 IWA3933
IWA2244 IWA2209
IWA2135 IWA2090
IWA7676 IWA6855
IWA6628 IWA5748
IWA3963 IWA4086
IWA3167 IWA3168
IWA2109 IWA806
IWA613 IWA434

IWA5266 IWA3634

IWA4485 IWA4486
IWA3574 IWA596

IWA3869 IWA3450
IWA1151 IWA3825
IWA2653 IWA7782
IWA2975 IWA2976
IWA7929 IWA5986

IWA7807 IWA7689
IWA5056 IWA5055
IWA4148 IWA3411
IWA3410 IWA3301

IWA4827 IWA4825

IWA7974 IWA7896
IWA7625 IWA7198
IWA5043 IWA5042
IWA4826 IWA4824
IWA4823 IWA3677
IWA2420 IWA2419
IWA2417 IWA1655
IWA1662 IWA7979

IWA7937 IWA7810
IWA5888 IWA3923
IWA3501 IWA2219
IWA1640 IWA8134
IWA6467 IWA6466
IWA1721 IWA8284
IWA6494 IWA6953

IWA1472 IWA2346
IWA8037 IWA7487
IWA6005 IWA3769
IWA3768 IWA3636
IWA2773 IWA2347
IWA1473 IWA1263
IWA297 IWA225
IWA3735 IWA676

IWA283 IWA2830

IWA4760 IWA4761

IWA4010 IWA4011
IWA5942 IWA4610
IWA3991 IWA5943
IWA1901 IWA5857
IWA4633 IWA3316

IWA860 IWA2098
IWA2479 IWA6760
IWA6759 IWA2477
IWA6704 IWA2475
IWA1494 IWA1495

IWA8504 IWA3982
IWA746 IWA8055179.9

178.2

177.2

154.5
145.9
144.0

141.2
140.2

131.0
129.7
129.0
124.3
124.0
123.7
123.4
122.8
111.5
110.6
108.8

107.8

106.8
106.0
100.5
100.0

96.5

96.2

95.7

95.4

94.8

94.2

93.9

93.7

93.2

92.0

91.6
89.6
88.7
88.3
86.8

84.9

81.6
79.2
76.7
75.8

75.1

74.7

74.2

73.9

73.7
73.0
72.8
72.4
72.2
71.7
71.2

70.9

70.6

69.8

68.6

68.3

66.6
66.1

65.3

64.9

64.5

64.0

62.6

51.9

46.0
45.6

43.8
42.7
39.9
39.2
36.7
35.5
35.1
30.7
29.5
28.8
27.7
27.0
24.8
19.8
19.1
18.8

12.9

11.1
7.1

0.0

5.9

108.1

IWA2476

IWA5780
IWA921

IWA634 IWA8383
IWA4171
IWA1764

IWA3228
IWA3229
IWA1851
IWA52

Xwmc494
Xwmc705 Xwmc104

IWA8566

IWA7808
IWA219

IWA4730

IWA2937 IWA7809

IWA8539
IWA1545

IWA5267
IWA6958

IWA7257

IWA5722

IWA1660
IWA7618

IWA3459

IWA7930

IWA1905

IWA7452
IWA4521

Xwmc182.2

Xgwm191.2

Xcfa2110

IWA185

IWA1499
IWA1500
IWA7628

IWA451
IWA4599

IWA7962

IWA7111

IWA8462

IWA6660
IWA3234

IWA4959 IWA4337

IWA3880
IWA824

IWA5606

IWA7931

IWA5709

IWA5666
IWA5732
IWA349
IWA4717

IWA7056
IWA2564
IWA8064

IWA1628

IWA307

IWA1666

Xgwm219
Xbarc247.2

IWA6140

SD
Rn

c.6
B

Figure 1: Segregation distorted region (SDR) detected in the consensus map.The majority of the distorted markers clustered in the SDRs on
chromosomes 1B, 2A, 2B, 3A, 3B, 4B, 5A, 5B, 5D, 6B, 7A, and 7D in the consensus map. SSR markers are identified in bold type, and SDRs
are labeled with green or brown, indicating SDR bias to the male or female parent, respectively.

5. Conclusion

A high-density consensus map was constructed using SNP
and SSR markers by merging two genetic maps developed
from two RIL populations, Ning7840 × Clark and Heyne
× Lakin. A total of 3541 SNPs and 145 SSRs were mapped,
and the map covered 3258.7 cM in genetic distance with an
average interval of 0.88 cM. These high-density maps can be
useful for mapping QTLs of many important wheat traits
because their parents have significant contrasts in many of
these traits. Chromosome regions with obvious segregation

distortion were identified in these maps. Approximately 19%
of mapped markers showed distorted segregation in the
Ning7840 × Clark population and 10.4% in the Heyne ×
Lakin population. The mapped distorted makers (630) in
the consensus map accounted for 17.1% of total markers in
the map. The majority of the distorted markers clustered
in the SDRs on 12 chromosomes. All of the markers in a
given SDR skewed toward one of the parents, suggesting
that gametophytic competition during zygote formation was
likely one of the causes for segregation distortion in the
populations.
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