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assays that can be easily used for marker-assisted selection 
to improve PHS resistance.

Introduction

Pre-harvest sprouting (PHS) in wheat (Triticum aestivum 
L.), or germination of grain in a matured wheat spike before 
harvest, can cause significant reductions in wheat grain 
yield and grain end-use quality, thus substantial reductions 
in grain price (Groos et al. 2002; Mares et al. 2005). PHS 
usually occurs when weather is continuously wet before 
harvest. Growing PHS-resistant cultivars is the most effec-
tive way to minimize the PHS damage, especially in wheat-
growing areas where wet weather occurs frequently during 
harvest season.

Seed dormancy (SD) has been considered the major 
factor that determines PHS resistance in wheat and other 
cereal crops (Bewley and Black 1982; Anderson et al. 1993; 
Mares and Mrva 2001; Ogbonnaya et al. 2008), although 
several other factors also have been considered to contrib-
ute to overall PHS resistance, including physical barriers 
to water penetration (Gale 1989), spike morphology (King 
and Richards 1984), red seed color (Gfeller and Svejda 
1960; Groos et al. 2002) and environmental factors such 
as temperature and moisture (Argel and Humphreys 1983; 
Ceccato et al. 2011). Both PHS resistance and SD are com-
plex traits controlled by several quantitative genetic loci 
(QTL). For PHS resistance, one major QTL was mapped 
on chromosome 3AS (Osa et al. 2003; Mori et al. 2005; 
Liu et al. 2008), and the casual gene of this QTL for both 
SD and PHS resistance has been cloned (Nakamura et al. 
2011; Liu et al. 2013). Another major QTL has been identi-
fied on chromosome 4AL in different genetic backgrounds 
(Kato et al. 2001; Mares et al. 2005; Torada et al. 2005; 
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Chen et al. 2008; Ogbonnaya et al. 2008). In addition, QTL 
with minor effects have been reported on 2B (Kulwal et al. 
2004; Munkvold et al. 2009), 3D (Imtiaz et al. 2008), 4B 
and 4D (Kato et al. 2001), 6B and 7D (Roy et al. 1999), 
and several other chromosomes (Anderson et al. 1993). For 
SD, major QTL were reported on 3A (Osa et al. 2003; Mori 
et al. 2005) and 4A (Kato et al. 2001; Noda et al. 2002; 
Mares et al. 2005). However, how much SD contributes 
to PHS resistance remains unknown. Therefore, mapping 
QTL for PHS resistance and SD simultaneously may reveal 
the genetic relationship between the two traits.

High-density genetic maps are essential for fine mapping 
QTL and delimiting the causal genes to very narrow genetic 
intervals (Liu et al. 2014). More recently, next-generation 
sequencing (NGS) technology has been used for QTL map-
ping in many crops (Wicker et al. 2008; Kobayashi et al. 
2014; Chen et al. 2014). Wheat is a polyploid with a large 
genome (~17 GB) and abundant repetitive DNA sequences, 
which complicates the analysis of genetic variations and 
development of high-resolution genetic maps. A genotyp-
ing-by-sequencing (GBS) protocol recently was adapted in 
wheat using restriction digestion to reduce the complexity 
of the genome (Poland et al. 2012). GBS takes advantage 
of NGS and keeps sequencing costs down by multiplex-
ing samples using barcodes. Although complete reference 
genome sequences can increase the efficiency of SNP iden-
tification in different species (Poland et al. 2012; Spindel 
et al. 2013), such sequences are unavailable for wheat. For-
tunately, analytical tools are now available for species with 
incomplete or no reference genome sequences (Mascher 
et al. 2013). The objectives of this study were to (1) fine 
map QTL for both PHS resistance and SD in a Chinese lan-
drace using GBS-SNP, (2) develop DNA markers closely 
linked to the QTL for marker-assisted selection in wheat 
breeding programs, and (3) elucidate the genetic relation-
ship between SD and PHS resistance.

Materials and methods

Plant materials and experimental design

A mapping population of 155 F6 RIL derived from the 
cross ‘Tutoumai A’ × ‘Siyang 936’ was developed by sin-
gle-seed decent. Tutoumai A is a white PHS-resistant Chi-
nese landrace, and Siyang 936 is a white PHS-susceptible 
cultivar from China. Both parents and the RIL were eval-
uated for PHS resistance using plants collected from two 
field experiments (2005 and 2006) at Jiangsu Academy of 
Agriculture Sciences (JAAS), Nanjing, China, and from 
three greenhouse experiments (2005–2007) at Kansas State 
University (KSU), Manhattan, KS, USA. Seed dormancy 
was evaluated using plants grown in the five experiments 

from 2004 to 2006 in both locations. Each experiment was 
arranged in a randomized complete block design with two 
replicates.

Evaluation of SD and PHS

In the greenhouse experiments, plants were grown at 
22 ± 5 °C day/17 ± 2 °C night temperature with supple-
mental daylight of 12 h. Pre-harvest sprouting was evalu-
ated in the laboratory using intact spikes. When wheat 
spikes reached physiological maturity, five spikes per RIL 
harvested from each replicate were air-dried for 5 days in a 
greenhouse. Spikes were then stored at −20 °C to maintain 
dormancy. After all RIL were collected, spikes were air-
dried again for 2 days and immersed in de-ionized water 
for 5 h. The wet spikes were incubated in a moist chamber 
set up in the laboratory at 22 ± 1 °C with 100 % humidity 
maintained by running a humidifier for 30 min twice a day. 
On the 7th day of incubation, the numbers of germinated 
and non-germinated seeds in each spike were counted, and 
PHS resistance was measured as the percentage of visible 
sprouted kernels (PVSK) in a spike. For SD testing, 50 
hand-threshed kernels from the remaining spikes in each 
RIL that were stored at −20 °C for PHS test were evalu-
ated for seed germination rate in the laboratory after they 
were air-dried for 2 days. Germinated kernels were counted 
daily and removed after counting, and a weighted germina-
tion index (GI) was calculated to reflect SD as previously 
described (Chen et al. 2008).

In the field experiments, each RIL and their parents were 
sowed in a two-row plot with 4-m-long at 0.25 m apart. At 
physiological maturity, when the spike and peduncle turned 
yellow, 20 spikes per plot (10 spikes per row) were har-
vested. Harvested spikes were stored and evaluated for both 
PHS and SD as previously described for the greenhouse 
experiment, with the exception that 10 spikes per RIL were 
used for PHS evaluation in field experiments instead of five 
in greenhouse experiments.

GBS library construction and SNP identification

Genomic DNA of parents and their RIL were extracted 
using a modified cetyltrimethyl ammonium bromide 
(CTAB) method (Saghai-Maroof et al. 1984). DNA con-
centration was quantified using the Quant-iT™ PicoGreen® 
dsDNA Assay (Life Technologies Inc., NY) and normal-
ized to 20 ng/μl. The GBS library was constructed as previ-
ously described (Poland et al. 2012). In brief, DNA sam-
ples were digested with HF-PstI and MspI (New England 
BioLabs Inc., Ipswich, MA, USA), then ligated to barcoded 
adaptors and a Y common adaptor using T4 ligase (New 
England BioLabs Inc.). Ligation products were pooled 
and cleaned up using the QIAquick PCR Purification Kit 
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(Qiagen Inc., Valencia, CA, USA). Primers complementary 
to both adaptors were used for PCR. The PCR product was 
then cleaned up again using the QIAquick PCR Purification 
Kit and size-selected for a range of 250–300 bp in an E-gel 
system (Life Technologies Inc.), then concentration was 
estimated by the Qubit 2.0 fluorometer using Qubit dsDNA 
HS Assay Kit (Life Technologies Inc.). The size-selected 
library was sequenced on an Ion Proton system (Life Tech-
nologies Inc.).

SNP detection used the software package developed by 
Saintenac et al. (2013). Reads were removed if more than 
20 % of bases had quality scores of <15. Sequences from 
each parent were clustered, and the clusters that differed 
from each other by no more than three mismatches were 
used as reference sequences. Reads were aligned to the ref-
erence using bowtie (Langmead et al. 2009) with a param-
eter set at -v 3 –k 1. Because RIL were used in library con-
struction, SNP with heterozygotes >10 % of total RIL were 
discarded to reduce the false positive results. SNP with 
missing data <50 % were used for mapping.

Genetic map construction and QTL analysis

A linkage map was constructed using SNP data from GBS 
(GBS-SNP) and previously reported SSR data (Liu et al. 
2011) using the Regression function in JoinMap version 
4.0 (Van Ooijen 2006). Recombination fractions were con-
verted into centiMorgans (cM) using the Kosambi func-
tion (Kosambi 1944). Composite interval mapping (CIM) 
was performed for the data from each experiment and from 
line mean sprouting and SD ratings using WinQTLCart 2.5 
(Wang et al. 2005). A LOD threshold of 2.24 was deter-
mined from 1000 permutation tests (Doerge and Churchill 
1996) to claim significant QTL. QTL nomenclature fol-
lowed Liu et al. (2011).

Results

GBS‑SNP identification

A combination of PstI and MspI restriction enzymes was 
used to reduce wheat genome complexity. GBS generated 
a total of 87 million reads in one run of Ion Proton. After 
initial filtering, 82 million reads met the quality score. A 
total of 3180 GBS-SNP were called at <20 % missing data, 
and 8623 GBS-SNP were called at <50 % missing data in 
the population.

Map construction

All GBS-SNP with <50 % missing data and 93 SSR were 
used to construct the linkage map, and 2029 GBS-SNP and 

43 SSR were mapped into 63 linkage groups. The map cov-
ers all the 21 chromosomes with the lengths of the indi-
vidual linkage groups ranging from 18.37 to 119.18 cM. 
The total length of the map is 2646.82 cM with an average 
marker density of 1.28 cM per marker and 5–175 markers 
per linkage group.

Seed dormancy and PHS resistance in parents and RIL

The PVSK ranged from 6.8 to 48.4 % for Tutumai A and 
from 43.9 to 90.8 % for Siyang 936, and the GI ranged 
from 18.2 to 62.3 % for Tutoumai A and from 61.2 to 
92.7 % for Siyang 936 in the five experiments conducted at 
JAAS and KSU. Tutoumai A had about 35 and 40 % lower 
PVSK and GI ratings than these for Siyang 936 in an aver-
age, although large variations in each trait were observed 
for each parents among experiments. Both traits showed 
continuous distributions in the RIL population, and trans-
gressive segregation was observed for both traits, indicating 
that both parents might contribute favorable alleles.

QTL mapping

CIM detected four QTL on different linkage groups. A 
major QTL was detected on chromosome 4A (Qphs.pseru-
4A.1) for both PHS resistance and SD (Fig. 1a). One QTL 
each for PHS resistance was detected on chromosome 5B 
(Qphs.pseru-5B.1) and 5A (Qphs.pseru-5A.1; Fig. 1b, c), 
and one QTL for both PHS resistance and SD was detected 
on chromosome 4B (Qphs.pseru-4B.1; Fig. 1d). Two GBS-
SNP were mapped to the Qphs.pseru-4A.1 region, two were 
mapped to Qphs.pseru-5B.1 region, nine were mapped to 
Qphs.pseru-5A.1 region, and none was mapped to Qphs.
pseru-4B.1 region.

To verify the genotypic data generated by GBS and 
to eliminate missing data for markers in QTL regions, 
26 KASP assays were designed from the corresponding 
GBS sequences harboring SNP that were mapped within 
or around these QTL regions. Eleven KASP-SNP markers 
amplified well and showed polymorphism between par-
ents and among the RIL, and seven of them were rema-
pped to three of the QTL regions (Table 1). The other four 
SNP shifted position and moved outside the QTL regions 
after all missing data at these loci were filled by KASP-
SNP and errors were corrected. Comparison between 
GBS-SNP and KASP-SNP data found that seven SNP 
showed identical genotypes in RIL between GBS and 
KASP assays, and four KASP-SNP did not match with 
GBS-SNP because two GBS-SNP had a SNP calling error 
in one RIL, one had errors in five RIL, and one had errors 
in 16 RIL. Therefore, the average error rate for the seven 
SNP caused by either sequencing or SNP determination 
was 1.35 %.
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Fig. 1  Composite interval 
mapping (CIM) of QTL for 
long seed dormancy (SD) and 
pre-harvest sprouting (PHS) 
resistance on chromosome 4A 
(a), 5B (b), 5A (c) and 4B (d) 
using SSR and SNP markers 
and phenotypic data from 10 
experiments. The line parallel to 
the X-axis is the threshold line 
for the significant LOD value 
of 2.24 (p < 0.05). Genetic dis-
tances are shown in centiMor-
gans (cM)
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The QTL with the largest effect, Qphs.pseru-4A.1, was 
delimited to a 2.9-cM interval between SNP GBS212432 
and GBS109947 (Fig. 1a) and explained 8.3–17.2 % pheno-
typic variances for PHS resistance and 9.4–26.5 % for SD 
(Table 2). On one side of the QTL, both markers Xbarc170 
and GBS109947 showed the largest effect on PHS resist-
ance and SD among all markers tested in all the experi-
ments (Table 3), and the difference in the mean sprout-
ing rates between two groups carrying contrasting alleles 

of GBS109947 was similar to that of Xbarc170 (Table 4); 
on the other side of the QTL, however, GBS212432 had 
much greater effects than Xgwm397 on both traits meas-
ured (Table 3), with SNP GBS212432 showing a larger dif-
ference in spouting rates between two contrasting alleles 
than that for Xgwm397 (Table 4), so GBS212432 was the 
more closely linked marker to the QTL than Xgwm397, and 
GBS212432 and GBS109947 flanked the QTL.

Qphs.pseru-5B.1 was detected in two JAAS experiments 
and one KSU experiment that accounted for 5.5–12.5 % 
of phenotypic variances on PHS, but this QTL was not 
detected in any SD experiment (Fig. 1b; Table 2). Two 
SNP were mapped to this QTL region, which was linked 
closely to the SSR marker Xbarc275 in these experiments 
(Fig. 1b).

Qphs.pseru-5A.1 was another QTL identified for PHS 
resistance. It was detected in the two JAAS experiments 
and significant for the overall mean of germination rate, 
and explained 7.7–15.5 % phenotypic variances (Fig. 1c; 
Table 2). Nine GBS-SNP together with two SSR were 
mapped to this QTL region, and the SSR were the most 
closely linked markers to the QTL (Fig. 1c).

Qphs.pseru-4B.1 was identified for both PHS resistance 
and SD in four experiments, and explained 6.3–8.7 % phe-
notypic variances, but GBS-SNP were not mapped to the 
QTL region (Fig. 1d; Table 2).

Discussion

Evaluation of PHS and SD

PHS is a complicated trait, and many factors may contrib-
ute to PHS resistance, including SD, seed color, and other 
morphological characteristics. Environmental factors, such 
as temperature and moisture during the maturation period, 
also can interfere with the expression of PHS resistance. 
Therefore, repeated experiments are critical to providing 
increased accuracy in PHS resistance estimation. In this 
study, we conducted five experiments to estimate PHS 
resistance and SD. To minimize the environmental interfer-
ence on phenotyping, spikes were harvested at physiologi-
cal maturity, dried for a fixed period, and soaked in distilled 
water for 5 h. The sprouting index (SI), a visual estimation 
of the germination rate of intact spikes on a 1–6 or 1–10 
scale, has been used as a standard method to measure the 
germination rate (Anderson et al. 1993; Kulwal et al. 2004). 
Chen et al. (2008) and Imtiaz et al. (2008) used percentage 
of visually sprouted seeds (VSS) to measure germination 
rate, and proved that VSS gave a more accurate PHS rating 
than SI. The current study used this same measurement to 
measure overall PHS resistance.

Table 1  List of KASPar primers developed from GBS sequences

a T forward primer with Tutoumai Aallele, S forward primer with 
Siyang 936allele, R reverse primer

Primer namea Position Primer sequence (5′–3′)

GBS_212432_T Qphs.pseru-4A TTCACAGCGCCTCGGC-
CGCCC

GBS_212432_S Qphs.pseru-4A TTCACAGCGCCTCGGC-
CGCCA

GBS_212432_R Qphs.pseru-4A GTACCACTCTGGTG-
CACTCC

GBS_109947_T Qphs.pseru-4A TTAGCCGTGTGACGC-
CGTGT

GBS_109947_S Qphs.pseru-4A TTAGCCGTGTGACGC-
CGTGC

GBS_109947_R Qphs.pseru-4A GCGTGAATTGCTGAC-
CTCTC

GBS_963571_T Qphs.pseru-4A CGATCATAGCAGTG-
GAACGC

GBS_963571_S Qphs.pseru-4A CGATCATAGCAGTG-
GAACGT

GBS_963571_R Qphs.pseru-4A CTCGCACAGTGAAGGT-
CATT

GBS_T240557_T Qphs.pseru-5B CAGCTTCAGTGCCTTC-
CTCG

GBS_T240557_S Qphs.pseru-5B CAGCTTCAGTGCCTTC-
CTCA

GBS_T240557_R Qphs.pseru-5B GAGTGACGTCATC-
CACAAGG

GBS_T66183_T Qphs.pseru-5B GGTGGAGGGATTTGGAT-
GATC

GBS_T66183_S Qphs.pseru-5B GGTGGAGGGATTTGGAT-
GATA

GBS_T66183_R Qphs.pseru-5B CGTCCTCTTGCTTGATGGTA

GBS_T169803_T Qphs.pseru-5B GCAGTAATTTTAGTAG-
CATTC

GBS_T169803_S Qphs.pseru-5B GCAGTAATTTTAGTAG-
CATTT

GBS_T169803_R Qphs.pseru-5B TATTGCTTCATTAGAGGACA

GBS_T162884_T Qphs.pseru-4B CAAATGTCGCATGTG-
GCTGC

GBS_T162884_S Qphs.pseru-4B CAAATGTCGCATGTG-
GCTGA

GBS_T162884_R Qphs.pseru-4B CGCGTATGAGCATGATACCT
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QTL for PHS resistance and SD in wheat

In this study, four QTL were detected for PHS resistance 
and two of them were detected for SD. Many QTL for PHS 
resistance have been reported on different chromosomes in 
previous studies. Anderson et al. (1993) detected several 
genetic regions on chromosomes 1AS, 3BL, 4AL, 5DL 
and 6BL associated with PHS resistance, whereas Zanetti 
et al. (2000) reported QTL on chromosomes 3B, 5A, 6A 
and 7B. QTL for PHS resistance were detected on chromo-
some 5A and group 3 chromosomes where the kernel color 
genes were previously reported (Groos et al. 2002), and on 
chromosomes 6B and 7B (Roy et al. 1999). For SD, major 
QTL were mainly reported on chromosomes 3A (Osa et al. 
2003; Mori et al. 2005) and 4A (Kato et al. 2001; Noda 
et al. 2002; Mares et al. 2005). In this study, both PHS 
resistance and SD were evaluated in the same experiments, 
which enables estimation of QTL effects on both PHS 
resistance and SD.

The QTL on chromosome 4A, designated as Qphs.
pseru-4A.1 previously (Liu et al. 2011), was detected in 
three KSU greenhouse experiments for PHS resistance 
and all experiments for SD, and explained up to 17.2 and 
26.5 % of phenotypic variance for PHS resistance and SD, 
respectively. This result indicates that Qphs.pseru-4A.1 is 
a stable QTL with a large effect on both PHS resistance 
and SD, and that SD is the most important factor in PHS 
resistance.

Another QTL on chromosome 5B, previously designated 
as Qphs.pseru-5B.1 (Liu et al. 2011), was detected only for 
PHS resistance, suggesting this QTL may contribute to 
PHS resistance due to factors other than SD. The QTL for 
PHS resistance on chromosome 5B have been reported in 
previous studies (Groos et al. 2002; Tan et al. 2006), but we 
were unable to determine whether they were the same QTL 
owing to the lack of common markers among these QTL. 
Similarly, the QTL Qphs.pseru-5A.1 was also only for PHS 
resistance. Groos et al. (2002) and Nakamura et al. (2007) 
reported QTL on chromosome 5AS for PHS resistance, 
but common markers were not found between those and 
our studies. One QTL was detected on chromosome 4B, 
Qphs.pseru-4B.1, that showed minor effects on PHS resist-
ance and SD. QTL for PHS resistance and SD were also 
previously reported on chromosome 4B (Kato et al. 2001; 
Mori et al. 2005; Mohan et al. 2009; Rasul et al. 2009), but 
common markers among these QTL are lacking to deter-
mine if they are the same QTL. In this study, a previously 
reported QTL, Qphs.pseru-5B.2, (Liu et al. 2011) was not 
detected. This may be due to addition of new markers that 
changed the map. In the previous map, Qphs.pseru-5B.2 
was mapped between markers Xwmc363 and Xbarc1176 in 
the end of linkage group for 5B, but Xwmc363 in the end 
of the linkage group was not mapped in the new map after 

a dozen of SNP linked to Xbarc1176 were added. Thus, 
the new map does not cover the region where the previous 
QTL Qphs.pseru-5B.2 was located.

We are not able to detect the QTL for PHS resistance 
on chromosome 3A, TaPHS1, in this study. The functional 
SNP of TaPHS1 is not polymorphic between Tutoumai A 
and Siyang 936. Two SSR closely linked to the 3A QTL, 
Xbarc57 and Xbarc321, also are not polymorphic in the 
population. Xwmc11 was the closest polymorphic marker 
to this QTL in this study (data not shown), but it was at 
least 30 cM away from the QTL (Song et al. 2005; Liu 
et al. 2008). Therefore, it is more likely that both parents 
carry the same allele at the 3A QTL.

Efficiency of GBS and KASP

The application of GBS facilitates generation of high-
density genetic maps at a low cost (Poland et al. 2012). 
High-resolution maps have been created with GBS-SNP 
in sorghum, wheat, rice and barley, and maps saturated 
with GBS-SNP have proven very useful for fine mapping 
of QTL for different traits and identification of candidate 
genes for gene cloning (Poland et al. 2012; Saintenac et al. 
2013; Liu et al. 2014; Spindel et al. 2013). One disadvan-
tage of GBS-SNP for mapping is a large amount of miss-
ing data for some markers because of limited sequencing 
depth; therefore, the imputation method is recommended 
to predict genotypes with missing data (Poland et al. 2012; 
Spindel et al. 2013; Sonah et al. 2013). Another way to 
increase data quality is to use high-quality SNP with <20 % 
missing data without imputation (Liu et al. 2014), but this 
approach would probably result in loss of some important 
SNP. In this study, we used a different strategy. First, we 
used GBS-SNP with <50 % missing data to construct an 
initial map to scan QTL, then we convert GBS-SNP from 
the QTL regions to KASP-SNP to confirm GBS-SNP in 
the QTL regions. Using this method, more than 8000 SNP 
were scored from one Ion Proton run, and together with 
SSR anchoring markers, a high-density genetic map was 
generated with 2029 SNP and 43 SSR. Missing data and 
sequencing errors may cause an expansion of genetic dis-
tance between markers in the initial genetic map, but it 
includes many more SNP than the map developed using 
SNP with <20 % missing data. We validated GBS-SNP 
with KASP-SNP assays, which minimized the negative 
effect of missing data and corrected sequencing errors in 
the QTL regions, thus improving the accuracy of fine map-
ping results in the QTL regions. Among the 26 KASP 
assays designed, 11 worked well in the RIL. Among these 
working KASP-SNP, seven agreed with GBS-SNP calls 
among RIL, but four had SNP call errors and one had 
the wrong SNP calls in 16 RIL. These errors could occur 
in either sequencing or the SNP calling pipeline. Thus, 
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reducing sequence error and improving SNP call quality 
will minimize genotyping error. Conversion of GBS-SNP 
to KASP-SNP could improve QTL mapping quality. Other 
KASP assays did not amplify well, mainly because short 
sequence reads resulted in primer design difficulties that 
cannot generate optimal primers for SNP amplification.

With a new GBS-SNP map developed from the same 
population reported in the previous study (Liu et al. 2011), 
we identified not only the same QTL on chromosomes 
4A, 5B and 4B, but also a new QTL on 5A. The new QTL 
on 5A was detected in this study because it was mapped 
in a large linkage group of GBS-SNP and two SSR; in the 
previous study, the two SSR did not form a linkage group 
and were not used in QTL analysis. Therefore, GBS is an 
effective marker system for SNP discovery and is useful for 
QTL identification and QTL fine mapping.

In this study, mapping resolution was significantly 
increased in the 4A and the 5B QTL regions by add-
ing GBS-SNP. In our previous study, the QTL in 4A was 
mapped in a 9.1-cM genetic interval (Chen et al. 2008); 
using GBS-SNP in this study, it was mapped to a 2.9-cM 
interval between two SNP, GBS212432 and GBS109947. 
The 4A QTL shows major effects and is a good candidate 
for map-based cloning of the PHS resistance gene, and the 
SNP identified in this study laid a solid foundation for such 
work.

Application of SNP in MAS

Because PHS is easily affected by environmental factors 
and phenotyping of PHS is time-consuming and labor-
intensive, marker-assisted selection provides a desirable 
approach to quick deployment of PHS-resistant QTL in 
breeding programs. GBS212432 and GBS109947 are the 
closest markers associated with QTL on chromosome 4A 
in the population used in this study. As Xbarc170 showed 
effects similar to GBS109947, it remains a valuable marker 
for MAS. Therefore, GBS212432 can be used together with 
either Xbarc170 or GBS109947 to increase selection accu-
racy. In addition, SNP and SSR in Qphs.pseru-5B, Qphs.
pseru-5A and Qphs.pseru-4B regions can be valuable in 
pyramiding multiple PHS resistance QTL to achieve an 
increased level of PHS resistance.
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