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Abstract

Key message One major and three minor QTLs for resistance to pre-harvest sprouting (PHS) were identified from
a white wheat variety ‘“Danby.” The major QTL on chromosome 3A is TaPHS1, and the sequence variation in its
promoter region was responsible for the PHS resistance. Additive x additive effects were detected between two minor
QTLs on chromosomes 3B and 5A, which can greatly enhance the PHS resistance.

Abstract Pre-harvest sprouting (PHS) causes significant losses in yield and quality in wheat. White wheat is usually more
susceptible to PHS than red wheat. Therefore, the use of none grain color-related PHS resistance quantitative trait loci
(QTLs) is essential for the improvement in PHS resistance in white wheat. To identify PHS resistance QTLs in the white
wheat cultivar “Danby” and determine their effects, a doubled haploid population derived from a cross of Danby X “Tiger”
was genotyped using genotyping-by-sequencing markers and phenotyped for PHS resistance in two greenhouse and one
field experiments. One major QTL corresponding to a previously cloned gene, TaPHS1, was consistently detected on the
chromosome arm 3AS in all three experiments and explained 21.6-41.0% of the phenotypic variations. A SNP (SNP—-222)
in the promoter of TaPHS1 co-segregated with PHS in this mapping population and was also significantly associated with
PHS in an association panel. Gene sequence comparison and gene expression analysis further confirmed that SNP—222 is
most likely the causal mutation in 7aPHS! for PHS resistance in Danby in this study. In addition, two stable minor QTLs
on chromosome arms 3BS and SAL were detected in two experiments with allele effects consistently contributed by Danby,
while one minor QTL on 2AS was detected in two environments with contradicted allelic effects. The two stable minor QTLs
showed significant additive X additive effects. The results demonstrated that pyramiding those three QTLs using breeder-
friendly KASP markers developed in this study could greatly improve PHS resistance in white wheat.

Introduction

Pre-harvest sprouting (PHS) in wheat (Triticum aestivum L.)
occurs when physiologically matured spikes are exposed to
Electronic supplementary material The online version of this a long wet period in the field before harvest (Cabral et al.
article (https://doi.org/10.1007/s00122-018-3107-5) contains 2014; Li et al. 2004; Mares and Mrva 2014). PHS may cause
supplementary material, which is available to authorized users. significant losses of grain yield and quality due to degraded
starch and protein in germinated kernels (Flintham 2000;
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products (Fakthongphan et al. 2016). Although hard red win-
ter wheat predominates wheat production in the US Great
Plains, hard white winter wheat production acreage has been
increasing since the late 1980s due to strong international
market demands (Fakthongphan et al. 2016). However, PHS
in white wheat has been a major barrier for the expansion
of its production area. Breeding cultivars with resistance
to PHS are an effective method to reduce the losses from
sprouted grains in wheat production (Barrero et al. 2015;
Gao and Ayele 2014). Therefore, improvement in PHS
resistance in white wheat is critical for increasing its produc-
tion in the US Great Plains to meet the growing international
and domestic market demands.

Seed dormancy (SD) refers to the temporary resistance to
germination for a viable seed under favorable environmental
conditions. Lack of adequate SD is the major factor for PHS
(Li et al. 2004). Besides SD, grain color and wheat spike
structure, such as the presence of awns, ear nodding angle
and glume tenacity, also affect PHS (King and Richards
1984; Mares and Mrva 2014). Red wheat cultivars are typi-
cally more resistant than white wheat cultivars (Groos et al.
2002). The association between PHS and grain color might
be due to either tight genetic linkage between genes of PHS
resistance and grain color or pleiotropic effects of the grain
color genes (Flintham 2000; Lin et al. 2016). Although red
wheat is more resistant to PHS than white wheat, breeding
programs have made great improvements for PHS resistance
in white wheat. Several white wheat cultivars released for
the Great Plains, including “Rio Blanco,” “Trego” (Mar-
tin et al. 2001), “Danby”, “Snowmass” (Haley et al. 2011),
“Clara CL’ (Martin et al. 2014), “Antero” (Haley et al. 2014)
and “Sunshine” (Haley et al. 2017), have at least moder-
ate PHS resistance. These cultivars share a similar source
of PHS resistance (http://wheatpedigree.net). Other genetic
sources of PHS resistance have also been found in white
wheat, including Aus1408, “Clark’s Cream,” NY6432-18,
“Halberd,” “Konde,” “Kumpa” and “Swindy” (Jiménez et al.
2017; Mares and Mrva 2001; Mares et al. 2005; Paterson and
Sorrells 1990). Combining these different resistant sources
may greatly enhance the PHS resistance in new cultivars.

PHS can be evaluated in both field and controlled envi-
ronments. Field evaluation of PHS resistance depends on the
presence of weather conditions conducive for seed sprout-
ing after the physiological maturity; thus, the PHS pheno-
typic data may not be repeatable in different environments
(Graybosch et al. 2013; Kato et al. 2001). Therefore, PHS is
usually evaluated under controlled environments. Evaluating
sprouting rate of whole spikes in a misting chamber is one
of the most common methods, but seed germination tests in
petri dishes (Clarke et al. 2005) and indirect assays using
flour falling number tests (Barnard and Bona 2004; Hareland
2003) are also common methods for PHS evaluation. How-
ever, all PHS phenotyping methods are time-consuming and
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labor intensive. Marker-assisted selection (MAS) is a desir-
able alternative that can reduce phenotyping cost, improve
selection accuracy and shorten breeding cycles.

Markers tightly linked to PHS resistance QTLs are essen-
tial for MAS (Gao et al. 2013; Kulwal et al. 2012; Mares
and Mrva 2014). Many PHS resistance QTLs have been
reported, and they are located on almost all 21 wheat chro-
mosomes (Anderson et al. 1993; Flintham et al. 2002; Groos
et al. 2002; Kato et al. 2001; Li et al. 2004; Mares and Mrva
2001; Roy et al. 1999; Zanetti et al. 2000; Zhu et al. 2016).
Among them, the QTLs on chromosome arms 3AS and 4AL
showed major effects on PHS and have been investigated
intensively (Albrecht et al. 2015; Bi et al. 2014; Cao et al.
2016; Fakthongphan et al. 2016; Lei et al. 2013; Lin et al.
2015; Liu et al. 2008, 2011; Lohwasser et al. 2013; Miao
et al. 2013; Miura et al. 2002; Mori et al. 2005; Rasul et al.
2009; Xiao et al. 2012). Recently, the underlying genes for
those two PHS resistance QTLs have been cloned and their
causal mutations have been identified (Barrero et al. 2015;
Liu et al. 2013; Nakamura et al. 2011; Torada et al. 2016).
Two independent studies reported cloning of the QTL on
chromosome arm 3AS that was designated as TaPHSI by
Liu et al. (2013) and as MFT by Nakamura et al. (2011).
Among three different causal SNPs identified (Nakamura
et al. 2011; Liu et al. 2013), a SNP in the promoter region
was associated with the SD of a red wheat that was grown at
a low temperature (13 °C) (Nakamura et al. 2011), whereas
two SNPs in the gene-coding region were reported to be
responsible for PHS resistance in a white wheat cultivar, Rio
Blanco, grown under normal temperatures (Liu et al. 2013).
Liu et al. (2015) suggested that TaPHS1 might have played
a critical role during wheat domestication.

Danby has been the most popular white wheat cultivar in
the Great Plains for over 10 years, and it has a high level of
PHS resistance. However, the PHS resistance in Danby is
not yet fully understood. The objectives of this study were
to identify PHS resistance QTLs in Danby, determine their
effects and develop user-friendly DNA markers for MAS.

Materials and methods
Plant materials

A population of 211 doubled haploid (DH) lines was
developed by Heartland Plant Innovations, Manhattan, KS,
from a cross between Danby and “Tiger” (Martin et al.
2013), a PHS-susceptible white wheat cultivar, using the
wheat-maize wide hybridization method. This population
and its parents were evaluated for PHS in three environ-
ments, two in a greenhouse and one in a field. In addi-
tion, an association-mapping population of 167 US winter
wheat cultivars and elite breeding lines evaluated for PHS
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in multiple environments (Lin et al. 2016, see panel list
and PHS data in supplementary table) was used for marker
validation.

PHS phenotyping in greenhouse and field
experiments

To evaluate PHS resistance, the DH population and its
parents were grown in a greenhouse at Kansas State Uni-
versity, Manhattan, KS, in 2014 and 2015, and in a field
at Hays, KS, in 2015. The association-mapping popula-
tion was evaluated for PHS in both greenhouse (2012 and
2013) and field (2013 and 2014) experiments at Manhat-
tan, KS, and in the field (2013 and 2014) experiments at
Hays, KS (Lin et al. 2016). In the greenhouse experiments,
five plants per line were grown in a 13x13 cm plastic pot,
and pots were arranged in a randomized complete block
design with two replications. The greenhouse was set at
22 °C day/17 °C night with 12-h supplemental light. In the
field experiments, all the lines were planted in 1.2-m-long
single-row plots with two replications using a randomized
complete block design. Around 35 seeds were sowed in
each plot.

Five spikes were harvested from different plants in each
line at their physiological maturity when both the peduncle
and spike turned yellow. Harvested spikes were air-dried
for 5 days at room temperature and then stored in a freezer
at —20 °C to maintain their dormancy. After all were har-
vested, they were air-dried again for 6 days at room tem-
perature and then incubated in a misting chamber for 7 days
(Liu et al. 2008). Germinated and non-germinated kernels
in each tested spike were counted, and the mean percent-
age of geminated kernels was calculated for each line for
subsequent analysis.

Analysis of variance and heritability

Analysis of variance was conducted by SAS program (SAS
9.4, SAS Institute, 2012) using a general linear model
(GLM) y;u=up+ G;+E;+ By, + GE; + ¢, where G, is the
effect of the ith genotype, E; is the effect of the jth environ-
ment, Bk(]-) is the blocking effect, GEl-j is the interaction effect
between genotype and environment, and e, is the random
error in individual plots (Imtiaz et al. 2008). To account for
the missing data, type III sum of squares were used. The
broad sense heritability across three experiments was esti-
mated using the following equation (Toojinda et al. 1998):
H?= V/(Vy+ Vyle+Vire), where V, is the genotypic vari-
ance, V, is the variance of genotype by environment, V. is
the error variance, r is the number of replications, and e is
the number of environments.

Assays of genotyping-by-sequencing and simple
sequence repeat markers

Genomic DNA was isolated from leaf tissues collected at
three-leaf stage using a BioSprint 96 DNA Plant Kit (Qia-
gen, Hilden, Germany) for genotyping-by-sequencing (GBS)
and simple sequence repeats (SSR) markers. For GBS, each
DNA sample was normalized to 20 ng/ul for library con-
struction following the protocol described by Poland et al.
(2012). Briefly, DNA samples from both DH lines and par-
ents were digested using PstI and Mspl restriction enzymes
and ligated to forward and reverse adapters. The ligated
DNA samples from the parents and all DH lines were pooled
into a single tube for PCR amplification. The PCR prod-
ucts were cleaned up and sequenced using [llumina HiSeq
2000 (Illumina, Inc., CA, USA). SNPs were called using a
population-based custom Java script and TASSEL (Bradbury
et al. 2007). Raw sequence reads were parsed and assigned
to samples using barcodes and trimmed to 64 bps in length.
To identify SNPs in the DH population, all pairs of tags were
evaluated first for one or two base-pair differences. Bi-allelic
SNPs were determined by querying the filtered tags for pairs
of sequences (Poland et al. 2012) if they differed in only one
or two SNPs, were detected in at least 20% genotypes of
the population and could pass a Fisher exact independence
test. SNPs were discarded if 10% or more DH lines were
heterozygotes in the population. Only SNPs with less than
20% missing data were used for map construction.

Thirteen polymorphic SSR markers were randomly
selected from a wheat consensus map (Somers et al. 2004)
for validating chromosome locations that were assigned
based on GBS-SNPs. A 10-ul PCR mix for a SSR marker
contained 2040 ng DNA, 0.4 mM each of reverse and M 13-
tailed forward primers, 0.4 mM fluorescence-labeled M13
primer, 0.08 mM of each dNTP, 1.2 ul 10X PCR buffer,
1 mM MgCl, and 0.6 units of Tag polymerase. PCR was
performed using a touch-down program (Liu et al. 2008)
in a DNA Engine® Peltier Thermal Cycler (Bio-Rad Lab,
Hercules, CA, USA). Four different plates of PCR prod-
ucts labeled with one of the four dyes (FAM, VIC, NED
and PET) were pooled into one plate using a Biomek NX?
liquid handling system (Beckman Coulter Inc., CA, USA).
The pooled PCR products were analyzed in an ABI Prism
3730 DNA Sequencer (Applied Biosystems, Foster City,
CA, USA), and their fragment lengths and polymorphisms
of amplicons were scored using GeneMarker (SoftGenetics
LLC, State College, PA, USA).

Linkage map construction and QTL analysis
A linkage map was constructed with GBS-SNP and SSR

markers using JoinMap 4.1 (Van Ooijen 2006) and the
Kosambi mapping function (Kosambi 1943). A minimum
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logarithm of odds (LOD) score of 5 and a maximum
recombination frequency of 0.35 were set to identify link-
age groups. Chromosome names and genetic locations of
QTLs on the wheat reference genome were assigned by
blasting the GBS tags of mapped SNPs to the flow-sorted
Chinese Spring survey sequences (Mayer et al. 2014) and
the PopSeq sequence data (Chapman et al. 2015) using a
web-based blasting tool (http://129.130.90.211/wpdb/gbslo
¢). WinQTLCart 2.5 (Wang et al. 2007) was used for QTL
analysis using composite interval mapping function (Silva
et al. 2012). Significant QTLs were claimed if the LOD
scores were above the threshold that was derived from 1000
permutations (Doerge and Churchill 1996). To investigate
the combined effects of the identified QTLs, all DH lines
were grouped based on different allele combinations of the
QTLs. The closest marker to each QTL was selected to rep-
resent that QTL. The mean sprouting rates of each allelic
group were compared using Tukey’s multiple comparison
(Altman 1991).

Sequence analysis and KASP marker development

A new gene-specific Kompetitive allele-specific (KASP)
marker was designed for the possible causal SNP at position
—222 (SNP-222) in the promoter of TaPHS1 based on pub-
lished promoter sequence (Nakamura et al. 2011; Liu et al.
2013) to improve the application efficiency of the original
marker developed by Liu et al. (2015). A new KASP marker
was also developed for SNP—314; another SNP identified in
the promoter region in this study. Forward and reverse prim-
ers were designed using Primer3 web version 4.0.0 (http://
primer3plus.com/primer3web/primer3web_input.htm).
KASP markers were assayed following the manufacturer’s
instruction (http://www.lgcgroup.com/LGCGroup/media/
PDFs/Products/Genotyping/KASP-genotyping-chemistry-
User-guide.pdf). For those GBS-SNP markers tightly linked
to the QTLs, primers were designed using the web-based
primer design pipeline (http://polymarker.tgac.ac.uk/) that
was developed specifically to design homoeolog-specific
KASP assays for the polyploidy wheat genome (Ramirez-
Gonzalez et al. 2015). The newly designed KASP primers
were then tested for parental polymorphisms, and the poly-
morphic SNPs were genotyped in the mapping population.
The KASP-SNP data were used to replace their correspond-
ing GBS-SNPs, and the map was re-constructed for QTL
validation. The KASP assay was performed in a 6-ul PCR
mix that consisted of 2.9 pl of reaction mix (LGC Genom-
ics, Beverly, MA, USA), 0.1 pl of primer assay mix and 3 ul
of DNA at a concentration of 15 ng/ul. PCR was assayed
following the manufacturer’s instruction (LGC Genomics)
using an ABI 7900HT Real-Time PCR System (Life Tech-
nology, Grand Island, NY, USA).
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Gene expression analysis

Seeds of Danby, Trego, Tiger and “Lakin” were germinated
in separate petri dishes in three replications under room
temperature for 5 days, and embryos were excised from the
imbibed seeds for RNA isolation. RNA from the embryos
was isolated and purified using the RNeasy plant kit with on-
column DNase I treatment (Qiagen, Valencia, CA). Quanti-
tative real-time PCR was conducted using TaPHSI-specific
primers as described in Liu et al. (2013). Transcription levels
were normalized using the 18S rRNA as an internal control
to make comparisons among different genotypes.

Results
Phenotypic analysis

The DH population and its parents were evaluated for PHS
resistance in three experiments. Danby displayed a signifi-
cantly (P <0.01) lower PHS rate (14.3%) than Tiger (64.9%)
on an average across three experiments (Fig. 1). The popu-
lation had the highest PHS rate in 2014 greenhouse experi-
ment with a mean of 49.1% and a range from O to 98.6%, and
the lowest PHS rate in 2015 field experiment with a mean of
26.9% and a range from 0 to 87.8%. The analysis of variance
for PHS rates across the three experiments showed highly
significant (P <0.0001) variations not only for genotypes but
also for environments (Table 1). Significant genotype X envi-
ronment interactions were also detected. The broad sense
heritability for PHS resistance was high (0.72) across three
experiments.

Genetic linkage map

A total of 5578 and 2580 GBS-SNPs were identified with
less than 50 and 20% missing data, respectively. Those GBS-
SNPs with less than 20% missing data were combined with
13 SSR markers to construct a linkage map. A total of 1811
GBS-SNPs and all 13 SSR markers were mapped on 31 link-
age groups of 1476 cM covering all the 21 chromosomes of
common wheat with some of them composed of more than
one linkage group. The average length of linkage groups
was 47.6 cM with an average marker interval of 1.2 cM. The
marker distribution was uneven across three genomes, with
721 markers (39.5%) on A genome, 648 markers (35.5%) on
B genome and 455 markers (24.9%) on D genome (Fig. 2).
The A genome had the highest marker density (1.5 mark-
ers/cM), followed by the B genome (1.2 markers/cM) and
D genome (0.8 markers/cM). The numbers of markers per
chromosome varied greatly within a genome. In the A
genome, chromosomes 2A and 5A had the most markers
(165 markers each), while chromosome 1A had the fewest
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Fig.2 Distribution of GBS markers among wheat linkage groups. A
total of 1811 GBS-SNPs and 13 SSR markers were mapped across
all the 21 wheat linkage groups. The marker distribution was uneven
across three genomes with 721 markers on A genome, 648 markers
on B genome and 455 markers on D genome

(16 markers); in the B genome, chromosome 3B had the
most markers (163 markers) and 1B had the fewest (9 mark-
ers); in the D genome, chromosome 6D had 194 markers,
while 4D had only two markers.

QTLs for PHS resistance

Composite interval mapping identified four QTLs for PHS
resistance on chromosome arms 2AS (Qphs.hwwg-2A.1),
3AS (Qphs.hwwg-3A.1), 3BS (Qphs.hwwg-3B.1) and SAL
(Qphs.hwwg-5A.1) (Fig. 3, Table 2), and they were all con-
sistently detected in at least two experiments. Three of them,
Ophs.hwwg-3A.1, Ophs.hwwg-3B.1 and Ophs.hwwg-5A.1,
were contributed by the resistant parent Danby, while QOphs.
hwwg-2A.1 showed contradictory allelic effects between two
experiments. Qphs.hwwg-3A.1 was identified in all the three
experiments and explained 21.6 to 41.0% of the phenotypic
variations (PVE). Ophs.hwwg-3B.1 had PVE of 4.7% in
both 2014 greenhouse and 2015 field experiments. Ophs.

@ Springer



Theoretical and Applied Genetics (2018) 131:1683-1697

Line parallel to the X-axis is the threshold for claiming significant

QTLs with a logarithm of odds at 2.5. Genetic distances of molecular
markers are shown in centimorgans (cM) along the X-axis
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Table 2 Quantitative trait loci for pre-harvest sprouting resistance
detected in 2014 (2014GH) and 2015 (2015GH) greenhouse experi-
ments and 2015 field experiment (2015FLD)

hwwg-5A.1 explained 6.4 and 5.4% of PVE in the 2014 and
2015 greenhouse experiments, respectively. Ophs.hwwg-
2A.1 was identified in the 2014 greenhouse and 2015 field

Experiment Chromo- QTLpeak LOD® PVE®(%) Additive experiments with PVE of 4.7 and 15.3%, respectively;
some lolc\fl‘?on effect however, Danby contributed the resistant allele in the 2014
anm M greenhouse experiment and the susceptible allele in the 2015
2014GH  3AS 38 317 410 -16.7 field experiment.
3BS 18.5 4.0 4.7 -5.7
5AL 10.1 59 64 —6.4 Combination effects among the QTLs
2015GH 2AS 115.5 3.62 4.7 -5.1
3AS 3.8 202 358 -13.8 Three resistance QTLs, Qphs.hwwg-3A.1 (A), Ophs.hwwg-
SAL 15.6 3.4 5.4 -53 3B.1 (B) and Qphs.hwwg-5A.1 (C) with the Danby alleles
2015FLD  2AS 115.5 103 153 8.9 for resistance, were selected to investigate their combination
3AS 1.6 167 216 -10.8 effects. All the lines in the DH population were grouped
3BS 22.8 4.6 4.7 -438 into eight groups (abc, aBc, abC, aBC, Abc, AbC, ABc and
ABC) based on allele combinations of those three QTLs,
#Centimorgans .
and the sprouting rates were compared among the groups
Logarithm of odds (Fig. 4)
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When Qphs.hwwg-3A.1 was absent, Qphs.hwwg-3B. 1
(aBc) and QOphs.hwwg-5A.1 (abC) only significantly
(P < 0.05) reduced the sprouting rate in 2015 field
experiment and 2014 greenhouse experiment, respec-
tively (Fig. 4). However, when those two minor QTLs
were combined (aBC), the sprouting rates were signifi-
cantly (P <0.05) lower in all three experiments than those
without QTLs (abc), demonstrating an additive X additive
effect between the two minor QTLs. The two minor QTLs
together reduced the sprouting rate from 78.8% (abc) to
51.8% (aBC) in the 2014 greenhouse experiment, from
53.0 to 34.4% in the 2015 greenhouse experiment and from
45.1 to 28.9% in the 2015 field experiment.

When the major resistance QTL, QOphs.hwwg-3A.1, was
present, adding either Ophs.hwwg-3B.1 or Qphs.hwwg-
5A.1 did not significantly (P> 0.05) reduce the PHS rates
(Fig. 4). However, when both minor QTLs were present
with Ophs.hwwg-3A.1 (ABC), PHS rates were signifi-
cantly (P <0.05) reduced compared to the group with only
the Qphs.hwwg-3A.1 resistance allele (Abc) in all three
experiments (Fig. 4). In the 2014 greenhouse experiment,
the sprouting rate of the ABC group (20.3%) was half that
for the Abc group (40.1%). Similar trends were observed
in the 2015 greenhouse (12.1 vs 23.9%) and 2015 field
experiment (5.4 vs 20.7%). Therefore, the addition of the
two minor QTLs could greatly enhance the PHS resistance.

Sequence analysis and KASP marker development

Ophs.hwwg-3A.1 was mapped to the same position as
TaPHS I based on the common linked SSR marker Xbarc321
(Liu and Bai 2010; Liu et al. 2008; Mori et al. 2005; Naka-
mura et al. 2011). Two previously reported KASP markers,
developed based on two causal SNP variations (SNP646 and
SNP666) in TaPHS1 (Liu et al. 2013), were monomorphic
between the two parents in this study. This result turned our
attention to other reported SNP variations in 7aPHS1. Com-
parison of the gene sequences of TaPHSI between Danby
and Tiger (Liu et al. 2013) identified seven SNPs at posi-
tions —823, —=714, =712, —620, =573, =314, —222 in the
promoter and one deletion (TGG) at +883 in the third intron
of the coding region. Gene structure analysis and function
prediction suggested that only SNP—222 and SNP-314 were
functional variations. Two new KASP markers (KASP—222
and KASP-314) were developed based on their sequence
information (Table 3). The newly designed KASP—-222
marker is four base pairs shorter in forward primers than the
previous one and has a completely different reverse primer.
This newly designed KASP assay showed much better sepa-
ration between the two alleles than previous reported marker
(Liu et al. 2015). In the association analysis using the asso-
ciation panel, KASP—314 was not significantly (P=0.17)
associated with the PHS variations, while KASP—-222 was
significantly (P <0.01) associated with the PHS variations
(See SNP allele information in supplementary table). This

Table 3 Primer sequences of

the KASP assays developed in KASP assay Target QTL Primer type Primer sequence from 5’ to 3’ Allele type
this study KASP-222*  Qphs.pseru-3A.1 Forward primer] TCACGCATCAGCGATCGAC Danby
Forward primer2 TCACGCATCAGCGATCGAT Tiger
Reverse primer ~ GCTTACGCTAAGCAGGTGGCTA N/A
KASP-314  Qphs.pseru-3A.1 Forward primer]l GCACCCAGATCATCACCCCAT Danby
Forward primer2 GCACCCAGATCATCACCCCAC Tiger
Reverse primer TGCATGTACAGGTCAAGCGA N/A
KASP765 QOphs.pseru-3B.1 Forward primer] GCAGACTGGAGAGTGCCATG Danby
Forward primer2 GCAGACTGGAGAGTGCCATA Tiger
Reverse primer ~ AAATACTACATGCCTGAGTTGAAC N/A
KASP471 QOphs.pseru-3B.1 Forward primer] CAAATCCCTGGAAACTTACCAAG Danby
Forward primer2 CAAATCCCTGGAAACTTACCAAC  Tiger
Reverse primer ~ TCTTTAGATCACGCTAATGTCCTC N/A
KASP8426  QOphs.pseru-5A.1 Forward primerl CCATGTTTTGGCCTGGAGAGATA  Danby
Forward primer2 CCATGTTTTGGCCTGGAGAGATT  Tiger
Reverse primer TGACATAAACTGGTGTAGGCGG N/A
KASP868 QOphs.pseru-5A.1 Forward primerl TGGTCAGTGTTGGGCTACAG Danby
Forward primer2 TGGTCAGTGTTGGGCTACAC Tiger
Reverse primer  TTTCGGCAGTCCTTAGTGAC N/A
KASP907 Ophs.pseru-5A.1 Forward primerl GGGTTGCCATGCAGCAGT Danby
Forward primer2 GGGTTGCCATGCAGCAGC Tiger
Reverse primer ~CGTTGAGGAGCTTGTCAGT N/A
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KASP-222 marker was genotyped on the DH population
(Fig. 5), mapped under the peak of QOphs.hwwg-3A.1 and
explained the greatest phenotypic variation among all the
markers mapped in the QTL region. These results indicate
that SNP—222 in the promoter is most likely the causal vari-
ation of 7aPHSI in Danby.

To make another two stable QTLs, Qphs.hwwg-3B.1 and
Ophs.hwwg-5A.1, available for marker-assisted selection,
five user-friendly KASP markers were developed based on
their flanking GBS-SNP sequences (Table 3). All the five
KASP markers were genotyped and mapped to the corre-
sponding QTL regions in the mapping population (Figs. 3
and 6).

Differential gene expression of TaPHS1
between parental lines

To further confirm the gene function of 7TaPHSI, gene
expression study was conducted for parental lines, Danby
and Tiger, and other two control cultivars, Trego and Lakin.
Same as Danby and Tiger, Trego and Lakin have the same
resistance alleles at SNP+646 and SNP+666, but different
alleles at SNP—222. Trego is a PHS-resistant cultivar and
carries the resistance allele at SNP—222 as Danby, whereas
Lakin is PHS-susceptible and has the susceptible allele at
SNP-222 as Tiger. Quantitative RT-PCR results showed

that the mRNA expression levels of TaPHSI in the two
resistant cultivars (Danby and Trego) were at least eight
times higher than those in two susceptible cultivars Tiger
and Lakin at 5 days after imbibing during seed germination
(Fig. 7) (p<0.01). The significant gene expression differ-
ence between the genotypes with the contrasting alleles at
SNP—-222 supported SNP—222 as the causal variation in
TaPHS1 for PHS resistance in Danby.

Discussion

Using GBS-SNPs, we identified four QTLs for PHS resist-
ance in this study. Ophs.hwwg-3A.1 showed a major effect
on PHS resistance and was identified in all three experiments
conducted. Kulwal et al. (2005) identified a major QTL for
PHS on chromosome arm 3AL, which should be different
from our Qphs.hwwg-3A.1 on 3AS. However, our QTL was
co-localized with the previously cloned PHS resistance
gene, TaPHSI (Liu et al. 2013). This was expected since
one of Danby’s parental lines (Trego) was derived from
Rio Blanco that was used by Liu et al. (2013) for cloning
TaPHSI. In the TaPSHI cloning study, Liu et al. (2013)
found three possible causal mutations at positions of —222,
+646 and +666 in Rio Blanco, but claimed mutations at
positions of +646 and +666 as main factors because of the
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Fig.6 KASP marker assays developed from the flanking GBS mark-
ers of Ophs.hwwg-3B.1 and Qphs.hwwg-5A.1 in the double haploid
mapping population. KASP471 and KASP765 are flanking QOphs.
hwwg-3B.1. KASP868, KASP907 and KASP8426 are linked to
Ophs.hwwg-5A.1. Green dots show the resistant genotypes with T

insignificance of SNP—222 in an association panel. In this
study, a Rio Blanco-derived cultivar Danby was used, and
it has the same genotypes at all those three SNPs as Rio
Blanco. However, Danby and PHS-susceptible parent Tiger
in our study are monomorphic at both positions of +646 and
+666. After a further analysis of the sequences between the
two parental lines, SNP—222 was found polymorphic and
considered the most likely causal variation in our study. This
result was further confirmed in an association panel, which
agrees with two previous reports (Nakamura et al. 2011;
Chono et al. 2015), but disagrees with Liu et al. (2013). Liu
et al. (2013) used a small subset of this association panel
(83 accessions) and did not find a significant association
between SNP—222 and PHS. This discrepancy among the
studies might be due to the sampling bias. When the panel
of genotypes investigated has allelic differences at SNP+-646
and SNP+666, but not at SNP—-222, the effect of SNP—-222
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may not be significant, whereas effect of SNP—222 can be
significant when the genotypes studied carry contrasting
alleles at SNP—222 but resistance alleles at both SNP+646
and SNP+666. Our gene expression study showed that
SNP-222 increased TaPHSI expression in Danby, but
reduced the TaPHS expression in Tiger, which validated
the effect of SNP—222 on regulating TaPHSI expression
(Nakamura et al. 2011). These results indicate that all these
three mutations in TaPHS can change the expression levels
of TaPHS1 (Liu et al. 2013; Nakamura et al. 2011), resulting
in phenotypic variation in PHS. The causal SNPs may not
be the same in different breeding populations depending on
resistant sources and other parents used to develop the popu-
lations. Therefore, for marker-assisted breeding, all the three
markers should be investigated to identify the key SNP that
changes TaPHS1 expression as target marker for selection
in a breeding population.
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Fig.7 Relative TaPHS1 expression levels in embryos of four wheat
genotypes. Wheat cultivars Danby and Trego carry the resistant hap-
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TaPHS1, respectively, whereas Tiger and Lakin carry the suscepti-
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a standard value. Error bars show standard deviation of three replica-
tions

Our study also found two minor QTLs, Ophs.hwwg-3B.1
and QOphs.hwwg-5A.1, which were not identified in Rio
Blanco (Liu et al. 2008). Those two minor QTLs might be
inherited from other parents of Danby. Ophs.hwwg-3B.1
showed a minor effect but was repeatedly detected in both
greenhouse and field experiments. Several previous studies
have reported QTLs associated with PHS or SD on chromo-
some 3B, but they are all located on the long arm near the
red grain color gene (R-BI) or Viviparous 1 (Cabral et al.
2014; Chang et al. 2010; Fofana et al. 2009; Groos et al.
2002; Lin et al. 2016; Mares et al. 2009; Somers et al. 2004;
Yang et al. 2007a, b). In the current study, Ophs.hwwg-3B.1
was located in a region between 55.8 and 61.3 cM on 3BS
of the Chinese Spring reference map after blasting the GBS
tags of flanking SNPs against the flow-sorted Chinese Spring
survey sequences (Mayer et al. 2014). This QTL region on
3BS is different from all previously reported QTLs. There-
fore, Ophs.hwwg-3B.1 is more likely a novel PHS resist-
ance QTL that does not relate to seed color, and it could be
valuable for pyramiding with other QTLs to improve PHS
resistance in white wheat.

Ophs.hwwg-5A.1 was another minor QTL that was con-
sistently detected in the two greenhouse experiments. The
peak of this QTL was 8.8 cM away from the distal end of the
long arm of chromosome 5A on the Chinese Spring refer-
ence map based on the blasting result against the flow-sorted
Chinese Spring survey sequences (Mayer et al. 2014). Sev-
eral PHS-related QTLs were reported on chromosome 5A,
but none of them were near the distal end of SAL as they
were either near the centromere (Iehisa et al. 2014; Naka-
mura et al. 2010) or on the short arm (Groos et al. 2002). In

a cross between common wheat and spelt wheat (Tritcum
Spelta), Zanetti et al. (2000) found a QTL for alpha-amylase
activity on chromosome arm 5AL at the g locus, which is
also far from Qphs.hwwg-5A.1. Genome-wide association
studies identified two significant PHS-related QTLs on SAL,
but one was near the centromere (Zhu et al. 2016) and the
other was more than 20 cM away from QOphs.hwwg-5A.1
(Lin et al. 2016). Therefore, Qphs.hwwg-5A.1 is also likely
anovel QTL for PHS resistance.

Although, individually, these two QTLs showed a minor
effect on PHS resistance, a combination of Ophs.hwwg-5A.1
and Qphs.hwwg-3B.1 greatly reduced the PHS with or with-
out Ophs.hwwg-3A.1. These two minor QTLs, together with
Ophs.hwwg-3A.1, reduced PHS sprouting by 50% or more in
comparison with the genotype with Ophs.hwwg-3A.1 alone
in all the three experiments. This significantly enhanced
PHS resistance suggests a valuable additive X additive effect
between these two minor QTLs. Gene interactions are criti-
cal in advanced quantitative genetic models, and assembly
of favorable QTL or gene combinations is very important not
only for crop breeding but also for understanding the genetic
basis underlying crop adaptation and evolution (Allard
1996). QTL interactions have been reported for PHS resist-
ance or SD in many crops including rice (Gu et al. 2004;
Guo et al. 2004; Wang et al. 2014), barley (Hickey et al.
2012) and wheat (Imtiaz et al. 2008; Kumar et al. 2009; Liu
et al. 2011; Mohan et al. 2009). However, QTL interactions
between chromosomes 3B and 5A have not been previously
documented for PHS resistance in wheat. Our study is the
first to reveal the significant interactions between these two
QTLs. The additive X additive effect detected in this study
strongly suggests the genetically complex networks in wheat
PHS regulation and the importance in pyramiding a specific
combination of QTLs or genes in breeding.

Ophs.hwwg-2A.1 was detected in two environments but
with contradicted allelic effects, in which Danby contributed
the resistant allele in the greenhouse experiment but suscep-
tible allele in the field experiment. Severe stripe rust infec-
tion in the 2015 field experiment was most likely responsible
for the shift of allelic effects. Using the stripe rust data from
the same population, a major resistance QTL contributed by
Danby was mapped at the same location as Ophs.hwwg-2A.1
in the distal end of chromosome 2AS (unpublished data). We
noticed that plants infected by stripe rust produced shriveled
seeds, which might affect germination during the PHS test.
Therefore, the PHS resistance allele on 2A contributed by
Tiger in 2015 field experiment was most likely due to the
rust susceptible allele in Tiger. It is also possible that the
correlation between stripe rust susceptibility and PHS resist-
ance is due to plant hormones triggered by rust infection
that could suppress seed germination. Plant hormones such
as abscisic acid (ABA) and gibberellic acid (GA), the most
important regulator of seed dormancy, might be involved in
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the responses to many biotic stresses including disease and
insect (de Zelicourt et al. 2016; Lee and Luan 2012; Pieterse
et al. 2012; Skubacz et al. 2016; Verslues and Zhu 2005).
Therefore, the effect of Ophs.hwwg-2A.1 on PHS resistance
is unclear and needs to be further explored in experiments
without confounding effects from stripe rust infection.

Conclusions

Our study identified one major PHS resistance QTL on
chromosome arm 3AS and three minor ones on chromo-
some arms 2AS, 3BS and SAL in a white wheat DH popu-
lation by evaluating the population in both greenhouse
and field experiments. We discovered that SNP—222 in the
promoter region of TaPHS1 is most likely responsible for
the major QTL in this mapping population. We developed
a new KASP marker for this SNP for MAS. This KASP
marker was validated in an association panel. Our gene
expression result further validated the effect of SNP—222
in Danby. Two minor QTLs on 3BS and 5AL appear to
be novel QTLs for PHS resistance and showed a valuable
additive X additive effect when they were present together
with or without Qphs.hwwg-3A. 1. The results indicate that
pyramiding these three QTLs can greatly reduce PHS. Five
breeder-friendly KASP markers were developed for the
two minor QTLs and validated in this study. These KASP
markers will be valuable tools to assist breeders for genetic
improvement in PHS resistance in white wheat.
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