
1 23

Theoretical and Applied Genetics
International Journal of Plant Breeding
Research
 
ISSN 0040-5752
 
Theor Appl Genet
DOI 10.1007/s00122-018-3159-6

Development and validation of diagnostic
markers for Fhb1 region, a major QTL for
Fusarium head blight resistance in wheat

Zhenqi Su, Sujuan Jin, Dadong Zhang &
Guihua Bai



1 23

Your article is protected by copyright and

all rights are held exclusively by This is a

U.S. government work and its text is not

subject to copyright protection in the United

States; however, its text may be subject to

foreign copyright protection. This e-offprint

is for personal use only and shall not be self-

archived in electronic repositories. If you wish

to self-archive your article, please use the

accepted manuscript version for posting on

your own website. You may further deposit

the accepted manuscript version in any

repository, provided it is only made publicly

available 12 months after official publication

or later and provided acknowledgement is

given to the original source of publication

and a link is inserted to the published article

on Springer's website. The link must be

accompanied by the following text: "The final

publication is available at link.springer.com”.



Vol.:(0123456789)1 3

Theoretical and Applied Genetics 
https://doi.org/10.1007/s00122-018-3159-6

ORIGINAL ARTICLE

Development and validation of diagnostic markers for Fhb1 region, 
a major QTL for Fusarium head blight resistance in wheat

Zhenqi Su1,2 · Sujuan Jin2,3 · Dadong Zhang2 · Guihua Bai2,4 

Received: 5 February 2018 / Accepted: 3 August 2018 
© This is a U.S. government work and its text is not subject to copyright protection in the United States; however, its text may be subject to foreign 
copyright protection 2018

Abstract
Key message Functional markers were developed based on the critical sequence deletion of TaHRC in the Fhb1 region 
and validated to be diagnostic in a worldwide wheat collection.
Abstract Wheat Fusarium head blight (FHB) is a devastating disease in wheat and barley worldwide. Growing FHB-resistant 
cultivars is an effective strategy to minimize FHB damage in wheat production. Fhb1 is a quantitative trait locus for FHB 
resistance with the largest effect on disease severity identified to date. With this study, we developed diagnostic DNA markers 
for Fhb1 by comparing the genomic sequences in Fhb1 region between near-isogenic lines contrasting in Fhb1 alleles and 
phenotypic effects of the markers. Two markers were developed based on a deletion mutation in an gene encoding a puta-
tive histidine-rich calcium-binding protein (TaHRC) and validated in different types of populations. Haplotype or sequence 
analyses of the two markers in the three sets of diversity panels demonstrated that they are diagnostic for Fhb1, and superior 
to all previously used markers in selection accuracy. They also have the advantages of low cost, easy assay, and are suitable 
for breeding programs with either high- or low-throughput marker laboratories.

Introduction

Fusarium head blight (FHB), mainly incited by Fusarium 
graminearum, is one of the most destructive diseases in 
wheat (Triticum aestivum L.) worldwide (Buerstmayr 
et al. 2009; Mansfield et al. 2012). FHB not only signifi-
cantly reduces grain yield, but also affects grain quality 
due to Fusarium-damaged kernels (FDK) and mycotoxin 

contamination in infected grain. Mycotoxins, in particu-
lar deoxynivalenol (DON), produced by the pathogen are 
harmful to humans and animals (Pestka 2010). Many coun-
tries including the European Union, the USA, and Canada 
have set limits of DON content allowable in grain or food 
and feed products (McMullen et al. 2012). Market price of 
wheat grain can be reduced significantly or loads can even 
be rejected entirely if DON content is greater than the limits. 
Conventional cultural practices such as crop rotation, tillage, 
and fungicide application can be effective, but significantly 
increase production cost and environmental contamination 
(Bai and Shaner 2004; Buerstmayr et al. 2009). Therefore, 
growing resistant varieties is the most effective and environ-
mentally friendly solution to FHB control.

FHB resistance is a quantitative trait. More than 50 unique 
quantitative trait loci (QTLs) have been reported on the 21 
wheat chromosomes (Buerstmayr et al. 2009; Liu et al. 
2009). To date, a major QTL on 3BS, designated as Fhb1, 
is the most stable QTL with the largest effect on type II 
resistance (resistance to FHB spread within the spike). Fhb1 
was first reported in Sumai3 and its derivative Ning7840 
(Bai et al. 1999; Waldron et al. 1999), and later its major 
effect has been verified in different backgrounds (Anderson 
et al. 2001; Buerstmayr et al. 2002; Cuthbert et al. 2006; 
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Liu et al. 2006). Therefore, both Sumai3 and Ning7840 have 
been widely used as the major sources of FHB resistance 
in wheat breeding programs worldwide (McMullen et al. 
2012). However, evaluation of FHB resistance is laborious, 
time-consuming, and significantly influenced by environ-
ments, which significantly reduces effectiveness of imple-
mentation of Fhb1 in locally adapted new wheat cultivars 
using phenotypic selection (Bernardo et al. 2012; Steiner 
et al. 2017). Marker-assisted selection (MAS) can facilitate 
quick transfer of Fhb1 to elite wheat backgrounds.

User-friendly diagnostic markers are critical to success of 
MAS in breeding programs (Collard and Mackill 2008). Pre-
viously several markers have been used for selecting Fhb1, 
including Fhb1 flanking simple sequence repeat (SSR) mak-
ers, Gwm533 and Gwm493 (Anderson et al. 2001); sequence 
tagged site (STS) markers, Sts256, Sts138, and Umn10 (Liu 
et  al. 2006, 2008); and single nucleotide polymorphism 
(SNP) marker, Snp8 (Bernardo et al. 2012). These markers 
have played important roles in selecting Fhb1 in US wheat 
breeding programs in the past. However, none of them is diag-
nostic for Fhb1, and they frequently generate false positive 
signals, which significantly reduces selection efficiency. More 
recently, reference sequences harboring the Fhb1 region have 
been reported for both susceptible (Chinese Spring) and resist-
ant (CM82036) genotypes (Paux et al. 2008; Schweiger et al. 
2016), which provides substantial genetic resources for devel-
oping diagnostic markers for Fhb1. The objectives of this study 
were to: (1) identify Fhb1 diagnostic markers, (2) convert the 
diagnostic markers into a breeder-friendly high-throughput 
kompetitive allele-specific PCR (KASP) marker, and (3) vali-
date the diagnostic markers in diverse natural populations.

Materials and methods

Plant materials

Chinese Spring (FHB susceptible), Sumai3 (FHB resist-
ant), and two Fhb1 near-isogenic lines (NILs, Fhb1-NIL-
R and Fhb1-NIL-S) derived from a  BC7F2 population of 
Clark × Ning 7840 (Bernardo et al. 2012) were used for ini-
tial marker screening. Twenty-five additional cultivars and 
landraces varying in the Fhb1 alleles and FHB resistance 
were included for haplotype analysis to identify diagnos-
tic markers. For marker validation, a panel of 144 wheat 
landraces and cultivars mainly from China, Japan and the 
US were genotyped and phenotyped for FHB resistance. 
Some of the accessions are known to have Fhb1 or high 
levels of FHB resistance, and others were randomly selected 
landraces or cultivars with unknown FHB resistance. Most 
Japanese accessions are FHB resistant, which were kindly 
provided by Dr. Tomohiro Ban, Yokohama City Univer-
sity, Japan. In addition, an  F2 population of 192 plants from 

Clark-Fhb1 × Bobwhite (Fhb1 susceptible) was used to eval-
uate Fhb1 diagnostic markers in an early breeding popula-
tion. Clark-Fhb1 was a NIL that carries the Fhb1 resistance 
allele in Clark background (Jin et al. 2013).

To study worldwide distribution of the resistance alleles 
of the newly developed diagnostic markers, additional 376 
wheat accessions were randomly selected from the world 
core collection (Bonman et al. 2015) for marker validation. 
The population consisted of wheat landraces and cultivars 
from 52 major wheat-growing countries excluding China 
and Japan.

Evaluation of FHB resistance

FHB resistance was evaluated using a single floret inoculation 
method. Conidiospores of F. graminearum (strain GZ 3639, 
a field isolate from Kansas) were produced as previously 
described (Bai et al. 2000). After vernalization at 6 °C in a 
cold chamber for 45 d, 7–8 wheat seedlings from each acces-
sion were transplanted into 13-cm square plastic pots contain-
ing Metro Mix 360 soil mix (Hummert International, Topeka, 
KS) on greenhouse benches at Manhattan, KS. The greenhouse 
temperature was set at 17 ± 2 °C (night) and 21 ± 2 °C (day) 
with supplemental day light from 7:00 to 19:00 h daily. The 
pots were arranged in a randomized complete-block design 
with three replicates (pots). At anthesis, 10 μl (~ 1000 spores) 
of F. graminearum conidiospore suspension was injected 
into a central spikelet of a spike using a syringe (Hamilton, 
Reno, Nevada). About five spikes per pot were inoculated and 
placed in a plastic moist chamber with 100% relative humidity 
at 20–25 °C for 48 h, and then returned to greenhouse benches 
for disease development. The FHB severity was evaluated as 
percentage of symptomatic spikelets (PSS) at 15 d (late spring) 
or 18  d (winter) after inoculation.

DNA extraction and primer design

Three pieces of 2.0 cm-long leaf tissue were collected into 
a 96-deepwell plate at the seedling stage, dried in a freeze 
dryer (Thermo Savant, Holbrook, NY) for 48 h, and then 
ground into fine powder using a Mixer Mill (MM 400, 
Retsch, Germany). The DNA was extracted using a modified 
cetyltrimethylammonium bromide (CTAB) protocol (Ber-
nardo et al. 2012). Based on the reference genome sequences 
of Chinese Spring and CM-82036 (GenBank: KU641029), 
gene-specific primers for TaHRC (Table 2) were designed 
using software Primer Premier Version 5.0 (Premier Biosoft 
International, Palo Alto, CA). Primer sequences for other 
markers were obtained from previous reports (Hao et al. 
2012; Liu et al. 2008). The two Fhb1-NILs contrasting in 
Fhb1 region in chromosome 3B were used to determine 
chromosome specificity of the markers.

Author's personal copy
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Genotyping assays

For SSR and STS markers, a 13-μl PCR mix contained 
1X ASB buffer, 2.5 mM of  MgCl2, 200.0 μM of dNTP, 
30.0 nM of a fluorescence-labeled M13 primer (5′- ACG 
ACG TTG TAA AAC GAC -5′), 50.0 nM of a forward primer 
with the M13-tail sequence added to its 5′-end, and 80 nM 
of a reverse primer, 0.6 U home-made Taq polymerase, 
and ~ 60 ng DNA. All PCRs were carried out in a C1000 
Touch™ Thermal Cycler (BioRad Laboratory Inc. Hercu-
les, CA) using a touchdown program starting at 95 °C for 
5.0 min, followed by 10 cycles of 96 °C for 1.0 min, anneal-
ing at 68 °C for 3 min, with a decrease of 2 °C in each 
subsequent cycle, and extension at 72 °C for 1.0 min; then 
PCR went through an additional 30 cycles of 96 °C for 20 s, 
50 °C for 20 s and 72 °C for 1.0 min, and ended with a final 
extension at 72 °C for 5.0 min. The PCR products for each of 
the primer pairs labeled with different florescent dyes (FAM, 
VIC, NED and PET) were pooled and analyzed in an ABI 
3730 DNA Analyzer (Applied Biosystems, Foster City, CA), 
and GeneMarker v1.75 (SoftGenetics LLC. State College, 
PA, USA) was used for data analysis.

For the gene-specific markers, a 15 μl of PCR mix con-
tained 150 nM of each primer, ~ 60 ng DNA, 3.0 μl Taq, 
and 5X PCR master mix (New England Biolabs, Inc., Bev-
erly, MA, USA). PCR used a touchdown program starting 
at 95 °C for 3.0 min, followed by 10 cycles of 30 s at 94 °C, 
20 s at 62 °C minus 0.5 °C per cycle, and 2.5 min at 68 °C; 
then by 32 cycles of 20 s at 94 °C, 20 s at 57 °C, and 2.5 min 
at 68 °C. PCR products were separated in a 1.0% (W/V) 
agarose gel. The KASP assays were performed in a 5-μl vol-
ume reaction including 2.5 μl 2X KASP master mix, 0.07 μl 
KASP primer mix and 2.5 μl DNA (~ 20 ng/μl) followed 
the manufacturer’s instruction (LGC Genomics, www.lgcge 
nomic s.com) using an ABI 7900HT fast real-time PCR sys-
tem (Applied Biosystems).

Sequence analysis

Based on the reference genome sequences of CM-82036 
(a Sumai3 derived line with Fhb1 genotype) and Chinese 
Spring (a non-Fhb1 genotype), one set of primers was 
designed to amplify full-length genomic DNA sequences of 
the target gene in both resistant and susceptible genotypes. 
The PCR products (5.0 μl) were treated with 1.7 U shrimp 
alkaline phosphatase (SAP) and 0.7 U Exonuclease I (USB 
Corporation, Cleveland, OH, USA) at 37 °C for 1 h, deacti-
vated at 75 °C for 15 min. The sequence PCR was amplified 
using a touchdown program starting at 94 °C for 5.0 min, 
followed by 10 cycles of 30 s at 94 °C, 20 s at 62 °C minus 
0.5 °C per cycle for subsequent cycles, and 2 to 3.5 min at 
68 °C depending on length of the target sequences amplified, 
and continued for 32 cycles of 20 s at 94 °C, 20 s at 57 °C, 

and 2 to 3.5 min at 68 °C and then sequenced using ABI 
3730 DNA Analyzer (Applied Biosystems). The sequence 
data were analyzed using BioEdit (http://www.mbio.ncsu.
edu/Bioed it/bioed it.html) and DNASTAR software (http://
www.dnast ar.com/). Gene structure prediction was per-
formed using the Softberry’s FGENESH program (http://
www.softb erry.com).

Results

Development of a gene‑specific marker for TaHRC

A gene encoding a putative histidine-rich calcium-binding 
protein (TaHRC) was located in the suppressed recombina-
tion region of Fhb1 (Schweiger et al. 2016) and reported 
as a putative candidate gene for Fhb1 (Su et  al. 2017). 
Comparison of TaHRC sequences between Chinese Spring 
(GenBank: FN564434.1) and CM-82036, a Sumai3 derived 
variety (GenBank: KU641029.1), found a large deletion that 
includes 5′ upstream region and part of the predicted open 
reading frame (ORF) sequence in the reference sequence of 
CM-82036. A gene-specific primer for the marker TaHRC-
GSM was designed to capture the deletion polymorphism 
between the two alleles of TaHRC (Fig. 1a and Table 1). The 
TaHRC-GSM marker is co-dominant and amplifies one band 
each with different sizes from the resistant and susceptible 
parents, respectively, in an agarose gel (Fig. 1b). The PCR 
product of TaHRC-GSM from Sumai3 is shorter than that 
from Chinese Spring due to the large deletion in Sumai3. 
The same amplification pattern was observed between Fhb1-
NIL-R and Fhb1-NIL-S (Fig. 1b), suggesting that TaHRC-
GSM is 3BS chromosome-specific.

Discovery of Fhb1 diagnostic marker and converting 
it to KASP marker

Three STS markers, Umn10, Sts256 and Cfb6059, located 
in the delimited Fhb1 region (Schweiger et al. 2016) were 
previously used as the closest markers for selection of Fhb1 
and thus analyzed together with the newly designed TaHRC 
gene-specific marker in 25 additional wheat accessions 
that showed various levels of FHB resistance. Sumai3 and 
Chinese Spring were used as the known Fhb1 resistant and 
susceptible controls, respectively. In addition to Chinese 
Spring, haplotype analysis of the four markers identified 
four haplotypes (Table 2). Sumai3 carries haplotype I (Hap 
I), and the accessions with Hap I showed a low FHB severity 
(mean PSS = 9.5%), whereas the PSS of the accessions with 
the other three haplotypes were significantly higher, ranging 
from 56.8 to 63.7%, than those with Hap I. Therefore, the 
accessions with Hap I most likely carry an Fhb1 resistance 
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allele, and the other haplotypes (Hap II to Hap IV) carry 
Fhb1 susceptibility alleles.

Among the four markers analyzed, the markers Umn10, 
Sts256 and Cfb6059 amplified Sumai3 alleles in two haplo-
types (Hap I and Hap II) even though Hap II was susceptible 
haplotypes (Table 2), which indicates that these three mark-
ers cannot separate resistant Fhb1 Hap I from susceptible 
non-Fhb1 Hap II. These markers amplified the alternative 
alleles in the susceptible haplotypes III and IV. The gene 
marker TaHRC-GSM, however, amplified the Sumai3 allele 
only in the Hap I (Fhb1 carrier) and the non-Sumai3 alleles 
in all other non-Fhb1 susceptible haplotypes (Fig. 1b), 

indicating that TaHRC-GSM is the best marker for Fhb1 
among the four markers evaluated.

Sequencing TaHRC from the 25 accessions tested found 
that all the accessions with the same haplotype have identi-
cal TaHRC sequences (Fig. 3). Only accessions in Hap I 
carry the deletion mutation in the predicted ORF region 
of TaHRC, designated as the resistance allele, TaHRC-R, 
whereas all other haplotypes carry the complete ORF in 
TaHRC, designated as the susceptibility allele TaHRC-S. 
Marker comparison showed that the Hap I and Hap II are 
polymorphic only at the marker locus TaHRC-GSM, and 
monomorphic for all the other three marker loci, indicating 

Fig. 1  Development of a gene-specific marker for TaHRC. a A dia-
gram to show the primer positions of a gene-specific marker (GSM) 
for TaHRC. Blue bars refer to exons. Solid lines refer to introns or 
untranslated regions. A red bar refers to sequence deletion in the 
ORF region of TaHRC. A dashed line refers to sequence deletion in 
the intron of TaHRC. Numbers are fragment lengths in bp. Arrows 
show primer sequence positions. The gene structure was predicted 
using Softberry’s FGENESH program (http://www.softb erry.com). 

b Genotypic analysis of 27 selected wheat accessions and two near-
isogenic lines (NILs) contrasting in Fhb1 alleles using the gene-spe-
cific-marker of TaHRC-GSM. The DNA samples from left to right are 
Chinese spring (CS), susceptible Fhb1 near-isogenic line (NIL-S), 
resistant Fhb1 near-isogenic line (NIL-R), and Sumai 3 (SM3). The 
numbers 1–25 are entry numbers in Table  2. Primers used for the 
PCR were described in Table 1 (color figure online)

Table 1  Primers used to amplify five markers in the Fhb1 region

Primer name Primer sequence Description

TaHRC-GSM-F ATT CCT ACT AGC CGC CTG GT TaHRC gene-specific co-dominant marker for detection of the large deletion in TaHRC 
and gene sequencingTaHRC-GSM-R ACT GGG GCA AGC AAA CAT TG

TaHRC-Kasp-R GCT CAC GTC GTG CAA ATG GT Primers for the KASP marker used to discriminate resistant and susceptible alleles of 
TaHRCTaHRC-Kasp-S TTG TCT GTT TCG CTG GGA TG

TaHRC-Kasp-R CTT CCA GTT TCT GCT GCC AT
Sts256-F GTT CAC CCC GTC CAG ATA CA Primers for Sts256 from the Fhb1 candidate gene region
Sts256-R ATG AAC CCG ATG ATG CAT TT
Cfb6059-F GGT GCA CGA GAG ACA GAT GA Primers for Cfb6059 marker from the Fhb1 candidate gene region
Cfb6059-R CGT CGC TAA ACC GAA ACA AT
Umn10-F CGT GGT TCC ACG TCT TCT TA Primers for Umn10 marker from the Fhb1 candidate gene region
Umn10-R TGA AGT TCA TGC CAC GCA TA
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that only TaHRC-GSM can separate Hap II from Hap I and 
that Hap II is the closest haplotype to the Hap I among 
the four susceptible haplotypes identified (Table 2). These 
results indicated that TaHRC-GSM is the only marker that 
can consistently distinguish the Fhb1 resistance allele from 
the Fhb1 susceptible alleles among the four markers evalu-
ated and is most likely diagnostic for Fhb1.

Based on the conserved sequence between TaHRC-S and 
TaHRC-R, a KASP marker, TaHRC-KASP, was designed to 
capture the unique indel polymorphism between TaHRC-R 
and TaHRC-S (Table 1, Fig. 2). Because the indel polymor-
phism is not a typical SNP, we designed two different for-
ward primers in different sequence positions (Fig. 2), which 
is different from KASP primers for a regular SNP marker. 

Genotypic analysis on the 27 wheat accessions using the 
newly designed KASP marker showed the identical geno-
typic result as that using the TaHRC-GSM marker, and 
TaHRC-KASP clearly separated Fhb1-carrying Hap I from 
other non-Fhb1 haplotypes.

Validation of the diagnostic markers

To validate both markers (TaHRC-GSM and TaHRC-
KASP) to be diagnostic for Fhb1 in diverse wheat back-
grounds, a panel of 143 accessions was genotyped using 
the four markers from the Fhb1 region. The two TaHRC 
markers produced identical results and they both clearly 
separated all the accessions with TaHRC-R (Hap I) from 

Table 2  Haplotype analysis of the four markers from the Fhb1 candidate region

a PSS = percentage of symptomatic spikelets in a inoculated spike
b “+” and “−” indicate that the accessions carry Sumai3 allele and non-Sumai3 alternative alleles, respectively
c Numbers under those markers are PCR fragment sizes (bp) including an 18-bp M13-tailed sequence in the forward primer
d These genotypes have been validated to harbor the Fhb1-allele (Ning7840)_and non-Fhb1 alleles (other three accessions), respectively, in pre-
vious QTL mapping studies

Entry no. Accession names Accession ID Origin PSSa (%) Marker names Haplotype

TaHRC-
GSMb

Umn10c Cfb6059c STS256c

CK1 Chinese spring Citr 14108 China 99.2 – 247 240 243 Fhb1-S
CK2 Sumai3 ACC.24141 China 8.6 + 258 Null 250 Fhb1-R
1 Ning7840d China 8.7 + 258 Null 250 I
2 Taiwan wheat China 10.9 + 258 Null 250
3 Wangshuibai China 10.2 + 258 Null 250
4 Nyubai PI382154 Japan 6.3 + 258 Null 250
5 Huangcandou JAAS24 China 13.6 + 258 Null 250
6 Baisanyuehuang JAAS294 China 6.6 + 258 Null 250
7 Nobeokabozu PI382153 Japan 9.9 + 258 Null 250
8 Chokwangd Korea 35.0 – 258 Null 250 II
9 Chile ACC.26869 Japan 76.0 – 258 Null 250
10 Dahongpao JAAS907 China 52.0 – 258 Null 250
11 Liangguangtou PI435109 China 64.8 – 258 Null 250
12 ND2419d JAAS1999 China 24.0 – 258 Null 250
13 Zhongshan11 JAAS2052 China 66.1 – 258 Null 250
14 Zhen7495 JAAS2091 China 57.0 – 258 Null 250
15 Fengmai2 JAAS2127 China 99.0 – 258 Null 250
16 Emai6 JAAS2170 China 22.0 – 258 Null 250
17 Jingzhou1 JAAS2171 China 71.6 – 258 Null 250
18 Clarkd PI 512337 USA 86.0 – 255 244 243 III
19 Ernie PI584525 USA 27.3 – 255 244 243
20 Wheaton PI469271 USA 88.0 – 255 244 243
21 Toropi PI344200 Brazil 53.4 – 255 244 243
22 Funod PI 213833 Italy 59.7 – 255 237 243 IV
23 Mutanchiang PI70675 China 65.5 – 255 237 243
24 Wheaton PI469271 USA 88.0 – 255 237 243
25 JG1 PI 531193 China 41.4 – 255 237 243
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those accessions with TaHRC-S (Hap II - IV) in this panel 
(Fig. 3a). Haplotype analysis demonstrated that all the 
accessions with Hap I carry the same TaHRC-R allele as in 
Sumai3, whereas all accessions with the other three hap-
lotypes (with the complete ORF) carry TaHRC-S alleles 
(Table  2). The FHB phenotypic data showed that the 
accessions with TaHRC-R had a low mean PSS of 21.9%, 
whereas the accessions with TaHRC-S had a high mean 
PSS of 59.3% (Fig. 3b, Supplemental Table 1), indicating 
that both STS and KASP markers of TaHRC are diagnostic 
for Fhb1 in the diversity panel.

The two TaHRC markers were also validated in a bipa-
rental  F2 population derived from the cross between a 
resistant line Clark-Fhb1 (Fhb1) and a susceptible cultivar 
Bobwhite (Non-Fhb1). Both markers clearly separated the 
homozygous and heterozygous plants (Fig. 3c, d). The group 
of plants with the homozygous TaHRC-R allele had a sig-
nificantly lower PSS (44.9%) than those in the heterozygous 
group (TaHRC-H, PSS = 64.5%) and the group with homozy-
gous TaHRC-S (PSS = 82.9%) (Fig. 3e), demonstrating that 

the markers are ideal for marker-assisted selection of Fhb1 
in early segregating generations.

To evaluate worldwide distribution of TaHRC alleles, 
we assembled a large panel of 376 accessions by randomly 
selecting the accessions from a worldwide core collection 

Fig. 2  Sequence alignment of TaHRC among four haplotypes iden-
tified in 27 accessions to identify the conserved sequence for devel-
opment of Fhb1 diagnostic marker. CS, Funo, Clark, ND, CHK and 

SM3 represent Chinese Spring, Funo (Hap IV), Clark (Hap III), 
Nanda2419 and Chokwang (Hap II) and Sumai3 (Hap I), respectively

Fig. 3  Validation of the Fhb1 diagnostic markers. a TaHRC-KASP 
plot from the diversity panel of 143 wheat accessions mainly col-
lected from Asia to show clear separation between Fhb1 resistance 
(green dots) and susceptibility (blue dots) alleles; b FHB resistance 
(measured by percentage of symptomatic spikelets (PSS)) between 
the genotypes with TaHRC-R and TaHRC-S alleles in the diver-
sity panel. Error bar represents s.e.m; c co-dominant segregation 
of TaHRC-GSM marker in an F2 population derived from Clark-
Fhb1 × Bobwhite in an agarose gel; d co-dominant segregation of the 
TaHRC-KASP marker in (Clark-Fhb1 × Bobwhite) F2 showing clear 
separation among homozygous resistant cluster (green dots), hete-
rozygote cluster (red dots), and homozygous susceptible cluster (blue 
dots); and e FHB resistance (PSS) for homozygous resistance group 
(TaHRC-R), heterozygote group (TaHRC-H), and homozygous sus-
ceptibility group (TaHRC-S). Numbers in parentheses (b and e) are 
the numbers of accessions tested in each genotypic group. Black dots 
in (a) and (d) are water controls (color figure online)

◂
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excluding these from East Asia (Supplementary Table 2). 
All the accessions amplified the Fhb1 susceptibility allele, 
TaHRC-S, except the Sumai3 control that amplified the 
resistance allele, TaHRC-R, indicating absence of TaHRC-
R allele in the panel, and further demonstrating that both 
TaHRC-GSM and TaHRC-KASP are diagnostic for Fhb1 in 
diverse genetic backgrounds.

Discussion

Sumai3 and its derivatives carrying Fhb1 have been used 
as major sources of resistance in wheat breeding programs 
for half of a century. However, only a few wheat cultivars 
in current production carry Fhb1 outside China and Japan. 
Although Fhb1 is the QTL with the largest effect identified 
to date, its partial type II resistance phenotype (resistance to 
FHB symptom spread within a spike) is often confounded 
with type I resistance (resistance to initial infection) in the 
field. Phenotyping accuracy is very dependent on weather 
conditions after flowering, inoculation method, and available 
inoculum amount (Bai and Shaner 2004). Therefore, pheno-
typic selection of Fhb1 usually is unreliable and needs to be 
repeated in multiple years and locations, which makes Fhb1 
an ideal candidate for MAS to improve selection accuracy 
in breeding.

Since its first report in 1999, several markers have been 
developed for Fhb1. Gwm533 and Gwm493 were the earli-
est markers used for MAS, but they are about 10 cM away 
from Fhb1 (Bernardo et al. 2012; Cuthbert et al. 2006). 
Later, continuous fine mapping in the Fhb1 region resulted 
in several closer markers, including Sts256, Sts138, Snp8, 
Snp319, and Umn10 (Bernardo et al. 2012; Cuthbert et al. 
2006; Liu et al. 2008; Schweiger et al. 2016). Among these 
STS markers, multiple bands of Sts256 and Sts138 markers 
make them difficult to be used in MAS. Umn10 amplifies 
easily identifiable target bands in most backgrounds and the 
Sumai3 allele at the marker locus was rare in US and Euro-
pean germplasm (Miedaner and Korzun 2012; Schweiger 
et al. 2016), and thus Umn10 has been the most useful for 
MAS in Western wheat breeding programs in the last dec-
ade (Schweiger et al. 2016; Steiner et al. 2017). However, 
the Sumai3 allele of Umn10 is present in many susceptible 
accessions, in particular in Hap II of the accessions from 
East Asia as identified in this study (Table 2, Supplemen-
tary Table 1). More recently, the Sumai3 allele at Umn10 
has also been reported in some U.S. FHB-susceptible winter 
wheat lines (Arruda et al. 2016; Jin et al. 2013). Therefore, 
frequent occurrence of a false positive signal for Fhb1 in 
FHB-susceptible germplasm limits its use as a diagnostic 
marker for Fhb1 in most breeding programs.

To precisely transfer Fhb1 into locally adapted cul-
tivars, a breeder-friendly diagnostic marker is urgently 

needed. This marker should meet three criteria. First, the 
marker and Fhb1 have to co-segregate so that no recom-
bination can be found between the marker and Fhb1. Sec-
ond, the Sumai3 marker allele must be absent or rare in 
non-Fhb1 germplasm so it can be used as a diagnostic 
marker in multiple backgrounds. Third, the marker must 
be easy to assay in breeding programs with various lev-
els of laboratory facilities. Both of our newly developed 
TaHRC markers, TaHRC-GSM and TaHRC-KASP, meet 
all three criteria and offer significant advantages over pre-
viously used markers. Firstly, it was developed from one 
of the putative candidate genes in Fhb1 region and no 
recombinant was found between Fhb1 and the candidate 
gene after screening 6000 gametes from the cross between 
CM-82036 and Remus (Schweiger et al. 2016). Secondly, 
genotyping analysis using the TaHRC-GSM and TaHRC-
KASP in the large natural population showed that the 
Sumai3 allele (TaHRC-R) is present only in the accessions 
from East Asia (China and Japan) where Fhb1 has been 
reported (Buerstmayr et al. 2009), whereas the accessions 
from other regions of the world carry the non-Sumai3 sus-
ceptibility alleles of Fhb1 (Supplementary Table 2). These 
results indicated both TaHRC-GSM and TaHRC-KASP are 
diagnostic for Fhb1 in diverse backgrounds. Thirdly, we 
developed two types of markers (gel and non-gel based) 
for Fhb1, which meets the needs of different laboratories 
with various levels of marker analysis platforms. TaHRC-
GSM can serve as a simple and low-cost selection tool 
to transfer Fhb1 to elite breeding materials, which espe-
cially benefits these breeding programs with basic labora-
tory setup and makes it possible for them, in particular 
in developing countries, to use MAS deploying Fhb1 in 
their new cultivars. This co-dominant marker is useful for 
screening materials from various generations. Heterozy-
gous plants can be clearly separated from homozygous 
plants in an agarose gel (Fig. 3c), which is difficult to do 
with Umn10 or other previous markers. The TaHRC-KASP 
marker can be assayed using a SNP genotyping system and 
can also clearly distinguish homozygotes from heterozy-
gotes in an  F2 population (Fig. 3d). The KASP marker is 
gel-free, analyzed by a fluorescence reader (Semagn et al. 
2014), and suitable for those breeding programs with 
medium-throughput marker laboratories. This marker is 
also amendable to be multiplexed with other SNP markers 
for high-throughput screening of large populations using 
next-generation sequencing (Bernardo et al. 2015).

In a summary, we described the development of highly 
diagnostic DNA markers for Fhb1 by comparison of the 
genomic sequences of Fhb1 candidate genes between near-
isogenic lines contrasting in Fhb1 alleles. Haplotype and 
sequence analyses of all the markers in sets of diversity 
panels found that two markers developed based on a large 
sequence deletion in TaHRC are diagnostic for Fhb1. These 
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markers were validated in large diversity populations and 
demonstrated to be superior to all previously reported mark-
ers for flexibility and selection accuracy. Several FHB-resist-
ant landraces from China and Japan such as Wangshuibai 
and Nyu Bai all carry the same Fhb1 resistance allele as 
Sumai3; therefore, those markers are useful for selecting 
Fhb1 from different sources. Application of the diagnostic 
markers in wheat breeding will speed up the deployment of 
Fhb1 to minimize FHB damage in FHB-prone wheat pro-
duction areas.
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