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Abstract
Key message The recessive Hessian fly resistance gene h4 and flanking SNP markers were located to a 642 kb region 
in chromosome 1A of the wheat cultivar ‘Java.’
Abstract Hessian fly (HF), Mayetiola destructor, is one of the most destructive insect pests in wheat worldwide. The wheat 
cultivar ‘Java’ was reported to carry a recessive gene (h4) for HF resistance; however, its chromosome location has not been 
determined. To map the HF resistance gene in Java, two populations of recombinant inbred lines (RILs) were developed 
from ‘Bobwhite’ × Java and ‘Overley’ × Java, respectively, and were phenotyped for responses to infestation of HF Great 
Plains biotype. Analysis of phenotypic data from the F1 and the RIL populations confirmed that one recessive gene con-
ditioned HF resistance in Java. Two linkage maps were constructed using single-nucleotide polymorphism (SNP) markers 
generated by genotyping-by-sequencing (GBS). The h4 gene was mapped to the distal end of the short arm of chromosome 
1A, which explained 60.4 to 70.5% of the phenotypic variation for HF resistance in the two populations. The GBS-SNPs 
in the h4 candidate interval were converted into Kompetitive Allele-Specific Polymerase Chain Reaction (KASP) markers 
to eliminate the missing data points in GBS-SNPs. Using the revised maps with KASP markers, h4 was further located to 
a 642 kb interval (6,635,984–7,277,935 bp). The two flanking KASP markers, KASP3299 and KASP1871, as well as four 
other closely linked KASP markers, may be useful for pyramiding h4 with other HF resistance genes in breeding.

Introduction

Wheat (Triticum aestivum L.) is one of the most important 
cereal crops and serves as the staple food for 35% of the 
world’s population (Paux et al. 2008). Hessian fly [HF; 

Mayetiola destructor (Say)] is one of the most serious insect 
pests in wheat in many wheat-growing regions worldwide, 
including North Africa, Europe, New Zealand, the USA and 
Southwest Asia (Ratcliffe et al. 2000; Stuart et al. 2012). 
Wheat severely damaged by the HF can die at the seedling 
stage or survive with stunted tillers, broken stems, reduced 
kernel number and size leading to low grain yield and qual-
ity (Li et al. 2013; Schwarting et al. 2016; Smiley et al. 
2004). Developing and deploying resistant cultivars is the 
most effective and economical approach to HF control.

Thirty-five HF resistance genes have been identified, offi-
cially designated as H1–H3, h4, H5–H34 and Hdic (Li et al. 
2013). All these resistance genes are dominant with only 
h4 being recessive. Fifteen of the reported resistance genes 
were assigned to a gene cluster in the short arm of chromo-
some 1A (1AS), including H3, H5, H6, H9, H10, H11, H12, 
H14, H15, H16, H17, H19, H28, H29, and Hdic (Kong et al. 
2005, 2008; Liu et al. 2005a, b). Several quantitative trait 
loci (QTLs) have also been reported on 1AS recently (Carter 
et al. 2014; Li et al. 2013, 2015; Tan et al. 2013).
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Eighteen HF biotypes, including biotypes A to O, GP 
(Great Plains), vH9 and vH13, have been reported based on 
their differential responses to resistance genes H3, H5, H6, 
H7H8, H9 and H13 (Formusoh et al. 1996; Ratcliffe and 
Hatchett 1997; Zantoko and Shukle 1997). Biotype GP is 
the predominant biotype in field populations in the US Great 
Plains (Tan et al. 2017). Wheat HF resistance fits the gene-
for-gene model (Hatchett and Gallun 1970), meaning that HF 
resistance genes provide resistance only to certain biotypes 
carrying corresponding avirulence genetic factors. Large acre-
ages of similar cultivars place evolutionary pressure on HF to 
overcome resistance as evidenced by biotypes that overcome 
H3, H5, H6 and H7H8 in the southeastern USA (Cambron 
et al. 2010). The rapid evolution of HF biotypes increases the 
difficulty of controlling this insect. Pyramiding multiple resist-
ance genes in a cultivar using marker-assisted selection is an 
essential and effective strategy to improve the level and dura-
bility of HF resistance in new wheat cultivars.

Many different technologies have been used to map genes 
for HF resistance (Raupp et al. 1993; Roberts and Gallum 
1984; Kong et al. 2005, 2008; Liu et al. 2005a, b); however, 
single-nucleotide polymorphism (SNP) is more suitable for 
high-resolution gene mapping and functional marker develop-
ment. The rapid development of next-generation sequencing 
(NGS) technologies makes it possible to generate thousands 
of SNPs per sample at an affordable low cost. Genotyping-by-
sequencing (GBS) based on NGS technologies has been used 
as a cost-effective and robust marker system in wheat because 
it combines the marker discovery step with genotyping to gen-
erate a large number of SNPs for many applications (He et al. 
2014; Poland et al. 2012; Poland and Rife 2012).

‘Java’ is an old wheat cultivar that was previously 
reported to carry a single recessive HF resistance gene h4 
(Suneson and Noble 1950). The chromosomal location of 
h4 was not determined. Although h4 alone shows only par-
tial HF resistance, the lines carrying h4 usually have bet-
ter tillering after Hessian fly damage, thus pyramiding h4 
with other HF resistance genes may improve durability of 
HF resistance and the diversity of HF resistance genes in 
resistant cultivars. However, the lack of genetic position and 
molecular markers linked to h4 limit its utilization in wheat 
breeding programs. In this study, we constructed GBS-based 
high-density SNP maps using two populations of recombi-
nant inbred lines (RILs) derived from ‘Bobwhite’ × Java and 
‘Overley’ × Java, respectively, to determine the chromosome 
location of h4 in Java and develop user-friendly markers for 
marker-assisted selection.

Materials and methods

Plant materials

Two RIL populations were developed by single-seed 
descent. The first population consisting of 121 RILs was 
developed from the cross Bobwhite × Java (BoJa), and the 
second population consisting of 189 RILs was developed 
from the cross Overley × Java (OvJa). Java (CItr 12763) is an 
old winter wheat accession carrying h4 (Suneson and Noble 
1950) with unknown pedigree; Bobwhite (PI 519665) is a 
hard red spring wheat cultivar with the pedigree of Aurora//
Kalyan/Bluebird/3/Woodpecker sib (Warburton et al. 2002). 
Overley is a hard red winter wheat cultivar with the pedigree 
of U1275-1-4-2-2/Heyne‘S’//Jagger (https ://books tore.ksre.
ksu.edu/pubs/L924.pdf). Both Bobwhite and Overley were 
susceptible to HF biotype GP. The 20 F1 seedlings from the 
crosses of Bobwhite × Java and Overley × Java were screened 
for HF resistance. A susceptible cultivar ‘Danby’ and three 
resistant cultivars, ‘Carol’ with H3, ‘Caldwell’ with H6, and 
‘Molly’ with H13, were used as controls for phenotyping.

Evaluation of HF resistance

Wheat seedlings were infested with HF biotype GP (Chen 
et al. 2009) in a greenhouse at Kansas State University, Man-
hattan, KS. The F5-derived RILs of BoJa, three parents, F1 
and four controls were screened in both fall 2017 (F5:6) and 
spring 2018 (F5:7), while the OvJa F4:5 RIL population was 
screened only in fall 2017. Approximately 20 seeds per line 
were planted in a tray (56 × 36 × 10 cm) with 24 half-rows 
containing a mixture of 2:1:1 soil, sand and vermiculite. The 
four controls were planted at the middle rows on each tray. 
The greenhouse temperature was maintained at 18 ± 3 °C 
with a 14/10 h light/dark photoperiod. At the 1.5-leaf stage, 
GP biotype adults were released on the seedlings in the 
trays under a cheesecloth tent to maintain high humidity 
and restrict the flies within the tent. The cheesecloth tent 
was removed when larvae hatched from eggs. HF damage 
on infested seedlings was scored 3 weeks after infestation. 
Resistant plants grew normally with light green color, and 
dead larvae or very small live larvae were found at the bot-
tom of the leaf sheath. Susceptible plants were stunted with 
dark green color with live larvae at the bottom between the 
leaf sheath and stem. The number of resistant and suscep-
tible plants was counted, and the percentage of resistant 
plants per line was calculated as the resistance scores for 
QTL analysis. Phenotypic ratings were rechecked 1 week 
after initial scoring to ensure data accuracy. To calculate 
segregation ratio, a RIL with < 10% susceptible plants was 
classified as a susceptible line and a line with ≥ 10% resist-
ant plants was considered as a resistant line. A chi-squared 
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test was used to test if the segregation ratio fit a monogenic 
inheritance model.

DNA extraction and GBS analysis

Leaf tissue was collected at the three-leaf stage from both 
BoJa F5:6 and OvJa F4:5 RIL populations and the three 
parents. The collected tissue was freeze-dried for 48 h in 
1.1-mL 96-deep-well plates with a 3-mm stainless bead 
in each well and ground at 30 cycles per sec for 3 min in a 
Mixer Mill (Retsch GmbH, Germany). Genomic DNA was 
extracted using a modified cetyltrimethylammonium bro-
mide (CTAB) method (Li et al. 2013). DNA was checked 
for quality by electrophoresis using 1% agarose gel and 
quantified using Quant-iT™ PicoGreen dsDNA assay kits 
(Thermo Fisher Scientific, Waltham, MA, USA). All DNA 
samples were normalized to 20 ng/µL for GBS library 
construction.

GBS libraries were generated from DNA samples of 
each RIL line and triplicate parents using the previously 
reported methods (Poland et al. 2012). In brief, DNA sam-
ples were digested with HF-PstI (high fidelity) and MspI 
(New England BioLabs Inc., Ipswich, MA, USA) and then 
ligated to adaptors with barcodes and a common Y-adaptor 
using T4 DNA ligase (New England BioLabs Inc.). All 
ligated DNA samples were pooled and cleaned up using a 
QIAquick PCR Purification Kit (QIAGEN GmbH Hilden, 
Germany). PCR amplification was performed using prim-
ers complementary to both adaptors. PCR products were 
cleaned up again, and fragments with 200–300 bp were 
kept for sequencing on an Ion Proton next-generation 
sequencer (Thermo Fisher Scientific, Waltham, MA, 
USA). Before sequencing, the concentration of selected 
PCR products was measured using a Qubit 2.0 Fluorometer 
and Qubit dsDNA HS Assay Kits (Life Technologies Inc.). 
A universal network-enabled analysis kit (UNEAK) pipe-
line was used to call SNPs (Glaubitz et al. 2014;  Elshire 
et al. 2011). SNPs with < 20% missing data and < 10% het-
erozygotes were used for genetic linkage map construc-
tion and gene mapping. Physical positions of SNPs were 
determined by aligning the SNP sequences against Chinese 
Spring wheat reference genome (IWGSC et al. 2018) using 
a Basic Local Alignment Search Tool (BLAST).

Linkage map construction and QTL analysis

The genetic linkage map was constructed using the MAP 
function in QTL IciMapping v4.1 (Wang et al. 2016). 
Markers with the least missing data points were retained in 
each bin, and redundant markers were removed using the 
BIN function. Each linkage group was assigned to a spe-
cific chromosome by comparing GBS-SNP tag sequences 

with the Chinese Spring reference genome sequence Ref-
Seq v1.0 (IWGSC et al. 2018). Composite interval map-
ping (CIM) was performed to detect QTLs using the Win-
QTLCart software v2.5 (Wang et al. 2012). QTLs were 
scanned using a 1-cM window and claimed to be signifi-
cant at a LOD score of 3.

Conversion of GBS‑SNPs into Kompetitive 
Allele‑Specific Polymerase Chain Reaction (KASP) 
markers

GBS-SNP markers under the major QTL peak were con-
verted to KASP markers. KASP primers were designed 
using Primer 3 v.0.4.0 (http://bioin fo.ut.ee/prime r3-0.4.0/). 
All KASP primers included two forward primers and one 
reverse primer. Two different tail sequences were added 
to the 5′-end of the two forward primers so that two flu-
orescence-dye-labeled primers in the KASP reaction mix 
could pair with them for PCR; the FAM fluorescence-
labeled primer matched with the tail sequence GAA GGT 
GAC CAA GTT CAT GCT, and HEX fluorescence-labeled 
primer matched with the GAA GGT CGG AGT CAA CGG 
ATT tail. KASP assays were performed in a 4 μL reaction 
volume consisting of 1.94 μL of 2 × KASP reaction mix, 
0.06 μL primer assay mix and 2 μL DNA. A PTC-200 ther-
mal cycler (MJ Research, Watertown, MA, USA) was used 
for PCR amplification following the manual (https ://biose 
arch-cdn.azure edge.net/asset sv6/KASP-genot yping -chemi 
stry-User-guide .pdf). PCR products were scanned in an 
 FLUOstar® Omega microplate reader (BMG LABTECH 
Inc., Cary, NC), and data were analyzed using Kluster-
Caller software v3.4.1.39 (LGC group, Teddington, UK). 
KASP markers were first screened for polymorphism 
among parents, and polymorphic markers were then used 
to genotype the two mapping populations. GBS-SNPs 
were substituted by the corresponding KASP markers to 
reconstruct the linkage map for QTL mapping.

Results

HF resistance in parents and their RIL populations

Java had 55% and 50% resistant plants in fall 2017 and 
spring 2018 experiments, respectively, whereas Bobwhite 
and Overley were completely susceptible in both experi-
ments (Fig. 1). All 20 F1 plants from the crosses of Bob-
white × Java and Overley × Java were completely suscep-
tible in both experiments. The segregation ratio between 
resistant and susceptible (R/S) RILs fit the 1:1 single-
gene segregation ratio in both populations, with χ2 = 0.03 
(P = 0.86) in the 2017 experiment and χ2 = 0.83 (P = 0.35) 
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in the 2018 experiment for BoJa, and χ2 = 0.34 (P = 0.56) 
in the 2017 experiment for the OvJa population (Fig. 1). 
These results indicated that the HF resistance in Java was 
mainly controlled by one recessive gene.

Linkage map construction

A total of 25,911 GBS-SNPs were generated for the BoJa 
population. Among the 3335 GBS-SNPs with < 20% miss-
ing data points, 1090 SNPs were used to construct a link-
age map. The map had 30 linkage groups, covering a total 
genetic distance of 2415.4 cM at an average marker density 
of 2.2 cM per marker. The 30 linkage groups represented all 
21 wheat chromosomes in which 2B was the longest with 
116 SNPs spanning 194.8 cM and chromosome 4D was the 
shortest with 3 SNPs spanning 12.3 cM.

A total of 43,963 GBS-SNPs were scored for the OvJa 
population. Among the 3370 SNPs with < 20% missing data 
points, 1542 SNPs were used for linkage map construction. 
The map consisted of 25 linkage groups representing all 21 
chromosomes with a total genetic distance of 3444.0 cM and 
an average marker density of 2.2 cM per marker. Among 
the 21 chromosomes, 7A was the longest with 116 SNPs 
spanning 226.2 cM and 6D was the shortest with 3 SNPs 
spanning 27.6 cM.

QTL analysis

Using composite interval mapping (CIM), one major QTL 
(QHf-hwwg-1A) on the distal end of chromosome arm 
1AS was consistently identified in both BoJa and OvJa 
populations in the 2017 experiment and BoJa population 
in the 2018 experiment (Table 1). The QTL explained 
62.2–70.4% of the phenotypic variation for HF resistance 
with high LOD scores. The allele from Java increased 
HF resistance by 14.6–20.3%. This QTL was flanked 
by markers BJGBS1213 and BJGBS1583 in the BoJa 

population, as well as OJGBS3299 and OJGBS1903 in 
the OvJa population (Table 1). Nine other GBS-SNP mark-
ers (BJGBS1871, BJGBS2446, BJGBS901, BJGBS1300, 
BJGBS974, BJGBS1856, OJGBS1027, OJGBS1218 and 
OJGBS2504) were also mapped in the QTL interval. Since 
this QTL was the only QTL detected in Java with a stable 
major effect, we designated it as h4 hereafter.

KASP marker development and h4 remapping

To improve the accuracy of the QTL map, 13 GBS-SNPs 
in the h4 candidate interval were converted to KASP 
markers, and six of the 13 markers were polymorphic 
between the resistant parent and at least one of the suscep-
tible parents (Table 2). Four KASP markers (KASP1583, 
KASP1871, KASP2446 and KASP974) were derived from 
the BoJa population, and two (KASP1218 and KASP3299) 
came from the OvJa population (Fig.  2). KASP2446 
showed segregation only in the BoJa population, while 
the other five KASP markers segregated in both popula-
tions. Genotyping of the two RIL populations using the 
six KASP markers filled in 64 missing data points and 
corrected 18 data points that were mis-scored by GBS.

The chromosome 1A linkage maps of the BoJa and 
OvJa populations were updated by replacing the GBS-
SNPs in the h4 region with the corresponding KASP 
marker data. The final 1A maps contained 45 SNP markers 
including six KASP markers in the BoJa population and 
96 SNP markers including five KASP markers in the OvJa 
population (Fig. 3). Using the new maps, h4 was rema-
pped to a 642 kb interval flanked by markers KASP3299 
(6,635,984 bp) and KASP1871 (7,277,935 bp) (Fig. 3, 
Table 1). Searching for annotated candidate genes in this 
region in Chinese Spring reference genome (IWGSC 2018) 
identified 17 high-confidence genes (Table 3). Among 
them, six candidate genes are annotated as plant disease 

Fig. 1  Frequency distribution 
of HF resistance scores of Bob-
white × Java (BoJa) recombinant 
inbred lines (RILs) evaluated 
in fall 2017 (F5:6) and spring 
2018 (F5:7), and Overley × Java 
(OvJa) F4:5 RILs evaluated in 
fall 2017. The RIL lines were 
classified based on HF resist-
ance score: susceptible (0%) and 
resistant (10–90%). Bo, Ov and 
Ja represent Bobwhite, Overley 
and Java
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defense-related genes, including TraesCS1A01G011900, 
TraesCS1A01G012000, and TraesCS1A01G012100, 
TraesCS1A01G012300 and TraesCS1A01G012600 encod-
ing protein kinases and TraesCS1A01G012400 encoding 
a F-box protein.

Discussion

In this study, all three experiments using two different 
RIL mapping populations consistently mapped the Hes-
sian fly resistance QTL from Java to the same region on 
wheat chromosome arm 1AS. Java was the original source 
for the recessive resistance gene h4 (Suneson and Noble 

1950). Since only one resistance QTL was found in Java, 
explaining 50–55% of the phenotypic variation for HF 
resistance, the QTL we mapped must be h4. The F1 plants 
with heterozygous h4 showed high susceptibility like their 
susceptible parents in this study, indicating that the resist-
ance gene is recessive, consistent with the original report 
(Suneson and Noble 1950).

This is the first report to show that h4 is located in the dis-
tal region of chromosome arm 1AS, most probably between 
6,635,984 and 7,277,935 bp in RefSeqv1 of Chinese Spring 
(IWGSC et al. 2018). Previously, more than half of known 
HF resistance genes, including H9, H10, H11, H16, H17, 
Hdic, have also been mapped to the 1AS region (Kong et al. 
2005, 2008; Liu et al. 2005a, b). Based on our mapping 

Table 1  Chromosome (Chr) positions, quantitative trait locus (QTL) 
peak (cM) and genetic (cM) and physical (bp) intervals, flanking 
markers, logarithm of the odds (LOD) scores, phenotypic variation 
explained (PVE  %) and additive effects (Add) of the HF resistance 

QTL QHf-hwwg-1A detected in Bobwhite × Java (BoJa) and Over-
ley × Java (OvJa) recombinant inbred populations evaluated in fall 
2017 and spring 2018

a GBS-SNP maps were constructed using GBS-SNPs (upper); KASP maps refer to the updated maps by replacing GBS-SNP markers in the QTL 
region with corresponding KASP markers
b Physical positions of flanking markers were determined by searching the SNP sequences against Chinese Spring wheat reference genome Ref-
Seq v1.0 (IWGSC et al. 2018)
c Additive effect, negative value indicates positive allele from Java

Map  typea Experiment Chr Peak (cM) QTL interval (cM) Flanking marker Physical interval 
(bp)b

LOD PVE (%) Addc

GBS-SNP map BoJa—fall 2017 1A 6.0 0–7.8 BJGBS1213–
BJGBS1583

1,158,042–
6,370,170

25.9 68.1 − 16.8

BoJa—spring 2018 1A 7.0 0–7.8 BJGBS1213–
BJGBS1583

1,158,042–
6,370,170

21.0 70.4 − 20.3

OvJa—fall 2017 1A 7.4 6.4–11.4 OJGBS3299–
OJGBS 1903

6,635,984–
7,277,970

33.4 62.2 − 14.6

KASP maps BoJa—fall 2017 1A 8.0 8.0–8.9 KASP3299–
KASP1871

6,635,984–
7,277,935

29.6 70.3 − 16.6

BoJa—spring 2018 1A 8.0 8.0–8.9 KASP3299–
KASP1871

6,635,984–
7,277,935

26.3 70.5 − 20.4

OvJa—fall 2017 1A 6.8 5.8–9.6 KASP3299–
KASP1871

6,635,984–
7,277,935

33.5 60.4 − 14.9

Table 2  Primer sequences and physical positions of KASP markers converted from GBS sequences within the h4 candidate region

Marker name Physical position (bp) Forward primer1 (5′–3′) Forward primer2 (5′–3′) Reverse primer (5′–3′)

KASP1583 6,370,170 AAC CGA AGC AAG ACT AGC AAC CGA AGC AAG ACT AGT GGT GAA GGT GAG GAA GAA A
KASP1871 7,277,935 GCT GCG GTT TGT GCT TCT GCT GCG GTT TGT GCT TCC TGT GGG CAT CAC CAT CAC 
KASP2446 8,575,021 GAG GGT CTT AAC CAA CAT 

AAAA 
GAG GGT CTT AAC CAA CAT 

AAAT 
TTC TTC GTC CAG TAA TGA CC

KASP974 9,011,078 GTC CAG CAC GAC GGA CAG 
GA

GTC CAG CAC GAC GGA CAG 
GG

CGC ACC ATC AAC CAG CTC 

KASP1218 3,793,352 CCA TTG CCA TCT TGA ACC CCA TTG CCA TCT TGA ACT GGA GGT GGC CGT CAAGC 
KASP3299 6,635,984 GAA TTG CCG AAT ACC CCT AA GAA TTG CCG AAT ACC CCT AG GAG TTC ACT GAA ATT CCC 

TAGT 
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data, h4 is likely located within the same 1AS resistance 
gene cluster. Recently, additional QTLs have also been 
mapped to this Hessian fly resistance gene cluster on 1AS 
(Carter et al. 2014; Li et al. 2013, 2015; Tan et al. 2013). For 
example, the QTL QHf.osu-1Ad on 1AS in ‘Duster’ showed 
complete resistance to HF biotype GP (Li et al. 2015). QHf.
osu-1Ad in ‘Duster’ is probably different from h4 because 
h4 was only partially resistant. Also, the sequence of the 
closely linked marker OPR-A1 was located at 8.29 Mb (Li 
et al. 2015), which is 1 Mb proximal to the h4 interval. The 
QTL QHf.osu-1A74 from the wheat cultivar ‘2174’ explains 
53% HF resistance in the Jagger × 2174 RILs, and the QHf.
osu-1A74-linked marker Cfa2153 is within the h4 interval 
(6.6–7.3 Mb). The QTL QHf-hwwg-1A on 1AS of a soft 
winter wheat ‘Clark’ explained 15–16% of the phenotypic 
variation for resistance to biotype GP (Li et al. 2013), and 
the closely linked marker IWA4505 (8.3 Mb) is apparently 
proximal to the h4 interval. The QTL QHf.wak-1A from 
‘Louise’ explained 29–35% of the phenotypic variation for 
resistance to HF biotype C and the closely linked marker 
IWB61102 (6.7 Mb) overlapped with h4 (Carter et al. 2014). 
Since QHf.osu-1A74 in ‘2174’ and QHf.wak-1A in ‘Lou-
ise’ showed partial resistance at the same location as h4, 
they all could be the same gene or at least allelic. Further 

phenotypic data on dominance and biotype specificity would 
help resolve whether h4 is the same gene as one of the previ-
ously reported genes in the cluster. Fine mapping and clon-
ing of h4 and others will provide definitive insight into the 
relationships among the genes in this important gene clus-
ter. In addition, analysis of annotated genes in the candidate 
region using Chinese Spring reference genome sequence 
(IWGSC 2018) suggested six disease resistance genes for 
h4, and these genes can be used as putative candidate genes 
for further cloning of h4.

To date, none of the HF resistance genes have been 
cloned, and only a few closely linked KASP markers were 
developed recently for marker-assisted selection of HF genes 
(Liu et al. 2020; Tan et al. 2017). In this study, we identified 
many SNPs in the h4 region using GBS, but the abundance 
of missing data points in GBS is a major concern for the 
accuracy of QTL mapping due to limited sequence depth 
(Spindel et al. 2013). These missing data points and sequenc-
ing errors may cause an expansion of the genetic distance 
between markers in a genetic map or misplace markers in the 
map, which may result in inaccurate estimation of the actual 
locations of the QTL and its linked markers. Recently, KASP 
has become more popular for marker-assisted selection due 
to its low cost, simplicity and rapid assay (Rasheed et al. 

Fig. 2  Allele distributions of 
the flanking markers of h4, 
KASP1871 (a) and KASP3299 
(b) in the Bobwhite × Java 
(BoJa) population, KASP1871 
(c) and KASP3299 (d) in the 
Overley × Java (OvJa) popula-
tion, respectively. The X- and 
Y-axes indicate FAM and HEX 
fluorescence, respectively. The 
green dots are resistant geno-
types like Java, the blue dots 
are susceptible genotypes like 
Bobwhite (a and b) or Overley 
(c and d). The red dots represent 
heterozygous genotypes. The 
black dots represent non-tem-
plate controls
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2016; Semagn et al. 2014). In this study, we converted the 
GBS-SNPs in the candidate interval of h4 into KASP mark-
ers to eliminate missing data points and correct the sequence 
errors from GBS. The newly constructed linkage maps 
with KASP markers remapped the h4 QTL to a 642.0 kb 
interval between KASP3299 and KASP1871 on the distal 
end of 1AS. Six KASP markers, KASP1583, KASP1871, 
KASP2446, KASP974 and KASP1218 and KASP3299, in 
the h4 interval, could be used for molecular marker-assisted 
selection of h4 in wheat breeding. The virulence survey by 
Chen et al. (2009) suggests that h4 could be a valuable com-
ponent of a gene pyramid against HF. All of these markers 
still need to be validated across a wider range of breeding 

germplasm. Although h4 was one of the earliest described 
HF resistance genes, it has not been consciously deployed. 
A study of marker haplotypes in this region might help to 
understand if h4 is already present in commercial cultivars.

In many previous studies, HF resistance has been consid-
ered as monogenically inherited; thus, an F2 population was 
usually genotyped and F2 or F2:3 was phenotyped to map HF 
resistance genes (Dweikat et al. 1997; McDonald et al. 2014; 
Wang et al. 2006; Zhao et al. 2006). However, the current study 
showed that about 45–50% of Java plants were highly suscepti-
ble, and the percentage of resistant plants per line in the RILs 
with h4 ranged from 10 to 90% (Fig. 1). Some cultivars with 
high resistance usually have more than one gene/QTL (Li et al. 

Fig. 3  Composite interval mapping of the Hessian fly (HF) resist-
ance gene h4 on the short arm of chromosome 1A in Bobwhite × Java 
(BoJa) population phenotyped in the 2017 and 2018 greenhouse 

experiments (a) and Overley × Java (OvJa) population phenotyped 
in the 2017 greenhouse experiment (b) using GBS-SNPs and KASP 
markers. LOD logarithm of the odds
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2013, 2015; Tan et al. 2013). Wheat resistance to HF may also 
be a quantitative trait. Each resistance gene may contribute 
partial resistance, and its expression is also affected by envi-
ronments, in particular temperatures. A susceptible accession 
usually has 100% susceptible plants, whereas a line with a 
single HF resistance gene may have anywhere from at least one 
plant to 100% resistant plants depending on the environments. 
Therefore, repeated phenotyping of each line is necessary to 
ensure the accuracy of gene mapping. Phenotypic data based 
on a single plant are not reliable for QTL mapping.
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