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Abstract

nucleotide polymorphism (SNP) markers.

Wheat

Background: One of the reasons hard red winter wheat cultivar ‘Duster’ (Pl 644016) is widely grown in the southern
Great Plains is that it confers a consistently high level of resistance to biotype GP of Hessian fly (Hf). However, little is
known about the genetic mechanism underlying Hf resistance in Duster. This study aimed to unravel complex
structures of the Hf region on chromosome 1AS in wheat by using genotyping-by-sequencing (GBS) markers and single

Results: Doubled haploid (DH) lines generated from a cross between two winter wheat cultivars, ‘Duster’ and ‘Billings’,
were used to identify genes in Duster responsible for effective and consistent resistance to Hf. Segregation in reaction
of the 282 DH lines to Hf biotype GP fit a one-gene model. The DH population was genotyped using 2,358 markers
developed using the GBS approach. A major QTL, explaining 88% of the total phenotypic variation, was mapped to a
chromosome region that spanned 178 cM and contained 205 GBS markers plus 1 SSR marker and 1 gene marker, with
0.86 cM per marker in genetic distance. The analyses of GBS marker sequences and further mapping of SSR and gene
markers enabled location of the QTL-containing linkage group on the short arm of chromosome 1A. Comparative
mapping of the common markers for the gene for QHfosu-1A% in Duster and the Hf-resistance gene for QHfosu-1A"* in
cultivar 2174" showed that the two Hf resistance genes are located on the same chromosome arm 1AS, only 11.2 cM
apart in genetic distance. The gene at QHfosu-1A% in Duster has been delimited within a 2.7 cM region.

Conclusion: Two distinct resistance genes exist on the short arm of chromosome 1A as found in the two hard red winter
cultivars, 2174 and Duster. Whereas the Hf resistance gene in 2174 is likely allelic to one or more of the previously
mapped resistance genes (H9, H10, H11, H16, or H17) in wheat, the gene in Duster is novel and confers a more consistent
phenotype than 2174 in response to biotype GP infestation in controlled-environment assays.
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Background

Hard red winter wheat (Triticum aestivum L, AABBDD
genome, 21 = 6x = 42) is the most widely grown crop in
the US Great Plains. Hessian fly [Hf, Mayetiola destruc-
tor (Say)] is one of the most destructive pests that sig-
nificantly reduce grain yield and end-use quality of
wheat in this area and worldwide [1-4]. Hessian fly is
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classified into biotypes of A through L, and GP. Biotype
GP is the prevalent biotype in fields in the Great Plains
area [5,6]. Developing resistant wheat cultivars adapted
to this region is the most feasible strategy to minimize
losses caused by Hf.

Seven (HS5, H9, H10, H11, H16, H17, and Hdic) of the
35 resistance genes heretofore identified were reported
to reside on the short arm of chromosome 1A and con-
fer resistance against biotype GP [3,7-11], and four of
them (H9, HI16, HI7, and Hdic) also confer resistance
against Hf biotype L, the most virulent and prevalent
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biotype in the eastern USA [1]. All of the seven resist-
ance genes may be arranged as a gene cluster and are re-
ported to exist in tetraploid T. durum or T. dicoccum or
have been transferred from tetraploid wheat to hexaploid
wheat [12,13]. In recent studies, efforts have been made
to deploy resistance genes that exist in adapted wheat
cultivars. A winter wheat cultivar ‘2174’ adapted to the
southern Great Plains was found to have a major resist-
ance gene on chromosome 1AS (QHfosu-1A) that con-
fers approximately 70% resistance to biotype GP [4]. A
minor QTL on the telomere region of chromosome 1AS
in the winter wheat cultivar ‘Clark’ is also associated
with resistance to biotype GP [3]. In addition, a minor
QTL (QHfuga-1AS) in wheat cultivar AGS 2000 adapted
to the eastern USA was reported to confer partial resist-
ance to biotype vH13 [1]. These independent studies
have pointed out that chromosome 1AS is a copious re-
source of effective resistance to multiple biotypes, but it
is not known if this region contains multiple resistance
genes, or one resistance gene with multiple alleles
against Hessian fly, or a combination of both.

The resistance gene at QHfosu-1A in 2174 and its de-
rived cultivars can be immediately utilized to control
Hessian fly in winter wheat improvement programs, but
the QTL/gene in 2174 explained the majority but not all
of the phenotypic variation [4]. This QTL/gene also pro-
duces an inconsistent phenotype even under controlled
environmental conditions. Novel and more effective
sources of Hessian fly resistance in adapted genetic
backgrounds are therefore urgently needed in wheat
breeding programs. Hard red winter wheat cultivar
‘Duster’ (PI 644016) is now widely grown in the south-
ern Great Plains following its release in 2006, due to its
versatility in grain-only and dual-purpose systems and
its resilience to biotic and abiotic stress factors. Duster
showed the lowest fly intensities among 30 entries tested
with moderately to heavily infested Hf in the field for
multiple years [14]. Duster is one of a few wheat culti-
vars that confer a consistently high level of resistance to
biotype GP [5]. Moreover, Hf intensities at economically
significant levels have not been reported in any field plot
containing this unique cultivar [15]. However, little is
known about the genetic mechanism underlying Hf re-
sistance in Duster. A diagnostic molecular marker for
the resistance gene in Duster is needed for effective re-
sistance breeding.

Recent progress in the application of high-throughput
sequencing technologies and development of genomic
mapping tools has accelerated identification of agricul-
turally important genes in QTL mapping experiments
[16]. A high-throughput array to interrogate 9,000 gene-
associated single-nucleotide polymorphisms (Wheat 9 K
iSelect SNP assay) in worldwide accessions of hexaploid
wheat including landraces and modern cultivars was
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developed to detect key genomic regions for wheat im-
provement [17]. The developed SNP chips and maps of
genetic variation have been used to identify new sources
of resistance to wheat stem rust, caused by Puccinia gra-
minis f. sp. tritici race group Ug99, with numerous stud-
ies reporting both qualitative genes and quantitative trait
loci [18].

More recently, next-generation sequencing (NGS) tech-
nology has provided scientists with unprecedented tools to
unravel allelic variation associated with complex traits [19].
Several approaches that combine marker discovery and
genotyping have been developed, including sequencing of
reduced representation libraries, restriction-site-associated
DNA sequencing (RAD-seq), multiplexed shotgun sequen-
cing and genotyping-by-sequencing (GBS). Increased out-
put of the GBS data and reduced per sample cost by
generating the same amount of data per sample using a
96-plex library have enabled this genotyping platform to
become more attractive [20]. The two-enzyme GBS ap-
proach has been demonstrated to be robust for genotyping
in species with a large and complex genome like barley,
and even polyploid genomes like common wheat [20]. The
development of high-density GBS markers in hexaploid
wheat will facilitate the determination of the physical loca-
tion of a gene of interest.

In the present work, we employed NGS technology to
identify GBS SNP markers across an entire genome for
Hf-resistance genotyping of a large wheat population.
We have successfully located the gene for resistance
within a region of 2.7 cM flanked by two GBS markers.
The resistance gene in Duster is also located on the
short arm of chromosome 1A, but it is different from
the gene previously reported in 2174. The two genes are
located 11.2 cM apart in genetic distance. The ability to
distinguish these two genes is critically important in
marker-assisted breeding.

Results

Near immunity of duster to the Hf biotype GP

Hf biotype GP was used to test two winter wheat cultivars:
Duster and Billings. Two cultivars, Molly (H13) and Carol
(H3), served as resistant controls, and Karl 92 (no R gene)
was used as the susceptible control (Figure 1A). Like
Molly, Duster showed complete resistance, whereas like
Karl 92, Billings showed complete susceptibility. When
2174 was tested with the same Hf biotype, this cultivar
showed approximately 70% resistance [4], indicating that
Duster produces a more consistent phenotype in response
to biotype GP than 2174.

The Duster x Billings population of 282 DH lines was
tested for response to Biotype GP. Following infestation
with the GP biotype, 142 lines showed complete resistance
(similar to Duster), 114 lines showed complete susceptibil-
ity (similar to Billings), 24 lines showed intermediate
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Duster  Molly Carol  Karl92 Billings

Figure 1 Comparative analysis of Hessian fly resistance among hexaploid wheat cultivars. A). Reactions of cultivars to the biotype GP
were rated (%) for comparison of Duster and Billings. Karl 92, Molly, and Carol were used as controls. B). DH lines were groups based on their
reactions to the biotype GP: complete resistance (100%), partial resistance (51-99%), partial susceptibility (1-50%), and complete susceptibility (0%).
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resistance (16 lines with 1-50% resistance and 8 lines with
51-99% resistance) (Figure 1B), and 2 lines produced no
data. When the subset of 16 intermediates was treated as
susceptible and the other subset of 8 intermediates was
treated as resistant, segregation of the DH population fit a
one-gene model (* = 1.44, p > 0.05).

Genetic mapping of GBS markers in the DH population
Three GBS libraries at 96-plexing using the methods of
Poland et al. [20] with enzymes Pst I and Msp I for 282
DH lines and 3 replicates of each parent. A total of
2,358 GBS markers were eventually generated from
14,028 SNP called.

The GBS SNP markers of 260 DH lines were analyzed
after removing 22 lines with excessive missing data.
These GBS markers were assembled into 26 linkage
groups, forming genetic maps for the winter wheat DH
population (Table 1). Based on the conserved locations
of the GBS SNP markers, these linkage groups were
assigned to 19 of the 21 chromosomes in hexaploid
wheat (Table 1). Total length of the 26 linkage groups
containing the 2,358 GBS markers was 2085.7 cM, with
a marker density of 0.88 cM per marker. Detailed infor-
mation for the length of each linkage group and genetic
distances of the GBS markers on the whole genome is
provided in Additional file 1: Table S2. Whereas 299
GBS markers were observed on chromosome 3B alone,
no GBS markers could be mapped to chromosomes 4D
or 6D. A total of 891 markers was assigned to genome
A, 1,236 markers to genome B, and only 231 markers to
genome D. These results supported previous observa-
tions that genome D harbors the least amount of se-
quence diversity [17].

Although the GBS markers did not cover all chromo-
somes and some chromosomes were observed to have
large gaps between mapped linkages, a large-effect QTL
was found to account for most of the phenotypic vari-
ation in Hf biotype GP reaction of the entire population.
Therefore, no further effort was needed to generate new
markers to cover the missing chromosomes.

A single gene segregated for Hf resistance in the DH
population

A total of 205 GBS markers was assembled into linkage
group 4 spanning 177.8 c¢cM in genetic distance. The
chromosomal location of the linkage group was identified
by using three different approaches (below). Whereas
many markers were assembled into a cluster, a 13.5 cM
gap was observed between markers GBS08992 and
GBS10863, which are located in the central region of the
short arm of chromosome 1A (Figure 2A). Similar gaps in
the same region were frequently observed in previous
mapping studies [4,21].

On the basis of whole-genome QTL scanning using
Interval Mapping (IM) analysis, the QTL for Hf reaction
was found in this group. The LOD value at the peak
position of this QTL for Hf resistance was 117, and this
QTL alone accounted for up to 88% of the total pheno-
typic variation (Figure 2A). This is consistent with our
conclusion of a bimodal phenotypic distribution for Hf
reaction, which in this population was controlled by a
single major gene. It was confirmed that the Duster al-
lele confers a resistant reaction, whereas the Billings al-
lele confers a susceptible reaction.

The intermediate phenotype in the DH population
may be explained by two minor QTLs (Additional file 2:
Figure S2). One QTL was mapped to linkage group 3
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Table 1 Chromosomal locations of linkage groups
assembled with GBS markers

Linkage Marker Chrom.* Chrom. Max. Min. Marker
group  number Length distance distance density
(cM)
4 205 1A 18392  13.98 0 0.88
8 197 1B 12032  18.16 0 0.61
14 61 1D 22.54 10.57 0 0.37
6 71 2A 78.06 153 0 1.10
24 18 2A 15.58 553 0 0.87
5 88 2B 38.03 7.98 0 042
17 50 2B 26.29 11.19 0 0.53
13 62 2D 16.14 2.28 0 0.26
23 17 2D 30.15 22.18 0 1.77
15 29 3A 71.15 19.95 0 245
16 1 3A 33.19 12.77 0 3.01
1 299 3B 22836 2218 0 0.76
21 13 3D 64.44 19.63 0 4.96
3 219 4A 21239 1531 0 0.97
26 15 4B 7548 21.72 0 5.03
12 34 5A 4269 10.35 0 1.26
22 21 5A 31.74 557 0 1.51
9 152 5B 21459 2352 0 141
19 34 5D 19.13 8.78 0 0.56
10 148 6A 11335 1161 0 0.77
7 181 6B 83344 2052 0 046
11 116 7A 11094 1356 0 0.96
20 19 7A 22.26 16.54 0 117
2 254 7B 17274 2094 0 0.68
18 28 7D 35.66 21.52 0 1.27
25 16 7D 23.32 9.77 0 1.46
26 2358 2085.7 2352 0 0.88

*No GBS markers are mapped to 4D or 6D.

assigned to chromosome 4A, and this locus accounted
for 7.5% of the total phenotypic variation (Additional file
2: Figure S2A). The other QTL was mapped to linkage
group 11 assigned to chromosome 7A, and this locus
accounted for 6.8% of the total phenotypic variation
(Additional file 2: Figure S2B). At both loci Duster con-
tained a susceptible allele and Billings contained a resist-
ant allele. At GBS08246 on the 4A locus, the average
resistance was 44% in the DH lines carrying the Duster
allele but 67% in the DH lines carrying the Billings allele,
indicating a significant difference in Hf resistance be-
tween the two alleles (p > 0.01). At GBS00103 on the 7A
locus, the average resistance was 46% in the DH lines
carrying the Duster allele but 66% in the DH lines carry-
ing the Billings allele, indicating a significant difference
in Hf resistance between the two alleles (p > 0.01).
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Validation of QHf.osu-1A? on chromosome 1AS

The PCR product of a GBS marker is randomly amplified
from the wheat genome; therefore, the physical location of
a GBS marker is not implicit. As the present study ad-
vanced, a draft sequence of the wheat genome was re-
cently released in the International Wheat Genome
Sequencing Consortium (IWGSC) [22]. The chromosome
arm-based sequences (https://urgi.versailles.inra.fr/) pro-
vided a powerful tool for identification of chromosomal
locations of the GBS markers. While the location of each
linkage group was predicated from the IWGSC sequences
(Table 1), the physical location of the QTL on chromo-
some 1A was validated by three approaches.

First, the sequence of a GBS marker under the peak of
the QTL was searched in IWGSC databases to deter-
mine the chromosomal location of the linkage group. As
a result, the sequences of GBS markers under the QTL
peak, such as GBS 07851, GBS10205, GBS02033, and
GBS07859, were found identical to sequences of the
contigs from chromosome 1AS. The sequences of GBS
markers on the whole genome are archived in the NCBI
SRA (accession number SRP051982). The sequences of
those GBS markers under the QTL were also searched
in EST databases in GenBank to determine if any marker
hit any wheat EST that has been mapped in wheat bins
[23] or any published genetic maps. If a marker did not
hit any EST, the marker sequence was used to search in
wheat genome sequences to test if the marker hit any
contig that contains a gene. GBS07859 showed a match
with contigl041452 (1,002 bp) of Chinese Spring gen-
omic sequences (http://www.cerealsdb.uk.net) and a
c¢DNA sequence of diploid wheat T. urartu (UCW_Tu-
k41_contig_83), suggesting that the GBS07859 marker se-
quence was amplified from a gene. The sequence of
GBS07859 hit a gene that has a single copy in rice
chromosome 5, suggesting that the GBS07859-containing
linkage group was from chromosome group 1 in wheat.

Second, SSR marker Xcfdl5 that was reported on
chromosome 1AS was mapped in the GBS07859 linkage
group. Two SSR markers Xcfd15 and Xwmc432 that were
mapped in chromosome group 1 were found to be poly-
morphic between the Duster and Billings alleles. Xwmc432
was mapped to chromosome 1D (data not shown). Xcfd15
was mapped to chromosome 1A (Figure 3A), further sup-
porting that the GBS linkage group 4 was from chromo-
some 1A.

Lastly, a marker for the TaOPR-AI gene that was
mapped on the short arm of chromosome 1A [4] was
developed to identify allelic variation between Duster
and Billings (Figure 3B). The TaOPR-Al gene was
mapped in GBS linkage group 4 of the DH population,
enabling us to conclude that the GBS linkage group 4
was located on the short arm of chromosome 1A in
wheat.


https://urgi.versailles.inra.fr/
http://www.cerealsdb.uk.net

Li et al. BMC Genomics (2015) 16:108

Page 5 of 10

cM
0.0 ~lol - GBS03255
09 5302063
20 BS10179
43 <] [ 168508194
e GBS03079
. GBS12947
71 [~ GBS0799
95 ~J |- GBS
108 &
13.0 1G8
146
15.0 — GBS1250
GBS06
154
GBS13765
400 GB500772
: GBS09795
207 GBS07851
234 GBS02033
243 38513627
250 GBS11351
27 GB307859
ot EREB
400 GBS10918
5300214
4.0 GBS08504
GBS08020
GBS11149
&BSonere
466 GBS03471
GBS01329
472 8302s
GBS11569
479 GBS01784
GBS01204
- GBS01613
X GBS09363
GB311626
544 GBS11123
555
573 GBS12419
6238 |- GSosss7
64.0 1 B!
650 [ gBS0so7s
666 [Ny GBS03159
GBS0041
696 N
|gsst
724 [N GBS01101
737 GBS
BS002!
27 38507939
GBS00462
7538 38511628
ms J\eaes
787 GBS11455
a5 \ GBS02872
3 GB313424
B!
iyl
87 GB311620
GBS06956
90.1 GBS11355
GBS13170
GBS01330
&B30e0r
919 38510200
GBS08708
S
B3 GBS13128
98.2 (- GBS0d742
1006 8506
GBS03035
1013 GBS08122
GBS08581
38304339
024 GBS10526
103.1 GBS04327
108.3 I GBS04270
109.2  GBS01417
1103 B!
| e
5980 GB311487
129.4
130.9 ——— GBS08820
1866 ~ |-
1459 \_/hég 53
1472 B3N8
1488 T~ GBS06514
1552 GBS13358
165.2 \ /‘G5500978
166.4 [7]  GBS07244
GBS00674
GBS02405
GBS06385
GBS07248
.
1689 \ L fGes10873
1/ | cBS11041
GBS11449
H |essi1es2
H |S811877
NNgz
170.1 b
1753 —T T~ GBS03456
GBS04319

1778 —<—GBs11821

ar 1A
0.0 SNP26722419 SNP39777383
\Q/‘SNP‘S728492 SNP52724337 =
8~ /{ SNPS8620479
— SNP20770453 SNP32735302
32/ SNP41809308  SNPSS723314
| |snpss729333
62 CFDS8
o388s28388 B38Y
GBS06891 : S. 123 | | -PsPoes
GBS08195 : 148~ |7 s Pm3a
GBS10645 : by 75 \ / CFA2153 S42acaga
i . ; \— /’summm SNPS711491
- 21.0 4 \__V/ , SNPass42432 -
gas0e2s b4 \ OPR-AT SNP19649331 h
: SNPS0604427  SNP67614409
SNP28676319  SNP18847312
CFD1S CFD1S SNP28751478
GBS13657 SNP39603316  SNP39683384
GBS00773 SNP44760456  SNP47656465
SNPS2809430 SNP64701451
GBS10205 ! SNP74752414
! 209 | | {SNP38800470 SNP38B05317
339 SNP73708494
3B ; &5 / SNP38790371  SNPS1801361
i |V [|snpsa73sa4e  snps7760383
i SNP11651421  SNP13638410
e i 416 SNP34750390  SNPGB706501
68308021 ! o SNP17747416  SNP44608335
GBS12344 [ S04 SNPSB655300
GBS02236 v 3.0 CFD61
SoS0anas I SNP23664316  SNP28693437
GBS02083 | $6.5 SNP28790343 SNP39678443
Gosiores | SNP49750484  SNPGGG8E3T8
38301785 ' 8.0 PSP3151
perie e ‘e SNP14636325  SNP20711456
GBS11319 g: 66.9 SNP32600466  SNP36720409
GBS13353 i SNPS0629489  SNPE4715388
1 684 SNP31600461
“’ 705 SNP11671503 SNP72774315
GBS10114 . SNP16775476  SNP38742487
o : s SNP4SE21503  SNP4G638437
GBS12643 SNP46705304  SNPS4611340
SNPS6601320
7 Wic24
poosid 802 CHA-Al  LOX-al
GB! PSP3027 SNP26627490
e B4 SNP35743428  WNC120
B! i SNP10715477  SNP10780433
GBS0tz ‘ SNP11644323  SNP11729501
casorres bt SNP12670302  SNP12780365
GBSi18a4 5 SNP13649486  SNP13804457
GBS07737 . SNP14748380  SNP15768438
GBS08400 b (Il [sNP17719439  SNP20617441
gggﬁggi » SNP28711379  SNP29627484
? 82 SNP29631394  SNP30610420
GBS13171 H 1| [|sNP31763304  SNP33733402
s % SNP34639348 SNP34732312
oo W —|[ |snP34751329  SNP3g7eT4ss
GBS08072 3 SNP40684470 SNP43724318
ooseaT : || |swesoreests  swes17s3z21
} SNPS3686370  SNPS4746508
68513127 ; SNPSS620494
%07 SNP23745358  SNP37610360
] ! 92‘3\ SNP33767360  SNP38774460
GBS08123 o SNPE1613357 SNP71787373
\ SNP19790328 SNP23783497
GBS10781 SNP31783461  SNP43696313
975 SNP47672430 SNP47699432
SNPS1700326  SNPS1708387
ceszér i \_ SNPSSE63302  SNPSB728356
GBS11486 q SNP18691466  SNP23655407
GBS07861 . 1087 SNP23687392  SNP26747490
. . SNP28764337  SNPS9799457
i SNP61613477
! 1104 SNP40779374
i SNP10684467 SNP26609349
i 128 SNP30647338
- \L SNP41667308  SNP4B770356
| B - SNP70740387 SNP74600304
GBS12452 1195 SNP25713330  SNPG0697305
68505366 \L_ SNP17723312  SNP17775438
SNP23619429 SNP23790342
: 1217 SNP33741310  SNP48683301
it i SNPS1690435  SNPS3801367
3 SNPB0679437  SNP67759329
ot i 553 I/ |shpas7eears  snpaorsssos
GB307247 H || /]snpa7es0316  snpssesasss
GBS07249 | 1237\ /‘ SNP23667490 SNP72763332
GBS10598 H W SNP17604403 SNP21748490
oo e SNP28612445  SNP28B5T486
GBS11661 | : \—' SNP44766348 SNP45601307
o ‘ I |snpssr2esss  snpe2esasst
GBS12977 : 1201 — ™ SNP63668344
GBS13699 i 1302 ~ ]|\ shPes639344 ¢
1315 -]\ snp2es24300 &
. 1329 7 \|SNP20670420 SNPSS657374 e
A Duster x Billings B Jagger x 2174

Figure 2 (See legend on next page.)

aot




Li et al. BMC Genomics (2015) 16:108 Page 6 of 10

(See figure on previous page.)

Figure 2 Comparison of two QTLs for resistance to Hessian fly. A). The position of the QHfosu-1A% locus in the Duster x Billings DH population
was mapped using 176 GBS markers. The physical location of the QTL on the short arm of chromosome 1A was validated by using Xcfd15 and TaOPR-
AT markers that are highlighted in red. The gene at the QHfosu-1A? locus is centered in a 2.6 cM region flanked by GBS07851 and GBS10205 markers
that are highlighted in blue. The telomere region of chromosome 1AS that is not covered by GBS markers is indicated by a chromosomal fragment
with a dotted line. B). The position of the QHfosu-1A"* locus in the 144 Jagger x 2174 RILs was mapped using 154 SNP markers and 15 other markers.
The physical location of the QTL on the short arm of chromosome 1A was validated by using TaOPR-AT and Xcfd15 markers that are highlighted in red.

side of the common markers.

The gene at the QHfosu-1A"* locus is centered in a small region indicated with purple and covering TaOPR-AT and Pm3. The vertical dotted line
indicates the logarithm of the odds (LOD) significance threshold of 2.5. Common markers TaOPR-AT and Xcfd15 on the two maps are aligned up to
indicate their relative positions on chromosome TAS. QHfosu-1A% is on the proximal side of the common markers, whereas QHfosu-1A"* is on the distal

The confirmed chromosomal locations of GBS07859,
Xcfd15, and TaOPR-AI altogether support the location
of GBS linkage group 4 on the short arm of chromo-
some 1A in wheat. This QTL in Duster was thus named
QHf.osu.1A%. The previous QTL mapped in 2174 [4] is
renamed QHf osu-1A™.

Two Hf resistance genes on chromosome 1AS

A total of 154 SNP markers was assembled into chromo-
some 1AS that was previously mapped with 15 SSR
markers and PCR markers developed from genes includ-
ing Pm3, TaOPR-A1, and LOX-A1 [4]. The linkage group
spanned 133 cM, with 0.87 ¢cM per marker. The SNP-
saturated map resulted in QHfosu-IA”* producing an
LOD value of 32.5, accounting for 66.5% of the total
phenotypic variation (Figure 2B). Mapping of both the
TaOPR-A1 gene and Xcfdl15 in a set of Jagger x 2174
RILs and Duster x Billings DH lines allowed determin-
ation of the physical locations of the two QTLs. To cal-
culate the genetic distance between the QTLs/genes, the

regions containing the two QTLs and their neighboring
markers were enlarged and shown in Additional file 3:
Figure S1. The two common markers Xcfd15 and OPR-
Al are on the distal side of the peak of QHfosu-1A% in
Duster but on the proximal side of the peak of QHfosu-
1A in 2174, indicating that the two Hf resistance genes
are located in different regions of the same chromosome
(LAS). Xcfd15 at 15.4 cM in Duster was 5.3 ¢cM distal to
the Hf gene at 20.7 cM, but Xc¢fd15 at 25.7 cM in 2174
was 4.7 ¢cM proximal to the Hf gene at 21 cM, indicating
that the two genes reside 10 cM apart. Similarly, OPR-
Al at 10.8 cM was 9.9 cM distal to the Hf gene in
Duster, but OPR-A1 at 23.4 ¢cM was 2.4 cM proximal to
the Hf gene in 2174, suggesting that the two genes reside
12.3 c¢cM apart. Putting the genetic distances of the two
common markers together with the genes in the two
different mapping populations, this study indicated that
the two genes reside 11.2 cM apart. The sequence of
GBS07859 representing QHfosu-1A? was identical to
its rice orthologous gene at position 516 kb of
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chromosome 5 (300 Mb) of rice (GenBank accession
number (NC_008398). TaOPR-Al representing QHf.
osu-1A"* had a high identity to its rice orthologous
gene at position 5,884 kb on the same chromosome 5,
suggesting that the rice collinear regions of the gene at
QHf osu-1A* and the gene at QHf osu-1A”* spanned ap-
proximately 5,368 kb in rice.

Thorough analysis of genotypes and phenotypes of the
260 individual DH lines showed the gene responsible for
the QHfosu.1A? locus resides between GBS07851 and
GBS10205. Among the DH lines, two lines (#73 and
#124) showed a crossover between GBS010205 and the
gene (Figure 3C). For example, the #73 line had the
Duster allele for GBS10205 but the Billings allele for
GBS07851. This line was Hf susceptible, as conferred
by the Billings allele. Hence, the gene allelic form in
this line is the same as GBS07851. Similarly, four lines
(#66, #96, #125, and #212) had a crossover between
GBS07851 and the gene at QHfosu-1A? (Figure 3C).
These results showed that the resistance gene at QHf.
osu-1A% is located in the 2.7 c¢M region flanked by
GBS07851 and GBS10205.

Discussion

Resistance genes against Hf have been repeatedly
mapped to the end of the short arm of chromosome 1A.
The previous studies suggested that this genomic region
may contain a cluster of major dominant resistance
genes against multiple Hf biotypes [10,13]. However, the
previous studies were performed using different map-
ping populations, different markers, as well as different
biotypes, which make it difficult to determine if a single
resistance gene has multiple alleles or if several resistant
genes reside on the short arm of chromosome 1A. This
study demonstrates the existence of two distinct resist-
ance genes on the short arm of chromosome 1A. The
presence of the two genes in locally adapted cultivars
provides more options for introgression of resistance
from diverse genetic backgrounds.

Four genes (H9, H10, H11, and Hdic) on chromosome
1A were previously mapped in close linkage with SSR
marker CFA2153 at a genetic distance of less than 1 cM
[10]. H9 was also linked to Pm3 at a genetic distance of
4.5 ¢cM [9]; H16 and HI17 were located at 3.7 ¢cM and
6.2 cM to PSP2999 in genetic distance [13]. CFA2153,
Pm3, and PSP2999 were all mapped under the peak of
the QHf.osu-1A"* locus observed in wheat cv. 2174, sug-
gesting that the resistance gene in 2174 could be ortho-
logous to one or more of the previously mapped
resistance genes (H9, H10, H11, H16, H17, and Hdic) in
tetraploid wheat. The TauOPR-A1 gene is the candidate
for QHfosu—1A74 in 2174 [4]. However, the resistance
gene in 2174 and the resistance gene in Duster are at
least 10 cM apart. The gene mapped in Duster is a novel
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one. The novel Hf resistant locus in Duster explained
88% of the phenotypic variation, suggesting that the re-
sistance in the Duster x Billings DH population segre-
gated according to a single gene. Most DH lines in the
population showed complete resistance or complete sus-
ceptibility to Biotype GP, also supporting a one-gene
model for the phenotypic distribution. Whereas the gene
in cultivar 2174 explained the majority of the phenotypic
variation [4], the gene in Duster produces a more con-
sistent phenotype in response to biotype GP [14].

The presence of a major gene in the DH population
with nearly unambiguous segregation of Hf resistance
has provided an excellent population for cloning of this
gene. To date, 14 genes have been cloned from wheat
using the positional cloning strategy [24,25], but no gene
has been cloned for resistance to Hf. Fine collinearity at
the QHfosu-1A"* locus between wheat, rice, and Brachy-
podium has indicated low collinearity of the gene order in
this region among these species, and that the fine physical
map for QHf osu-1A”* cannot be established by using gen-
ome information from rice or Brachypodium only [4]. The
gene in Duster has been delimited to a region between
two GBS markers, GBS07851 and GBS10205. GBS07859
can be used as starting point for anchoring a physical con-
tig of the wheat genomic sequences. The recently released
genome sequences may provide a powerful tool in cloning
QHf.osu-1A“.

GBS markers offer several advantages, including a gen-
eric sample preparation method, a highly robust genome
complexity reduction strategy to facilitate de novo marker
discovery across entire genomes, and a uniform bioinfor-
matics workflow strategy to achieve genotyping goals tai-
lored to individual species, regardless of the availability of
a reference sequence [20]. The most distinguishing fea-
tures of this technology are the ability to genotype any
population structure, regardless whether parental data is
included, and the ability to co-dominantly score SNP
markers segregating in populations [20]. Using this new
genotyping approach on biparental double haploid popu-
lations, we identified QHf.osu-1A". The development and
application of GBS markers in the DH population has pro-
vided a successful example of developing high-density
markers in wheat without a sequenced genome, and for
determining the physical location of a major gene without
sequencing physical contigs or the whole genome in
wheat.

Among the 35 known HIf resistance genes, however,
only 8 genes (HI1-H5, H7, HS, and HI12) were identified
in hexaploid wheat [26,27]. The remaining 25 genes
were identified in distant and close relatives of hexaploid
wheat. H9, HI10, and HI1I were individually transferred
from T. turgidum ssp. durum into the background of
common wheat cultivars [28], but these genes have not
yet been deployed in commercial cultivars [10,29]. Hdic
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was transferred to wheat germplasm KS99WGRC42
from an accession of cultivated emmer wheat (7. turgi-
dum ssp. dicoccum) P1 94641. It is not known where the
gene in 2174 or Duster originated. However, this study
provides molecular marker tools to pyramid effective re-
sistance genes in bread wheat, particularly those access-
ible from more adapted genetic backgrounds, to manage
Hessian fly and improve resistance durability in hard red
winter wheat.

Conclusion

This study deployed GBS markers to rapidly and precisely
map a major gene for unique resistance against Hf in win-
ter wheat cultivar Duster. In comparison with the Hf re-
sistance gene in winter wheat cultivar 2174, the gene in
Duster is novel and confers a more consistent phenotype.
The Hf resistance gene in 2174 is likely allelic to one or
more of the previously mapped resistance genes (H9, HI0,
H11, Hi6, or H17) in wheat, but the Hf resistance gene in
Duster is not allelic to any of these reported genes. The
existence of two distinct resistance genes on the short arm
of chromosome 1A in locally adapted cultivars provides
more options for introgression of resistance from diverse
genetic backgrounds and pyramiding of the distinct two
resistance genes in a single germplasm line. The nearly
unambiguous segregation of Hf resistance under Duster
and Billings genetic backgrounds has provided an excel-
lent opportunity for cloning of the Hf resistance gene in
Duster.

Methods

Hessian fly biotype and resistance of the plants to
Hessian fly

Hf biotype GP was used in this study. Biotype GP was
maintained in the USDA-ARS Hard Winter Wheat Gen-
etics Research Unit, Manhattan, Kansas, USA. Biotype
GP used in this study. The Hf population was main-
tained in the greenhouse with wheat seedlings of ‘Karl
92, which is 100% susceptible to biotype GP.

Duster and Billings are two winter wheat cultivars that
were released in the southern Great Plains, and the two
hard red wheat cultivars were used to generate a popula-
tion with 282 doubled haploid (DH) lines. Jagger and
2174 are also two winter wheat cultivars utilized in in
the southern Great Plains, and the two hard red wheat
cultivars were used to generate a population of recom-
binant inbred lines that were tested for response to Bio-
type GP in a previous study [4]. The infestation
experiment with Hf on parental lines and 282 DH lines
of Duster x Billings were conducted using the approach
as described previously [4]. The reaction of a line was
recorded as susceptibility or resistance. When all plants
of a line were susceptible, this line was phenotyped as
0% resistance. When all plants of a line were resistant,
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this line was phenotyped as 100% resistance. A random
subset of the DH lines was confirmed with three
replications.

Development of GBS markers

Three 96-plex libraries were generated from a single
sample of each DH line and three replicates of each par-
ent. A library consisting of DNA fragments with a for-
ward adapter and a reverse adapter on opposite ends of
every fragment was generated for each of the DH lines
according to the protocols of Poland et al. [20] using re-
striction enzymes Pst I and Msp I to produce a complex-
ity reduction of the genome and capture the genomic
sequence between restriction sites. The full list of bar-
coded adapters and the list of DH samples with corre-
sponding barcodes are provided in Additional file 4:
Table S1. The procedures of library construction were
described previously [20].

PCR products were amplified using a program with a
short extension time (<30 s) to enrich shorter fragments
suitable for bridge-amplification on the Illumina flow-
cell on Illumina HiSeq2000. The raw sequences were
assigned to individual samples base on an exact match
to the DNA barcode followed by the Pst I restriction site
and trimmed to 64 bp. The tag sequences were aligned
allowing a one or two base-pair difference to call puta-
tive SNPs. When a SNP call showed a difference be-
tween the two alleles, the SNP was considered as a GBS
marker. If a SNP call was heterozygous, presumably due
to sequencing errors, this call was set to missing data.
To ensure linkage map quality, the SNP markers used
for final mapping were selected by removing markers
that were more than 20% missing values and contained
identical recombinant information. Eventually, a total of
2,358 GBS markers were generated from 14,028 SNP
called.

Linkage group construction and QTL analysis

The 2,358 GBS markers developed for the Duster x
Billiongs population were analyzed for linkage mapping
using the 260 DH lines. To more precisely map the gene
responsible for QHf osu-1A"* in 2174, SNP markers were
used to saturate the targeted region in 144 Jagger x 2174
recombinant inbred lines (RILs). The SNP markers were
generated by an Illumina Infinium 9 K iSelect platform
through the TCAP [17], and the 8-digit SNP codes
served as the reference number for each SNP.

The GBS and SNP markers were used to make linkage
groups using JoinMap 4.0 [30]. The Kosambi mapping
function was used to estimate the map distance. The
Interval Mapping program was run to locate QTLs for
the Hf resistance using MapQTL 6.0 [31]. Logarithm of
the Odds (LOD) threshold for significance was 2.5 for
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the presence of a putative QTL. Maximum LOD values
were used to estimate QTL peak positions.

Development and mapping of SSR markers and TaOPR-A1
genes

Forward primer 5-CTCCCGTATTGAGCAGGAAG-3'
and reverse primer 5-GGCAGGTGTGGTGATGATCT-
3" were used to amplify products for Xcfd15. The PCR
amplification was performed as follows: 94°C for 3 min,
40 cycles of 94°C for 30 sec, 55°C for 30 sec, and then
72°C for 30 sec, the final extension was 72°C for 10 min.
The PCR products were separated and scored on 2%
agarose gel.

There are four copies of TauOPR-AI genes in a BAC
clone of T. durum that were mapped associated with the
QHfosu-1A74 found in 2174. Two primers, OPR1A4-F1
(5-TCACTACCACACCACTCAG-3) and OPR1A4-R1
(5-CATCTAATTAGTGTCCTGCA-3’) were designed to
amplify the forth copy of 7aOPR-A1 with 1,717 bp in size
(GenBank KF035081). A SNP was found to distinguish be-
tween the Duster and Billings alleles after the PCR prod-
ucts were digested with restriction enzyme BssH II. The
PCR was performed using the procedure as follows: 94°C
for 3 min, 40 cycles of 94°C for 30 sec, 55°C for 30 sec,
and then 72°C for 2 min, the final extension was 72°C for
10 min. The PCR products were purified and sequenced.
The digested PCR products were 143 bp, 324 bp, and
1,250 bp for the Duster allele but 467 bp and 1,250 bp for
the Billings allele. The marker developed for TuOPR-A1
was used to analyze the DH population.

Additional files

Additional file 1: Table S2. The chromosomal locations and linkage
groups of GBS markers.

Additional file 2: Figure S2. Mapping of two minor QTLs for resistance
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Additional file 3: Figure S1. The enlarged regions containing the two
QTLs and their neighboring markers.

Additional file 4: Table S1. Barcode adapters used for GBS.
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