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Abstract H32 is a newly identified gene that confers
resistance to the highly pervasive Biotype L of the
Hessian fly [ Mayetiola destructor (Say)]. The gene was
identified in a synthetic amphihexaploid wheat, W-7984,
that was constructed from the durum ‘Altar 84’ and
Aegilops tauschii. This synthetic wheat is one of the
parents of the marker-rich ITMI population, which
consists of 150 recombinant inbred lines (RILs) derived
by single-seed descent from a cross with ‘Opata 85’.
Linkage analysis of the H32 locus in the ITMI popula-
tion placed the gene between flanking microsatellite
(SSR) markers, Xgwm3 and Xcfd223, at distances of
3.7 and 1.7 cM, respectively, on the long arm of chro-
mosome 3D. The Xgwm3 primers amplified codominant
SSR alleles, a 72 bp fragment linked in coupling to the
resistance allele and an 84 bp fragment linked in repul-
sion. Primers for the SSR Xcfd223 amplified a 153 bp
fragment from the resistant Synthetic parent and a
183 bp fragment from the susceptible Opata line. Dele-
tion mapping of the flanking Xgwm3 and Xcfd223
markers located them within the 3DL-3 deletion on the
distal 19% of the long arm of chromosome 3D. This
location is at least 20 ¢cM proximal to the reported 3DL
location of H24, a gene that confers resistance to Bio-
type D of the Hessian fly. Tight linkage of the markers
will provide a means of detecting H32 presence in
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marker-assisted selection and gene pyramiding as an
effective strategy for extending durability of deployed
resistance.

Introduction

Hessian fly, Mayetiola destructor (Say), is a destructive
pest of wheat (Triticum aestivum L. em Thell.) in many
wheat-growing regions worldwide. In experimental plots
grown in Oregon USA, yield dropped as much as 59%
in susceptible cultivars (compared to resistant), when as
few as 15% of the plants were infested (Smiley et al.
2004). Despite a steady identification of resistance genes
(31 genes since 1943; Noble and Suneson, 1943; Ratcliffe
and Hatchett 1997 [review]; Williams et al. 2003,
Mclntosh et al. 2003), virulent Hessian fly genotypes
continue to arise and cause major crop losses.

The center of origin and diversity for both Hessian fly
and wheat is central and southwestern Asia (Harlan and
Zohary 1966). The geographic distribution of Hessian
fly mitochondrial haplotypes in North America supports
a limited number of introductions from Europe (John-
son et al. 2004). Thus, many genes from diverse sources
have provided resistance to North American fly popu-
lations even though they may no longer be effective in
the center of diversity. The occurrence of numerous
Hessian fly-resistance genes identified in the A, B and D
genomes of wheat suggests a long co-evolutionary rela-
tionship between wild wheat species and the Hessian fly.

Hessian fly larvae are believed to inject many salivary
proteins into wheat tissue (Chen et al. 2004) capable of
being detected as avirulence factors in a classic gene-for-
gene recognition (Hatchett and Gallun 1970; Gallun
1978) if the plant contains a corresponding resistance
gene. The probable redundancy of genes encoding these
salivary proteins allows for restored larval virulence if
the defense-triggering elicitor is eliminated or altered.
Widespread use of resistant cultivars exerts strong
pressure favoring the selection of virulent genotypes
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within wild Hessian fly populations (Gallun et al. 1961),
thus rendering the corresponding plant resistance genes
ineffective after 8—10 years of deployment (Foster et al.
1991). Continuous evolution of virulent genotypes
necessitates the identification of new resistance genes
from diverse origins. Fortunately, the abundance of
salivary protein targets for recognition by wheat resis-
tance genes, paired with thousands of years of co-evo-
lution in the center of origin, has provided a vast array
of potential sources of genetic resistance useful in North
America where Hessian fly genetic diversity is limited.

Aegilops tauschii (formerly Triticum tauschii), the D-
genome donor of common wheat shows considerable
genetic diversity providing a rich source of disease and
pest resistance genes for improvement of cultivated
wheat (Cox 1991). Five independent resistance genes,
HI13, H22, H23, H24 and H26 (Hatchett and Gill 1981;
Gill et al. 1986b; Cox and Hatchett 1994), have been
previously identified from Ae. tauschii accessions and
additional sources of resistance may be as yet undis-
covered in germplasm collections of this species. One
effective way of harvesting this rich source of resistance
is by developing synthetic hexaploid wheats derived
from crosses between tetraploid Triticum species and
diploid Ae. tauschii accessions.

Here, we report the identification of H32, a new
wheat gene residing on chromosome 3DL of a synthetic
wheat derived from a cross between Ae. tauschii and a
durum wheat. H32 confers resistance against the highly
virulent Biotype L of Hessian fly. Our objectives in this
study were to design molecular markers that could be
used for tracking the gene in a marker-assisted selection
program, and to determine the genomic location of the
gene. H32 has potential for incorporation into a resis-
tance gene-pyramid, along with other genes that confer
resistance to Hessian fly Biotype L, in order to extend
the durability of resistance.

Materials and Methods

Screening of parental lines with different Hessian fly
genotypes

Wheat plants of ‘Synthetic’ and ‘Opata’ lines were
grown in 4-inch pots (20 seeds/pot) in a growth chamber
at 18°C and 14 h photoperiod. At the two-leaf stage (7—
10 days after seed germination) each pot was covered
with a plastic cup and infested with eight newly-emerged
females and three males of one Hessian fly genotype;
Biotype L (virulent to H3, H5, H6 and the H7HS
combination of Hessian fly-resistance genes), biotypes B,
C, D, E and O (each virulent on plants containing one to
three of the above-mentioned resistance genes; Ratcliffe
and Hatchett 1997), GP (virulent on plants lacking
resistance genes), vH9 (virulent to gene H9) and vHI3
(virulent to gene H13). Flies were brushed off after 48 h
of infestation and cups were removed once the eggs
hatched. Two weeks after the eggs hatched, phenotypes

of the plants were recorded as stunted or normal. Plants
were dissected to check for the presence of live or dead
larvae, which determined plant resistance genotype.

Segregation analysis of the ITMI population

We used a subset of 129 of the 150 recombinant inbred
lines (RILs; derived by single-seed descent to the F8-9
generation) from a cross of a synthetic amphihexaploid
wheat (W-7984; synthesized from Ae. tauschii accession
CI 18=WPI 219 and Altar 84 durum) with hexaploid
‘Opata 85’ (CIMMYT-bred spring wheat; Nelson et al.
1995). This population is referred to as the ITMI pop-
ulation, and the resistant and susceptible parental lines
are referred to as Synthetic and Opata, respectively.

Plants were grown and infested with Hessian fly
Biotype L as described above. Fifteen to thirty-eight
individuals from each RIL were infested, and the phe-
notype of each plant in all 129 of the lines was recorded
so that each RIL could be designated as resistant, sus-
ceptible or segregating.

Mapping the H32 locus

The chromosomal location of H32 was mapped by
integrating our resistance segregation data into a file
containing segregation data for a set of 1,409 RFLP and
microsatellite (SSR) markers that had previously been
mapped by other researchers in the ITMI population
(marker data downloaded from the GrainGenes web
site: http://www.graingenes.org/cgi-bin/ace/tree/graing-
enes?seme = 8&name = Wheat%2C%20Synthetic% 20x
%?200pata;class=Map_Data). This combined file of
resistance data and previously mapped markers was
used to determine the map position of the H32 locus by
utilizing the program MAPMAKER 3.0 (Lander et al.
1987) using a LOD 3.0 cut-off and the Kosambi map-
ping function (Kosambi 1944). The resulting map indi-
cated two tightly linked SSR markers flanking the
resistance locus.

SSR analysis and physical mapping of markers
linked to H32

DNA was isolated as described earlier (Williams et al.
2003). Linkage of the SSR Xgwm3 to the H32 resistance
gene was verified on 27 resistant and 27 susceptible lines
of the ITMI population. The primer sequences (Rdder
et al. 1998) were: Xgwm3 (L): 5 GCAGCGGCACTGG
TAAAAAAACATTT 3, and Xgwm3 (R): 5 AATATC
GCATCACTATCCCA 3. PCR was carried out with
50 ng of template DNA in a PTC-100 thermal cycler
(MJ Research, Waltham, MA) according to the fol-
lowing parameters: 3 min at 94°C; 45 cycles of 1 min at
94°C, 1 min at 55°C, 2 min at 72°C; final extension of
10 min at 72°C. PCR products were resolved by poly-



acrylamide gel electrophoresis (PAGE) on a 12.5% gel
and silver-stained (Blum et al. 1987). Linkage of the
other flanking marker, Xcfd223, to H32 was verified on
a subset of 115 ITMI population RILs following the
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Fig. 1 Location of H32 on the long arm of chromosome 3D. The
linkage map shows SSR loci, Xgwm3 and Xcfd223 at a distance of
3.7 and 1.7 cM, respectively, flanking the H32 locus. Figures on the
left represent map units in centimorgans (cM) between adjacent
markers
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PCR protocol of Guyomarc’h et al. (2002). The se-
quences of the primers were: Xcfd223 (L): 5
AAGAGCTACAATGACCAGCAGA 3, and Xcfd223
(R): 5 GCAGTGTATGTCAGGAGAAGCA 3'. Tem-
perature conditions for the PCR were as follows: 5 min
at 94°C; 32 cycles of 30 s at 94°C, 30 s at 63°C, 30 s at
72°C; final extension of 10 min at 72°C. The PCR
products were visualized on a 3% (w/v) agarose gel.

We used the line ‘Chinese Spring’ and four Chinese
Spring derivatives with terminal chromosomal deletions
in the short and long arms of the group-3 chromosomes
(Endo and Gill 1996). The following terminal deletion
lines were used: 3DL-3, 3DS-3, —6 and 3BL-10. PCR
with the Xgwm3 and Xcfd223 primers was carried out as
described above.

Results
Resistance in the Synthetic parent

The Synthetic parent of the ITMI population showed
resistance to Hessian fly biotypes B, C, D, E, L, O, vH9
and vH 13, but was susceptible to Biotype GP. Opata, on
the other hand, was susceptible to all nine of the larval
genotypes tested. A subset of 129 lines of the ITMI
population was infested with the highly virulent Hessian
fly, Biotype L. The segregation data for these lines were
consistent with the single-locus hypothesis with 54
resistant and 62 susceptible RILs (%11 =0.42, 1 df,
P=0.517).

Identification of markers flanking the H32
resistance locus

The map position for the H32 locus was determined by
integrating our resistance gene segregation data, ob-
tained from the analysis of a subset of the ITMI popu-
lation, with the previously generated data for the ITMI
framework map comprising more than 1,400 RFLP and
SSR markers. Linkage analysis of the H32 locus placed
it between two SSR markers on the long arm of chro-
mosome 3D. The proximal marker, Xgwm3, is at a
distance of 3.7 ¢cM from the H32 locus, whereas, the
distal marker, Xcfd223, is at a distance of 1.7 ¢cM from
the resistance locus (Fig. 1).

To verify the H32 map position that was indicated by
the computer analysis, primers for the flanking SSR
markers were used on our DNA samples. Primers for
SSR Xgwm3 amplified alternative alleles: Xgwm3a an
84 bp Opata (susceptible parent)-specific fragment, and
Xgwm3b a 72 bp Synthetic (resistant parent)-specific
fragment (Fig. 2a). In a subset of the ITMI population
consisting of 27 resistant and 27 susceptible plants,
Xgwm3a was amplified in all the susceptible samples,
and Xgwm3b in all resistant samples (data not shown).
Primers for the other flanking SSR, Xcfd223, amplified a
153 bp fragment in the Synthetic parent and resistant
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Fig. 2 Physical mapping to
confirm the region flanking
H32. Genomic DNA from
Synthetic (S), Opata (0),
Chinese Spring (CS) and the
terminal deletion lines was
subjected to amplification.
Figures on the left of gel photos
represent the molecular weight
of the DNA ladder in bp,
whereas, those on the right
represent molecular weight of
the phenotype-specific
amplicons in bp. a Amplicons
resulting from Xgwm3 primers.
Lane M is a 25 bp DNA
molecular-weight ladder. b
Amplicons resulting from
Xcfd223 primers. Lane M is a
100 bp DNA molecular-weight
ladder. ¢ Physical map of SSR
loci flanking the H32 resistance
locus. The chromosome
fraction-lengths (within
parentheses) for break points of
the Chinese Spring 3D terminal
deletion lines are shown to the
left. The terminal shaded area
on the long arm of chromosome b
3D corresponds to the region
containing the Xgwm3, H32 and
Xcfd223 loci. d Composite
linkage map of a region of the
long arm of chromosome 3D.
The map shows relative
positions of SSR and RFLP
markers linked to H32 and
H24, respectively,
demonstrating that they reside

in distinct regions of 3DL and 1000 bp —
are not allelic. Data for the map
were taken from the wheat
composite map at http://
www.graingenes.org. Figures on 500 bp —
the left represent map units in
centimorgans (cM) between
adjacent markers
200 bp —
100 bp —

lines, and a 183 bp fragment in Opata and susceptible
lines (Fig. 2b).

Physical mapping of the H32 locus

PCR analysis of DNA from Chinese Spring and the
terminal-deletion lines 3DS-3, 3DS-6 and 3BL-10 with
the Xgwm3 primers revealed amplification of Xgwm3a,
the 84 bp susceptible parent-specific fragment (Fig. 2a).
However, Xgwm3a did not amplify from the 3DL-3
terminal-deletion line DNA, confirming the location of
the target locus in 3DL. Primers for the distal flanking

3DS-6
3BL-10

3DL-3
3DS-3

M S O CS

84 bp (Xgwm3a)
__4— 72 bp (Xgwm3b)

REES=g0

50 bp — i it S S S i Sl

183 bp

153 bp

SSR, Xcfd223, amplified both the resistance-specific
153 bp fragment and the susceptible-specific 183 bp
fragment from DNA of Chinese Spring and the termi-
nal-deletion lines, 3DS-3, 3DS-6 and 3BL-10, but did
not amplify from the terminal-deletion line 3DL-3
(Fig. 2b). The amplification of both fragments from
Chinese Spring and lack of amplification of both from
the 3DL-3 deletion DNA suggests that the target loci
occur in coupling within the region of chromosome 3DL
that is covered by the deletion, whereas Synthetic and
Opata each possess only one of the two alternative target
loci. The localization of two linked and flanking SSR
markers of the H32 locus in the 3DL-3 deletion confirms
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Fig. 2 (Contd.) c _ d VY
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the location of the H32 gene in the distal 19% of the from Ae. tauschii accessions that have resistance to

long arm of chromosome 3D (Fig. 2c).

Discussion
Resistance in Synthetic

The Synthetic parent of the ITMI population was gen-
erated via a cross of Ae. tauschii (DD) with Altar 84
durum (AABB) wheat (Nelson et al. 1995). Since Ae.
tauschii is an immediate progenitor of common wheat,
this species is considered an important potential source
of Hessian fly-resistance (Hatchett and Gill 1981;
Hatchett et al. 1981). Being the D-genome donor to
common wheat, genetic transfer of resistance is very
efficient (Gill and Raupp 1987, Raupp et al. 1993).
Several Hessian fly-resistance genes from Ae. tauschii
have been introgressed into wheat (Martin et al. 1982;
Gill et al. 1986a, 1991a, 1991b), and a number of syn-
thetic hexaploid wheats have been evaluated for resis-
tance to Hessian fly (Hatchett et al. 1981; SS Xu and
MO Harris, personal communication). Other synthetic
hexaploid wheats have been evaluated for resistance to
pathogens such as Fusarium graminearum but not for
Hessian fly. Because these synthetic wheats were derived

Hessian fly biotypes D and L (Berzonsky et al. 2004),
they are as yet untapped sources of resistance to Hessian
fly.
The ITMI Synthetic showed a broad range of resis-
tance to the Hessian fly genotypes we tested. This is not
unexpected, since biotypes A through O have evolved
through sequential selection against the four R genes,
H3, H5, H6 and H7HS8 combination (Gallun 1977), each
biotype having an altered allele for one to four of the
avirulence genes. Thus, the H32 line likely recognizes a
larval salivary protein that is distinct from those recog-
nized by any of the other resistant wheat lines. Inter-
estingly, H32 does not confer resistance against Biotype
GP, the least virulent biotype identified so far. To our
knowledge there is no published literature available on
any other wheat line having a Hessian fly resistance gene
while also being susceptible to Biotype GP. However,
one unrelated line of wheat has been observed to be
resistant to Biotype E, but susceptible to Biotype GP
(RH Ratcliffe and SE Cambron, personal communica-
tion). Our data suggest that Biotype GP lacks the avi-
rulence factor that is recognizable by H32 wheat and
that is present in Biotypes B, C, D, E, O plus vH9 and
vH 13 flies. Prior to this report, Biotype GP was often
described as the ‘“‘avirulent biotype” (example: Ratcliffe
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et al. 2000) implying that it was avirulent to any wheat
containing a Hessian fly-resistance gene.

Chromosomal location of H32

The genomic location of the H32 resistance locus was
determined, in the highly polymorphic and marker-rich
ITMI mapping population, to be on the long arm of
chromosome 3D. The H32 locus is flanked by SSR
markers, Xgwm3 and Xcfd223, that respectively are only
3.7and 1.7 cM from the resistance locus. Multiple bands
visible in the PAGE profiles for the SSR Xgwm3 are
caused by the presence of ‘stutter products’ where a
change in the number of repeating units is a result of Tagq
DNA polymerase slippage (Levinson and Gutman 1987;
Shinde et al. 2003). However, the original 84 bp frag-
ment reported in Roder et al (1998) was robust and
linked to the H32 resistance locus. Through monosomic
analysis, one other Hessian fly-resistance gene, H24, was
reported to be located on chromosome 3D (Raupp et al.
1993). Subsequently, RFLP loci, Xbcd451 and Xcdo482,
were identified to be linked to the H24 resistance gene
(Ma et al. 1993). These markers have been mapped to
the terminal end of chromosome 3DL on the ITMI
mapping  population  (http://www.graingenes.org/).
Analysis of the composite wheat genetic map (at http://
www.graingenes.org/) reveals that markers flanking the
H32 locus and those linked to the H24 locus are in
distinct regions of 3DL that are separated by at least
20 cM (Fig. 2d), with H32 being proximal to the ter-
minally located H24. Although order and distance be-
tween tightly linked markers can be imprecise on
composite linkage maps, markers linked with H24 and
H32 are clearly separated by a large genetic distance.
Thus, the H32 resistance gene is a new gene and is not
allelic to the H24 resistance locus.

Potential application of synthetic in gene-pyramiding
programs

It has been postulated that the durability of resistance can
be increased up to 20-fold by developing and releasing
elite cultivars that contain multiple resistance genes to a
single biotype of Hessian fly (Gould 1986). However, the
success of any breeding program in developing pyram-
ided cultivars will depend on the ability to ensure the
presence of all desirable genes in the elite cultivar. This
can be achieved by identification of molecular markers
linked to the genes of interest and monitoring their
presence during the construction of the gene pyramid.
Molecular markers have been identified for several Hes-
sian fly resistance genes in wheat (Dweikat et al. 1994,
1997, 2002; Ma et al. 1993; Najimi et al. 2002; Williams
et al. 2003, Liu et al. 2005). Molecular markers have also
been identified for resistance genes to the closely-related
dipteran, gall midge, in rice (Sardesai et al. 2001, 2002;
Jain et al. 2004). Molecular markers for the H3/ gene

(Williams et al. 2003), as well as those for H9 and HI3
genes (Dweikat et al. 1997), are being used in the con-
struction of breeding lines containing all three resistance
loci. The newly found source of resistance to Biotype L in
Synthetic can potentially contribute in strengthening the
field resistance of such a pyramided cultivar. Marker-
assisted selection can help in following the introgression
of the resistance loci and prevent their inadvertent
unstacking during development of the elite cultivar.
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