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Abstract Hessian fly is one of the world's most destruc-
tive insect pests of wheat Triticum aestivum L. We have
used the combination of near-isogenic lines (NIL) and
random amplified polymorphic DNA (RAPD) analysis
to screen up to 2,000 primers to identify DNA markers
that are linked to gene H6 that confers resistance to bio-
type B of the insect. This screen produced six primers
that show polymorphic fragments associated with resis-
tance by H6. We have screened 440 F, individuals from
a cross of the susceptible cultivar Newton and a NIL that
contains H6 to verify the linkage between these markers
and the resistance gene. A high-resolution genetic map
was constructed based on recombination frequency. Two
of the markers were tightly linked to the gene with no re-
combination observed, three were within 2.0 ¢cM, and
one was 11 cM from the gene. Three of the six markers
were successfully converted to sequence tagged site
(STS) markers. Both RAPD and STS primers were used
to screen for the presence or absence of the resistance
gene in wheat varieties. The identification of markers
and construction of the genetic high resolution map pro-
vide the first steps toward localization of this resistance
gene.
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Introduction

Hessian fly (Mayetiola destructor Say) is a serious pest
of wheat, spreading to almost all major wheat-growing
areas. Losses due to Hessian fly infestation have been re-
duced significantly by the use of wheat cultivars that
contain resistance genes to the fly and by planting late
enough to avoid infestation. A gene-for-gene relation-
ship has been demonstrated for host resistance and aviru-
lence in the insect (Hatchett and Gallun 1970). To-date,
27 resistance genes designated H/ to H27 (Mclntosh
1988; Cox and Hatchet 1994; Ohm et al. 1997) have
been effective against the 16 reported biotypes of the in-
sect (designated GP and A to O) that have been identi-
fied (Gallun 1977). The resistance phenotype of gene H6
is dominant (Gallun and Patterson 1977).

Singly deployed Hessian fly (H. fly) resistance genes
have been effective for a period of 6-8 years until viru-
lence becomes prevalent. One strategy for lengthening
the life of each gene is the recycling of these genes.
Foster et al. (1991) reported on the effectiveness of the
redeployment strategy for several H. fly resistance
genes. Gene H6 was derived from durum wheat (Allen
1959) and deployed in several wheat cultivars. A reduc-
tion in infestation level of H. fly occurred for up to
8 years. Redeployment of H6, after a 10-year absence
from commercial use, was highly effective (Foster et al.
1991).

Screening for resistance to the H. fly requires mainte-
nance of the H. fly biotypes, a 3-week period post-infes-
tation for symptom screening, prior incubation condi-
tions, and controlled environment and containment facil-
ities. In some cases, it is difficult to determine the identi-
ty of a resistance gene using the standard screening
method, because many genes confer resistance to the
same biotype of the fly. Consequently, a more rapid,
cost-efficient and reliable screening procedure would
greatly facilitate the selection process. In addition, a
DNA-based screen for H. fly resistance would allow the
pyramiding of multiple resistance genes, one possible
means of enhancing the durability of resistance.



The application of random amplified polymorphic
DNA (RAPD) analysis (Williams et al. 1990) has proven
useful in the development of DNA markers that are
linked to disease and insect resistance in several crops.
The combination of near-isogenic lines and RAPD anal-
ysis was used effectively in tomato (Martin et al. 1991),
lettuce (Paran et al. 1991), oat (Penner et al. 1993), com-
mon bean (Haley et al. 1993) and wheat (Dweikat et al.
1994) for the purpose of identifying DNA markers for
disease and insect resistance genes. However, marker-
assisted selection with RAPDs is not always feasible be-
cause RAPD markers identified in one population are not
always useful for another, and some markers lack reli-
ability. To address these problems, it is useful to convert
a RAPD polymorphic fragment to a sequence tagged site
(STS, Olson et al. 1989), in which the DNA sequence of
the polymorphic fragment is determined and used to de-
sign DNA primers that will consistently discriminate be-
tween lines and serve as a marker for a unique region of
the genome. Such STSs are relatively easy to develop
from DNA fragments identified by arbitrarily primed
PCR, though they do not always result in a detectable
polymorphism. STSs, as specific PCR products, allow
for reproducibility of the technique across a relatively
wide range of reaction conditions in different laborato-
ries. As allele-specific markers they are useful for mark-
er-assisted selection within segregating populations. The
objective of this study was to identify several RAPD
markers that are linked to the gene H6, construct a high-
resolution genetic map encompassing H6, convert the
RAPD markers to STS markers, and test the STS mark-
ers for their usefulness in marker-assisted selection.

Materials and methods

Plant materials

The plant materials used for this study consisted of the Triticum
aestivum L. cultivar Newton, susceptible to all known H. fly bio-
types, the near-isogenic line (NIL) Newton*8/H6, six released
cultivars containing the gene H6 (Adder, Benhur, Caldwell, Clark,
Filmore and Knox 62) and two cultivars containing the gene H3
but not H6 (Knox and Monon). An F2 population of 440 individu-
als was derived from the cross Newton X Newton*8/H6.

DNA isolation, PCR reactions, gel electrophoresis

DNA was isolated from about 100 mg of fresh tissue from 2-
week-old seedlings of Newton, Newton*8/H6 and all the cultivars
mentioned above, and from the F, individuals. DNA was extracted
using the Leaf Squeezer (Ravenel Specialties, Inc., Seneca, S.C.).
Leaves were placed between the two rollers, and the extraction
buffer was immediately added to the roller to allow mixing with
the extracted sap for collection in 1.5-ml microfuge tubes. The
tubes were then placed in a 65 °C water bath for 1 h and the DNA
was extracted as previously described (Dweikat et al. 1994).
Oligonucleotide primers (10-mers) were purchased from Oper-
on Technologies (Alameda, Calif.), and the University of British
Colombia (Vancouver, Canada). Polymerase chain reaction (PCR)
conditions were as described by Williams et al. (1990). The ampli-
fied products were fractionated on 1.2% agarose gels in 0.5 x TBE
buffer. Gels were stained in ethidium bromide, photographed over
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a UV light-source and scored for presence or absence of a particu-
lar polymorphism.

Screening for resistance

The F, plants from which DNA was isolated were allowed to self-
pollinate to produce F; seeds. Resistance in F; families to Hessian
fly biotype B was evaluated as described by Ohm et al. (1995). F;
seedlings (20 per F, 5 family) and all cultivars used for this study
were germinated in wooden flats. One week after germination,
seedlings were infested with biotype B of H. fly. About 3 weeks
after infestation, progeny rows were classified as resistant, segre-
gating, or susceptible.

STS design and analysis

The amplification products of the six selected RAPD primers were
fractionated in 1.2% agarose and the polymorphic bands linked in
coupling to the resistance phenotype were excised, eluted, re-am-
plified under the same conditions, and cloned using the TA Clon-
ing Kit (Invitrogen Corp., San Diego, Calif.). The identity of the
cloned DNA fragment was checked by hybridization to DNA gel
blots of RAPD amplification products from F, individuals that
segregated for the corresponding RAPD. Double-stranded se-
quencing of the cloned fragments was performed by the dideoxy
termination method (SequiTherm Long—Read Kit, Epicentre Tech-
nologies, Madison, Wis.) with M13 forward and reverse primers.
A pair of 20-25-bp oligonucleotides, defining a STS for each of
the cloned fragments, was then designed using OLIGO 5.0 soft-
ware (Rychlik et al. 1990). Primers were used to amplify the spe-
cific marker under the following conditions: the 25-ul reaction
volume contained 10 mM of TrissHCL (pH 8.9), 1.8 mM of
MgCl,, 50 mM of KCI, 300 um of each dNTP, 0.2 uM of each
primer, 1 u of Tag DNA polymerase (Promega), and 25 ng of ge-
nomic DNA. Reactions were preformed in a MJR PTC-100
thermocycler (MJ Research, San Francisco, Calif.) programmed
for 2 min at 94 °C, then 30 cycles of 35 s at 94 °C, 1 min at 55 °C
and 1 min at 72 °C, followed by a final elongation for 7 min at
72 °C.

Linkage analysis

The linkage map was constructed with MAPMAKER V2.0 (Hunt
1997) with LOD = 3.0 and recombination fraction (0) = 0.40. All
markers were first identified using the “Group” command, and
then verified by scanning two-point linkage data. An approximate
order for the linkage group was obtained by using the “Multipoint,
First order” command. The order was checked using the “Multi-
point, Ripple” command. The maximum-likelihood map for each
specified order of the markers was computed by Mapmaker using
the “Multipoint, Compare” command. “Multipoint, Try” command
was used to determine the exact position of the gene. Map units
(cM) were derived using the Kosambi function (Kosambi 1944).

Results

A total of 2,000 random 10-mers were PCR-screened
with genomic DNA isolated from the susceptible cultivar
Newton and its NIL Newton*8/H6. Of the 2,000 prim-
ers, six (Op BO1, Op AF 08, Op S15, UBC 511, UBC
691 and E1H6) produced polymorphic fragments present
in the NIL that contains the resistance gene H6 and ab-
sent from Newton as shown in Fig. 1. All the markers
were scored as dominant loci. The resultant PCR prod-
ucts were fractionated with standard agarose-gel electro-
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Fig. 1 PCR amplification products using RAPD primers to identi-
fy markers linked to H6. The polymorphisms linked to the H6
gene are marked by arrows. First lane 100-bp molecular-weight
ladder. The first lane for each pair used Newton DNA as a tem-
plate and the second lane used Newton*8/H6. Primers used were,
from left to right, OP BO1, UBC 511, OP AF08, OP S15 and UBC
691. Reaction products using primer E1H6 were fractionated
on a denaturing gradient gel (Dweikat et al. 1993)

phoresis except for those derived from the primer E1H6,
where denaturing gradient gel-electrophoresis (Dweikat
et al. 1993) was used to resolve the polymorphism
(Fig. 1).

To verify the genetic linkage between the polymor-
phism and the H6 resistance gene, each individual prim-
er was then used to screen a total of 440 F, individuals
produced from the cross Newton X Newton*8/H6. The
F, plant classifications for resistance were verified by
testing 20 F; progenies from each individual F, plant
against Hessian fly biotype B. The six identified markers
co-segregated with the H6 resistance gene, demonstrat-
ing linkage in coupling phase. Out of 440 F, individuals,
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Fig. 2A-C STS markers associated with resistance gene H6
on different genetic backgrounds. A Newton, Arthur, Blueboy,
Monon and Knox do not contain the H6 gene, while New-
ton*8/H6, Knox 62, Benhur, Adder, Filmore and Clark contain
the H6 gene. Note the presence of the H6-associated polymorphic
fragment in all lines containing H6 using STS AF08. B, C Same
lines indicated in panel A screened with STS 511 and STS E1HS6,
respectively. M designates a 100-bp molecular-weight ladder

Table 1 Sequence of oligonu-

cleotide primers for each STS Locus Primer STS sequence (5-3")2 Size (bp) Phenotype
locus derived from RAPD gy ~H6F8  OPAF0S  CTCTGCCTGATTGAAGACATCG 545 Polymorphic
resistance gene Ho CTCTGCCTGACCTTATTACTTT .
H6S15 OPS 15 CAGTTCACGGGGAGCAATGGT 782 Monomorphic
CAGTTCACGGGCCTCTTGTGAAGC
H6511 UBCS511  GA ATGGTGAGACGGAGGGAAT 807 Polymorphic
GAATGGTGAGATGGTGAGGCAG
H6E01 EIH6 GCGAATTCCGGTAATAGCTTGT 864 Polymorphic
GCGAATTCCGAACAAGATGAA
H6B0O1  OP BOI GTTTCGCTCC TGTGTGGTCCG 968 Monomorphic
( . _ GTTTCGCTCCCCCTCTATAAATA
“ The underlined sequences in-  He 691  UBC 691  AAACCAGGCGAGGTGACGAC 610 Monomorphic

dicate the progenitor RAPD
primers

AAACCAGGCGCCAGCATGGAAAA




Distance Marker
UBC691
9.8 —
E1H6
0.6 —
H6 OPAFS8
OPB1
1.0 —
UBC511
08 —
OPS15

Fig. 3 Linkage group showing the H6 Locus (resistance to Hes-
sian fly) and linked markers. Gene distance and markers order
were based on the maximum-likelihood estimation as determined
with MAPMAKER software

no recombinants were observed between OP BO1 and H6
or between OP AF08 and H6, which indicates tight link-
age of these two markers to the gene H6. Two recombi-
nants were detected between UBC 511 and gene H6, two
between OP S15 and H6, three recombinants between
E1H6 and H6, and 27 recombinants between UBC 691
and the gene H6 as shown in Fig. 2. The amplified prod-
ucts of six RAPDs linked to gene H6 were cloned, se-
quenced and converted to STS markers by extending the
original decamer primer sequence at both ends of the
polymormphic fragment (Table 1). Sizes of the cloned
polymorphic fragments ranged between 500 and 943 bp
(Table 1). The identities of the cloned products were ver-
ified by hybridization of the cloned fragments to South-
ern blots of individuals that segregated for the particular
RAPD.

Genomic DNAs from the parents of the mapping pop-
ulation, Newton and Newton*8/H6, were used as a tem-
plate for PCR amplification with each pair of STS prim-
ers. Of the six STS markers, three (OPAF08, UBC 511
and E1H6) were polymorphic and co-segregated with the
gene H6, while the three STS markers produced mono-
morphic bands. The alternative monomorphic fragments
amplified from the susceptible parent resulting from
UBC 691, OP BO1 and OP S15 were cloned and se-
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quenced to identify any sequence variations that exist
between the sequence that derived from the resistant and
the susceptible parent. Based on the sequence analysis,
one difference was observed between the two fragments.
The three monomorphic STS primers are still informa-
tive and mapped as RAPD markers.

Applicability of the RAPD markers and three corre-
sponding STS markers was tested on nine wheat culti-
vars with different genetic backgrounds. Of these wheat
genotypes, five have been reported to contain the gene
H6 (Adder, Benhur, Caldwell, Clark and Knox 62). All
of the RAPD primers except UBC 691 were useful in de-
tecting the presence of gene H6 in the wheat cultivars
possessing the resistance gene (data not shown). Like-
wise, three STS markers, STS 511, STS AF08 and STS
E1H6, revealed a polymorphic fragment associated with
resistance as shown in Fig. 3.

Discussion

In this study, we used a combination of NIL and RAPD
analysis to identify markers linked to Hessian fly resis-
tance in wheat. This approach has been used successfully
in a number of studies to identify markers linked to im-
portant agronomic traits (Martin et al. 1991; Paran et al.
1991; Haley et al. 1993; Penner et al. 1993; Dweikat et
al. 1997; Hu et al. 1997; Laroche et al. 2000). Because of
the ability to quickly assay a large number of potential
markers with RAPD primers, we were able to screen up
to 2,000 random primers. In combination with DNA iso-
lated from susceptible Newton and a resistance NIL con-
taining gene H6, six primers produced polymorphic frag-
ments that were only present in the resistant genotypes.
Five of these markers were closely linked to the gene at
less than 2.0 cM distance. Only one primer, UBC 691,
was over 10 cM distant from H6. The first five markers
are, therefore, ideal for marker-assisted selection since
generally markers with a distance of less than 10 cM
from the target locus are suitable for this purpose.

The tightly linked markers will provide a means of
detecting H6 presence in developed lines. This resolution
is essential for gene pyramiding. Gene pyramiding is a
practical goal in the case of Hessian fly in wheat because
any particular gene is only effective for a period of 8§-10
years when deployed singly. The efficacy of pyramiding
for enhancing the durability of resistance has not been
shown empirically for H. fly resistance yet, but a mark-
er-based strategy should facilitate such testing.

Gene H6 resides about 2.0 cM from H9 on chromo-
some S5A. Interestingly, a recent study (Schulte et al.
1999) reported that the avirulence loci in the Hessian fly
that correspond to resistance genes H6 and H9 are linked
within discrete physical limits on Hessian fly chromo-
some XI. This apparent corresponding linkage in host
and parasite represents an interesting avenue for investi-
gating the co-evolution of this host-pest relationship and
its changes in the field over time. Such corresponding
linkage may be indicative of local gene duplication pro-
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cesses in both host and parasite in response to selection
pressures. We are beginning the process of physically lo-
calizing the H6 gene on chromosome 5A using a set of
deletion lines (Endo and Gill 1996).

One disadvantage of the RAPD technique is its sensi-
tivity to PCR conditions. This shortcoming can be offset
by converting polymorphic RAPD markers to stable and
reproducible STS markers for mapping purposes (Paran
and Michelmore 1993). When RAPD markers OP AF0S,
UBC 511 and E1 H6 were converted to STS markers
they each produced fragments present in only the resis-
tant F, individuals and cultivars that contained gene H6.
Consequently, although conversion from RAPD to STS
markers is not 100% efficient, the benefits of STS mark-
ers in minimizing laboratory to laboratory variation
render them an appropriate alternative even in the large
genome of wheat.

The identification of at least two markers encompass-
ing the H6 gene with a linkage of less than 1 m.u. should
provide an effective strategy for H6 selection. The avail-
ability of additional markers allows reduction of linkage
drag and facilitates effective gene intogression
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