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Abstract The greenbug, Schizaphis graminum (Rondani),
is an important aphid pest of small grain crops especially
wheat (Triticum aestivum L., 2n = 6x = 42, genomes
AABBDD) in many parts of the world. The greenbug-
resistance gene Gb3 originated from Aegilops tauschii
Coss. (2n = 2x = 14, genome D'DY) has shown consistent
and durable resistance against prevailing greenbug bio-
types in wheat fields. We previously mapped Gb3 in a
recombination-rich, telomeric bin of wheat chromosome
arm 7DL. In this study, high-resolution genetic mapping
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was carried out using an F,.; segregating population
derived from two Ae. tauschii accessions, the resistant PI
268210 (original donor of Gb3 in the hexaploid wheat
germplasm line ‘Largo’) and susceptible AL8/78. Molec-
ular markers were developed by exploring bin-mapped
wheat RFLPs, SSRs, ESTs and the Ae. rauschii physical
map (BAC contigs). Wheat EST and Ae. tauschii BAC end
sequences located in the deletion bin 7DL3-0.82-1.00 were
used to design STS (sequence tagged site) or CAPS
(Cleaved Amplified Polymorphic Sequence) markers.
Forty-five PCR-based markers were developed and mapped
to the chromosomal region spanning the Gb3 locus. The
greenbug-resistance gene Gb3 now was delimited in an
interval of 1.1 cM by two molecular markers (HI067J6-R
and HIO09B3-R). This localized high-resolution genetic
map with markers closely linked to Gb3 lays a solid
foundation for map based cloning of Gb3 and marker-
assisted selection of this gene in wheat breeding.

Introduction

The greenbug (Schizaphis graminum Rondani), is an eco-
nomically important aphid pest of small grain crops. This
pest is especially notorious in the Southern high plains of
the US with estimated annual yield loss over $100 million
in wheat alone (Webster and Kenkel 1999). A number of
greenbug-resistance genes have been identified from dif-
ferent sources including Gb!I from durum wheat (Triticum
durum), Gb2 and Gb6 from rye (Secale cereale L.), and
GbS5 from Aegilops speltoides. A series of resistance genes
(Gbx1, Gba, Gbb, Gbc, Gbd, Gbz, Gb3 and Gbx2) from
Ae. tauschii has been identified and mapped to the distal
region of wheat chromosome arm 7DL (Zhu et al. 2004,
2005; Weng et al. 2005). Germplasm incorporating some
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of these Ae. tauschii-derived greenbug-resistance genes
have been developed such as Largo with Gb3 (Hollenhorst
and Joppa 1983), CI 17959 with Gb4 (Martin et al. 1982),
KSU97-85-3 with Gbz (Zhu et al. 2004), KS89WGRC4
with Gbx (Weng and Lazar 2002) and Gb7 in W7984
(Weng et al. 2005). Among these resistance genes, Gb3 in
wheat cultivars TAM 110 (Lazar et al. 1997) and TAM 112
is currently the only greenbug-resistance gene widely used
in wheat production to confer resistance against prevailing
greenbug biotypes (E, I and K).

The wheat-greenbug provides a useful system to study
the plant—aphid interactions in the grass genome. However,
although aphids are important insect pests, no host-resis-
tance gene has been cloned from any cereal crops. Due to
the very large and complex genome of common wheat
(~ 16,000 Mb), fine mapping and map-based gene cloning
remains a challenge. Thus, some alternate strategies have
been taken to clone genes in hexaploid wheat. Sub-genome
chromosome walking using diploid progenitor of wheat
provides an efficient method to establish physical contigs
and also helps to saturate the target region with molecular
markers in wheat. The early successful map-based gene
isolation in wheat invariably used the sub-genome mapping
strategy (e.g., Stein et al. 2000; Yahiaoui et al. 2003). As an
allopolyploid, wheat has complete sets of cytogenetic
stocks including deletion lines (Endo and Gill 1996) to
reduce the complexity of genetic mapping. In addition, in
the recent years, many new genomics resources have been
developed in wheat and its relatives, which greatly facili-
tate gene cloning work. For example, more than one mil-
lion wheat ESTs are publicly available (http://www.ncbi.
nlm.nih.gov/). BAC libraries with 302,976 clones repre-
senting 8.5x genome coverage were constructed from the
Ae. tauschii accession AL8/78 (Xu et al. 2002), from which
physical contigs have been developed (http://avena.pw.
usda.gov/wheatD/). Currently, there are 13,647 contigs and
4,730 singletons associated with 267,451 BAC/BIBAC
clones of the AL8/78 BAC libraries, and 727 markers that
were anchored in the contigs. All these genetic and geno-
mic resources should play important and sometimes
indispensable roles in genetic mapping and gene cloning
studies in wheat.

Previous studies have located the greenbug-resistance
gene Gb3 into the distal 18% region of 7DL (7DL-3
0.82—1.0) of wheat and anchored with microsatellite (SSR)
markers (Weng et al. 2005). We developed a mapping
population with 558 F,.; families from a cross between two
diploid Ae. tauschii accessions, PI 268210 and ALS8/78.
The objective of this study was to develop a localized high-
resolution genetic map for the Gb3 region in the long arm
of Ae. tauschii chromosome 7D. Our goal is to clone this
aphid-resistance gene Gb3 with a sub-genome chromosome
walking and fine genetic mapping strategy.
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Materials and methods
Plant materials

Fine genetic mapping was conducted with 558 F,.3 lines
derived from two Ae. tauschii accessions, the greenbug-
resistant P 268210 and the greenbug-susceptible line AL8/
78. PI 268210 is the donor of Gb3 (Joppa and Williams
1982) and ALS8/78 is the accession used for BAC library
construction by the NSF wheat D genome physical
mapping project (http://avena.pw.usda.gov/wheatD/). Two
hexaploid wheat near-isogenic lines of Gb3 (Lazar et al.
1996), the greenbug-resistant TXGBE273 and susceptible
TXGBE281, were used for conversion of two Gb3-linked
AFLP markers into STS markers. To determine chromo-
some arm locations of molecular markers, a set of homo-
eologous Group-7 aneuploid stocks was used including the
ditelosomic 7DS (DT7DS), six nulli-tetrasomic stocks
(N7AT7B, N7AT7D, N7BT7A, N7BT7D, N7DT7A and
N7DT7B), and six 7DL deletion lines of Chinese Spring
(Endo and Gill 1996; Weng et al. 2005).

Evaluation of responses to biotype E greenbug
infestation

Biotype E greenbugs were used in all screening tests,
which is currently the prevailing biotype in wheat fields of
Southern high plains of the US. Biotype E greenbug col-
onies were reared in the growth chamber of an isolated
room at the Texas AgriLife Research, Bushland, Texas,
USA with continuous evaluation of responses on known-
resistant (TAM 110) and susceptible wheat lines (TAM 105
and TAM 107). Greenbug infestation was performed on
three-leaf stage seedlings of individual F, plants and
F,-derived F;5 progeny following the procedure of Weng
and Lazar (2002). Since most F, plants grew vigorously
with many tillers, the tillers were split from each plant to
make multiple clones for both self-pollination to pro-
duce F3 and greenbug screening. At least 15 plants were
screened for each F; family. The greenbug-resistant PI
268210 and TAM 110, and susceptible AL8/78 and TAM
105 were included in all infestation experiments as con-
trols. Greenbug infestation was evaluated starting from
15 days after infestation when susceptible control plants
were almost dead. Each plant was scored qualitatively as
either resistant or susceptible. For a subset of 32 F, plants
which were identified to be recombinants between flanking
markers WG380 and KSUD2, their genotypes at the Gb3
locus were further verified by one additional screening of
their respective F3 progeny that included at least 30 plants
for each family. Deviations of observed data from theo-
retically expected segregation ratios were tested using
Chi-squared () tests for goodness-of-fit.
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AFLP marker conversion

We previously identified two AFLP markers, XM-AGG/P-
ATG and XM-GCC/P-AGG that cosegregated with the
Gb3 locus in a relatively small hexaploid wheat mapping
population (Weng and Lazar 2002). In the present study,
we initiated our fine mapping effort by converting the two
AFLP markers into STS markers. Template DNAs from
two near-isogenic lines (NILs) of Gb3, TXGBE273 and
TXGBE281, as well as two Ae. tauschii parental lines, PI
268210 and AL8/78 were PCR amplified using the original
AFLP primer pairs (M-GCC/P-AGG and M-AGG/P-ATG).
The PCR products were resolved in 6% polyacrylamide
sequencing gel, and displayed with silver staining. Poly-
morphic, target AFLP fragments were excised from the gel
and purified using Qiagen’s QIAquick Gel Extraction Kit
(Valencia, CA, USA). The purified DNA was cloned into
the pGEM®—T Easy vector (Promega, Madison, WI, USA)
and transformed in E. coli cells (H5 alpha strain). Plasmid
DNA was isolated from white colonies using the QIAprep®
Spin Miniprep kit (Qiagen, Valencia, USA) and the cloned
fragments were sequenced. For each plant material, at least
eight clones were sequenced. The sequences were aligned
to identify polymorphism.

Marker development strategy

Since relatively few markers have been mapped in wheat
chromosome 7DL, we started high-resolution genetic
mapping for Gb3 in Ae. tauschii with all available marker
resources in the distal end of homoeologous Group-7
chromosomes of wheat. Previously mapped RFLP and EST
markers placed in the distal 7DL bin FL0.82-1.00 (Weng
et al. 2005) were selected from databases of GrainGenes
(http://wheat.pw.usda.gov/), and KOMUGI (http://www.
shigen.nig.ac.jp/wheat/komugi), as well as Hossain et al.
(2004). The marker sequences, when available were
downloaded from the GenBank (http://www.ncbi.nlm.nih.
gov/). SSR or SCAR markers linked with disease- or
insect-resistance genes in distal 7DL (Groenewald et al.
2003; Francki et al. 2004; Somers et al. 2004; Weng et al.
2005; Gupta et al. 2006; Hayden et al. 2006; Giovanini
et al. 2007; Shen and OhmH 2007) were also employed for
polymorphism screening between the two Ae. tauschii
parental lines. A number of bin-mapped RFLPs did not
have sequence information. In this case, RFLP clones were
requested from respective laboratories and end sequenced
(see supplemental materials for sequence information). The
EST or RFLP sequences were BLASTed against the TREP-
Repeat databases (http://blast.jevi.org/). EST/RFLP sequen-
ces showing unique or low hits of similarity values less than
e-25 were considered for designing primers. PCR primers
were designed with Primer3 software (http://frodo.wi.mit.edu/

primer3/) and synthesized commercially. The two parental
lines (P1268210 and ALS8/78) were amplified and the primers
showing discrete fragments were selected.

In a few cases, polymorphisms (insertion/deletion,
‘Indel’ hereinafter) were detected in the PCR products
between the two parental lines, which could be used
directly in the mapping population. Those monomorphic
STS markers from EST, RFLP and AFLP sequences were
the first subjected to deletion mapping with homoeologous
Group-7 aneuploid stocks and 7DL deletion lines to assure
that these markers were located in the expected 7DL distal
bin. These markers were then considered for CAPS
(cleaved amplified polymorphic sequence) marker devel-
opment. The parental lines PI 268210 and AL8/78 were
amplified and the PCR products were purified for cycle
sequencing. The sequences from the parental lines were
aligned using SegMan of Lasergene package (DNASTAR
Inc, Madison, WI). Polymorphic restriction enzyme
recognition sites were identified with restriction maps
(http://arbl.cvmbs.colostate.edu/molkit/mapper/). All mark-
ers except two were genotyped by PCR amplification
followed by restriction enzyme digestion and agarose gel
electrophoresis. The markers BG604843 and CJ579846
were genotyped by direct sequencing of PCR products.

Molecular marker analysis

Genomic DNAs from all plant materials were extracted
from young leaf tissues following Weng et al. (2000). The
DNA was quantified and diluted to 20 ng/pl. Each PCR
reaction contained 20 ng of template DNA, 0.3 uM of each
of two primers, 5 pl of 2x master mix (Promega, Madison,
WI) in a total volume of 10 pl, and the PCR was performed
in an ABI 2720 thermocycler (Applied Biosystems,
Carlsbad, CA) with a touchdown PCR program for all
primer sets (Weng et al. 2000) which consisted of 3 min
initial denaturation at 95°C, six cycles of 45 s at 94°C,
5 min at 68°C, 1 min at 72°C. The annealing temperature
was reduced by 2°C per cycle, eight cycles of 45 s at 94°C,
2 min at 58°C, 1 min at 72°C, and the annealing temper-
ature reduced by 1°C per cycle, a final 25 cycles of 45 s at
94°C, 2 min at 50°C and 1 min at 72°C. PCR products
were separated in either regular or high-resolution agarose
gels, depending on amplicon size, and were visualized by
ethidium bromide staining. The 7DL bin locations of all
markers were verified with a set of wheat chromosome
Group-7 aneuploid stocks and 7DL deletion lines as
described in Weng et al. (2005).

BAC library screening

BAC end sequences were also explored for developing
more closely linked markers for Gb3. The Ae. tauschii
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accession AL8/78 BAC library used for initial screening
contained 73,728 clones in four high-density filters which
were obtained from Dr. Hongbin Zhang’ Lab in the Texas
A and M University at College Station, TX. The AL8/78
BAC libraries deposited in the University of California at
Davis were also employed in late stages of library
screening. Two robust markers linked with Gb3, AFLP-
STS11 and BF293421 were used to initiate BAC library
screening. AFLP-STS11 was converted from AFLP marker
XMaggPatg (Weng and Lazar 2002), and BF293421 was a
wheat EST-derived CAPS marker. The PCR products of
the two markers from the parental line ALS8/78 were
purified and radioactively labeled with **P dATP by NE-
Blot kit following manufacturer’s protocol (New England
Biolab, Ipswich, MA). The labeled probe was purified with
a Sephadex G-50 column and denatured at 100°C for
10 min. The filters were pre-hybridized overnight at 65°C
in hybridization solution [2% SSPE, 0.5% SDS, 5x Den-
hart’s buffer (10% of PVP-360 + Ficoll, bovine albumin in
500 ml), 20 mg Herring sperm DNA)] in a rotary glass
tube. The labeled probe was mixed with 5 mL hybridiza-
tion solution and incubated at 65°C overnight. Then the
filters were washed in the wash solution containing 2%
SSPE and 0.5% SDS and rinsed with 1x SSC. The washed
filters were exposed to X-ray film for 1-3 days. Positive
clones were used to search the Wheat D Genome Physical
Mapping Database to identify Ae. tauschii BAC contigs
(http://avena.pw.usda.gov/wheatD/). Those positive clones
that were belonged to a BAC physical contig were then
selected and grown overnight in LB media with chlo-
roamphenicol. BAC DNA was extracted with standard
alkaline lysis procedure (Sambrook et al. 1989) for finger
printing and PCR amplification. Five micrograms of pure
BAC DNA of all positive clones in each screen was
extracted using QIAGEN Large-Construct Kit (Qiagen,
Valencia, CA, USA) and used for direct cycle sequencing
of BAC ends. The position of BAC clones in the contig was
confirmed by PCR amplification with all mapped BAC-
end-sequence markers using BAC clone DNA.

Genetic mapping

Mapping of 7DL markers was conducted in three phases.
First, a set of anchored SSR markers were mapped with all
558 F, plants. Then, based on the recombination between
the markers WMC94 and CFD175, a subset of 93 recom-
binant F, plants was selected for genotyping all newly
developed EST and RFLP markers from this study. Further,
the subset of 93 F, plants were screened with two flanking
markers WG380 and KSUD2 and 32 F, plants with
recombination events between these markers were identi-
fied. In the third phase, all BAC-end-sequence-based
markers were mapped with these 32 F, recombinant plants.

@ Springer

Linkage analysis was performed initially with MAP-
MAKER/EXP version 3.0 (Lincoln et al. 1993) and later
with JoinMap 3.0 (Van Ooijen and Voorrips 2001). Kos-
ambi mapping function was used to estimate the map dis-
tance (Kosambi 1944).

Results
Inheritance of greenbug resistance in Ae. tauschii

The F, individuals derived from PI 268210 and ALS8/78
and their F,.; families were evaluated for responses to
greenbug biotype E infestation. Of 532 F, plants tested,
395 were resistant and 137 susceptible, which did not
deviate significantly from the expected 3:1 resistant-to-
susceptible ratio (x> = 0.16, P = 0.69). Among the 431 F;
families screened, 74 were homozygous resistant, 234 were
heterozygous and 123 were susceptible. A y* test revealed
that the 431 corresponding F, families genotypically
segregated in a ratio of 1Gb3Gb3:2Gb3gb3:1gb3gb3
(}52 = 14.31, P = 0.007) with less than expected homo-
zygous-resistant plants. The results were largely consistent
with earlier studies on the inheritance of the greenbug
resistance in PI 268210 which is controlled by a single
dominant-resistance gene (Gb3) (Joppa and Williams 1982;
Lazar et al. 1996; Weng and Lazar 2002; Weng et al.
2005).

Conversion of AFLP markers into STS

Previously we identified two AFLP markers, M-GCC/P-
AGG and M-AGG/P-ATG that were cosegregating with
the Gb3 locus in a hexaploid-mapping population (Weng
and Lazar 2002). The two AFLP fragments, 218 bp for
M-GCC/P-AGG and 107 bp for M-AGG/P-ATG, were
amplified with PCR, recovered from the gels and cloned.
For each fragment, eight clones were randomly selected
and sequenced. The eight sequences of the M-GCC/P-AGG
218 bp fragment contained three different groups of
sequences. All these sequences were subjected to a
homology non-redundant BLASTn search in the GenBank,
but no significant homology sequence was found. New
internal primers were designed from each of the three type
sequences of the M-GCC/P-AGG 218 bp fragment and
used to amplify genomic DNAs from PI 268210 and ALS8/
78. The PCR products were sequenced. A single nucleotide
polymorphism (SNP) within an Msel recognition site was
identified in PI 268210. Thus, the AFLP of M-GCC/P-
AGG was due to a point mutation in the internal region of
the AFLP fragment rather than a mutation in the restriction
site or in the selective base regions. When treated with
Msel restriction enzyme, the 210 bp PCR product yielded
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two bands in AL8/78 which were 115 and 95 bp in size,
respectively; whereas in PI 268210, the fragment size
remained intact (210 bp). This internally amplified STS
marker was named AFLP-STS11.

All eight sequences obtained for the M-AGG/P-ATG
107 bp fragment were identical in nucleotide composition.
No polymorphism was found among these sequences, or
among sequences amplified from newly designed internal
primers. Probably the sequence polymorphism of Msel or
Pst] was located outside the amplified internal region or all
the sequences cloned were not the target sequence associ-
ated with the AFLP marker.

SSR and EST-derived CAPS markers for Gb3

Our high-resolution mapping effort for Gb3 started with
markers previously mapped in the distal region of the long
arms of wheat homoeologous Group-7 chromosomes.
Polymorphism screening test was performed with 21 SSRs
located within the region delimited by SSR markers
WMC94 and CDF175 (Somers et al. 2004), the SSR
marker, Ust2001-7DL, linked with eyespot-resistance
genes pchl (Groenewald et al. 2003; Chapman et al. 2008)
and 102 RFLPs. Among the markers tested, nine SSRs
(BARCI111, BARCI1046, CFD69, CFD175, WMC094,
WMC273, WMC634 and WMCS824) and five RFLP-
derived STS or CAPS markers (FBB79R, WG380,
KSUD2, G278 and PSR680) were polymorphic between
PI 268210 and ALS8/78 and were mapped (Fig. 1; Table 1).
There were four RAPD-converted SCAR markers
reported to be linked with the leaf rust-resistance gene Lr/9
in 7DL (Gupta et al. 2006). None of them showed direct
length polymorphism between the two Ae. tauschii parental
lines. However, comparison of the sequences of PCR
products between the two parents identified a SNP in the
restriction enzyme 7Taq 1 recognition site of SCS253
(Table 1) which enabled us to develop a CAPS marker that
was mapped distal to SSR marker WMC94 (Fig. 1).
Meanwhile, wheat ESTs physically placed in the distal
bins of wheat 7AL, 7BL and 7DL arms were targeted for
the marker development. A total of 101 primer pairs were
designed from those EST sequences, of which 15 showed
sequence polymorphism between PI 268210 and ALS8/7S.
Consequently, 15 EST-derived markers were developed.
Of them, only CJ833370 showed a length polymorphism
with a 58-bp deletion in ALS8/78. For EST marker
BG604843 and CJ579846, a SNP (G/A) was detected
between the two parental lines, but no restriction enzyme
was available to detect this SNP. Therefore genotyping was
performed by direct sequencing. All the remaining 12 EST
markers were converted to CAPS markers (Table 1). In
addition, the wheat EST DQ462308 is part of the gene
Hfr-3 that encodes a lectin-like protein during defensive
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Fig. 1 A linkage map of Ae. tauschii 7DL distal region encompass-
ing Gb3 locus. Numbers to the left of the chromosome are the genetic
distances of adjacent markers in centiMorgans. The arrows show the
orientation of chromosome 7DL. The right is a diagram of wheat 7D
deletion map showing the physical location of the markers mapped on
the high-resolution genetic map

responses upon Hessian fly feeding (Giovanini et al. 2007).
This EST was also converted into a CAPS marker and
mapped between SCS253 and FBB79R. For the EST
marker BF293421 an improved version of the respective
CAPS marker was developed based on the extended
sequence obtained from the BAC internal sequence of
HIO83E1S.

To summarize, by exploring previously mapped SSR,
AFLP and RFLP markers, as well as deletion bin-mapped
EST sequences, we were able to develop 30 PCR-based
markers in the Gb3 region in Ae. tauschii. Among these
markers, AFLP-STS11 was the closest; BF293421 and
BJ309404 were the other two closely linked markers

(Fig. 1).
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Table 1 Markers used in fine mapping of greenbug-resistance gene Gb3 in Ae. tauschii

Markers Marker Restriction  Forward primer (5'-3') Reverse primer (5'-3") GenBank
type enzyme accession
ID
RFLP-derived markers (5)
FBB79R CAPS  Msel CCTAAGCACCCAAACCAACAG GAACTAGAGCCCGACGAGAGG
G278 CAPS  Msel CAAAATGACAGGAACACAAAG CTGTAAAGTTTGGAAAGCTCA
KSUD2 STS - CAGGCCCTCAGTTTACACAAG TATTAGCTGAAGGAAAGACAA
PSR680 STS¢ - ATTCTTTCTACTTCATGCAGG CTATTGCATCTCACATCACTC
WG380 CAPS  Rsal TGCAAGCTCTGAGTAAATTAA TTGTGCATCCATCATTACTTG
EST-derived markers (15)
BE423876 CAPS  Tagl GAAAGTCTAGGCACCTTCCG TGGCTATCTCTTCTTGTCCACG
BE590995 CAPS  Nialll CCACCAGAAGTAATAGCCAAG TGATTATCTTGAAGCGTACGG
BF202806 CAPS  Tagl CTGCCAGGATGTTTGCCACCC CACATCGGAGCTTCTTGCCAC
BF293421 CAPS  Xbal GCTGGCGGTGCGCAACGACG AGAACAAGATTGCGAGCTGC
BF293421-E* CAPS  Rsal CTCAAAAATGCTCGCCAGATA ACTCATTTCAGGGGCAACC
BG312663 CAPS  Taql GGACTGCAGACCCTCACCAAC AGAGCAGCAGTAGATTGAAGA
BG604843 SNP¢ - ATGCCTGGTTAGTCGACAATG TTTATGTCGCTTTCAATTACC
BJ309404 CAPS  Bsll ATAATGGCAACAAGGGAGAGA GCAGTTGCCAAATGGATGA
BM134450 STS? - CGTTGGCTCTCCGGAATCTGC GCGTGACGTCTGATTGCTCGA
CA711839 CAPS  Tagl GAGCGACGAGATTATCCTGGC GACCAAGATAGCCCTCACAAA
CJ579846 SNP® - GCCCCTGTAAAGAATGTTGAT AATCATCATCTGTGTTTGGTG
CJ580732 CAPS  ScrFI CTAACGACACCACGGCAGAAA GTCGGAGATTGATCAGGCCAC
CJ583355 CAPS  BstXI CCTGGGTTTTCTGTATCTCCG TGGAACTGAATGCAAAAACCG
CJ725163 CAPS  Hhal TCTGGACAGCGAGTGGTTTGC GATCAGGCCTGTATTCTATTT
CJ833370 STS - ATCGATGAAAATGGTCCGTAG AGTAGTGCTGCCGTCTGTTTC
DQ462308" CAPS  Maelll ATGAAGGGCCTCTTGCTGT CTAGTTGCATGCACCATTCTG
BAC end sequence-derived markers (14)
BB001IM22-R  STS - CGTTGTTTCCCCGCTTTAGGG TCAGGGAATTACCGTGGGCAT IM174961
HBO07K7-F CAPS  Tagl CATGGCCAAACTATTCACAAC GGTACATAGAGCCCAACAATA IM175060
HD095A22-F CAPS  Nlalll AGATCTTTCGGTATGCCATTG ATGTTCGCCAGTTGGAGA IM175061
HDI134A2-R CAPS  Hhal ACTGCAGACCCGCCATCC TCTAGGCCTGTCCCGAATCGT IM175062
HIO09B3-F CAPS  HpyCH4III TCCACCTAAGTAGCCATGAGA TTATCTCCCACGTTCATGCAT IM175063
HIO09B3-R CAPS  Nialll TTTCTGTACCACTGTCTTCCA AGGAACAGCAACTCACGGATG IM175064
HIO21M14-F CAPS  Nialll GGCGAGCAATGGAGATCAATG CCCACCCCAAAAGACAAAGGA IM175065
HI067J6-F CAPS  Tagl AGGTTTGTTTTAATCCGGCTT CAGCTCCAGCCATGTGCCACT IM175066
HI067J6-R CAPS  Hhal GACCTTGAGCCAGACACCACA CGTGAGCGCTCCTTGATGTTC IM175067
HIO83E15-F CAPS  Rsal AATGGAGTGGATGTCTTTTTC TCGTACCAAAAAAATTCGGAG IM175068
HI085014-R CAPS  Pstl ACAATCAGCGGTTCTTCAGAG GGTTTTGGCTCTCCGATTTCC IM175069
HI133A22-R CAPS  Tagl TTCCGGCGATCGATCCTCACA AAAAATAACCAAGTCCCAATC IM175070
RI046F23-F CAPS  Msel ATTCTCAGAGGTTGTTGTATG AAACTTTCAATCACAGGGCTG IM175071
RI109K22-R STS - AACATTACTTCACTGCCACAC TGACAACGTGGAACCAACATA IM174962
AFLP- or STS-derived markers (2)
SCS253¢ CAPS  Tagl GCTGGTTCCACAAAGCAAA GGCTGGTTCCTTAGATAGGTG
AFLP-STS11  CAPS  Msel AGTGACGATATGGGACCTGCAGAT TAAACGAAACGGGGCCACAAGTGTACT

4 Marker developed based on the extended sequence using the BAC clone HIO21M14

Derived from Giovanini et al. (2007)

¢ Derived from Gupta et al. (2006)

¢ SNP G-A
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Marker enrichment based on Ae. tauschii BAC contigs

Our initial mapping effort identified 19 new PCR-based
markers for the Gb3 locus. At that time, the Ae. tauschii D
genome physical mapping project developed many physi-
cal contigs of Ae. tauschii BAC clones (http://avena.pw.
usda.gov/wheatD/). We explored this genomics resource
for fine mapping of Gb3. The initial search of the database
with already mapped Gb3-linked marker WG380 identified
a BAC contig ctg6081 that consisted of 79 BAC clones.
Four clones in this contig, HI113116, RI109K22,
HB117020 and RI046F23, were end sequenced and two
markers (RI109K22-R and RI0O46F23-F) were developed.
However, although both BAC-end sequence based markers
were mapped in 7DL, none of them was linked with
WG380 in this mapping population. Probably WG380 had
multiple paralogous copies in the Ae. tauschii genome and
the copy we sequenced and the corresponding markers we
developed were not the one represented by the Gb3-linked
copy.

We initiated the chromosome walking by screening the
Ae. tauschii BAC library with AFLP-STS11, which was the
closest marker to Gb3 by then. This screening yielded three
positive BAC clones, HBO001G18, BBO11A23, and
HBI110F7 (Fig. 2). Using the BAC clone ID, database
search identified Ae. tauschii BAC contig ctg3176 which
contained 76 clones spanning 538 kb. Fourteen BAC
clones from this contig were end sequenced resulting six
new markers including five CAPS (HDO095A22-F,
HBO007K7-F, HI085014-R, HI067J6-F, and HI067J6-R)
and one Indel (BBOO1M22-R) markers. Of them, HI067J6-
F and HI067J6-R were from the two ends of the same BAC
clone (Table 1; Fig. 2). Genetic mapping of the six new
markers covered a genetic distance of 0.9 cM with eight
recombination events between CJ579846 and AFLP-
STS11, with three markers cosegregating with AFLP-
STS11 (Fig. 2).

On the other side of the Gb3 locus, we started BAC library
screening with the distally flanking marker BF293421. Eleven
positive BAC clones, HB0980O03, HD003I01, HDOO5A18,
HDOO05HO1, HB067D18, HIO21M14, HIO35F15, HIO71D04,
HIO71D13, HIO71E09, RI108008 were identified, of which
HD067D18, HIO21M14, HIO35F15 and HIO71E09 were
found to be members of same contig, ctg6340. The contig
ctg6340 contained 22 clones spanning a total physical length
of 231 kb. All 22 BAC clones in this contig were end
sequenced resulting in six new markers including HIO09B3-F,
HIO83E15-F, HIO09B3-R, HI021M14-F, HD134A2-R and
HI133A22-R that covered seven recombination events
between HIO09B3-F and HI133A22-R which corresponded to
0.6 cM (Fig. 1). From the BAC clone HIO09B3, one marker
from each end was developed that covered four recombination
events between Gb3 and HI021M14-F. All 112 BAC end

sequences from this study have been deposited in the Gen-
Bank (accession numbers JM174961 to JM175072) for public
access.

High density genetic map of Gb3

Twenty-two SSR markers previously mapped in 7DL were
tested for polymorphism between PI 268210 and AL8/78,
and 9 were eventually mapped. All of them were co-
dominant markers. From the 45 markers that were mapped
in the Gb3 region of 7DL with the F, mapping population
derived from PI 268210 and ALS&/78, 30 of them were
newly developed in this study (Fig. 1; Table 1). The Gb3
locus was flanked by HI067J6-R and HIO09B3-F (Fig. 2)
with a genetic distance of 1.1 cM. Among the 32 recom-
binant plants between WG380 and KSUD2, only one plant
was homozygous recombinant.

Discussion

In our previous studies, using hexaploid common wheat
mapping populations, we identified several SSR and AFLP
markers closely linked with the greenbug-resistance locus
Gb3 (Weng and Lazar 2002; Weng et al. 2005). The
complexity of the hexaploid wheat genome presents a
significant challenge for fine genetic mapping and ultimate
map-based cloning of this aphid-resistance gene. In the
present study, we focused our effort on high-resolution
mapping of the Gb3 gene with a population developed
from two diploid Ae. tauschii accessions. Unfortunately, on
historical genetic maps (for example, Somers et al. 2004),
the Gb3 region in 7DL is sparsely saturated with a limited
number of molecular markers due to overall low poly-
morphism in the D genome chromosomes. Consequently,
we explored all available resources to develop molecular
markers for the Gb3 region. We were able to place 45
markers in this region, 30 of which were newly developed
(Fig. 1). This is the first high-density linkage map of
Ae. tauschii in this region. Marker order on this map is
largely collinear with previously published wheat or
Ae. tauschii 7TDL maps (Somers et al. 2004; Weng et al.
2005). This map provides a solid foundation for map-based
cloning of Gb3. In addition, this map should be useful in
whole genome assembly of this genome region for the
ongoing hexaploid wheat or Ae. tauschii genome
sequencing or physical mapping projects.

In this study, we attempted to convert two AFLP markers
cosegregating with Gb3 (Weng and Lazar 2002) into STS
markers. In large genomes such as wheat and Ae. fauschii,
AFLP conversion is in general difficult because the
target fragment is often contaminated by similar-size,
co-migrating non-target DNA sequences (Guo et al. 2003).
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Fig. 2 Genetic map of 7DL harboring Gb3 and corresponding Ae. tauschii contigs. Vertical line represents individual BAC clones. Markers
developed from the BAC clone ends are connected with dotted lines. The solid connected lines show the BAC clone hits of each screening

To identify the target sequence from the cloned fragment,
we sequenced multiple clones, and we took the extension-
AFLP strategy (Xu and Ban 2004) to minimize non-target
sequence contaminations. Indeed, for the 218 bp AFLP
fragment (marker M-GCC/P-AGG), we sequenced eight
clones, which were found to contain three different
sequence reads. Extension PCR enabled to identify the
target sequence and we successfully converted the
218 bp M-GCC/P-AGG fragment into a co-dominant STS
marker AFLP-STS11, which proved to be the critical and
the closest marker for Gb3 (0.7 cM from Gb3 at the prox-
imal side (Fig. 1).

The conversion of the other AFLP fragment (M-AGG/P-
ATG 107 bp) into STS marker was not successful due to
the fact that no internal sequence polymorphism was found.
To exploit sequence polymorphism that caused the AFLP,
the extended sequence from both ends must be obtained
either by inverse PCR (Bradeen and Simon 1998) or by
utilizing the BAC sequence (Azhaguvel et al. 2006).
However, further attempt of any of these above-mentioned
methods is needed to convert this marker.

For fine genetic mapping in the Gb3 region, we explored
all available SSR markers and exhausted the bin-mapped
wheat ESTs. A low rate of success in generating markers
was observed. Only 6.8% (7/102) of RFLPs and 15% of
EST (14/101) were mapped on this genetic map. This
prompted us to explore new ways of marker development.
We made full use of the Ae. fauschii BAC library and
physical contigs developed by the wheat community,
which was proved to be fruitful. Based on information from
three molecular marker-anchored BAC contigs (ctg6081,
ctg3176 and ctg6340), 40 BAC clones were end sequenced
from both ends. While most of these BAC end sequences
(68%) were repetitive in nature, we were able to design
new markers from these sequences. From the 80 end
sequences, 81 primer pairs were designed and 14 new
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markers were developed. This result indicated that BAC
end sequencing was a useful method for developing new
molecular markers in target regions with a luxury of having
options to select BAC clones in the BAC contig even
though Ae. tauschii had a high percentage of repetitive
DNA sequences in its genome.

In Fig. 1, with the exception of two dominant markers
(PSR680 and BM134450), all other markers were
co-dominant. Among the 45 markers placed on the map
(Fig. 1), only 15 showed length polymorphism in the
agarose gel, and 28 were CAPS markers and the remaining
two markers were SNP markers. The cost of developing the
CAPS marker is directly related to the cost of restriction
enzymes. However, the reduced sequencing costs allowed
for SNP genotyping by direct sequencing of PCR products.
The genotyping of markers CJ579846 and BG604843 was
conducted in 32 recombinant plants by direct sequencing of
32 PCR products from one end with relatively low cost
($48.00, $1.5 per reaction). Although there are many SNP
genotyping platforms available, most of them require a
very high start-up cost that is not realistic for small to
medium labs with molecular breeding work. In this case,
direct sequencing should be a cost-effective method of
choice if the small set of recombinants is used in fine
mapping studies.

The initial results of BAC screening confirmed the
resolving power of the developed high-resolution map. The
genetic and physical mapping in the 7DL distal region
allowed us to analyze the physical to the genetic distance
ratio in two physical contigs of about 768 kb physical
length. With a genetic distance of 0.9 cM between the two
markers HD095A22-R and HI067J6-R (Figs. 1, 2), the
overall ratio of physical to genetic distance on the proximal
side of Gb3 was about 558 kb/cM (502 kb/0.9 cM);
whereas in the region between HIO09B3-F and HI133A22-
R, a relatively low ratio of 360 kb/cM (216 kb/0.6 cM)
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was observed. Interestingly the two markers developed
from BAC end sequences of BAC clone HIO09B3 (139 kb)
covered four recombination events with 0.3 cM genetic
length providing additional evidence of high recombination
on the distal side of Gb3 locus (463 kb/cM). Erayman et al.
(2004) estimated a relatively high genetic to physical ratio
in this region (863 kb/cM) from FBB79 to KSUD2. Our
estimate was probably more accurate because we used
exact physical length and a large mapping population to
calculate the genetic distance in this region.

In this study, we developed a high-resolution genetic
map in Ae. tauschii for the Gb3 gene and placed 45
markers on the genetic map. Clearly, we are still some
distance away for fine mapping and candidate gene iden-
tification of the Gb3 aphid-resistance gene. Since we have
exhausted SSR markers and the EST resources in this
region, we are taking two additional approaches to saturate
the Gb3 region. First, since wheat chromosome 7 and rice
chromosome 6 are largely collinear, marker enrichment
could be achieved using wheat EST resources and wheat—
rice colinearity (Hossain et al. 2004). A high colinearity of
7BL and rice 6L in the Bol region (boron tolerance) was
reported (Schnurbusch et al. 2007). Comparing the common
markers, the Gb3 is proximal to Bol and further research is
necessary to determine the extent of colinearity of 7DL with
rice 6L. Second, chromosome walking cannot rely solely on
single Ae. tauschii BAC library AL8/78 which is susceptible
to greenbug biotype E, and the Gb3 homologs may not be
present in this library. Wheat sub-genome libraries have been
constructed for many chromosomes or arms (gaféf etal. 2004;
2010; Janda et al. 2004; Janda et al. 2006; Simkov4 et al.
2008), including the 7DL-spefic BAC library (Simkovi et al.
2011). The 7DL-specific BAC library is likely to be very
useful in our effort of map-based cloning of the Gb3 gene. Our
initial screening of this library using Gb3-linked markers has
shown that this 7DL-specific BAC library was robust and less
complex (Simkové et al. 2011) as compared with the Ae.
tasuchii BAC libraries we used in the present study, which will
be an excellent alternate resource for the positional gene iso-
lation of Gb3.

Aphids are important insect pests of most crop plants. In
several dicot crops, aphid-resistance genes or gene candi-
dates have been cloned. For example, in tomato, the
Mi-resistance gene for root knot nematode (Meloidogyne
incognita) and potato aphid (Macrosiphum euphorbiae)
was isolated (Milligan et al. 1998; Rossi et al. 1998). An
aphid (Aphis gossypii)-resistance gene Vat in melon has
been recently isolated and patented (Dogimont et al. 2009).
A candidate gene for soybean aphid-resistance gene Rag!
was identified in soybean (Kim et al. 2010). All of the
cloned aphid-resistance genes belong to (or predicted) the
nucleotide binding leucine-rich repeats (NB-LRR) R gene
family. No aphid-resistance gene has been cloned in cereal

crops. The NB-LRR is a large class gene family and will be
difficult to land on the right NB-LRR in a large genome
such as wheat. Using this genetic map of Ae. Tauschii, we
delimited Gb3 to a 1.1-cM interval, which may present a
significant step toward positional cloning of this gene. In
addition, the genetic marker resources, map and the
recombinant plants developed in this study will be helpful
to clone the gene that eventually will contribute to a better
understanding of the molecular mechanism of greenbug
resistance.
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