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Development of a genetic linkage map for Sharon goatgrass (Aegilops
sharonensis) and mapping of a leaf rust resistance gene

P.D. Olivera, A. Kilian, P. Wenzl, and B.]. Steffenson

Abstract: Aegilops sharonensis (Sharon goatgrass), a diploid wheat relative, is known to be a rich source of disease resistance genes for
wheat improvement. To facilitate the transfer of these genes into wheat, information on their chromosomal location is important. A
genetic linkage map of Ae. sharonensis was constructed based on 179 F, plants derived from a cross between accessions resistant (1644)
and susceptible (1193) to wheat leaf rust. The linkage map was based on 389 markers (377 Diversity Arrays Technology (DArT) and
12 simple sequence repeat (SSR) loci) and was comprised of 10 linkage groups, ranging from 2.3 to 124.6 cM. The total genetic
length of the map was 818.0 cM, with an average interval distance between markers of 3.63 cM. Based on the chromosomal
location of 115 markers previously mapped in wheat, the four linkage groups of A, B, C, and E were assigned to Ae. sharonensis (Ss")
and homoeologous wheat chromosomes 6, 1, 3, and 2. The single dominant gene (designated LrAeSh1644) conferring resistance to
leaf rust race THBJ in accession 1644 was positioned on linkage group A (chromosome 6S5?) and was flanked by DArT markers
wpt-9881 (at 1.9 cM distal from the gene) and wpt-6925 (4.5 cM proximal). This study clearly demonstrates the utility of DArT for
genotyping uncharacterized species and tagging resistance genes where pertinent genomic information is lacking.
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Résumé : L’Aegilops sharonensis (I'égilope de Sharon), une espéce diploide apparentée au blé, est connue pour étre une riche
source de genes de résistance aux ravageurs et, de ce fait, s’avere utile en amélioration génétique du blé. Pour faciliter le transfert
de ces génes au blé, des informations sur leur localisation chromosomique serait importante. Une carte génétique de 1’Ae.
sharonensis a été produite a I’aide de 179 plantes F, issues d’un croisement entre des accessions résistante (1644) et sensible (1193)
a la rouille brune. La carte génétique compte 389 marqueurs [377 marqueurs DAIT (Diversity Array Technology) et 12 microsat-
ellites (SSR)] répartis sur 10 groupes de liaison dont la taille varie entre 2,3 et 124,6 cM. La longueur totale de la carte est de
818,0 cM et la distance moyenne entre les marqueurs est de 3,63 cM. Sur la base des positions chromosomiques connues pour
115 marqueurs déja localisés chez le blé, les groupes de liaison A, B, C et E ont été assignés aux chromosomes 6, 1, 3 et 2 de I'Ae.
sharonensis (S°P) et sont homéologues aux chromosomes correspondants chez le blé. Un seul géne dominant (nommé LrAeSh1644)
conférant la résistance a la race THBJ de la rouille brune chez I’accession 1644 a été placé sur le groupe de liaison A (chromosome 6Ss")
et il était bordé des marqueurs DAIT wpt-9881 (2 1,9 cM en distal du géne) et wpt-6925 (4,5 cM en proximal). Cette étude montre
clairement l'intérét des marqueurs DArT pour le génotypage chez des espéces peu caractérisées et pour marquer des génes de
résistance lorsque les informations génomiques pertinentes n’existent pas. [Traduit par la Rédaction)]

Mots-clés : Aegilops sharonensis, carte génétique, rouille brune du blé, géne de résistance.

been introgressed from Aegilops (McCallum et al. 2012), the closest
related genus to Triticum (Kimber and Feldman 1987).

Aegilops sharonensis Eig (common name: Sharon goatgrass) is a
wild relative of wheat that is endemic to the coastal plain of Israel
and southern Lebanon (van Slageren 1994). The species belongs to
the secondary genepool of wheat and carries the S! or SsP genome,
which is homoeologous to the B genome of wheat (Friebe and Gill
1996). Aegilops sharonensis is a rich source of genes for disease and
insect resistance. Previous investigators have identified acces-
sions with resistance to many pathogens and pests, including leaf
rust, stem rust, stripe rust, powdery mildew, and Karnal bunt (Gill
et al. 1985; Warham et al. 1986; Manisterski et al. 1988; Anikster

Introduction

Wheat leaf rust, caused by Puccinia triticina Eriks., is one of the
most important diseases of wheat (Triticum aestivum L.) worldwide.
It is the most widely distributed of all wheat rusts and has been
prevalent in many durum and bread wheat producing areas
(Kolmer 2005). The leaf rust pathogen is quite variable, as its pop-
ulations are comprised of many different virulence types. In
North America alone, between 40 and 60 races are identified every
year (Kolmer et al. 2004; Kolmer 2005). The use of resistant culti-
vars to control leaf rust requires the availability of many sources
of resistance to counter the frequent appearance of new virulence
types in the pathogen populations. Wild relatives of wheat are an

important gene reservoir for resistance to wheat diseases and
offer a diverse source of unique alleles for wheat improvement.
These unique resistance alleles are an important source of genetic
diversity for countering virulence shifts in pathogen populations.
For example, many genes for resistance to leaf rust (Lr9, Lr21, Lr22,
Lr28, Lr35, Lr39, Lr42, Lr47, Lr51, Lr56, Lr57, Lr58, Lr59, and Lr62) have

et al. 2005), and Hessian fly and greenbug (Gill et al. 1985). The
potential for increasing the diversity of disease resistance in
wheat with genes from Ae. sharonensis is great, as Olivera et al.
(2007) recently identified many accessions with resistance to the
important wheat diseases of leaf rust, stem rust, stripe rust, pow-
dery mildew, spot blotch, and tan spot. In another recent study,
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Table 1. Disease reaction of parents and F, plants to leaf rust and segregation of F, plants and F; families from a cross between Aegilops sharonensis

accessions 1193 and 1644 to leaf rust.

Parents F, plants Segregation of F, plants Segregation of F, families
No. of Ratio Ratio
1193 1644 plants IT R S tested  x? P HR Seg. HS tested x? P
Leaf rust race THB] 3 0;1 4 1-0; 139¢ 43e 0190 0.663 45" 84P 40b  1:2:1 0.302  0.860

Note: Infection types (ITs) were based on the 0-4 rating scale of Long and Kolmer (1989). Plants exhibiting ITs of 0;, 1, and 2 were considered resistant, whereas those
exhibiting ITs of 3 and 4 were considered susceptible. — and + indicates lower or higher sporulation for ITs than described in the original scale.

aNumber of plants resistant (R) or susceptible (S) to leaf rust from a total of 182 F, plants.

bNumber of F; families homozygous resistant (HR), segregating (Seg.), or homozygous susceptible (HS) to leaf rust.

Olivera et al. (2008) determined the genetic basis of resistance to
wheat leaf rust, stem rust, and powdery mildew in Ae. sharonensis.
They found that resistance to leaf rust (races THBJ and BBBB) in Ae.
sharonensis is conferred by a single gene with major effect. The
simple inheritance of leaf rust resistance in Ae. sharonensis should
simplify the transfer of resistance in wide crosses with wheat. In
addition to elucidating the number and mode of action of genes
controlling traits of interest in wild wheats, information about the
chromosomal location of genes and linked markers can be useful for
marker-assisted selection in gene introgression programs.

The advent of molecular marker technology has greatly facili-
tated the construction of genetic linkage maps and also the ex-
ploitation of useful genes from wild progenitor germplasm for
cultivated crop improvement (Tanksley and McCouch 1997). Di-
versity Arrays Technology (DArT) has provided in the last decade
an attractive and economical marker system for genotyping plant
populations at medium to high density. DArT is a hybridization-
based technique that allows the simultaneous typing of several
thousand loci in a single assay without previous sequence infor-
mation (Jaccoud et al. 2001). This independence from sequence
information was a very important attribute of DArT at the time
when sequencing costs and throughputs were higher compared to
nowadays. DArT markers have been applied for genetic mapping
in a range of cereal crops, including rice (Jaccoud et al. 2001),
barley (Wenzl et al. 2004), oats (Tinker et al. 2009), sorghum (Mace
et al. 2008), and durum (Mantovani et al. 2008) and bread wheat
(Semagn et al. 2006). A full list of nearly 100 organisms for which
DAIT has been developed and applied is available at http://
www.diversityarrays.com/genotypingserv.html. Microsatellites or
simple sequence repeats (SSRs) are another valuable type of mo-
lecular marker. They have proven very useful in the identification
and exploitation of valuable genes from wild relatives of culti-
vated species. SSRs have been used for the identification of intro-
gressed regions of alien chromosomes in cultivated wheat (Marais
et al. 2006; Miranda et al. 2006) and can be employed for the
development of linkage maps in wild wheat relatives because of
their high level of polymorphism, locus-specificity, and high level
of transferability between species in the Triticeae (Plaschke et al.
1995; Gupta et al. 2002; Adonina et al. 2005).

The objectives of this study were to generate a genetic linkage
map of Ae. sharonensis and use it to identify molecular markers
linked to a gene conferring resistance to wheat leaf rust.

Materials and methods

Plant materials

Aegilops sharonensis accessions 1644 and 1193 (Table 1) were se-
lected as parents for the mapping population because they exhib-
ited differential reactions to wheat leaf rust (Olivera et al. 2007).
Accession 1644 is resistant to leaf rust, whereas accession 1193 is
susceptible. Accession 1644 was collected from Ashdod in the Phi-
listean Coastal Plain of southern Israel, and accession 1193 was
collected from Hefzi Bah in the Sharon Coastal Plain of central
Israel. Crosses between 1644 and 1193 were made in 2004 using
standard hybridization techniques and yielded four F, seeds. F,
plants were grown in the greenhouse and selfed to produce F,

populations. One hundred and eighty-two individual F, plants
were used for the disease evaluations and were then selfed to
produce F; families. All spikes from F, and F, plants were bagged
before anthesis to prevent any chance of cross-pollination.

Pathogen race, plant growth conditions, inoculation
protocols, and disease assessment

The pathogen race used in this study was selected based on its
differential virulence pattern on the parental accessions of Ae.
sharonensis. Race THB] of P. triticina has a wide spectrum of viru-
lence and is a common race in the Great Plains of the United States
(Long et al. 2002; Kolmer et al. 2004). Race THB] was purified,
verified for its virulence phenotype, and then increased on the
susceptible wheat cultivar Thatcher (CI 10003). Plant growth and
inoculation and disease assessment protocols were done as de-
scribed by Olivera et al. (2007). F, plants and F, families were
evaluated to leaf rust race THB] as seedlings in the greenhouse to
determine the inheritance of resistance based on phenotypic ra-
tios. Twenty plants from each F; family were screened to confirm
the rust phenotype and genotype of F, plants. According to
Hanson (1958), this F; family size has a 99% probability of distin-
guishing between segregating and nonsegregating families for
monogenic inheritance. Plants were evaluated for their infection
types (Its) to leaf rust 12-13 days after inoculation based on the
0-4 scale of Long and Kolmer (1989). Progeny exhibiting ITs
from 0 to 2 were considered resistant, and those exhibiting ITs
from 3 to 4 were considered susceptible.

DNA extraction, polymerase chain reaction (PCR), and
genotyping with SSR and DArT markers

Genomic DNA was extracted from each F, plant for subsequent
genotyping with SSR and DArT markers. DNA was extracted from
the young tillers of 4- to 5-week-old plants using the CTAB method
(Doyle and Doyle 1990). As the 1193 x 1644 population was devel-
oped before the advent of cost-effective platforms for SNP and GBS
genotyping, SSR and DArT markers were used for map construc-
tion. One hundred wheat and barley SSR markers were evaluated
for their transferability to the genome of Ae. sharonensis and pres-
ence of polymorphism between the parents of the mapping pop-
ulation. These microsatellites were from three different sources:
the Institute of Plant Genetics and Crop Plant Research (IPK) in
Gatersleben, Germany (Gatersleben Wheat Microsatellites or GWM),
United States Department of Agriculture (USDA) in Beltsville, MD
(Beltsville Agricultural Research Center or BARC microsatellites),
and Scottish Crop Research Institute (SCRI) in Invergowrie, Scot-
land (SCRI microsatellites). GWM microsatellites were developed
by Roder et al. (1998) and were selected based on their ability to
amplify the genome of Ae. longissima (Adonina et al. 2005), the
species most closely related to Ae. sharonensis (Friebe and Gill 1996).
The BARC microsatellites were developed by Song et al. (2002) as
part of the United States Wheat and Barley Scab Initiative's effort
to tag loci contributing to Fusarium head blight resistance in
wheat. The SCRI microsatellites were developed by Ramsay et al.
(2000). Selected barley microsatellites were used for genotyping
the Ae. sharonensis genome based on previous reports regarding
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the transferability of SSRs and EST-SSRs between Triticum and
Hordeum species (Herndndez et al. 2002; Varshney et al. 2005). In
total, 13 wheat and 2 barley SSR markers were used for genotyping
the F, population. Due to the low quality of DNA from three progeny,
genotyping and mapping were conducted on 179 F, plants. The 5’
end of each forward SSR primer was tailed with the M13 forward
sequencing primer (CACGACGTTGTAAAACGAC) (Oetting et al.
1995) for labeling the PCR product.

PCR amplification was performed in a 10 pL volume reaction at
a final concentration of 20 ng genomic DNA, 1x PCR buffer (Fer-
mentas, Glen Burnie, Md.), 1.6 mmol/L of MgCl,, 200 pmol/L of
dNTPs, 150 nmol/L of each 5'-tagged forward and reverse primer,
5.0 pmol of M13 labeled primer, and 0.5 U Taq polymerase (Applied
Biosystems, Foster City, Calif.). The PCR for wheat microsatellites
was carried out in an Eppendorf Mastercycler (Eppendorf AG,
Hamburg, Germany) using the following program: 3 min at 94 °C,
45 cycles of 1 min at 94 °C, 1 min at either 50, 55, or 60 °C depend-
ing on the individual microsatellite, and a final extension of
10 min at 72 °C (Roder et al. 1998). PCR profiles for barley micro-
satellites are detailed in Ramsay et al. (2000). The amplification
products were resolved on a 6.0% polyacrylamide gel in a LICOR
4200 DNA analyzer (LICOR Inc., Lincoln, Nebr.). An IR-labeled mo-
lecular weight standard (50-350 bases) ladder from LICOR was
used for estimation of the amplicon sizes. The molecular weight
of each DNA band was calculated by the SAGA GT Generation 2
software (LICOR).

DAIT marker assays were conducted by Triticarte Pty. Ltd.
(Yarralumla, Australia; http://www.triticarte.com.au) essentially
as described by Akbari et al. (2006). Initially, the parents of the
mapping population were evaluated for polymorphism with
array-containing DAIT markers developed from clone libraries
originating from several Triticum and Aegilops species. Based on
this initial evaluation, a genotyping array was constructed and
used for the final genotyping of progeny. The final array con-
tained 7680 clones with each clone printed as two replicate spots
on the array. The array consisted mostly of 6528 clones (markers)
selected for high density Genotyping Array version 2.6.2 of wheat
developed in 2009 by Triticarte and more recently replaced by
version 3.0 array (now available at Diversity Arrays Technology
P/L, which offers DATT for nearly 100 species). This set of 6528
markers is based on the analysis of thousands of cultivated and wild
wheat accessions and was selected for high polymorphism information
content (PIC) values. In addition, the array contained 384 clones devel-
oped from flow-sorted wheat chromosome arm 1BS and 768 clones
derived from flow-sorted chromosome 3B of several wheat ac-
cessions (Triticarte's unpublished data). Clones derived from
the wheat B genome were preferentially incorporated into the array
given the homoeologous relationship between the Ae. sharonensis
(S*M) and T. aestivum (B) genomes (Maestra and Naranjo 1997).

Segregation analysis and map construction

All markers were analyzed for their goodness-of-fit to the appro-
priate expected segregation ratios (i.e., 1:2:1, 1:3, or 3:1) using the
chi-square (x?) test. Loci fitting the expected segregation ratio or
those deviating significantly from the expected ratio at p < 0.05
and p < 0.01 were included in the analysis and subsequent linkage
map. Loci with extreme distortion (p < 0.001) were not included in
the map. Linkage groups were iteratively constructed using LOD
scores ranging from 2.0 to 10.0 and were finally established using
a minimum LOD score of 4.0. The genetic linkage map was gener-
ated by the program JoinMap version 4.0 (van Ooijen 2006), using
the Kosambi mapping function (Kosambi 1943). The final map was
drawn using the program MapChart version 2.1 (Voorrips 2002).
When possible, linkage groups were assigned to Ae. sharonensis
(S*1) and homoeologous wheat chromosomes based on the pres-
ence of markers with known chromosomal location in the B ge-
nome of T. aestivum.
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Results

F, plants of the cross between 1644 and 1193 exhibited ITs (range
of 0; to 1-) to P. triticina that were similar to the resistant parent
(1644) (Table 1). The derived F, population segregated in an ap-
proximate 3:1ratio for resistant and susceptible plants, and in the
F, generation, the population segregated in an approximate
1:2:1ratio for homozygous resistant : segregating : homozygous
susceptible families (Table 1). These data indicate that leaf rust
resistance in accession 1644 is controlled by a single dominant
gene. The leaf rust resistance gene was given the provisional
designation of LrAeSh1644, pending studies to elucidate its al-
lelic relationship with previously described rust resistance loci.

Of the 100 evaluated microsatellites, only 15 exhibited polymor-
phism between the parents of the mapping population. A total of
542 polymorphic DArT markers were obtained from the selected
arrays. In the final analysis, a total of 377 DArT and 12 SSR loci
were integrated into the genetic map (Fig. 1). The genetic map
includes seven large and three small linkage groups (LOD > 4.0),
with a total length of 818.0 cM (Table 2; Fig. 1). Individual linkage
groups ranged from 2.3 (linkage group I) to 124.6 cM (linkage
group C) (Table 2). The average distance between markers was
3.63 cM (2.52 cM when linkage group ] is excluded), and the largest
interval between markers was 24.1 cM (linkage group J) (Table 2).
Gaps larger than 10 cM were found in linkage groups A (15.8 and
13.2 cM), C (17.9 cM), E (11.3 and 16.8 cM), and G (13.8 cM). The map
distance between two consecutive DArT markers was less than
0.5 cM in 39% of the markers incorporated in the map (Fig. 2). Total
number of loci per linkage group ranged from 3 (linkage groups I
and J) to 85 (linkage group C) (Table 2; Fig. 1), with an average of
38.9 lociflinkage group.

The x? segregation test for each locus revealed significant seg-
regation distortion for 142 markers (26.2%). Fifty markers that
deviated significantly from the expected ratio at p < 0.05 and
p < 0.01 were incorporated into the genetic map (Table 2). Forty-
three markers with a skewed segregation ratio at p < 0.05 and
p < 0.01 favored alleles from parent 1193, whereas only seven mark-
ers exhibited distortion in favor of parent 1644. Loci with skewed
segregation were found in 7 of the 10 linkage groups. Over 65% (33) of
the markers exhibiting segregation distortion were positioned in
linkage group C and covered 43% of its entire genetic length.

Based on the chromosomal location of 115 DArT and SSR
markers previously mapped in wheat, four linkage groups were
assigned to Ae. sharonensis (S*7) and homoeologous wheat chromo-
somes. Linkage group A included 11 DArT markers and one SSR
marker (BARC146) from wheat chromosomes 6A, 6B, and 6D and
two SSR markers (Bmac316 and Bmag0009) from barley chromo-
some 6H. The high frequency and wide distribution of markers
from wheat chromosomes 6A, 6B, and 6D and barley chromosome
6H indicated assignment of this linkage group to chromosome
6Ssh of Ae. sharonensis, which is homoeologous to wheat chromo-
some 6B. Linkage group B contained 10 DArT markers from wheat
chromosome 1B and five DArT markers from wheat chromosomes
1A and 1D. The predominance and extensive distribution of wheat
chromosome 1B markers indicated assignment of this linkage
group to chromosome 1S5" of Ae. sharonensis, which is homoeolo-
gous to wheat chromosome 1B. Linkage group C included 17 DArT
markers and two microsatellite markers (BARC147 and Xgwm674)
from wheat chromosome 3B and three DArT markers from wheat
chromosome 7D. Again, the predominance and distribution of
wheat chromosome 3B markers indicated assignment of linkage
group B to chromosome 3Ss" of Ae. sharonensis, which is homoe-
ologous to wheat chromosome 3B. Linkage group E included 15
DArIT and four microsatellite (BARC095, BARC124, BARC159, and
Xgwm210) markers from wheat chromosome 2B and three DArT
markers from wheat chromosome 2D. The predominance and
extensive distribution of wheat chromosome 2B markers indi-
cated assignment of this linkage group to chromosome 2Ss* of
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Fig. 1. Genetic linkage map of the Aegilops sharonensis 1193 x 1644 F, population based on 381 loci. Loci marked with * and ** deviated
significantly from the expected ratio at p < 0.05 and p < 0.01, respectively. Cumulative map distances in centiMorgans (cM) are shown at the
left side of the linkage groups with the loci names given at the right side. Loci with known chromosomal locations in the genomes of wheat

are indicated in blue. The mapped leaf rust (LrAeSh1644) resistance gene is indicated in red.
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Fig. 1 (continued).
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Fig. 1 (concluded).
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Ae. sharonensis, which is homoeologous to wheat chromosome 2B.
The four remaining linkage groups included markers from differ-
ent B genome chromosomes and (or) the A and D genomes of
wheat (linkage groups D, F, G, and H) and could not be reliably
assigned to specific Ae. sharonensis (Ss?) chromosomes. In particu-
lar, the upper and lower “arms” of linkage group D contained sets
of markers derived predominantly from two different wheat chro-
mosomes. Eleven DATT markers from wheat chromosomes 7B and
7D and 14 DArT markers from wheat chromosome 4A were iden-
tified in linkage group D.

wpt-8075

The gene LrAeSh1644 conferring resistance to leaf rust race THBJ
was positioned on linkage group A and was flanked by DArT mark-
ers wpt-9881 (1.9 cM distal from the gene) and wpt-6925 (4.5 cM
proximal).

Discussion

This work documents the first genetic linkage map constructed
for Ae. sharonensis. Using DArT, together with anchoring SSR mark-
ers, a medium-density linkage map of 389 loci was constructed for
Ae. sharonensis (Fig. 1) from previously developed arrays of wheat
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Table 2. Chromosomal assignment, number of loci mapped, map lengths, and average and maximum distance between loci for each of the 10
linkage groups identified in the cross between Aegilops sharonensis accessions 1193 and 1644 based on DArT and SSR markers.

Linkage Chromosome assigned No. of loci Map Average distance Maximum distance Markers with
group in Ae. sharonensis mapped length (cM) between loci (cM/loci) between loci (cM) segregation distortion®
A 6Ssh 46 94.2 2.05 15.8 4

B 1Ssh 49 108.7 2.22 11.0 1

C 3Ssh 85 124.6 1.47 17.9 33

D — 75 122.4 1.63 9.1 7

E 2Ssh 53 118.8 2.24 11.5 2

F — 14 78.9 5.54 20.5 1

G — 57 110.0 1.93 9.0 2

H — 4 11.8 2.95 5.3 0

I — 3 2.3 0.76 21 0

J — 3 46.3 15.4 241 0

Total N/A 389 818 N/A 50

Average N/A 38.9 81.8 3.63 N/A 6.25

Note: —, could not be assigned to a specific Ae. sharonensis chromosome; N/A, not applicable.

% < 0.01.

Fig. 2. Distribution of Kosambi map distances between two consecutive DATT loci over all chromosomes based on the Aegilops sharonensis F.,

population derived from the parental accessions 1193 and 1644.
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and Aegilops in a short time period of about 3 weeks. Such
medium-density maps can be useful for mapping and tagging
target genes as was done for the leaf rust resistance gene in this
study and thanks to availability of sequences from the mapped
DArT markers the initiation of targeted, higher resolution map-
ping. This study clearly demonstrates the rapid, economical
utility of DAIT for genotyping uncharacterized species where per-
tinent genomic information is lacking. Previous to this study,
genetic linkage maps had only been developed for the Sitopsis
species of Ae. speltoides (Luo et al. 2005) and Ae. longissima (Zhang
et al. 2001) using RFLP markers.

The Ae. sharonensis linkage map consisted of 10 linkage groups
with a total genetic length of 818.0 cM (Table 2). The average size of
the linkage groups was 81.8 cM, with a range of 2.3-124.6 cM. The
linkage groups reported here for Ae. sharonensis are smaller than
those reported for the 624 (DArT, AFLP, and SSR markers) (Semagn
et al. 2006) and 1235 (SSR markers) (Somers et al. 2004) marker-
based linkage maps of T. aestivum, which ranged from 60 to 180 cM.
With respect to marker density, however, the value found for the

Ae. sharonensis map (2.52 cMfloci excluding linkage group ]) was
comparable to that reported for the wheat consensus map (2.2 cM)
(Somers et al. 2004). Yet the frequency (39%) of DArT markers
identified with linkage distances shorter than 0.5 cM was lower
than those observed in bread wheat (51%) (Semagn et al. 2006). Luo
et al. (2005) indicated that reductions in the overall length of an
Ae. speltoides RFLP map in comparison to that of Triticum monococ-
cum were due to differences in the frequency and location of chro-
mosomal recombination. As differences in crossover distribution
have been reported among the T. monococcum, Ae. Speltoides, and Ae.
longissima genomes (Zhang et al. 2001; Luo et al. 2005), it is cer-
tainly possible that the same phenomenon may be responsible for
the differences observed in map sizes between the species. Re-
duced map sizes also may be caused by inadequate marker cover-
age in some distal regions of the individual Ae. sharonensis
chromosomes. The mapping of additional markers (be they SSR or
SNP) located in distal regions of wheat chromosomes will be use-
ful for testing this hypothesis. Although a good medium-density
map was constructed using DArT and SSR markers in this study,
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several significant gaps ranging from 10 to 24.1 cM were still ob-
served in some linkage groups (Table 2). These gaps may have
resulted from inadequate marker coverage or the presence of
high recombination in specific gene-rich regions of the chromo-
somes. High recombination in gene-rich regions was previously
reported in bread wheat and barley (Gill et al. 1996; Sandhu et al.
2001; Weng and Lazar 2002). The recent development of a 90K SNP
platform for wheat (Eduard Akhunov, personal communication)
and other high density genome profiling technologies based on
Genotyping by Sequencing concepts (e.g., DArTseq offered by
DArT PL) will provide a powerful new tool for obtaining highly
dense genomic maps of allied species like Ae. sharonensis.

Based on previous information regarding the chromosomal lo-
cation of 103 DA1T and 12 SSR markers in the wheat genome and
the homoeologous relationship between the chromosomes of Ae.
sharonensis and T. aestivum, we attempted to assign the linkage
groups generated in this study to individual Ae. sharonensis chro-
mosomes (SP) found homoeologous to wheat via a cytogenetics
approach. The homoeologous relationship between Ae. sharonensis
and T. aestivum was first described by C-banding analysis (Friebe
and Gill 1996; Maestra and Naranjo 1997). These studies found a
normal homoeologous relationship for all of the Ss® chromo-
somes to bread wheat and without any apparent chromosome
rearrangements in Ae. sharonensis relative to wheat. Maestra and
Naranjo (1997) also observed a close relationship between the Ss®
genome and B genome of wheat. In this study, we were able to
assign linkage groups A, B, C, and E to their respective Ss® chro-
mosomes of 6SP, 1Ssh, 3Ssh, and 2SsP (Table 2). These individual
linkage groups contained a predominance of loci with known
chromosomal position in wheat and remained as consistent link-
age groups (LOD > 6.0) during the development of the genetic
map. The other six linkage groups could not be assigned with
confidence to a specific S*? chromosome because of the presence
of loci from different wheat chromosomes mapping to the same
linkage group. The phenomenon of loci not mapping to homoe-
ologous locations also was reported by Adonina et al. (2005) who
studied the transferability of wheat SSRs to Aegilops species be-
longing to the Sitopsis. These authors considered nonhomoeolo-
gous loci to correspond to segmental duplications through
association with retrotransposons. The inclusion of additional
markers (i.e., SSR or SNP) in these linkage groups will be necessary
to assign, with greater certainty, the linkage groups to homoeolo-
gous chromosomes and provide further evidence for chromo-
some rearrangements.

Two linkage groups (D and G) had groups of loci previously
located in distal regions of different chromosome arms of wheat
(Fig. 1). Chromosome inversions and translocations have been re-
ported as major causes for the alteration of marker order in Ae.
tauschii (Boyko et al. 1999) and Ae. speltoides (Luo et al. 2005) relative
to bread wheat. Reciprocal translocations involving whole arms of
chromosomes 1S5 and 2SsP of Ae. sharonensis were reported by
Friebe and Gill (1996). The occurrence of translocations between
arms of different Ae. sharonensis chromosomes may be one expla-
nation for groups of loci from different wheat chromosomes oc-
curring in the same Ae. sharonensis linkage group. In this regard, an
interesting case occurred in linkage group D, where 14 loci from
wheat chromosome 4A mapped across one chromosome arm. This is
the only case where a large number of markers from a genome other
than B of wheat appeared clustered in an Ae. sharonensis linkage
group. Adonina et al. (2005) reported that a high frequency of mark-
ers from the A and D genomes of wheat amplified the genomes of
Aegilops species in the Sitopsis (Ae. longissima, Ae. speltoides, and
Ae. searsii). The authors suggested that this phenomenon could be
due to the ancient origin of these DNA regions. The region of
linkage group D containing 14 clustered loci from wheat chromo-
some 4A may be the result of a conserved region between the A
and B genomes.

Genome Vol. 56, 2013

Aegilops longissima, a closely related species to Ae. sharonensis,
carries a reciprocal translocation between the distal regions of
chromosomes arms 4S! and 7S! (Friebe et al. 1993). This transloca-
tion was not found in the remaining four species of the Sitopsis,
including Ae. sharonensis (Miller et al. 1982; Maestra and Naranjo
1997; Zhang et al. 2001). However, we observed in opposite “arms”
oflinkage group D, a region of 14 loci from wheat chromosome 4A
and a region of 10 loci from wheat chromosome 7B (Fig. 1). Al-
though we cannot confirm the presence of a 4/7 reciprocal trans-
location until the seven linkage groups are assigned to the
homoeologous chromosomes in wheat, these results suggest that
the accessions used to develop the linkage map (1644 and 1193)
may carry the translocation. Aegilops sharonensis and Ae. longissima
are sympatric species, and morphological intermediate types and
hybrids have been found in mixed populations (Eig 1928; Ankori
and Zohary 1962; Millet et al. 2006). It is possible that one of the
accessions used as a parent of the cross is the result of an inter-
specific hybridization between Ae. sharonensis and Ae. longissima.

Loci exhibiting segregation distortion were observed in seven
linkage groups. Most of the loci with skewed segregation ap-
peared to be dispersed across the linkage groups with the excep-
tion of those from linkage group C. Several regions with distorted
segregating loci in linkage group C (chromosome 3Ss") were ob-
served, and all favored the alleles from the female parent (1193).
Deviations from the expected Mendelian segregation ratios of ge-
netic markers and regions with skewed segregation ratios have
been reported in Ae. tauschii (Faris et al. 1998; Boyko et al. 1999) and
cereals such as barley (Kleinhofs et al. 1993), rice (Xu et al. 1997),
and bread wheat (Semagn et al. 2006). Faris et al. (1998) suggested
that the regions with skewed segregation ratios in Ae. tauschii may
carty genetic selection factors for gametophyte competition or
genes for hybrid sterility.

The first genetic linkage map of Ae. sharonensis was developed in
this study and facilitated the mapping of a leaf rust resistance
gene to a specific region in chromosome 6Ss" (linkage group A) in
accession 1644. This gene may be useful in agriculture because it
confers resistance to the common, highly virulent leaf rust race
THBJ in the USA. It is also effective against races PNMQ and
BBBB (Olivera et al. 2007). Introgressing resistance genes from
Ae. sharonensis into wheat is not trivial because it involves special
cytogenetic techniques and dealing with gametocidal genes that
control the preferential transmission of certain chromosomes
(Olivera and Steffenson 2009). Additionally, as with all exotic
sources of resistance, linkage drag can be a problem. Still, a num-
ber of researchers have successfully transferred genes from this
species into wheat (Olivera and Steffenson 2009). Marais et al.
(2006) reported the introgression of a leaf rust and stripe rust
resistance gene from Ae. sharonensis into chromosome 6A of culti-
vated wheat. Based on telosomic and SSR analysis, the authors
were able to identify that the leaf rust resistance gene was intro-
gressed through a crossover between the long arms of chromo-
some 6A of wheat and 65" of Ae. sharonensis. However, no SSR
markers linked with the genes were reported by the authors. A
gene postulation study using a large collection of P. triticina races
will be required to determine whether the leaf rust resistance
gene reported by Marais et al. (2003) is the same as the one re-
ported in this study. Alternatively, an allelism test could be con-
ducted between the respective sources of resistance. Previously,
Marais et al. (2003) found that wheat lines carrying the intro-
gressed chromosome arm from Ae. sharonensis were highly resis-
tant to leaf rust and stripe rust, but susceptible to stem rust.
Although no co-segregating markers were found for the leaf rust
resistance gene LrAeSh1644 in this study, it was tagged by markers
just a short distance away. The leaf rust resistance gene mapped
just 1.9 cM away from the closest linked DArT marker wpt-9881. If
these DATIT markers can be successfully converted into breeder
friendly markers, their close linkage will facilitate the introgres-
sion of these resistance genes into cultivated wheat.
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The genomics revolution will certainly allow researches to
more efficiently exploit the variation locked up in wild crop spe-
cies. A large scale genomics project for Ae. sharonensis was recently
initiated by the Two Blades Project at the Sainsbury Laboratory in
Norwich, UK, under the direction of Jonathan Jones (Champouret
et al. 2011). The primary goal of this project is to clone a number of
genes conferring resistance to African stem rust (e.g., race TTKSK)
from the wild species and insert them as cassettes into wheat with
the hope of increasing the longevity of resistance. In addition to
leaf rust, accession 1644 also is resistant to African stem rust race
TTKSK (Olivera et al. 2007). The genome of 1644 was recently se-
quenced and is currently being annotated. This information, to-
gether with other genomic resources being developed for Ae.
sharonensis, will facilitate the cloning of both stem rust and leaf
rust resistance genes in accession 1644. The transfer of resistance
genes via transformation will overcome any problems associated
with linkage drag and gametocidal genes.
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