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Abstract Powdery mildew, caused by Blumeria graminis
f. sp. tritici (Bgt) is one of the most important wheat diseases
worldwide. Wild emmer wheat, Triticum turgidum ssp.
dicoccoides, the tetraploid ancestor (AABB) of domesti-
cated bread and durum wheat, harbors many important
alleles for resistance to various diseases, including powdery
mildew. In the current study, two tetraploid wheat mapping
populations, derived from a cross between durum wheat (cv.
Langdon) and wild emmer wheat (accession G-305-3M),
were used to identify and map a novel powdery mildew
resistance gene. Wild emmer accession G-305-3M was
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resistant to all 47 Bgt isolates tested, from Israel and Swit-
zerland. Segregation ratios of F, progenies and F¢ recom-
binant inbred line (RIL) mapping populations, in their
reactions to inoculation with Bgt, revealed a Mendelian
pattern (3:1 and 1:1, respectively), indicating the role of a
single dominant gene derived from T. dicoccoides accession
G-305-3M. This gene, temporarily designated PmG3M, was
mapped on chromosome 6BL and physically assigned to
chromosome deletion bin 6BL-0.70-1.00. The F, mapping
population was used to construct a genetic map of the
PmG3M gene region consisted of six simple sequence
repeats (SSR), 11 resistance gene analog (RGA), and two
target region amplification polymorphism (TRAP) markers.
A second map, constructed based on the Fg RIL population,
using a set of skeleton SSR markers, confirmed the order of
loci and distances obtained for the F, population. The dis-
covery and mapping of this novel powdery mildew resis-
tance gene emphasize the importance of the wild emmer
wheat gene pool as a source for crop improvement.

Introduction

Powdery mildew is a destructive wheat disease caused by a
biotrophic parasitic fungus, Blumeria graminis f. sp. tritici
(Bgt). Bgt is responsible for causing one of the most important
wheat diseases worldwide. This pathogen has caused severe
yield losses ranging from 5 to 34% (Lipps and Madden 1988).
One of the most effective and environmentally safe approaches
to control powdery mildew is to develop and use resistant
cultivars. To date more than 60 powdery mildew resistance
alleles (Pm1—Pm43) have been reported in wheat (McIntosh
etal. 2008; Hsam and Zeller 2002). However, major resistance
genes tend to become ineffective within a short period of time
due to the increasing variability of the pathogen (Hsam and

@ Springer


http://dx.doi.org/10.1007/s00122-011-1756-8

912

Theor Appl Genet (2012) 124:911-922

Zeller 2002). Therefore, it is necessary to search for novel
disease resistance genes and combine multiple resistance
genes into each cultivar, in wheat breeding programs, in order
to be able to protect wheat yields and secure the world’s food
supply. Future wheat genetic improvement lies in exploiting
the gene pools of the wild relatives of wheat.

Wild emmer wheat [Triticum turgidum ssp. dicoccoides
(Korn.) Thell., also known as T. dicoccoides] is a valuable
source for resistance to powdery mildew (Nevo et al. 2002).
Moseman et al. (1984) tested the reactions of 233 T. dic-
occoides accessions, collected at 10 sites in Israel and else-
where, with four isolates of powdery mildew. They found that
114 of 233 (49%) accessions were resistant to these four
isolates that possess virulence genes overcoming most of the
identified Pm resistance genes in cultivated wheat.

The development of molecular markers presents a useful
tool for both theoretical genetic analysis and plant breeding
practices. Molecular markers, such as restriction fragment
length polymorphism (RFLP), amplified fragment length
polymorphism (AFLP), random amplification of polymor-
phic DNA (RAPD), simple sequence repeats (SSR), target
region amplification polymorphism (TRAP) and resistance
gene analogs (RGA) have been widely used to tag and map
agronomically important traits in wheat (Hu and Vick
2003; Feuillet and Keller 2004; van der Linden et al. 2004).

The wild emmer wheat accession G-305-3M was pre-
viously reported as the donor of Pm31, however, further
examination conducted by Xie et al. (2011) revealed that
there was an error in the pedigree registration of the Pm31
mapping population and that the donor of Pm31 is the 6VS/
6AL translocation introgressed from Hynaldia villosa
(Chen et al. 1995), and not the T. dicoccoides accession
G-305-3M. Therefore, it was concluded that Pm31 is not a
wild emmer wheat-derived Pm gene, as was previously
reported, instead, it is actually the Pm2] locus with the
resistance allele originating from the translocated 6VS
chromosome of H. villosa (Xie et al. 2011). In the current
study we show that 7. dicoccoides accession G-305-3M
harbors a novel powdery mildew resistance gene, tempo-
rarily designated as PmG3M, located on chromosome 6BL.

The overall objective of the current study was to explore
the genetic basis of powdery mildew resistance in wild
emmer wheat as a source for improving cultivated wheat. In
this paper we report on: (1) the development of a new map-
ping population in tetraploid wheat background by crossing
wild emmer accession G-305-3M with T. durum cultivar
Langdon (LDN); (2) the identification and characterization of
a novel powdery mildew resistance gene originating from
wild emmer wheat; (3) the identification of PCR-based
molecular markers linked to this powdery mildew resistance
gene; (4) the construction of genetic and physical maps of the
gene region using F, and recombinant inbred line (RIL)
mapping populations of the same cross.
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Materials and methods
Plant materials

Wild emmer wheat accession G-305-3M, resistant to
powdery mildew, was crossed with a highly susceptible
T. durum cultivar Langdon (hereafter LDN; Heyne 1959),
to produce a segregating mapping population. Langdon
was broadly studied as a tetraploid wheat cultivar and was
used extensively for wheat genetic research (e.g., Joppa
and Williams 1988). The wild emmer accession G-305-3M
was collected in Israel by Gerechter-Amitai et al. (1992).
An F, mapping population consisting of 164 individuals
was developed from a single F; plant. One hundred and
fifty-one F,-derived F; families were used for the con-
struction of the F,-based genetic map. Single seed decent
(SSD) procedure was implemented to produce 164 Fg
homozygous RILs.

Powdery mildew tests

The parental lines (G-305-3M and LDN) were inoculated
with 47 different Bgt isolates from Israel and Switzerland
(Table 1) and screened for powdery mildew resistance,
using detached leaf segments as described by Xie (2006)
and by Ben-David et al. (2010). Conditions of inoculation,
incubation and disease assessment were as described by
Hsam and Zeller (1997). Plant reactions to powdery mil-
dew inoculation was recorded on a scale of 0 to 4, with O
representing no visible symptoms, 0; for necrotic flecks
(hypersensitive response, HR), and values of 1, 2, 3 and 4
for highly resistant, resistant, susceptible and highly sus-
ceptible reactions, respectively (Mains and Dietz 1930). A
score of 0-2 was recorded as resistant and 3—4 as suscep-
tible. Based on the test results with 42 Israeli Bgt isolates,
the isolate Bg##15 was selected for further phenotyping of
the segregating F, population and 151 F,-derived F; fam-
ilies, as well as the 164 RILs using the detached leaf
segments’ method. Isolate Bg##15, to which G-305-3M was
highly resistant with necrotic flecks (0;) and LDN was
highly susceptible, is also highly virulent on many other
Pm genes (e.g., Pmla, Pm3a, Pm3b, Pm4b, Pm5a, Pm5b,
Pm6, and Pm7; Ben-David et al. 2010).

Genetic stocks

A set of Langdon/Chinese Spring D-genome disomic
substitution lines (LDN-DS), kindly provided by Joppa and
Williams (1988), and a Langdon/T. dicoccoides substitu-
tion line LDN (DIC-6B), in which a pair of chromosomes
6B in LDN was substituted by a pair of chromosomes 6B
from T. dicoccoides accession FA-15-3, and 12 homozy-
gous recombinant substitution lines (RSLs) (Olmos et al.
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Table 1 .th?notyplc Isolate # Collection site Wheat species Wheat Plant reaction®
characterization of the two .
collected from cultivar

parental lines, Langdon and Country Site G-305-3M  Langdon
G-305-3M, for powdery mildew

resistance to 47 Bgt isolates 1 Israel Hula Valley T. aestivum Dariel R® S
4 Israel Hula Valley T. aestivum Dganit R S
6 Israel Hula Valley T. aestivum Atir R S
7 Israel Hula Valley T. aestivum Shapir R S
8 Israel Hula Valley T. durum Bareket R S
9 Israel Hula Valley T. aestivum 652 R S
13 Israel Hula Valley T. aestivum 519 R S
15 Israel Yavor T. durum Inbar R S
16 Israel Nahal Oz T. durum Inbar R S
20 Israel Ein Hanatziv T. durum Inbar R S
25 Israel Bet Dagan T. durum Inbar R R
29 Israel Ein Hanatziv T. aestivum Shapir R S
30 Israel Talmei Yafe T. aestivum Shapir R S
33 Israel Erez T. aestivum Dganit R S
36 Israel Lahav T. aestivum Dganit R S
37 Israel Nahal Oz T. aestivum Dganit R S
43 Israel Yesodot T. aestivum Bet Hashita R S
44 Israel Negev T. aestivum Miriam R S
47 Israel Sa’ad T. aestivum Bet Lehem R R
50 Israel Nahal Oz T. aestivum Barkai R S
52 Israel Dir El Balakh - - R S
58 Israel Ammiad T. dicoccoides 58 R S
61 Israel Tabigha T. durum 7B R S
63 Israel Gilbboa T. dicoccoides — R S
64 Israel Karei Deshe T. dicoccoides — R S
66 Israel Ammiad T. dicoccoides - R R
67 Israel Lahav T. durum Inbar R S
68 Israel Bet Dagan T. aestivum Bet Hashita R S
70 Israel Beeri T. aestivum Dganit R S
91 Israel Sde Eliahu T. durum Inbar R S
92 Israel Tel Aviv T. dicoccoides — R S
94 Israel Ein Hanatziv T. aestivum Dganit R S
95 Israel Ein Hanatziv T. durum Bareket R S
96 Israel Negba T. aestivum M50 R S
97 Israel Negba T. durum M R S
% Plant reaction: R resistant 101 Israel Nahal Oz T. aestivum Dariel R S
(IT = 0-2), S susceptible 103 Israel Ammiad T. dicoccoides - R R
(IT = 3-4) 106 Israel Nahal Oz T. aestivum Atir R S
® Approximation, i.e., the 107 Israel Nahal Oz T. aestivum Shapir R R
wheat speci.es from which the 108 Israel Nahal Oz T. aestivum Bareket R S
powdery mildew was collected, .
is uncertain. In order to obtain a 109 Israel Tel Aviv T. dicoccoides — R S
set of Swiss representative 113 Israel Ammiad T. dicoccoides — R S
random mildew samples, a 96229  Switzerland  Ellighausen-Kloten Rd.  T. aestivum® - R S
:gg;eotfrzpczvrajvggﬁnjvi Nt 96224 Switzerland  Winterthur-Kloten Rd. 7. aestivum® - R S
through the main wheat growing 96236 Switzerland  Oensingen-Schoetz Rd. 7. aestivum® - R S
areas of Switzerland. Those 96244 Switzerland  Coppet -Yverdon Rd. T. aestivum® - R S
areas are dominated by bread 96275 Switzerland Nyon-Cheseaux Rd. T. aestivum® - R S

wheat cultivars

@ Springer



914

Theor Appl Genet (2012) 124:911-922

2003; Distelfeld et al. 2004) were used for chromosome
assignment of molecular markers linked to the resistance
gene. Two ditelosomics (DT6BL and DT6BS) and seven
deletion lines of chromosome 6B (Endo and Gill 1996)
were used for physical mapping of molecular markers
linked to the resistance gene.

Genomic DNA extraction and BSA analysis

When plants were about 1-month-old, leaves were col-
lected, frozen in liquid nitrogen, and stored in a —80°C
freezer. F, Genomic DNA was extracted using the plant
genomic DNA isolation reagent DNAzol™ES (Molecular
Research Center, Inc., Cincinnati, OH, USA) as described
by Peng et al. (1999). Bulked segregant analysis (BSA)
(Michelmore et al. 1991) was used to screen for poly-
morphic markers between resistant and susceptible DNA
bulks (composed of F, DNA samples, based on the phe-
notypic test of F,.; families). DNA samples from 10 to 15
homozygous resistant (with plant reaction = 0) and 10 to
15 homozygous susceptible (with plant reaction = 4) F,
individuals were pooled in equal amounts to generate
resistant bulk (R bulk) and susceptible bulk (S bulk),
respectively. Genomic DNA samples of Fg RILs and
parental lines were extracted using a large-scale genomic
DNA extraction protocol (Kidwell and Osborn 1992;
Elbaum et al. 2006) with some modifications, as described
by Ben-David (2011).

SSR analysis

Based on the distribution of SSR markers on the A and B
genomes of wheat (Roder et al. 1998; Ganal and Roder
2007), 225 SSR markers from A and B genomes (12-20
markers per chromosome) were chosen for testing poly-
morphism between the two parents and the two (R and S)
DNA bulks.

One primer of each primer pair was labeled with fluores-
cent dye, Cy-5. The PCR reactions were performed as
described in Peng et al. (1999). Fragment analysis was carried
outin an automated laser fluorescence (ALF) DNA sequencer
(Amersham Biosciences, Uppsala, Sweden). Fragment sizes
were calculated using the computer program Fragment
Manager Version 1.02 (Amersham Biosciences, Uppsala,
Sweden). Genotyping of the SSR markers was also preformed
on 1-3% SeaKem® or MetaPhor® Agarose (Cambrex Bio
Science, Rockland, ME, USA) stained with GelRed™
(Biotium, Hayward, CA, USA).

RGA and TRAP analysis

RGA primers were designed based on conserved NBS,
LRR, and Kinase motifs of cloned disease resistance genes,
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as described by Xie et al. (2011). Altogether 320 combi-
nations of RGA primer pairs were screened for polymor-
phism between the two parents and between the two
opposite bulks. Data regarding RGA primer sequences is
available on the supplementary material section of Xie
et al. (2011). For TRAP analysis, the sequences of four
arbitrary primers were kindly provided by Dr. J. Hu (Liu
et al. 2005, see also supplementary material, Table S1).

At a later stage, after the physical location of the gene
was verified, 36 fixed primers were designed based on
expressed sequence tags (ESTs) mapped on chromosome
deletion bin 6BL 0.40-1.00 (http://wheat.pw.usda.gov/;
Dilbirligi et al. 2004). We adapted the concept of Hu and
Vick (2003) and designed the fixed primers based on the
expressed sequences. We also used 36 degenerate or spe-
cific oligonucleotide RGA primers as fixed primers. All
primers were designed using the program Primer3
(http:/www-genome.wi.mit.edu/cgi-bin/primer/primer.cgi)
and synthesized by Sigma (Sigma-Aldrich, St Louis, MO,
USA). The four arbitrary primers were fluorescently
labeled with Cy-5.

Genetic mapping

For each segregating marker, a > analysis was performed
to test for deviation from the expected segregation ratio in
the F> (1:2:1 for co-dominant markers or 3:1 for dominant
markers) and Fg RIL (1:1) populations. Linkage analysis
and map construction were performed based on the evo-
lutionary strategy algorithm included in the MultiPoint
package (Mester et al. 2003a), as described in Peleg et al.
(2008). Dominant markers can cause a bias in the estima-
tion of locus orders and recombination rates (e.g., Peng
et al. 2000). The approach which was chosen to deal with
this obstacle was to divide the marker data into two sub-
sets, as described by Mester et al. (2003b): (1) one set
containing the coupling-phase dominant markers and the
co-dominant markers; (2) another set containing the
repulsion phase dominant markers and the co-dominant
markers.

Results

Reactions of T. dicoccoides accession G-305-3M
to a collection of powdery mildew isolates from Israel
and Switzerland

The reaction patterns of 7. dicoccoides accession G-305-
3M and T. durum cv Langdon, inoculated with 47 powdery
mildew isolates from Israel and Switzerland are described
in Table 1. G-305-3M was highly resistant to 39 powdery
mildew isolates with necrotic flecks (0;), or no visible
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symptoms (0), and intermediately resistant (IT = 1-2) to
eight isolates. The parental line LDN was susceptible
(IT = 3-4) to 42 isolates, and highly resistant to five
isolates.

Inheritance of the powdery mildew resistance derived
from T. dicoccoides accession G-305-3M

Triticum dicoccoides accession G-305-3M was highly
resistant, with small round necrotic flecks (IT = 0;) to the
powdery mildew isolate Bgt#15, whereas LDN was highly
susceptible to this isolate, with fully developed symptoms
and sporulation (IT = 4). The phenotypic test of the F,
population, consisting of 160 individuals, with isolate
Bgt#15 showed the following segregation ratios: 123
resistant (IT = 0-2) and 37 susceptible (IT = 3-4), fitting
the theoretical ratio of 3:1 (3* = 0.36; xgos. 1 = 3.84).
The test of 151 F,.5 families showed a segregation ratio of
30 homozygous resistant, 84 heterozygous resistant, and
37 homozygous susceptible, fitting the theoretical ratio of
1:2:1 ()(2 = 2.6, lower than 1(2).05, > = 5.99). Based on
these results, it can be inferred that the powdery mildew
resistance of T. dicoccoides accession G-305-3M is con-
trolled by a single dominant gene. Therefore, this pow-
dery mildew resistance gene was temporarily designated
as PmG3M, in accordance with the rules of gene sym-
bolization of wheat (Mclntosh et al. 2008). A segregation
of a single dominant gene was confirmed also at the Fg
generation (e.g. Fig. 1). The segregation ratio obtained for
the 164 RIL population (89 R: 75 S) was not significantly
different from the 1:1 ratio (X2 = 3.15; x%,os, » = 3.8)
expected for the segregation of a single dominant gene
(Table 2).

Screening of polymorphic SSR markers

Among the 225 SSR markers, 172 (76%) generated poly-
morphisms between the parents, G-305-3M and LDN.
Differences in band densities were observed between the R
and S bulks for the markers Xgwm1093 and Xgwm192 that
were previously mapped on the short arm of chromosome
4A (Roder et al. 1998; Ganal and Roder 2007). However,
genotyping of the mapping population showed that there
was no genetic linkage between these two markers and
PmG3M gene. This gene is thus not located on chromo-
some 4A. Since the screening of the DNA bulks with 225
SSR markers did not identify markers that are linked to
PmG3M, we conducted another screening using at first 60
RGA primer combinations which allowed the screening of
several thousands of amplified RGA bands.

Identification of a RGA marker linked to PmG3M

A first set of 60 RGA primer combination pairs were used
to screen for polymorphism between the parents and the
two DNA bulks. Most of the primer pairs generated 50-100
scorable bands. Most of the bands were almost identical
between the two bulks both in size and density. However,
four out of 60 primer pairs revealed polymorphism
between the two opposite bulks. These primer pairs were
used to test 30 individuals of the F, mapping population.
Only one band from primer pair Pto-kinlIN and CF9-F
coincided well with the resistance of the tested individuals
and the parents G-305-3M and LDN, and showed associ-
ation with the resistance gene in the repulsion phase. This
marker was further used to genotype the whole mapping
population. The use of MultiPoint software showed that

Fig. 1 Phenotypes of the Fg homozygous RIL mapping population
segregating for PmG3M. A set of 164 RILs were tested with powdery
mildew isolate Bgt#15 using detached leaf segments obtained from
seedlings. The first leaf of 10-14 days old seedlings was cut into three
segments that were arranged in one column and inoculated with Bgt
spores. a An example of 18 segregating Fg RILs (out of 164) is

presented in the figure above. Each column of three leaf segments
represents one individual RIL (columns 1-18); b Reference lines are:
(19) susceptible parent Langdon, (20) resistant parent G-305-3M (21)
susceptible durum cultivar Inbar. The phenotypic plant reaction is
marked with R for resistant and S for susceptible plant at the bottom of
each column

@ Springer



916

Theor Appl Genet (2012) 124:911-922

Table 2 Segregation ratio in F, 3 and RIL mapping populations of the cross between T. durum cv. Langdon and wild emmer wheat G-305-3M in

response to inoculation with isolate Bg##15

Population type Size Segregation

Type Expected ratio R H S 7 ;((20‘05, 2
F,_; families 151 Dominant A:H:B = 1:2:1 30 84 37 2.6 5.99
RIL 164 Dominant A:B = 1:1 89 - 75 3.1 3.8

this RGA marker (Xuhw213) with a fragment size of
319 bp, derived from the susceptible parent LDN, was
linked to PmG3M in the repulsion phase at a genetic dis-
tance of 3.5 cM (Table 3; Fig. 2c¢).

Assignment of PmG3M to chromosome 6B

The RGA marker Xuhw213, which was linked in repulsion
phase to the PmG3M gene, was used to test a set of LDN/
Chinese Spring D-genome disomic substitution (DS) lines
(Joppa and Williams 1988). The 319-bp band amplified by
Xuhw213 was present in all LDN-CS-DS lines, except for

LDN-CS-6D (6B) substitution line (Supplementary mate-
rial: Fig. S2), suggesting that Xuhw?213 and linked-PmG3M
were located on chromosome 6B. The LDN-derived mar-
ker Xuhw213 was also absent in LDN (DIC-6B). A more
accurate localization of Xuhw213 on chromosome 6B was
obtained using a set of 12 RSLs, which contained segments
of chromosome 6B from T. dicoccoides accession FA-15-3
segregating in the background of LDN (Olmos et al. 2003;
Distelfeld et al. 2004). The graphical genotypes of these
RSLs with Xuhw213 and eight other DNA markers (Du and
Hart 1998; Distelfeld et al. 2004) are presented in Table 4.
The obtained graphical genotypes show that Xuhw213 is

Table 3 Molecular markers used for the mapping of the powdery mildew resistance gene PmG3M located on chromosome 6BL

Locus® Marker type Primer pair” Segregation Fragment size (bp) in®
Type 7 G-305-3M LDN

Xbarc24 SSR barc24F/barc24R Co-dominant 54 170 194
Xbarc134 SSR barc134F/barc134R Dominant 2.1 Null 193
Xgwml93 SSR gwml193F/gwm193R Co-dominant 8.9¢ 180 166
Xgwm219 SSR gwm219F/gwm219R Co-dominant 1.5 163 155
Xgpw7262 SSR gpw7262F/gpw7262R Co-dominant 35 195 201
Xedm149 EST-SSR edm149F/edm149R Co-dominant 3.7 207 209
Xuhw213 RGA Pto-kin1IN/CF9-F Dominant 4.0¢ Null 319
Xuhw214 RGA Pto-kin4/XLRR-INV2 Dominant 0.8 740 Null
Xuhw215 RGA P-loop/SLEY-2 Dominant 0.8 473 Null
Xuhw216 RGA P-loop/NBS-R1 Dominant 0.2 471 Null
Xuhw217 RGA P-loop/GLPLTL-1 Dominant 0.8 472 Null
Xuhw218 RGA P-loop/NIL-AS Dominant 0 465 Null
Xuhw219 RGA P-loop/XalNBS-R Dominant 0.1 462 Null
Xuhw220 RGA XalNBS-F/Pto-kin2IN Dominant 1.7 491 Null
Xuhw221 TRAP TRAP003/BM137137 Dominant 2.6 256 Null
Xuhw222 TRAP TRAPO13/BF429057 Dominant 0.4 212 Null
Xuhw223 TRAP-RGA TRAPO003/Pto-R Dominant 0.0 108 Null
Xuhw224 TRAP-RGA TRAPO13/NBS-F1 Dominant 0.4 119 Null
Xuhw225 TRAP-RGA TRAPOO3/MLRR-F Dominant 434 Null 378

? The RGA and TRAP markers developed in the present study are designated as the Xuhw series. The following markers were previously
published: Xgwm markers (Roder et al. 1998), Xbarc markers (Somers et al. 2004), Xgpw7262 marker (Sourdille et al. 2004b, Graingenes data
base, http://wheat.pw.usda.gov/ggpages/SSRclub/GeneticPhysical/) and the Xedm149 marker (Mullan et al. 2005)

® RGA primer information is presented in Xie et al. (2011). The sequences of four arbitrary primers for TRAP analysis are presented in Table S1

¢ Fragment sizes of all markers were calculated using the computer program Fragment Manager Version 1.02 (Pharmacia) by comparison with
the internal or the external size standards

9 The markers’ segregations deviate significantly from the expected segregation ratios (3:1 or 1:2:1)
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b F, genetic map
G-version

a Fs RIL genetic map

Fig. 2 Genetic maps of chromosome arm 6BL of wheat in two
generations of the same cross containing powdery mildew resistance
gene PmG3M and anchored markers for the physical map of the
chromosome arm 6BL. a. Genetic map of chromosome 6BL of wheat
based on RIL mapping population containing powdery mildew
resistance gene PmG3M. b. The G-version map constructed using co-
dominant markers and the dominant markers derived from accession
G-305-3M. c¢. The L-version map constructed using co-dominant

mapped on the long arm of chromosome 6B, between SSR
marker Xgwm219 and RFLP marker Xpsri06, (Table 4).

Identification of RGA and TRAP markers linked
to PmG3M

Further screening of 260 RGA primer pair combinations
for polymorphism between the two parents and the two
opposite bulks resulted in the identification of seven
additional RGA markers Xuhw214-220 that showed link-
age with PmG3M gene (Table 3; Fig. 2).

A total of 288 TRAP (or TRAP-RGA) primer pair
combinations were used to screen for polymorphism
between the parents and the two bulks. Most of the primer
pairs generated 30—100 scorable bands. Most of the bands
were almost identical between the two bulks both in size
and density. Twenty-four out of 288 primer pair combina-
tions (6.3%) revealed polymorphism between the two
opposite bulks. However, if we take into account that each
primer pair amplified 60 bands on average, and only one of
them was polymorphic, then the real proportion of poly-
morphic bands is 0.129%. These primer pairs were used to
test 30 individuals of the mapping population. Five bands
from five primer pairs (0.029% of total 17280 bands
amplified by 288 primer pair combinations) coincided well
with the resistance of the tested individuals, parents G-305-
3M and LDN. These five primer pairs were used to geno-
type the whole mapping population. Fig. S3 demonstrates

C F,genetic map d 6BL physical map

L-version

markers and the LDN-derived dominant markers. d. C-banding
diagram of chromosome 6B cited from Endo and Gill (1996) and
redrawn. Lines are connecting between the corresponding markers in
the three maps. The co-dominant markers are in bold. SSR markers
are underlined. The RGA and TRAP markers developed in the present
study are designated as the Xuhw series. Distances between markers
are indicated on the left side of each map in ctM

the segregation pattern of the TRAP marker Xuhw22]
detected by the ALF express fragment analyzer. All five
TRAP markers are dominant, with four of them (Xuhw221,
Xuhw222, Xuhw223, and Xuhw224) linked to PmG3M in
coupling phase, and one in repulsion phase (Xuhw225) at
genetic distances ranging from 5 to 14.2 cM (Fig. 2). Out of
the five TRAP markers, two (Xuhw221 and Xuhw222) were
generated from ESTs (BM137173, BF429057) as fixed
primers, and the three others (Xuhw223—Xuhw?225) were
generated from RGA primers as fixed primers (Table 3).

SSR markers linked to PmG3M gene

After the PmG3M gene was localized on chromosome
6BL, additional SSR markers mapped to chromosome
6B were screened for polymorphism between the two
parents and the two opposite bulks. Three SSR markers
Xgwm?219, Xbarcl134 and Xgpw7262 (Roder et al. 1998;
Somers et al. 2004; and Sourdille et al.2004b), Graingenes
data base, http://wheat.pw.usda.gov/ggpages/SSRclub/Genetic
Physical/), and one EST-SSR Xedmi49 (Mullan et al.
2005) showed polymorphism between R and S bulks and
were genetically linked to PmG3M, therefore confirming
the location of PmG3M on chromosome 6BL. Two SSR
markers, Xgwml93 (Roder et al. 1998) and Xbarc24
(Somers et al. 2004), which showed polymorphism only
between the parents, were also used to genotype the
mapping population.
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Table 4 Graphical genotypes of 12 recombinant substitution lines (RSLs) used for mapping of RGA marker Xuhw213

RSL Marker?*

Xpsrl67 Xtam60 Xgwm508 Xmwg79 C Xcdo507 Xpsr2 Xgwm219 Xuhw2l3 Xpsrl06

5 L L L L D
8 L L L L D
11 D D D L L
14 L L L L L
19 D D D L L
36 D D L L L
41 D D L L L
47 L D D D D
50 D D D D L
67 L D D D D
68 L D D D L
77 D L L L D

D D D D
L L L L
L L L L
L D D D
L L D D
L L L D
L L L D
D D D D
L L L L
D D D D
L L L L
D D D D

* DT. dicoccoides allele, L LDN allele and C centromere. Xuhw213 is a RGA marker derived from susceptible LDN and linked to PmG3M gene
in repulsion phase at a distance of 3.5 cM. The genotypes of other markers were cited from Du and Hart (1998) and Distelfeld et al. (2004).
Markers on the left of centromere were mapped on 6BS, and the markers on the right side of centromere were mapped on 6BL (Du and Hart
1998; Distelfeld et al. 2004). Based on the graphical genotypes of all markers, Xuhw213 was located on the long arm of chromosome 6B,

between SSR marker Xgwm219 and RFLP marker Xpsr106

Physical mapping of the molecular markers

Chinese Spring ditelosomics (DT) and seven deletion
(del) lines for chromosome 6B were used for physical
mapping of some of the molecular markers. The bands of
SSR marker Xbarc134 and RGA marker Xuhw213 were
absent in Chinese Spring, therefore, these two markers
could not be physically mapped. The PmG3M-linked SSR
marker Xgwm219 was physically mapped in the current
study on chromosome deletion bin 6BL-1 0.70-1.00
(Figs. 2d, 3). In addition SSR marker Xgwml93, previ-
ously mapped on 6BS by Roder et al. (1998), was
mapped both in this study and by Sourdille et al. (2004a)
on 6BL, in the region of FL 0.00-0.36 (Fig. 2d). Based
on the genetic map and the deletion bin-based physical
map, we concluded that the powdery mildew resistance
gene PmG3M derived from T. dicoccoides accession
G-305-3M is located on chromosome bin 6BL-1
0.70-1.00 (Fig. 2d).
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Construction of high-density molecular maps
of PmG3M region

Two versions of genetic linkage map of the PmG3M region
involving five SSR, one EST-SSR, eight RGA, and five
TRAP markers, as well as the PmG3M resistance gene
were constructed (Fig. 2b, c). One version of the map,
G-version, was constructed using co-dominant markers and
the T. dicoccoides accession G-305-3M derived dominant
markers (Fig. 2b). The second map, L-version map, was
based on co-dominant markers and the 7. durum cv.
Langdon derived dominant markers (Fig. 2c). The total
lengths of the two versions of the map are 104.2 and
95.9 cM, respectively. The orders of loci on the two map
versions constructed in the present study are highly con-
sistent when comparing the order of the shared co-domi-
nant SSR markers (Fig. 2b, c), indicating that these two
maps are highly reliable. The linkage between PmG3M and
its closest marker on chromosome arm 6BL is highly
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significant (LOD value 25.8, p < 1077). Since many
G-305-3M derived dominant markers were clustered in a
small chromosome region of the G-version map (Fig. 2b), a
reliable skeleton map was first constructed with nine
interspersed, mainly co-dominant, markers. Using Multi-
Point software, the rest of the markers were then added to
the most probable intervals on the skeleton map (Fig. 2b).
In the G-version map, PmG3M was flanked by a cluster of
four RGA markers (Xuhw2l15, Xuhw216, Xuhw218 and
Xuhw?219) on the proximal side at a distance of about
6.5 cM, and by EST-SSR marker XedmI49 on the distal
side at a distance of 15.8 cM (Fig. 2b). In the L-version
map PmG3M was flanked by SSR marker Xgpw7262 and
RGA marker Xuhw213 with genetic distances of 13.6 cM
and 3.5 cM from PmG3M, respectively (Fig. 2c).

A primary RIL genetic map of PmG3M was constructed
using four SSR markers (Xgwm219, Xgwml193, Xbarc24
and Xgpw7262) and one EST-SSR (Xedmi49). Based on
marker order and distances along the 6BL chromosome
arm the RIL map is in full accordance with the F, genetic
map (Fig. 2a).

Discussion

PmG3M confers an excellent resistance against
powdery mildew

In the current study, Wild emmer wheat accession G-305-
3M was resistant to all 47 powdery mildew isolates col-
lected from different wheat species at different locations in
Israel and Switzerland. In addition, G-305-3M exhibited
full resistance to eight different Bgt isolates from five

countries located in North America (USA), South America
(Chile, Paraguay), Europe (the Netherlands), and Asia
(China) (Gerechter-Amitai et al. 1992). The phenotypic
response of the F, and RIL mapping population to isolate
Bgr#15 point out a single dominant gene with the resistance
conferred by G-305-3M. This resistance gene is tempo-
rarily designated as PmG3M.

Chromosomal location and genetic mapping of PmG3M

Molecular markers, such as RFLPs, RAPDs, AFLPs, SSRs,
and RGAs, were widely used to map disease resistance
genes in wheat. Among all molecular markers, SSR
markers are very popular because of their many advantages
over other marker systems (Rdder et al. 1998; Fahima et al.
1998, 2002). Several powdery mildew resistance genes
have been tagged in wheat (e.g., Pm24, Pm27, Pm30, and
PmG16) by SSR markers (Huang et al. 2000; Jirve et al.
2000; Liu et al. 2002; Ben-David et al. 2010). In the
present study, we first used the bulk segregant analysis to
screen a large number of SSR markers (225 markers), but
failed to identify SSR markers linked to PmG3M. A pos-
sible reason for this failure is that the gene is located on the
distal region of chromosome 6BL, where only a few SSR
markers are available. Therefore, we have used the RGA
and the TRAP approaches that allowed us to screen the R
and S DNA bulks with thousands of amplified DNA frag-
ments in order to identify markers that are linked to
PmG3M. A RGA marker linked to the target gene was used
to assign PmG3M to chromosome arm 6BL by testing a set
of LDN substitution lines. Finally, PmG3M gene was
successfully mapped to chromosome 6BL by RGA, TRAP
and additional SSR markers (Fig. 2).
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By the aid of MultiPoint software (Mester et al. 2003a)
two reliable linkage maps of 6BL consisting of seven
SSRs, eight RGA and five TRAP markers and the PmG3M
gene, were constructed (Fig. 2). In both maps PmG3Mwas
located in a genetic interval distal to the SSR loci
Xgwm219 and Xgwm193 (Fig. 2), which were genetically
mapped on chromosome 6B by Roder et al. (1998). Based
on these two markers it could be concluded that the
PmG3M gene was located in the distal region of 6BL (FL
0.70-1.00) (Fig. 2d). Additionally, the marker order found
in the current study is highly similar to previously pub-
lished wheat maps (e.g., Somers et al. 2004; Ganal and
Roéder 2007). The PmG3M-linked SSR marker Xgwm219
was physically mapped in the current study on chromo-
some deletion bin 6BL-1 0.70-1.00 (Figs. 2d, 3) and was
assigned to a smaller chromosome region than previous
mapping conducted by Sourdille et al. (2004a), who
physically mapped Xgwm219 onto chromosome bin 6BL-5
0.40-1.00.

The comparative mapping of two mapping populations,
F, and F¢ RILs, of the same cross produced two genetic
maps in which the markers’ order and distances are in full
agreement (Fig. 2). The primary RIL map could now serve
as the main platform for further genetic mapping of the
PmG3M locus.

The markers Xuhw?213 and Xgwm 193 showed a distorted
segregation pattern (Table 3), which has been repeatedly
observed in wheat (Blanco et al. 1998; Peng et al. 2000,
2008). The possible causes for segregation deviations of
molecular markers are chromosomal rearrangement and
gametic or zygotic selection competition manifested in
preferential fertilization or from the abortion of a gamete or
zygote (Lyttle 1991).

The two co-dominant SSR markers, Xgpw7262 and
Xedm149, which flank the PmG3M in an interval of about
31.1 and 22.8 cM according to the G-version and the
L-version maps, respectively (Fig. 2b, c), could be used as
flanking markers for screening recombinants for further
high-resolution mapping and positional cloning with a
large size of mapping population.

TRAP marker system is efficient to tag resistance genes

The TRAP marker approach was developed by Hu and
Vick (2003), and successfully used to characterize wheat
genome (Chu et al. 2008). TRAP markers approach is
simple, quick and reproducible. The major advantage of
this approach is that it uses the available extensive EST
information to target the putative candidate gene regions
(Hu and Vick 2003), by amplification of open reading
frames. In the present study, five TRAP markers based on
wheat ESTs were successfully identified. Furthermore, we
exemplify the use of fixed primers designed from cloned
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disease resistance gene sequence, making the use of these
markers even more applicable. The fixed primer designed
from the cloned resistance gene sequence, can be specific
or degenerated (Xie 2006). The TRAP marker system
should be useful and efficient for tagging other resistance
genes using information of ESTs and cloned resistance
genes.

PmG3M is located in a gene-rich region

Deletion line-based high-density maps have revealed that
the wheat genome consists of gene-rich and gene-poor
regions (Sandhu and Gill 2002). Because wheat has a large
polyploid genome (16,000 Mb) that contains more than
80% of repetitive sequences (Dubcovsky and Dvorak 2007,
Wicker et al. 2009), the information of whether a gene is
located in a gene-rich region and in a high recombination
spot, is an essential information for any genomic study.
Previous mapping efforts revealed that chromosome
regions 6BL 0.70-1.00 and 6BL 0.90-1.00 are among the
minor and the major gene-rich regions, respectively
(Erayman et al. 2004; Dilbirligi et al. 2004) and contain a
high density of ESTs (Qi et al. 2004). In the current study
PmG3M was physically mapped to chromosome deletion
bin 6BL 0.70-1.00. Based on the G-version map, four RGA
markers co-segregated with PmG3M on the proximal
neighboring map interval (Fig. 2b). Since the RGA and
TRAP markers were mostly amplified from the coding
regions, the cluster revealed in the present maps are in
agreement with the R-gene candidate map constructed by
Dilbirligi et al. (2004).

The Novelty of PmG3M

Three powdery mildew resistance genes were previously
mapped on chromosome 6B. PmI2 is a resistance gene that
was transferred from Aegilops speltoides to wheat (Jia et al.
1996), and mapped on chromosome 6BS (Qi et al. 2004).
Pm?20, located on rye chromosome 6RL, was translocated
to chromosome 6B of common wheat, forming a
T6BS.6RL wheat-rye translocation (Friebe et al. 1994).
Pm?27, originated from 7. timopheevii, was assigned to a
6B-6G translocation in a wheat line background (Jarve
et al. 2000). This gene co-segregated with the SSR locus
Xpsp3131 that was genetically mapped near the centromere
(Bryan et al. 1997; Jdrve et al. 2000). Furthermore, none of
the ten genes originated from wild emmer germplasm were
mapped to chromosome 6B [i.e.Pml6 (Reader and Miller
1991), Pm26 (Rong et al. 2000), Pm30 (Liu et al. 2002),
Pm36 (Blanco et al. 2008), MIZecl (Mohler et al.
2005),MIIW72 (Ji et al. 2008), Pm41 (Li et al. 2009), Pm42
(Hua et al. 2009), PmGI16 (Ben-David et al. 2010) and
MIABI0 (Maxwell et al. 2010)].
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So far, no Bgt isolate was clearly virulent on accession
G-305-3M of wild emmer wheat. In the current study, a
cross between this promising wild emmer wheat accession
and domesticated wheat was used to map a novel powdery
mildew resistance gene temporarily designated as PmG3M
to a genetic interval on the distal end of chromosome arm
6BL. Based on its host origin and its genomic location it
was concluded that PmG3M is a novel wheat powdery
mildew resistance gene. This gene is an additional example
for the importance of wild germplasm, such as the genetic
resources of wild emmer wheat, as a valuable source for
novel disease resistance genes for crop improvement.
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