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Abstract

Key message By applying comparative genomics anal-
yses, a high-density genetic linkage map narrowed the
powdery mildew resistance gene Pm4] originating from
wild emmer in a sub-centimorgan genetic interval.
Abstract Wheat powdery mildew, caused by Blumeria
graminis f. sp. tritici, results in large yield losses world-
wide. A high-density genetic linkage map of the pow-
dery mildew resistance gene Pm41, originating from wild
emmer (Triticum turgidum var. dicoccoides) and previ-
ously mapped to the distal region of chromosome 3BL
bin 0.63-1.00, was constructed using an Fs., recombi-
nant inbred line population derived from a cross of durum
wheat cultivar Langdon and wild emmer accession IW2.
By applying comparative genomics analyses, 19 polymor-
phic sequence-tagged site markers were developed and
integrated into the Pm41 genetic linkage map. Ultimately,
Pm41 was mapped in a 0.6 cM genetic interval flanked
by markers XWGGC1505 and XWGGC1507, which cor-
respond to 11.7, 19.2, and 24.9 kb orthologous genomic
regions in Brachypodium, rice, and sorghum, respectively.
The XWGGC1506 marker co-segregated with Pm4l and
could be served as a starting point for chromosome landing
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and map-based cloning as well as marker-assisted selec-
tion of Pm41. Detailed comparative genomics analysis of
the markers flanking the Pm41 locus in wheat and the puta-
tive orthologous genes in Brachypodium, rice, and sorghum
suggests that the gene order is highly conserved between
rice and sorghum. However, intra-chromosome inver-
sions and re-arrangements are evident in the wheat and
Brachypodium genomic regions, and gene duplications are
also present in the orthologous genomic regions of Pm41
in wheat, indicating that the Brachypodium gene model
can provide more useful information for wheat marker
development.

Introduction

Bread wheat is one of the most important food crops in the
world, and powdery mildew, caused by Blumeria graminis
f. sp. tritici (Bgt), is one of the severest fungal wheat dis-
ease worldwide. Breeding and deployment of resistant cul-
tivars are the most profitable and environmental friendly
method to prevent disease losses. Consequently, powdery
mildew resistance genes have been extensively employed
in breeding program, and more than 60 powdery mildew
resistance genes/alleles have currently been identified at 43
loci (Mclntosh et al. 2013).

Wild emmer (Triticum turgidum var. dicoccoides,
2n = 4x = 28, AABB), the progenitor of domesticated
wheat, is a valuable resource for wheat powdery mildew
disease resistance breeding (Nevo et al. 2002; Moseman
et al. 1984), and several resistance genes have been iden-
tified from this source. Examples are Pmi6 (Reader and
Miller 1991), Pm26 (Rong et al. 2000), Pm30 (Liu et al.
2002), MiZecl (Mohler et al. 2005), MIIW72 (Ji et al.
2007), Pm36 (Blanco et al. 2008), Pm41 (Li et al. 2009),
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Pm42 (Hua et al. 2009), PmG16 (Ben-David et al. 2010),
MI3D232 (Zhang et al. 2010), PmG3M (Xie et al. 2012),
PmAs846 (Xue et al. 2012), and MIIWI70 (Liu et al. 2012),
some of which already provide useful resistance in wheat
breeding program.

Due to rapid evolution of the pathogen population, new
virulent Bgt races often appear that can circumvent impor-
tant race-specific resistance genes. Therefore, discovering
novel resistance genes and identifying the molecular mark-
ers will contribute to development of durable cultivars with
broad-spectrum disease resistance and the use of marker-
assisted selection to pyramid multiple resistance genes.

Many kinds of molecular markers, including restric-
tion fragment length polymorphisms (RFLPs), simple
sequence repeats (SSRs), sequence-tagged sites (STS),
and amplified fragment length polymorphisms (AFLPs),
have been used to construct genetic linkage maps and to
localize powdery mildew resistance genes in wheat. How-
ever, the large size of the wheat genome (17 gigabase), its
hexaploid nature (AABBDD), numerous repetitive DNA
sequences (90 %), and un-availability of an assembled
reference genome sequence create very difficult and time-
consuming obstacles to construct high-density genetic link-
age maps for genes in wheat. As an alternative approach,
comparative genomics analysis has been applied to con-
struct high-resolution genetic linkage maps of interesting
wheat genes by use of the available genome sequences
of rice (International Rice Genome Sequencing Project
2005), sorghum (Paterson et al. 2009), Brachypodium
distachyon (The International Brachypodium Initiative
2010), and wheat EST sequence (http://www.ncbi.nlm.nih.
gov/dbEST/dbEST_summary.html). The recent released
shotgun genome sequences of hexaploid wheat Chinese
Spring (Brenchley et al. 2012), 7. urartu (Ling et al. 2013),
and Aegilops tauschii (Jia et al. 2013) now provide even
more useful information to develop molecular markers
linked to the targeted genes. Through comparative genom-
ics analysis, high-density genetic linkage maps of vernali-
zation (VRN) genes (Yan et al. 2003, 2004, 2006), pairing
homologous 1 (Phl) (Griffiths et al. 2006), grain protein
content-B1 (Gpc-Bl) (Uauy et al. 2006), and yellow rust
resistance gene Yr36 (Fu et al. 2009) were constructed to
facilitate the map-based cloning. However, comparative
analyses of the wheat leaf rust resistance gene Lrl10 (Feuil-
let et al. 2003) and powdery mildew resistance gene Pm3
(Yahiaoui et al. 2004) with the rice genome sequence have
revealed that genomic re-arrangements have occurred in
some genomic regions containing resistance genes (Guyot
et al. 2004; Yahiaoui et al. 2004; Keller et al. 2005).

The physical map of chromosome 3B had been con-
structed through a chromosome-based approach (Paux
et al. 2008; www.iwgsc.org). Survey sequencing of chro-
mosome 3B bacterial artificial chromosomes (BACs)
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and comparison with rice and Brachypodium genome
sequences have indicated that numerous non-collinear
genes are interspersed within a highly conserved ances-
tral grass gene backbone, which makes it more difficult
to make a study of 3B chromosome through comparative
genomics analysis (Choulet et al. 2010). Moreover, because
of tandem or inter-chromosomal gene duplications in the
telomeric regions, the gene density in the distal regions is
two times higher than that in the proximal regions.

Powdery mildew resistance gene Pm41 was previously
mapped on chromosome 3B bin 0.63-1.00 (Li et al. 2009).
In this paper, we have described the following: (1) a com-
parative genomics analysis of the genomic regions of Pm41
with Brachypodium, rice, and sorghum; and (2) construc-
tion of a high-density genetic linkage map as a framework
for map-based cloning and marker-assisted selection of
Pm41 in wheat breeding programs.

Materials and methods
Plant materials

A set of 175 Fs.,c recombinant inbred lines (RILs) from a
cross between the powdery mildew susceptible durum
wheat cultivar, Langdon, and the resistant wild emmer
accession, IW2, were used to construct a high-density link-
age map of the Pm41 gene (Li et al. 2009). A highly sus-
ceptible common wheat line Xuezao was used as the sus-
ceptible control.

Powdery mildew evaluations

The prevailing Bgt isolate E09, kindly provided by Dr.
Xiayu Duan of the Institute of Plant Protection, Chinese
Academy of Agricultural Science, Beijing, China, was used
to evaluate the powdery mildew disease responses. E09 was
virulent on cultivars carrying the Pml, Pm3a, Pm3b, Pm3c,
Pm3d, Pm3e, Pm3f, Pm5a, Pm6, Pm7, PmS8, Pml7, and
Pm19 resistance genes, but avirulent on the wild emmer
accession IW2 (Li et al. 2009).

The RILs were tested for powdery mildew responses
under controlled greenhouse conditions with temperature of
22 °C/18 °C for the day/night cycle. At least 25 seeds were
planted for each RIL, the seedlings were inoculated with
Bgt isolate E09, and the disease phenotypes were recorded
15 days after inoculation when the susceptible control
Xuezao had become severely infected. The infection types
(IT) were scored on a 0—4 scale, namely with O represent-
ing no visible symptoms, 0; for necrotic flecks, and 1-4 for
highly resistant, moderately resistant, moderately suscep-
tible, and highly susceptible (Liu et al. 1999). Reactions
were classified into two groups, resistant (R = 0-2 IT) and
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susceptible (S = 3—4 IT). Only the homozygous resistant
and homozygous susceptible RILs were selected for con-
struction of the high-density genetic linkage map of the
Pm41 gene.

Polymerase chain reaction (PCR)

Genomic DNA was isolated from the seedling leaves of
parental lines IW2 and Langdon as well as the homozy-
gous resistant and homozygous susceptible RILs using
the CTAB protocol (Saghai-Maroof et al. 1984). Resistant
and susceptible bulks were established by mixing equal
amounts of DNA from ten homozygous resistant and ten
homozygous susceptible RILs and used to screen polymor-
phic markers linked to Pm41.

The polymerase chain reaction (PCR) mixture con-
tained 10 mM Tris—HCI, pH 8.3, 50 mM KCI, 1.5 mM
MgCl,, 0.2 mM dNTP, 25 ng of each primer, 50 ng
genomic DNA, and 0.75U Taq DNA polymerase in a total
volume of 10 pl. Amplification programs were as fol-
lows: 94 °C for 5 min, followed by 35 cycles at 94 °C for
45 s, 50-60 °C (depending on specific primers) for 45 s,
and 72 °C for 1 min, with a final extension at 72 °C for
10 min. Then, 3 pl of each PCR product was mixed with
2 ul of loading buffer and separated on 8 % non-denatur-
ing polyacrylamide gels (39 acrylamide/1 bisacrylamide).
After electrophoresis, the gels were silver-stained and
photographed.

Comparative genomics analysis

Since Pm41 was previously mapped in the distal region
of chromosome 3BL (Li et al. 2009), expressed sequence
tags (EST) bin-mapped on chromosome 3BL deletion bin
0.63-1.00 (Munkvold et al. 2004; http://wheat.pw.usda.
gov) were screened for polymorphisms between IW2 and
Langdon as well as the resistant and susceptible DNA
bulks. The polymorphic EST markers were tested in the
RIL mapping population, and the corresponding EST
sequences of the polymorphic EST markers flanking Pm41
were used to perform a BLAST search against the genome
sequence databases of Brachypodium (http://mips.helm-
holtz-muenchen.de/plant/Brachypodium/), rice (http://ric
e.plantbiology.msu.edu/), and sorghum (http://mips.helm-
holtz-muenchen.de/plant/sorghum/) to identify ortholo-
gous gene pairs. The orthologous genomic regions were
identified through comparative genomics analysis of the
putative highly conserved gene pairs in Brachypodium,
rice, and sorghum. The putative gene pairs with high level
of collinearity among Brachypodium, rice, and sorghum
were preferentially used to search homologous wheat
ESTs to develop new polymorphic markers linked to the
Pm41 locus.

STS marker development

After identifying the orthologous genomics regions, the
coding sequences (CDS) of orthologous gene pairs among
Brachypodium, rice, and sorghum were used as queries
to search the NCBI database (http://www.ncbi.nlm.nih.
gov/) for orthologous wheat ESTs, which were subse-
quently used to search the Chinese Spring 454 shotgun
draft genome sequence database (http://www.cerealsdb.
uk.net/CerealsDB/Documents/DOC_search_reads.php)
and the International Wheat Genome Sequencing Consor-
tium (IWGSC) Chinese Spring chromosome 3B survey
sequences (http://www.wheatgenome.org/). The ortholo-
gous Chinese Spring contigs were used as template to
design primers with DNAMAN software. The primer-
designing parameters were as follows: amplification prod-
uct size of 200-800 bp with the optimum 500 bp, primer
length of 18-22 bp, Tm of 55-65 °C, and GC content
of 40-60 %. Adjacent amplicons overlapped to ensure
amplification of the entire contig. The designed primers
were tested on the Chinese Spring nullisomic-tetrasom-
ics of homoeologous group 3 and screened for polymor-
phisms between the Langdon and IW2 parental lines and
between the resistant and susceptible DNA bulks. PCR
products were mixed with 2 ul of loading buffer (98 % for-
mamide, 10 mM EDTA, 0.25 % bromophenol blue, and
0.25 % xylene cyanol), separated on 8 % non-denaturing
polyacrylamide gels (39 acrylamide/1 bisacrylamide),
and visualized following silver staining. The chromosome
3B-specific polymorphic STS markers were used for RILs
genotyping to construct the high-density genetic linkage
map.

High-density genetic linkage map construction

Chi-squared (x°) tests for goodness-of-fit were performed
to estimate deviations of observed data from theoretically
expected segregation ratios. Linkages between molecular
markers and the Pm41] locus were analyzed using Map-
maker 3.0 with a LOD score threshold of 3.0 (Lincoln et al.
1992). The genetic map was constructed with the software
Mapdraw V2.1 (Liu and Meng 2003).

Results

Genetic analysis of Pm41 in the RIL population

The Langdon and IW2 parental lines as well as the set of
175 Fs.c RILs were inoculated with Bgt isolate E09. Lang-
don was highly susceptible (IT 4), and IW2 was highly

resistant (IT 0;), which is consistent with the results of Li
et al. (2009) (Fig. 1). The RILs segregated as 78 resistant,
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86 susceptible, and 11 segregating in response to Bgt isolate
E09, and fit a 1:1 single Mendelian loci ratio (x3., = 0.39,
P > 0.05), as expected for the previous result showing that
IW2 powdery mildew resistance is controlled by a single
locus Pm41 (Li et al. 2009). Homozygous resistant and
homozygous susceptible RILs were selected for genotyping
to construct the high-density genetic linkage map of Pm41.

w2

Langdon

Fig. 1 Mild chlorotic lesion phenotype (0;) exhibited by the resistant
IW2 parent (left) and the susceptible phenotype of the Langdon par-
ent (right) showing extensive mildew sporulation (4) at 15 days after
inoculation with Bgt isolate E09

Identification of EST markers linked to Pm41

ESTs bin-mapped on chromosome 3BL bin 0.63-1.00
were tested for polymorphisms between the Langdon and
IW2 parental lines as well as the resistant and susceptible
DNA bulks. Out of 150 EST primer pairs tested, two EST
markers, XWGGC1501 (developed from BM138632) and
XWGGC1519 (developed from BG263661), were polymor-
phic between Langdon and IW2 as well as the resistant and
susceptible DNA bulks and could be linked to Pm41 after
genotyping the RILs. The XWGGC1501 and XWGGC1519
markers were located 2.7 cM distal and 4.6 cM proximal
to the powdery mildew resistance gene Pm41, respectively

(Fig. 2).
Comparative genomics analysis

The BM138632 and BG263661 sequences were used
as queries to search orthologous genes from genome
sequences of Brachypodium, rice, and sorghum. Both
BM138632 and BG263661 revealed orthologs on Brachy-
podium chromosome 2L (Bd2g60490 and Bd2g61140), rice
chromosome 1L (Os01g71670 and Os01g72520), and sor-
ghum chromosome 3L (Sb03g045490 and Sb03g046200),
respectively (Table 1). Three genomic regions span 443.5,
534.5, and 625.5 kb in Brachypodium, rice, and sorghum,
respectively, and appear to be the orthologous genomic
regions to wheat harboring the powdery mildew resist-
ance gene Pm41 (Figs. 2, 3). Detailed comparative analy-
ses revealed that 54 of 73 predicted Brachypodium genes

Fig. 2 Comparative genomics M . f [ ]
mapping of the Pm41 powdery T~ ?{’nggmﬂ ------------- Bd2g60490 -------------- Os01g71670 ------------ Sb03g045490
mildew resistance gene. Genetic 09— I I I
linkage map of Pm41, ortholo- N —— Bd2g60570 ™ ™ Sb03g045520
gous genes on the Brachypo- 06— . || Bd2g60620 “u Sb03g045610
dium 2L, rice 1L, and sorghum oaT— Xwoccisos -—-"": ______ : Bd2g60640 : W Sb03g045655
3L chromosomes, respectively ST aweeeisos T - Bd2g60650 | u - Sb03g045660
L WG e - Bd2g60660 , - (O 1) Pij LY. J— g Sh03e04s680
037“? xweeeisos = . Bd2g60670 { 0501872000 ---ooooeoe g SP03£045700
2.3:__& Pmdl Ol Bd2g60680 3.7 e — u Sb03g045710
A TN XWGGCIs0s Bd2g60700 . 0501272020 ------------- Sb03g045730
03— |\ xwGGcis09 | | | | | |
03— | [\ xwaacisio W Bd2g60705 . . 0s01g72049 ------mommoe l Sb03g045740
03— S
TN Iweaant . Bd2g60710 -~ 77"\ 0501272080 ------------- Sh03g045750
06— XWGGCI514 " Bd2g60720 77 WY | 0501972090 —-mmmmmmmmmee n Sb032045760
T Xomesss e Bd2g60740 / N D m >P0e
ty}fczgasls o Bd2g60750°° \ m 0s01g72100 ------------- - Sb03g045770
<fp Bd2g60760 : [0 Y1) Vg3 b —
s—| | L ymescis = Bdze60763 i e Il SPO3g045780
- Bd2g60770
: Bd2g60780 ------------— 001272190 oovomeeoe g SH03045870
41— xvarc77 = Bd2g60790 --- -t 0s01g72200 ------------- - Sb032045880
07— “c BA2g60800 -----nnnneee - 0501272205 ------mmmmmme - SP032045890
41— xwaeacrsis — — =
w Tt [l M L]
U XWGGCIS19 -==---===mm=- — Bd2g61140 -------------- v 0s01g72520 ------------ o Sb03g046200
Wheat 3BL Brachypodium 2L Rice 1L Sorghum 3L
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Table 1 Orthologous gene pairs among the collinear genomic regions of wheat, Brachypodium, rice, and sorghum

Wheat ESTs Brachypodium Rice Sorghum Predicted function
BM138632 Bd2g60490 Os01g71670 Sb03g045490 Glucan endo-1,3-beta-p-glucosidase
CJ856616 Bd2g60650 0Os01g72120 Sb03g045780 Glutathione S-transferase
0s01g72110 Transposable element protein
DR741857 Bd2g60660 0s01g72100 Sb03g045770 Calcium-binding protein
CD887903 Bd2g60670 0s01g72090 Sb03g045760 Phycoerythrobilin ferredoxin oxidoreductase
HX169518 Bd2g60680 0Os01g72080 Sb03g045750 Calmodulin-like protein 1
Bd2g60690 WD-repeat protein
0s01g72070 Retrotransposon protein
BQ620217 Bd2g60700 0s01g72000 Sb03g045700 Spotted leaf protein
HX019866 Bd2g60705 0s01g72009 Sb03g045710 Putative uncharacterized protein
Sb03g045715 Hypothetical protein
Sb03g045720 MKI67 FHA domain-interacting nucleolar phosphoprotein
CD490623 Bd2g60710 0s01g72020 Sb03g045730 Ankyrin-repeat protein
0s01g72030 Retrotransposon protein
HX148298 Bd2g60720 0s01g72049 Sb03g045740 Protein OSB3, chloroplastic/mitochondrial
Bd2g60730 0s01g71990 Sb03g045690 Pyrroline-5-carboxylate reductase
CD936937 Bd2g60740 0s01g71980 Sb03g045680 Rho-GTPase-activating protein
Sb03g045670 Flavonol sulfotransferase
Bd2g60750 0s01g71970 Sb03g045660 GRAS family transcription factor containing protein
BG263661 Bd2g61140 0s01g72520 Sb03g046200 Phosphoesterase family protein

are orthologs to 61 of 82 predicted rice genes and 61 of 77
predicted sorghum genes in the corresponding genomics
regions. Out of 82 predicted rice genes, 63 are orthologs
to 62 of 77 predicted sorghum genes in the corresponding
genomics regions. High levels of genomic collinearity were
also observed between rice and sorghum. Three genomics
regions, Bd2g60490-Bd2g60640, Bd2g60760-Bd2g60820,
and Bd2g60960-Bd2g61140, in Brachypodium showed
high collinearity and share gene orders with rice and sor-
ghum. However, gene duplications, insertions/deletions,
and rearrangements are widespread among the three spe-
cies. Two segmental inversions, Bd2g60650-Bd2g60750
and Bd2g60830-Bd2g60950, were found in Brachypodium
compared to rice and sorghum gene orders in correspond-
ing orthologous genomic regions (Fig. 3). Furthermore,
another small segmental inversion from Bd2g60700 to
Bd2g60720 was also observed within the segmental inver-
sion of Bd2g60650 to Bd2g60750 in Brachypodium and
has the same gene order from Bd2g60700 to Bd2g60720 as
that of rice and sorghum (Fig. 2).

Polymorphic marker development and high-density linkage
map construction

The putative orthologous genes with same order and high
level of synteny among Brachypodium, rice, and sor-
ghum are likely to have the same order and synteny as
those of the wheat genes on chromosome 3BL, and these

were preferentially used to develop molecular markers
linked to Pm41. The putative genes between Bd2g60490
and Bd2g61140 were selected to develop markers to nar-
row the collinearity regions among the wheat, Brachy-
podium, rice, and sorghum. The coding sequences (CDS)
of Brachypodium genes from Bd2g60490 to Bd2g61140
were used as queries to search orthologous wheat ESTs,
the Chinese Spring IWGSC chromosome 3B survey
sequences, and contigs of the Chinese Spring 454 shotgun
draft genome sequences. In total, 19 polymorphic markers,
from XWGGC1501 to XWGGC1519, were developed and
genotyped in the RILs to construct a high-density genetic
linkage map of Pm41 (Table 2; Fig. 2). These markers per-
mitted mapping of Pm41 within a sub-centimorgan inter-
val that co-segregated with XWGGC1506 and is flanked by
XWGGCI505 and XWGGC1507 (Fig. 4) with a genetic dis-
tance of 0.3 cM on each side. This region also corresponds
to an 11.7 kb genomic region (Bd2g60650-Bd2g60670) in
Brachypodium, an 19.2 kb genomic region (Os01g72090—
0s01272120) in rice, and an 24.9 kb genomic region
(Sb03g045760-Sb03g045780) in sorghum, respectively
(Fig. 2).

Collinearity analysis of the Pm41 genomic region in wheat
with Brachypodium, rice, and sorghum

Of the 19 polymorphic markers mapped in the Pm4] high-
density genetic linkage map in wheat, 18 markers could
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Fig. 3 Structure variations of
the Pm41 orthologous genomic
regions in Brachypodium, rice,
and sorghum. Green regions
indicate the same gene order
among Brachypodium, rice, and
sorghum. Red regions repre-
sent Brachypodium inversions
in gene order compared with
rice and sorghum (color figure
online)

119 kb

96 kb

34 kb

94 kb

Bradi2g60960

100 kb

Brachypodium 2L

be used to identify orthologous genes in the correspond-
ing genomic regions of Brachypodium, rice, and sorghum
(Fig. 2). The wheat XWGGCI1518 ortholog is Bd2g60770
in Brachypodium, but this ortholog is not present in the
rice and sorghum genomes. The order of eight molecu-
lar markers, XWGGCI1501, XWGGC1502, XWGGC1503,
XWGGC1504, XWGGC1515, XWGGC1516, XWGGCI1517,
and XWGGCI1519, in wheat chromosome 3BL is consist-
ent with orthologs in the Brachypodium, rice, and sorghum
genomes (Fig. 2). A segmental inversion was observed
from the XWGGCI1509 to XWGGC1512 markers in the
wheat 3BL chromosome, and these markers correspond to
conserved genomic blocks in Brachypodium (Bd2g60700—
Bd2g60720), rice (0Os01g72000-0s01g72049), and sorghum
(Sb03g045700-Sb03g045740) (Fig. 2). The 0.6 cM genomic
region harboring Pm4l (XWGGCI1505-XWGGC1508) is
syntenic to the orthologous genomic region in Brachypo-
dium (Bd2g60650-Bd2g60680) and has a conserved gene
order. However, inversions in gene orders occur in the rice
(0s01g72080-0s01g72120) and sorghum (Sb03g045750—
Sb03g045780) syntenic genomic regions (Fig. 2).

Gene duplication analysis

Genetic linkage maps and comparative genomics analy-
ses between the wheat 3BL, Brachypodium, rice, and
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sorghum genomes revealed complex gene duplications
and rearrangements in corresponding genomic regions of
Pm4l. The two wheat XWGGCI1506 and XWGGCI1514
markers are homologous to the Bd2g60660, Os01g72100,
and Sb03g045770 genes of Brachypodium, rice, and sor-
ghum, respectively, suggesting that gene duplications have
occurred in this region of the wheat genome. The Pm4]
flanking marker XWGGC1505 is also homologous to 3, 6,
and 9 glutathione transferases in the corresponding Brachy-
podium, rice, and sorghum genomic regions, indicating
that several duplication events have occurred in the three
species (Table 3; Figs. 2, 5). Sequences comparisons of
the glutathione transferases in Brachypodium, rice, and
sorghum also revealed that the breakpoint of the segmen-
tal inversion Bd2g60650-Bd2g60750 in Brachypodium
occurred in the duplicated genes (Figs. 2, 5).

Discussion

Wild emmer is an important germplasm for resistance
to biotic and abiotic stress in wheat breeding programs
(Nevo et al. 2002). More than 13 alleles in 8 loci confer-
ring resistance to powdery mildew have been identified
from wild emmer. Among these, Pm16 appeared to be com-
posed of different alleles at same loci on the emmer 5SBS
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Table 2 STS markers linked to the powdery mildew resistance gene Pm41
Wheat ESTs Markers Type Fragmentsize Segregation rate® Forward primer (5/-3) Reverse primer (5'-3")

(bp)*

IW2 Langdon
BMI38632 XWGGCIS0I D 550 - AB=7787  TACAGGTCCAATGGCATCAA GATGTGTAGGTCAGCCCGTT
HX197528 XWGGCI502 C 208 342 A:B =78:86 GCTTCCACATTTGTCGGT GGATGAAACTTGCTCTTGA-

GAC

HX129030 XWGGC1503 D - 339 A:B = 80:84 CACCAGCACCGTTTATTACT GCTCCTGTTCAATCCGAC
C0346255 XWGGCI504 D - 506 A:B =79:85 GGTTTGGACTATGGACGGAT CGTTGGGCAGGTATGAGAAT
CI856616  XWGGCI505 D 294 - A:B =77:87 ATCACTCTGTCTGGAGCGAA GAAAGCGCCGACAACCCT
DR741857 XWGGC1506 C /] A:B =78:86 TGCCACATTGTTCTTGTCAT TCCTGGAATCTCTCATCAGTT
CD887903 XWGGCI1507 C 458 436 A:B =77:87 CTTCGTTACACGCTGTCC GGATTTGCCTGTTTCTGG
HX169518 XWGGCI508 C !/ A:B =77:87 TCTCCCTTCCATTTGACAT CAAGAAACTCCAAGCCAGT
HX148298 XWGGCI1509 C 724 550 A:B =78:86 TGGATGAAGAGGAAGGGTT AGGCGTATGGATAAAGAGGT
CD490623 XWGGCI510 C 561 569 A:B =79:85 GGCTGCTCTACTATCTCCTTG CTCCCTCTGTTCACAAATGT
HX019866 XWGGCI511 C 536 544 A:B =79:85 CACACACACTGTTGGGCA TCTCCATCAGGTATGTCGC
BQ620217 XWGGCI512 D 364 - A:B =79:85 CGACCATTGATACATTACCTG AACATCTTGGAAATAGCGG
CD936937 XWGGCI513 C 666 1,050 A:B =79:85 GGCTTTATTCCTGGCTCG ATCTCAACCTCGCCCTTT
DR741857 XWGGCI514 C 364 352 A:B =79:85 AGATGGGAGTTGGGTTGGC TGGGTCGGTATGAATGCG
HX142006 XWGGCI515 C 447 471 A:B =77:87 GCACTACGCCACTACACTATG GGAGGACGGTGAACAAGTT
CJ601500 XWGGC1516 C 480 472 A:B =75:89 GAGTACTAGCATTCCGTGTC AAGTTGTTATTCGCATGACC
CJ664410 XWGGCI517 D 287 - A:B =75:89 GCTGCCGTTCCAAATCTTG  GCACCATAACTTCAAAGGCT
DN829167 XWGGCI518 C 296 281 A:B =74:90 AATCTAACGGTTTATGGGTC TTTGAGAAAACAAGTTTGCG
BG263661 XWGGC1519 C 562 576 A:B =75:89 TCTACCAGGGCCAGATGTTC GGTAAGGAAATCCTGTGGCA

D dominant marker, C co-dominant marker

% Some of the polymorphic markers showed different DNA conformations, and the fragments size could not be estimated accurately

b A: Genotypes same as IW2. B: Genotypes same as Langdon

4

5

7

8

10 11 12

Table 3 Glutathione transferase duplications in the Pm41] ortholo-
gous genomic regions of Brachypodium, rice, and sorghum

id Uuhuu e

Fig. 4 PCR amplification patterns of STS markers, XWGGCI1505
(a), XWGGC1506 (b), and XWGGC1507 (¢). The black arrows show
the DNA fragments that are polymorphic between resistant and sus-
ceptible lines. Lanes 1 and 2 are IW2 and Langdon, respectively,
lanes 3-7 represent homozygous resistant RILs, and lanes 8-12
represent homozygous susceptible RILs. The two bands for marker
XWGGC1506 are the results of DNA conformation difference

Brachypodium Rice Sorghum
Bd2g60650 0s01g72120 Sb03g045780
Bd2g60760 0s01g72130 Sb03g045790
Bd2g60765 0s01g72140 Sb03g045800
0s01g72150 Sb03g045810
0s01g72160 Sb03g045820
0s01g72170 Sb03g045830
Sb03g045840
Sb03g045850
Sb03g045860

chromosome because of the different reactions to multiple
Bgt isolates (Reader and Miller 1991; Liu et al. 2002; Chen
et al. 2005; Liu et al., unpublished data). Co-segregated
with STS marker Xcau516, Pm26 and MIIW170 are allelic
and linked to Pm42 on 2BS (Rong et al. 2000; Hua et al.
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Fig. 5 Genomic organization of the duplicated genes encoding glutathione transferases in the Pm41 orthologous genomic regions of Brachypo-
dium, rice, and sorghum. The genes illustrated in green color are paralogs in each species (color figure online)

2009; Liu et al. 2012; unpublished data). Pm36, MI3D232,
and PmAs846 also mapped within same genetic inter-
val of the SBL emmer chromosome (Blanco et al. 2008;
Zhang et al. 2010; Xue et al. 2012), and these alleles pro-
vide resistance against all available Bgt isolates collected
in China (Liu et al., unpublished data). These results indi-
cate that these alleles are most likely the same gene. Both
MIIW72 and PmG16 mapped to the 7AL distal end and
may be new alleles of the Pm/ loci (Ji et al. 2007; Ben-
David et al. 2010). No allelic variation has been found for
MiZecl on 2BL (Mohler et al. 2005) or PmG3M on 6BL
(Xie et al. 2012).

The Pm41 powdery mildew resistance gene was iden-
tified in the IW2 wild emmer accession collected from
Mount Hermon, Israel, and mapped within an 2.7 cM
interval between EST marker BE489472 and SSR marker
Xwmc687 on chromosome 3BL bin 0.63-1.00 (Li et al.
2009). Since no assembled reference genome informa-
tion is available for wheat genomics research, comparative
genomics approaches have been applied widely to anchor
high-density linkage maps of important wheat traits to
Brachypodium, rice, and sorghum genome sequences. By
applying comparative genomic analysis, the MI3D232
and MIIWI170 powdery mildew resistance genes and the
Iwl wax inhibition gene have been narrowed to sub-cen-
timorgan intervals in wheat (Zhang et al. 2010; Liu et al.
2012; Adamski et al. 2013; Wu et al. 2013). Compara-
tive genomics analyses have revealed better collinearity
between the wheat and Brachypodium genomes than those

@ Springer

of rice and sorghum in the disease resistance gene region
(Liu et al. 2012; Zhang et al. 2010; Xue et al. 2012). In
the Pm41 genomic region, the synteny levels between the
genes identified in the 3BL wheat chromosome and their
orthologs in the rice chromosome 1 and Brachypodium
chromosome 2 were 58 and 65 %, respectively. How-
ever, the synteny conservation of the telomeric region
was lower than that of the centromeric region (Rustenholz
et al. 2011). The powdery mildew resistance gene Pm4]
has been mapped to the distal region of chromosome 3BL
bin 0.63—1.00 (Li et al. 2009). Fortunately, three relatively
high collinearity genomic regions identified in Brachypo-
dium, rice, and sorghum correspond to the Pm41 genomic
region in wheat. Within the Pm41 corresponding genom-
ics regions, 74-80 % of the genes are orthologs between
Brachypodium, rice, and sorghum, suggesting that a con-
served structure exists within these genomic intervals
among the three species.

We have used wheat ESTs, the Chinese Spring IWGSC
survey sequences, and the Chinese Spring shotgun contigs
(Brenchley et al. 2012) as templates for primer design.
Compared with ESTs alone, the Chinese Spring contigs
provide sequence information about introns and intergenic
regions that are very useful for polymorphic markers devel-
opment. By using this comparative data, we have devel-
oped 19 new polymorphic STS markers and have integrated
these into the Pm4l high-density genetic linkage map,
and we anticipate that the recent released draft genome
sequences of 7. urartu (Ling et al. 2013) and Ae. tauschii
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(Jia et al. 2013) will be even more helpful for wheat genom-
ics research and marker development. We were able to map
the Pm41 within a 0.6 cM interval between XWGGC1505
and XWGGC1507 that corresponds to 11.7, 19.2, 24.9 kb
genomic regions in the Brachypodium, rice, and sorghum
genomes, respectively. The XWGGC1506 marker co-segre-
gated with Pm41 and subsequently can be used as starting
point for chromosome landing and map-based cloning of
the Pm41 gene.

Homologous genes consist of orthologs and paralogs.
Orthologs are derived from a common ancestor by specia-
tion, with or without an identical function, and paralogs
have diverged by gene duplication within a single species
(Abrouk et al. 2010). Gene duplication is one of the driving
forces for genome evolution and serves to provide diver-
sity for adaptation to stresses and environmental changes
(Flagel and Wendel 2009; Zhang 2003). Gene duplica-
tions occurring in the targeted genomics regions can cause
complexity in comparative genomics analysis and marker
design. In the current study, Bd2g60760, Bd2g60765, and
Bd2g60650 were paralogs. The XWGGC1505 marker was
developed from the wheat EST homologous to Brachypo-
dium gene Bd2g60760. However, high-density linkage-
mapping result indicated that XWGGC1505 is orthologous
to Brachypodium gene Bd2g60650. Therefore, putative
genes without duplications in the syntenic genome regions
of Brachupodium, rice, and sorghum should be considered
first for marker development.

Genomic inversion is also a prominent feature of
plant genomic architecture that like gene duplication
provides a driven force in genome evolution. Thirty-
one genomic inversions were identified after compar-
ing the Ae. tauschii SNP genetic map with rice and
sorghum genome sequences (Luo et al. 2009). In the
current study, we have found two paracentric inver-
sions (Bradi2g60650-Bradi2g60750 and Bradi2g60830—
Bradi2g60950) in Brachypodium compared with the
orthologous genomic regions of the Pm4/ locus in rice
and sorghum. Moreover, the breakpoints of one seg-
mental inversion (Bradi2g60650-Bradi2g60750) were
observed in the duplicated genes (Fig. 2). Our high-
density genetic linkage map of the Pm41 reveals that the
wheat genomic region (XWGGCI505-XWGGC1513) is
syntenic to the orthologous genomic region in Brachypo-
dium (Bradi2g60650-Bradi2g60750) except for a small
segmental inversion (Bradi2g60700-Bradi2g60720),
but complete inversion was observed in the orthologous
genomic regions of rice (Os01g71970-0s01g72120) and
sorghum (Sb03g045660-Sb03g045780). Brachypodium
is even more closely related to wheat than rice and sor-
ghum, and hence can provide more useful information
for wheat marker development and functional genomics
research.

Acknowledgments We are grateful to Professor Andrew Jackson,
University of California at Berkeley, for improving the manuscript.
This work was financially supported by the Ministry of Science &
Technology of China (2011AA100104), National Science Foundation
of China (31030056), Ministry of Education (MOE) of China (111-2-
03), and MOE Young Academic Award for Graduate Student.

Conflict of interest The authors have declared no conflict of
interest.

References

Abrouk M, Murat F, Pont C, Messing J, Jackson S, Faraut T, Tan-
nier E, Plomion C, Cooke R, Feuillet C, Salse J (2010) Palaeog-
enomics of plants: synteny based modelling of extinct ancestors.
Trends Plant Sci 15:479-487

Adamski NM, Bush MS, Simmonds J, Turner AS, Mugford SG, Jones
A, Findlay K, Pedentchouk N, von Wettstein-Knowles P, Uauy C
(2013) The inhibitor of wax 1 locus (/w1) prevents formation of -
and OH-B-diketones in wheat cuticular waxes and maps to a sub-
cM interval on chromosome arm 2BS. Plant J 74(6):989-1002

Ben-David R, Xie WL, Peleg Z, Saranga Y, Dinoor A, Fahima T
(2010) Identification and mapping of PmGI6, a powdery mil-
dew resistance gene derived from wild emmer wheat. Theor Appl
Genet 121:499-510

Blanco A, Gadaleta A, Cenci A, Carluccio AV, Abdelbacki AM, Sime-
one R (2008) Molecular mapping of the novel powdery mildew
resistance gene Pm36 introgressed from Triticum turgidum var.
dicoccoides in durum wheat. Theor Appl Genet 117:135-142

Brenchley R, Spannagl M, Pfeifer M, Barker GL, D’ Amore R, Allen
AM, McKenzie N, Kramer M, Kerhornou A, Bolser D, Kay S,
Waite D, Trick M, Bancroft I, Gu 'Y, Huo N, Luo MC, Sehgal S,
Gill B, Kianian S, Anderson O, Kersey P, Dvorak J, McCombie
WR, Hall A, Mayer KF, Edwards KJ, Bevan MW, Hall N (2012)
Analysis of the bread wheat genome using whole-genome shot-
gun sequencing. Nature 491:705-710

Chen X, Luo Y, Xia X, Xia L, Chen X, Ren Z, He Z, Jia J (2005)
Chromosomal location of powdery mildew resistance gene Pml6
in wheat using SSR marker analysis. Plant Breed 124:225-228

Choulet F, Wicker T, Rustenholz C, Paux E, Salse J, Leroy P, Schlub
S, Le Paslier MC, Magdelenat G, Gonthier C, Couloux A, Budak
H, Breen J, Pumphrey M, Liu S, Kong X, Jia J, Gut M, Brunel
D, Anderson JA, Gill BS, Appels R, Keller B, Feuillet C (2010)
Megabase level sequencing reveals contrasted organization and
evolution patterns of the wheat gene and transposable element
spaces. Plant Cell 22:1686—1701

Feuillet C, Travella S, Stein N, Albar L, Nublat A, Keller B (2003)
Map-based isolation of the leaf rust disease resistance gene Lri0
from the hexaploid wheat (Triticum aestivum L.) genome. Proc
Natl Acad Sci USA 100:15253-15258

Flagel LE, Wendel JF (2009) Gene duplication and evolutionary nov-
elty in plants. New Phytol 183:557-564

Fu DL, Uauy C, Distelfeld A, Blechl A, Epstein L, Chen XM, Sela
H, Fahima T, Dubcovsky J (2009) A kinase-START gene confers
temperature-dependent resistance to wheat stripe rust. Science
323:1357-1360

Griffiths S, Sharp R, Foote TN, Bertin I, Wanous M, Reader S,
Colas I, Moore G (2006) Molecular characterization of Phl as
a major chromosome pairing locus in polyploid wheat. Nature
439:749-752

Guyot R, Yahiaoui N, Feuillet C, Keller B (2004) In silico compara-
tive analysis reveals a mosaic conservation of genes within a
novel colinear region in wheat chromosome 1AS and rice chro-
mosome 5S. Funct Integr Genomics 4:47-58

@ Springer



1750

Theor Appl Genet (2014) 127:1741-1751

Hua W, Liu ZJ, Zhu J, Xie CJ, Yang TM, Zhou YL, Duan XY, Sun
QX, Liu ZY (2009) Identification and genetic mapping of pm42,
a new recessive wheat powdery mildew resistance gene derived
from wild emmer (Triticum turgidum var. dicoccoides). Theor
Appl Genet 119:223-230

International Rice Genome Sequencing Project (2005) The map-based
sequence of the rice genome. Nature 436:793-800

Ji XL, Xie CJ, Ni ZF, Yang TM, Nevo E, Fahima T, Liu ZY, Sun QX
(2007) Identification and genetic mapping of a powdery mildew
resistance gene in wild emmer (7riticum dicoccoides) accession
IW72 from Israel. Euphytica 159:385-390

Jia J, Zhao S, Kong X, LiY, Zhao G, He W, Appels R, Pfeifer M, Tao
Y, Zhang X, Jing R, Zhang C, Ma Y, Gao L, Gao C, Spannagl
M, Mayer KF, Li D, Pan S, Zheng F, Hu Q, Xia X, Li J, Liang
Q, Chen J, Wicker T, Gou C, Kuang H, He G, Luo Y, Keller B,
Xia Q, Lu P, Wang J, Zou H, Zhang R, Xu J, Gao J, Middleton C,
Quan Z, Liu G, Wang J, International Wheat Genome Sequenc-
ing Consortium, Yang H, Liu X, He Z, Mao L, Wang J (2013)
Aegilops tauschii draft genome sequence reveals a gene repertoire
for wheat adaptation. Nature 496:91-95

Keller B, Feuillet C, Yahiaoui N (2005) Map-based isolation of dis-
ease resistance genes from bread wheat: cloning in a supersize
genome. Genet Res 85:93-100

Li GQ, Fang TL, Zhang HT, Xie CJ, Li HJ, Yang TM, Nevo E,
Fahima T, Sun QX, Liu ZY (2009) Molecular identification of a
new powdery mildew resistance gene Pm41 on chromosome 3BL
derived from wild emmer (7riticum turgidum var. dicoccoides).
Theor Appl Genet 119:531-539

Lincoln S, Daly M, Lander E (1992) Constructing genetic maps with
Mapmaker/EXP3.0 Whitehead Institute Techn Rep, 3rd edn.
Whitehead Institute, Cambridge

Ling HQ, Zhao S, Liu D, Wang J, Sun H, Zhang C, Fan H, Li D,
Dong L, Tao Y, Gao C, Wu H, LiY, Cui Y, Guo X, Zheng S, Wang
B, Yu K, Liang Q, Yang W, Lou X, Chen J, Feng M, Jian J, Zhang
X, Luo G, Jiang Y, Liu J, Wang Z, Sha Y, Zhang B, Wu H, Tang
D, Shen Q, Xue P, Zou S, Wang X, Liu X, Wang F, Yang Y, An X,
Dong Z, Zhang K, Zhang X, Luo MC, Dvorak J, Tong Y, Wang J,
Yang H, Li Z, Wang D, Zhang A, Wang J (2013) Draft genome
of the wheat A-genome progenitor Triticum urartu. Nature
496:87-90

Liu RH, Meng JL (2003) MapDraw: a Microsoft excel macro for
drawing genetic linkage maps based on given genetic linkage
data. Hereditas (Beijing) 25:317-321

Liu ZY, Sun QX, Ni ZF, Yang TM (1999) Development of SCAR
markers linked to the Pm21 gene conferring resistance to pow-
dery mildew in common wheat. Plant Breed 118:215-219

Liu ZY, Sun QX, Ni ZF, Nevo E, Yang TM (2002) Molecular char-
acterization of a novel powdery mildew resistance gene Pm30 in
wheat originating from wild emmer. Euphytica 123:21-29

Liu ZJ, Zhu J, Cui Y, Liang Y, Wu HB, Song W, Liu Q, Yang T, Sun
QX, Liu ZY (2012) Identification and comparative mapping of a
powdery mildew resistance gene derived from wild emmer (7riti-
cum turgidum var. dicoccoides) on chromosome 2BS. Theor Appl
Genet 124:1041-1049

Luo MC, Deal KR, Akhunov ED, Akhunova AR, Anderson OD,
Anderson JA, Blake N, Clegg MT, Coleman-Derr D, Conley EJ,
Crossman CC, Dubcovsky J, Gill BS, Gu YQ, Hadam J, Heo
HY, Huo N, Lazo G, Ma Y, Matthews DE, McGuire PE, Mor-
rell PL, Qualset CO, Renfro J, Tabanao D, Talbert LE, Tian C,
Toleno DM, Warburton ML, You FM, Zhang W, Dvorak J (2009)
Genome comparisons reveal a dominant mechanism of chromo-
some number reduction in grasses and accelerated genome evolu-
tion in Triticeae. Proc Natl Acad Sci USA 106(37):15780-15785

MclIntosh RA, Yamazaki Y, Dubcovsky J, Rogers J, Morris C, Appels
R, Xia XC (2013) Catalogue of gene symbols for wheat. 12th
international wheat genetics symposium. Yokohama, Japan

@ Springer

Mohler V, Zeller FJ, Wenzel G, Hsam SLK (2005) Chromosomal
location of genes for resistance to powdery mildew in common
wheat (Triticum aestivum L. em Thell.) 9. Gene MiZecl from
the Triticum dicoccoides-derived wheat line Zecoi-1. Euphytica
142:161-167

Moseman JG, Nevo E, El-Morshidy MA, Zohary D (1984) Resistance
of Triticum dicoccoides collected in Israel to infection with Ery-
siphe graminis tritici. Euphytica 33:41-47

Munkvold JD, Greene RA, Bermudez-Kandianis CE, La Rota CM,
Edwards H, Sorrells SF, Dake T, Benscher D, Kantety R, Link-
iewicz AM, Dubcovsky J, Akhunov ED, Dvordk J, Miftahudin,
Gustafson JP, Pathan MS, Nguyen HT, Matthews DE, Chao S,
Lazo GR, Hummel DD, Anderson OD, Anderson JA, Gonzalez-
Hernandez JL, Peng JH, Lapitan N, Qi LL, Echalier B, Gill BS,
Hossain KG, Kalavacharla V, Kianian SF, Sandhu D, Erayman M,
Gill KS, McGuire PE, Qualset CO, Sorrells ME (2004) Group
3 chromosome bin maps of wheat and their relationship to rice
chromosome 1. Genetics 168:639—650

Nevo E, Korol AB, Beiles A, Fahima T (2002) Evolution of wild
emmer and wheat improvement: population genetics, genetic
resources, and genome organization of wheat’s progenitor, Triti-
cum dicoccoides. Springer, Berlin

Paterson AH, Bowers JE, Bruggmann R, Dubchak I, Grimwood
J, Gundlach H, Haberer G, Hellsten U, Mitros T, Poliakov A,
Schmutz J, Spannagl M, Tang H, Wang X, Wicker T, Bharti AK,
Chapman J, Feltus FA, Gowik U, Grigoriev IV, Lyons E, Maher
CA, Martis M, Narechania A, Otillar RP, Penning BW, Salamov
AA, Wang Y, Zhang L, Carpita NC, Freeling M, Gingle AR,
Hash CT, Keller B, Klein P, Kresovich S, McCann MC, Ming R,
Peterson DG, Mehboob-ur-Rahman WD, Westhoff P, Mayer KF,
Messing J, Rokhsar DS (2009) The sorghum bicolor genome and
the diversification of grasses. Nature 457:551-556

Paux E, Sourdille P, Salse J, Saintenac C, Choulet F, Leroy P, Korol
A, Michalak M, Kianian S, Spielmeyer W, Lagudah E, Somers
D, Kilian A, Alaux M, Vautrin S, Berges H, Eversole K, Appels
R, Safar J, Simkova H, Dolezel J, Bernard M, Feuillet C (2008)
A physical map of the 1-gigabase bread wheat chromosome 3B.
Science 322:101-104

Reader SM, Miller TE (1991) The introduction into bread wheat of a
major gene for resistance to powdery mildew from wild emmer
wheat. Euphytica 53:57-60

Rong JK, Millet E, Manisterski J, Feldman M (2000) A new powdery
mildew resistance gene: introgression from wild emmer into com-
mon wheat and RFLP-based mapping. Euphytica 115:121-126

Rustenholz C, Choulet F, Laugier C, Safdr J, Simkova H, Dolezel J,
Magni F, Scalabrin S, Cattonaro F, Vautrin S, Bellec A, Berges
H, Feuillet C, Paux E (2011) A 3,000-loci transcription map of
chromosome 3B unravels the structural and functional features of
gene islands in hexaploid wheat. Plant Physiol 157:1596-1608

Saghai-Maroof MA, Soliman KM, Jorgensen RA, Allard RW (1984)
Ribosomal DNA spacer-length polymorphisms in barley: Mende-
lian inheritance, chromosomal locations and population dynam-
ics. Proc Natl Acad Sci USA 81:8014-8018

The International Brachypodium Initiative (2010) Genome sequenc-
ing and analysis of the model grass Brachypodium distachyon.
Nature 463(7282):763-768

Uauy C, Distelfeld A, Fahima T, Blechl A, Dubcovsky J (2006) A
NAC gene regulating senescence improves grain protein, zinc,
and iron content in wheat. Science 314:1298-1301

Wu HB, Qin JX, Han Jun, Zhao XJ, Ouyang SH, Liang Y, Zhang D,
Wang ZZ, Wu QH, Xie JZ, Cui Y, Peng HR, Sun QX, Liu ZY
(2013) Comparative high-resolution mapping of the wax inhibi-
tors Iwl and Iw2 in hexaploid wheat. Plos One 8(12):e84691

Xie W, Ben-David R, Zeng B, Distelfeld A, Roder MS, Dinoor
A, Fahima T (2012) Identification and characterization of a
novel powdery mildew resistance gene PmG3 M derived from



Theor Appl Genet (2014) 127:1741-1751

1751

wild emmer wheat, Triticum dicoccoides. Theor Appl Genet
124:911-922

Xue F, Ji W, Wang C, Zhang H, Yang B (2012) High-density mapping
and marker development for the powdery mildew resistance gene
PmAS846 derived from wild emmer wheat (Triticum turgidum
var. dicoccoides). Theor Appl Genet 124:1549-1560

Yahiaoui N, Srichumpa P, Dudler R, Keller B (2004) Genome analysis
at different ploidy levels allows cloning of the powdery mildew
resistance gene Pm3b from hexaploid wheat. Plant J 37:528-538

Yan L, Loukoianov A, Tranquilli G, Helguera M, Fahima T, Dubcov-
sky J (2003) Positional cloning of the wheat vernalization gene
VRNI. Proc Natl Acad Sci USA 100:6263-6268

Yan L, Loukoianov A, Blechl A, Tranquilli G, Ramakrishna W, San-
Miguel P, Bennetzen JL, Echenique V, Dubcovsky J (2004) The

wheat VRN2 gene is a flowering repressor down-regulated by ver-
nalization. Science 303:1640-1644

Yan L, Fu D, Li C, Blechl A, Tranquilli G, Bonafede M, Sanchez A,
Valarik M, Yasuda S, Dubcovsky J (2006) The wheat and barley
vernalization gene VRN3 is an orthologue of FT. Proc Natl Acad
Sci USA 103:19581-19586

Zhang J (2003) Evolution by gene duplication: an update. Trends Ecol
Evol 18:292-298

Zhang HT, Guan HY, Li JT, Zhu J, Xie CJ, Zhou YL, Duan XY, Yang
T, Sun QX, Liu ZY (2010) Genetic and comparative genomics
mapping reveals that a powdery mildew resistance gene MI3D232
originating from wild emmer co-segregates with an NBS-LRR
analog in common wheat (Triticum aestivum L.). Theor Appl
Genet 121:1613-1621

@ Springer



	Comparative genetic mapping and genomic region collinearity analysis of the powdery mildew resistance gene Pm41
	Abstract 
	Key message 
	Abstract 

	Introduction
	Materials and methods
	Plant materials
	Powdery mildew evaluations
	Polymerase chain reaction (PCR)
	Comparative genomics analysis
	STS marker development
	High-density genetic linkage map construction

	Results
	Genetic analysis of Pm41 in the RIL population
	Identification of EST markers linked to Pm41
	Comparative genomics analysis
	Polymorphic marker development and high-density linkage map construction
	Collinearity analysis of the Pm41 genomic region in wheat with Brachypodium, rice, and sorghum
	Gene duplication analysis

	Discussion
	Acknowledgments 
	References


