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Abstract
Powdery mildew (PM), caused by Blumeria graminis f. sp. tritici, is one of the important

wheat diseases, worldwide. Two PM resistance genes, designated as PmTb7A.1 and

PmTb7A.2, were identified in T. boeoticum acc. pau5088 and mapped on chromosome

7AL approximately 48cM apart. Two resistance gene analogue (RGA)-STS markers

Ta7AL-4556232 and 7AL-4426363 were identified to be linked to the PmTb7A.1 and

PmTb7A.2, at a distance of 0.6cM and 6.0cM, respectively. In the present study, following

marker assisted selection (MAS), the two genes were transferred to T. aestivum using T.
durum as bridging species. As many as 12,317 florets of F1 of the cross T. durum /T. boeoti-
cum were pollinated with T. aestivum lines PBW343-IL and PBW621 to produce 61 and 65

seeds, respectively, of three-way F1. The resulting F1s of the cross T. durum/T. boeoticum//
T. aestivum were screened with marker flanking both the PM resistance genes PmTb7A.1
and PmTb7A.2 (foreground selection) and the selected plants were backcrossed to gener-

ate BC1F1. Marker assisted selection was carried both in BC1F1 and the BC2F1 generations.

Introgression of alien chromatin in BC2F1 plants varied from 15.4 - 62.9 percent. Out of

more than 110 BC2F1 plants showing introgression for markers linked to the two PM resis-

tance genes, 40 agronomically desirable plants were selected for background selection for

the carrier chromosome to identify the plants with minimum of the alien introgression. Cy-

tological analysis showed that most plants have chromosome number ranging from 40-42.

The BC2F2 plants homozygous for the two genes have been identified. These will be

crossed to generate lines combining both the PM resistance genes but with minimal of the

alien introgression. The PM resistance gene PmTb7A.1maps in a region very close to

Sr22, a stem rust resistance gene effective against the race Ug99. Analysis of selected

plants with markers linked to Sr22 showed introgression of Sr22 from T. boeoticum in sever-

al BC2F1plants. Thus, in addition to PM resistance, these progeny might also carry resis-

tance to stem rust race Ug99.
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Introduction
Bread wheat, Triticum aestivum, is the second most important staple food crop, providing
~20% of the calories and the protein requirements of the world population. The world average
wheat yield is projected to rise from 3.2 tonnes/ha in the year 2013 to 3.4 tonnes/ha in 2025 but
it must reach to 4.5 tonnes/ha to meet the global demand of 998 million tonnes or with the cur-
rent growth rate of 0.9% per year an additional 46 million ha land needs to be added to meet
the demand [1]. Among the several production constraints, diseases are the most important
stress which can cause significant yield losses. In wheat, among the various foliar diseases, pow-
dery mildew (PM) caused by the fungus Blumeria graminis f. sp. tritici is one of the most preva-
lent diseases worldwide. Damage caused by PM ranges from 13–34% when infection is low to
moderate but under severe infection it could be more than 50% [2]—[5]. Severe epidemics of
PM usually occur in areas with cool and humid climates [6]. The use of resistant cultivars is
an efficient, economical and environmentally safe approach to control PM and reduce yield
losses.

A number of PM resistance genes have been identified from cultivated wheat and its wild
relatives. However, most of the resistance genes are race-specific and liable to resistance break-
ing down, once used in widely deployed cultivars. So far more than 78 PM resistance genes/al-
leles have been identified at 50 loci (Pm1—Pm53, Pm18 = Pm1c, Pm22 = Pm1e, Pm23 = Pm4c,
Pm31 = Pm21) in wheat and its wild relatives [7]—[9]. Of the 50 loci, 11 have been mapped on
the A genome, 26 on the B genome and 13 on the D genome of wheat. Twenty-seven of the PM
genes/alleles have been transferred into wheat from wild species such as T.monococcum
(three), Ae. speltoides (two), Ae. tauschii (four), T. dicoccoides (seven), T. carthelicum (two), T.
timopheevi (three), Secale cereale (three), Ae. ovata (one), Ae. umbellulata (one), Ae. longissima
(one), Elytrigia intermedium (one), Haynaldia villosa (one), and Thinopyrum intermedium
(one) [8]—[19]. In addition to major genes, resistance to PM is also conferred by quantitative
trait loci (QTL), and many of these have been mapped and confirmed as Meta QTL [20], [21].
Although a number of PM resistance genes and QTL have been identified and catalogued, the
mildew pathogen continues to evolve new virulence as a result of mutation as well as genetic re-
combination due to sexual reproduction [22], [23]. Thus, the identification of new genes is es-
sential for containing the disease.

In India, PM is prevalent in the northern and southern hill zones causing serious yield losses
whereas in north western plains zone (NWPZ) of India, which constitutes the most productive
wheat growing region, PM appears sporadically but causing significant yield losses [24]. Vari-
ability for PM resistance is limited in Indian germplasm [24], [25]. Most of the wheat varieties/
germplasm lines recently developed, recently developed in India are susceptible to PM. Singh
et al. [24] screened more than 400 germplasm lines over a period of four years at nine different
locations across the country and only nine lines were reported resistant. This may be primarily
because of increased use of ‘Veery’ derivatives. Such cultivars have Pm8 gene which is suscepti-
ble to most of the PM races in India. Unlike rusts, wheat breeding programmes in NWPZ of
India do not breed for PM resistance, primarily because of limitations of screening of the segre-
gating populations against PM. Availability of resistance genes with closely linked DNAmark-
ers can help to integrate marker assisted selection of the desirable genes in wheat breeding
programme.

T. boeoticum, (2n = 2x = 14, AA), a close relative of the A genome donor of wheat, harbours
useful variability for many agronomically important traits including resistance to diseases [26]
—[30]. Many of the PM resistance genes such as Pm1a, Pm1b and Pm25 have been intro-
gressed from diploid A genome progenitor species. The Pm1 locus with five different alleles is
located in chromosome 7AL [31], [32]. We identified T. boeoticum acc. pau5088 having
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resistance to PM and the resistance was conferred by two independent genes designated as
PmTb7A.1 and PmTb7A.2. Both the genes were mapped on chromosome 7AL at a distance of
~48cM [33]. Both genes were effective individually as well in combination against the PM
races in Europe and India. These genes were mapped between the marker intervals wPt4553–
Xcfa2019 (4.3cM) and MAG1759–MAG2185b (1.4cM). Fine mapping of these genes showed
that PmTb7A.1 is a novel gene and PmTb7A.2 could be a new allele of Pm1 [34]. Using
shotgun sequence assembly of chromosome 7A, RGA-STS markers Ta7AL-4556232_rga was
identified to be linked with PmTb7A.1 at a distance of 0.6cM and other RGA-STS markers
7AL-4426363_rga and 7AL-4544237_rga were identified to be linked to PmTb7A.2 at distance
of 6.0cM, though markers BE445506 and MAG1759 were closely linked at a distance of 0.9cM.
The identification of molecular markers linked to resistance genes could facilitate marker-assis-
ted selection and enable breeders to pyramid several major genes for PM resistance into a
single cultivar.

Transfer of agronomically important genes even from closely related wild species is often as-
sociated with linkage drag, thus limiting commercialization of such genes. Stem rust resistance
gene Sr22 transferred from T. boeoticum confers resistance to Puccinia graminis f. sp. tritici
race TTKSK (also known as Ug99) but could be deployed in a limited number of cultivars due
to poor agronomic performance of lines carrying the resistance gene [35], though lines with
shortened introgressed segment have now been generated in hexaploid wheat background and
markers closely linked to Sr22 identified [36]. Also, genes for resistance when introgressed
from alien species are frequently diluted in its effectiveness in the hexaploid wheat background
or are completely suppressed [37]—[41]. Marker assisted introgression has been shown as an
effective approach for precise transfer of genes from wild species with minimum linkage drag
[42] and also it could help in identifying genotypes containing the target gene in early genera-
tions even if it is suppressed in a particular genetic background [43]. Since the two PM resis-
tance gene PmTb7A.1 and PmTb7A.2 identified in T. boeoticum pau5088 are located on the
same chromosome arm (7AL) at a distance of ~48cM, the phenotype based selection in back-
cross progeny may not ensure transfer of the two genes independently but marker assisted
alien introgression can ensure the transfer of the target genes with minimum linkage drag.
Here we report precise transfer of the two PM resistance genes PmTb7A.1 and PmTb7A.2 from
T. boeoticum to T. aestivum independently and in combination with minimum linkage drag
using marker assisted selection. In addition to PM resistance, the T. boeoticum pau5088 also
carries stem rust resistance gene Sr22 (Harbans Bariana—personal communication) which
maps very close to PmTb7A.1. We used Sr22 linked markers also to monitor presence of Sr22
in the progeny. To the best of our knowledge this is the first example of marker assisted transfer
of an agronomically important gene from wild species to cultivated wheat.

Materials and Methods

Plant material
The plant material used in this study comprised PM resistant Triticum boeoticum (2n = 2X
= 14) pau5088, Triticum durum cv. PBW114 (2n = 4X = 28) as bridging species, PBW343
introgression line (PBW343-IL) and PBW621. The PBW343-IL was generated by crossing
PBW343 with a recombinant inbred line (RIL) derived from a cross of T. boeoticum acc
pau5088/T.monococcum acc pau14087 [30] and is resistant to stripe and leaf rusts but suscep-
tible to PM. Details of the PBW343-IL were presented in Chhuneja et al [40]. PBW621 is a re-
cently released high yielding cultivar but it is susceptible to PM. Triticum boeoticum pau5088
is resistant to PM and the resistance is conferred by two genes, a novel gene and a new allele of
Pm1, both tentatively designated as PmTb7A.1 and PmTb7A.2, respectively [33], [34]. The
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PmTb7A.1 is located about 48cM proximal to PmTbA.2 and both the genes confer resistance
to PM independently.

Transfer of PM resistance to hexaploid wheat
The PM resistant T. boeoticum acc 5088 (2n = 14, AbAb) was crossed as male to T. durum cv
PBW114 (2n = 28, AABB). The F1 plants (2n = 21, AbAB) were crossed to hexaploid wheat ge-
notypes PBW343-IL and PBW621 (2n = 42, AABBDD). The triploid F1 plants have both male
as well as female sterility and only those gametes are viable which have near complete A and B
genome chromosome complement [40]. Nearly 7000 florets of the F1 of the cross T. durum cv
PBW 114/T. boeoticum pau5088 were pollinated with PBW 343-IL and 5300 florets pollinated
with PBW621 and only 61 (0.87%) seeds were obtained after crossing with PBW343-IL and 65
(1.22%) seeds with PBW 621. resulting complex F1 plants primarily pentaploids (2n = 35,
AABBD) have a D genome from hexaploid wheat, the B genome from both tetraploid and
hexaploid wheat and the A genome from all the three species (Fig 1). These pentaploid F1
plants were expected to segregate for the target trait; PM resistance. The pentaploid F1 plants
were analyzed with the markers flanking the PM resistance genes. The plants having introgres-
sion from T. boeoticum for the target markers were identified and backcrossed to hexaploid re-
current parent (RP). The selected BC1F1 progeny were planted during off-season at Keylong,

Fig 1. Schematic representation of the crossing strategy adopted for transferring powderymildew resistance genes from T. boeoticum to
hexaploid wheat T. aestivum cv. PBW343-IL and PBW621 using durumwheat as bridging species.

doi:10.1371/journal.pone.0128297.g001
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Himachal Pradesh, India. These progeny were having varying chromosome number, ranging
from 35–42, with modal class of 40–42. The BC1F1 plants were backcrossed to the RP to gener-
ate BC2F1, which were selfed to produce BC2F2 families from which homozygous resistant
plants were selected (Fig 1).

Screening against PM and stripe rust
PM appears naturally under field conditions at Ludhiana as well as at Keylong locations in
India. In the experimental plots, susceptible check line PBW 343 was planted all around the
plot and also after every 20 rows to ensure uniform spread of the disease in the field. Data on
PM was recorded when disease score of the susceptible check line reached 8/9. Disease score of
individual plants was recorded on 0–9 scale [44]—[46], with zero as immune, 1–3 as resistant,
4–6 as moderately resistant and 7–9 as susceptible. In all generations viz. complex F1, BC1F1,
BC2F1 and parental lines were screened for two diseases: PM and stripe rust, for three consecu-
tive crop seasons 2011–12, 2012–13 and 2013–14. Disease reaction was recorded on single
plants, three times during the season at the adult plant stages; first week of March, last week of
March and first week of April. Stripe rust, caused by Puccinia striiformis is a wide spread foliar
disease in most wheat growing regions of the world including parts of India. T. boeoticum
pau5088 and PBW343-IL were resistant to stripe rust [40], hence the progenies were screened
for resistance to stripe rust also. Stripe rust severity was recorded on individual plants following
modified Cobb’s scale [47] that includes disease severity (percentage of leaf area covered with
rust urediospores) as well as disease response (infection type). The infection types were re-
corded as zero (immune); TR (traces of severity); MR (moderately resistant), MS (moderately
susceptible); S (susceptible) and disease severity was recorded as percent leaf area infected.

DNA extraction and marker analysis
Genomic DNA was isolated from parental lines T. boeoticum pau5088, T. durum PBW114,
PBW343-IL and PBW621 and individual plants from various segregation generations follow-
ing CTAB (Cetyl trimethyl ammonium bromide) method as modified by Allen et al. [48]. PCR
conditions for RGA-STS markers linked to the target PM resistance genes were the same as re-
ported in Chhuneja et al. [34].

Marker assisted foreground selection
Two markers Xwmc633 and 7AL-4556232_rga flanking PM resistance gene PmTb7A.1 and two
markers7AL-4426363_rga and 7AL-4544237_rga linked to PmTbA.2 (Table 1) were used for
foreground selection. The F1, complex F1, BC1F1 and BC2F1 were screened with these four

Table 1. Primer sequences and annealing temperature of the linkedmarkers used for transfer of PmTb7A.1 and PmTb7A.2 from T. boeoticum to
bread wheat.

Gene Linked marker Primer Sequence (5’—————— 3’) Annealing temperature (°C)

PmTb7A.1 Xwmc633 F ACACCAGCGGGGATATTTGTTAC 61

Xwmc633 R GTGCACAAGACATGAGGTGGATT

7AL-4556232_rga F TTTCAAATAACGGCTTCTGG 55

7AL-4556232_rga R GAGACGAGCAAATAGATATGG

PmTb7A.2 7AL-4426363_rga F GAATCCTCCAAAGCCTCCAC 60

7AL-4426363_rga R GGCATATCTCATGTGAAGAACTG

7AL-4544237_rga F CACTACAATGATGGTAAGCGA 55

7AL-4544237_rga R GCAAGAAGAAACAAGGAGAG

doi:10.1371/journal.pone.0128297.t001
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markers. The PCR products were resolved in 6.0% non-denaturing polyacrylamide gels for
SSR marker Xwmc633 and 1.5% agarose gel for RGA-STS markers 7AL-4556232_rga, 7AL-
4426363_rga and 7AL-4544237_rga. 7AL-4426363_rga and 7AL-4544237_rga were mapped as
cleaved amplification polymorphism system (CAPS) markers. The amplified products were di-
gested with 1U of Taq1 and Hph1 restriction enzymes, respectively.

Amplification of Sr22 specific marker
Primer pair csIH81-BM (Forward 5’- TTCCATAAGTTCCTACAGTAC -3’; Reverse-5’-
TAGACAAACAAGATTTAGCAC -3’) was used to amplify a DNA sequence specific for
Sr22 carrying segments of T. boeoticum, whereas primer pair csIH81-AG (Forward-5’-
CTACCTCTGTCAATTTGAAC -3’; Reverse-5- GAAAAATGACTGTGATCGC -3’) was used to
amplify corresponding fragments from genotypes lacking the Sr22 carrying introgression [36].
In order to optimize multiplex PCR conditions for use as a co-dominant marker assay, 10μM
concentration stocks of primers csIH81-BM and csIH81-AG were mixed in volume ratios
(BM: AG) 1μl: 0.5 μl. Thermal cycling conditions included: 94°C for 5 min followed by 34 cy-
cles of 94°C (denaturation) for 60s, 58°C (annealing) for 60s, 72°C (elongation) for 60s, fol-
lowed by an elongation step of 7 min at 72°C. Amplification was tested by resolving PCR
products in 1.5% agarose gel.

Marker assisted background selection
For recurrent parent genome recovery, the background selection for the carrier chromosome
was carried out in the BC2F1 generation. Forty SSR and 10 RGAmarkers, distributed uniformly
throughout chromosome 7A, were screened for polymorphism among the diploid, the tetra-
ploid and the hexaploid parental lines. Out of the 50 markers tested 16 SSR and 5 RGAmarkers
that were polymorphic between donor parent T. boeoticum and the recipient parental lines
PBW343-IL, PBW114 and PBW621 (S1 Table) were used for background selection. Details of
the PCR conditions and map locations of these markers are available in Chhuneja et al. [34].
The recurrent parent genome recovery in the elite selections was calculated and graphically
represented using the software Graphical Genotypes (GGT) Version 2.0 [49].

Results

Transfer of PM resistance
The breeding strategy for the transfer of the PM resistance genes from T. boeoticum followed
in the present study is presented in Fig 1. The F1 plants of the cross T. durum cv PBW114/T.
boeoticum were vigorous but completely male sterile. A total of 12,317 florets from 14 F1 plants
were pollinated either with PBW343-IL or PBW621 and 126 pentaploid F1 seeds were generat-
ed. However, only 78 pentaploid F1 seeds germinated and survived in the field, which were
later backcrossed to the respective recurrent parent (Table 2). Selected BC1F1 plants from a
total of 239 were backcrossed to recurrent parents to generate BC2F1. Out of a total of 527
BC2F1 plants, 214 plants were used for marker analysis. All the selected BC2F1 plants were
backcrossed as well as selfed to generate BC3F1 and BC2F2, respectively. Chromosome number
in the selected BC2F1 plants varied from 40–42 and number of univalents varied from 2–4
(Fig 2).

Foreground selection
Two flanking markers for each of the two PM resistance genes were used for foreground selec-
tion. For PmTb7A.1, Xwmc633 and 7AL-4556232_rga and for PmTb7A.2, 7AL-4426363_rga
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and 7AL-4544237_rga were used (Fig 3). The F1 pentaploid (2n = 35, AABBD), BC1F1 and
BC2F1 plants were genotyped using the four flanking markers for two PM resistance genes
PmTb7A.1 and PmTb7A.2. Details of the population size and marker analysis for foreground
selection in the two cross combinations involving recipient parents PBW343-IL and PBW621
is presented in Table 3. In BC2F1, phenotypic selections were practiced based on agromorpho-
logical traits of the plants positive for PmTb7A.1 and/or PmTb7A.2 and a total of 40 agronomi-
cally desirable plants were selected for carrying forward and for assessing the recurrent parent
genotype recovery.

Phenotypic evaluation for PM and stripe rust resistance
At adult plant stage (APS), T. boeoticum pau5088 was resistant with no traces of disease, while
T. durum cv PBW114, PBW343-IL and PBW621 recorded PM score of 8–9 (Fig 4). Out of the
121 BC2F1 plants from the cross PBW114/T. boeoticum//3�PBW343-IL, 66 were resistant and
55 susceptible (Table 4) whereas out of 93 BC2F1 plants from the cross PBW114/T. boeoti-
cum//3�PBW621, 51 were resistant and 42 susceptible (Table 4). PM reaction of the representa-
tive plants is shown in Fig 4 and detailed in Table 5. All the plants positive for the markers

Table 2. Summary of the material generated for transfer of PmTb7A.1 and PmTbA.2 from T. boeoticum to hexaploid wheat.

Cross Generation and year Total seeds obtained Total plants survived

PBW114/T. boeoticum pau5088 F1 (main campus- 2011/12) 24 14

PBW114/T. boeoticum pau5088// PBW343-IL Complex F1 (main season- 2012/13) 61 36

PBW114/T. boeoticum pau5088// PBW621 Complex F1 (main season- 2012/13) 65 42

PBW114/T. boeoticum pau5088// 2*PBW343-IL BC1F1 (offseason -2013) 1756 118

PBW114/T. boeoticum pau5088// 2*PBW621 BC1F1 (offseason -2013) 1316 121

PBW114/T. boeoticum pau5088// 3*PBW343-IL BC2F1 (main season- 2013/14) 752 282

PBW114/T. boeoticum pau5088// 3*PBW621 BC2F1 (main season- 2013/14) 639 245

doi:10.1371/journal.pone.0128297.t002

Fig 2. Meiotic analysis in selected BC2F1 plants a) PBW114/T. boeoticum pau5088 //3*PBW343-IL with 2n = 40 (18''+4'), b) PBW114/T. boeoticum
pau5088//3*PBW621 with 2n = 42 (19''+4').

doi:10.1371/journal.pone.0128297.g002
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flanking PmTb7A.1 and/or PmTb7A.2 were resistant to PM at the adult plant stage indicating
that both the genes were effective individually also.

All the PM resistant plants were also screened for stripe rust resistance as we expected segre-
gation in for this trait due to presence of suppressor gene from T. durum. Both the donor par-
ent and the recurrent parent PBW343-IL were resistant to stripe rust but the BC2F1 population
segregated for stripe rust resistance. Out of the 121 BC2F1 plants from the cross PBW114/T.
boeoticum//3�PBW343-IL, 87 plants were resistant to stripe rust and 34 were susceptible. How-
ever, out of 60 PM resistant plants, 41 were resistant to stripe rust as well (S2 Table). Similarly,
out of 93 BC2F1 plants from the cross PBW114/T. boeoticum//3�PBW621, 74 were resistant

Fig 3. In vitro amplification profile of RGA-STSmarkers linked to PmTb7A.1and PmTb7A.2 a) 7AL-4556232_rga, b) 7AL-4426363_rga. Numbers
1–12 represent different BC2F1 plants with either one or both the genes.

doi:10.1371/journal.pone.0128297.g003

Table 3. Marker analysis for the powderymildew resistance genes PmTb7A.1 and PmTbA.2 in pentaploid F1, BC1F1 and BC2F1.

Generation Total plantsanalysed No. of plants positive for T. boeoticum allele(s) of

PmTb7A.1 PmTb7A.2 PmTb7A.1 + PmTb7A.2

PBW114/T. boeoticum//PBW343-IL

F1 pentaploid 36 11 3 9

BC1F1 117 34 5 25

BC2F1 121 41 13 6

PBW114/T. boeoticum//PBW621

Pentaploid F1 42 8 7 21

BC1F1 98 22 26 21

BC2F1 93 21 16 14

Total plants

Pentaploid F1 78 19 10 30

BC1F1 215 56 31 46

BC2F1 214 68 29 20

doi:10.1371/journal.pone.0128297.t003
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and 19 susceptible for stripe rust but among the 51 PM resistant plants, 39 were resistant to
stripe rust also (S3 Table).

Screening for molecular markers linked to stem rust resistance gene
Sr22
The stem rust resistance gene Sr22, derived from Triticum boeoticum acc G-21 [50] and T.
monococcum acc. RL5244 [51] confers resistance to Puccinia graminis f. sp. tritici race TTKSK
(also known as Ug99) [35]. Despite the A genome of T. boeoticum having close homology to
the A genome of T. aestivum, the Sr22 carrying lines are agronomically poor [35]. Xcfa2123,
Xwmc633 and cssu22 have been reported as the most tightly linked proximal and distal SSR
markers, respectively, to the Sr22 gene [35], [36]. Xwmc633 is also closely linked to PM resis-
tance gene PmTb7A [34]. T. boeoticum pau5088 is resistant to stem rust race Ug99 (Harbans
Bariana, personal communication) and it showed the presence of the Sr22 allele when ana-
lyzed with markers closely linked to the gene. So the selected BC2F1 plants were also analysed
with the Sr22 linked marker to detect if the Sr22 has been co-introgressed with PmTb7A.1.
Among the 40 selected BC2F1 plants, 31 plants were heterozygous for the Sr22 linked maker
indicating the presence of the Sr22 allele and 9 plants did not amplify Sr22 specific allele
(Fig 5). Of the nine plants lacking Sr22 allele seven did not carry PmTb7A.1 thereby indicating

Fig 4. Powdery mildew reaction of the parents and introgression lines developed from the cross a) T. durum cv. PBW114/ T. boeoticum pau5088
//3*PBW343-IL, b) T. durum cv. PBW114/ T. boeoticum pau5088 //3*PBW621 at the adult plant stage under field conditions.

doi:10.1371/journal.pone.0128297.g004

Table 4. Frequency of powderymildew resistant BC2F1 plants with different gene combinations stage.

Cross Gene combination Total plants screened

PmTb7A.1 PmTb7A.2 PmTb7A.1 + PmTb7A.2

PBW114/ T. boeoticum //3*PBW343-IL 41 (37)a 13 (9) 6 (4) 121

PBW114/ T. boeoticum //3*PBW621 21 (20) 16 (15) 14 (10) 93

a Numbers in parentheses indicate the number of plants that were resistant to stripe rust also.

doi:10.1371/journal.pone.0128297.t004
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that only two BC2F1 plants were recombinants between PmTb7A.1 and Sr22 allele transferred
from T. boeoticum.

Introgression profiling of chromosome 7A
For analysing the marker profile of the introgression lines, the parental lines were analysed for
polymorphism with 40 SSR and 10 RGA-STS markers. Only 20 markers were polymorphic

Table 5. Frequency of BC2F1 plants with varying levels of powderymildew score at adult plant stage
under field conditions during 2014.

Disease
reaction

Number of plants in the cross

PBW114/ T. boeoticum acc. pau5088//
3*PBW343-IL

PBW114/ T. boeoticum acc. pau5088//
3*PBW621

0 51a 46

1 0 0

2 2 2

3 7 3

4 14 7

5 5 8

6 8 7

7 9 2

8 15 10

9 10 8

Total 121 93

a Numbers in bold are the number of BC2F1 plants resistant to PM and carrying different gene combinations

as detailed in Table 4.

doi:10.1371/journal.pone.0128297.t005

Fig 5. Amplification profile of the 40 selected BC2F1 plants carrying PmTb7A.1 and/or TmTb7A.2with Sr22 specific marker Xsr22: XcsIH81-BM/
XcsIH81-AG.

doi:10.1371/journal.pone.0128297.g005
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between the donor and the recipient lines. The 40 PM resistant BC2F1 plants having either
PmTb7A.1 or PmTbA.2 or both were analysed using SSR and gene based markers distributed
throughout the carrier chromosome 7A to identify the plants having PmTb7A.1 and PmTbA.2
with minimum alien introgression. Introgression in the BC2F1 plants varied from 15.4–62.9%
with minimum introgression in plant CBT76-4 which had PmTb7A.1 only but not PmTbA.2
and CBT101-3 which had introgression for PmTbA.2 only and not for PmTb7A.1. However,
both these plants had a common introgression around the marker region Xcfa2040 (Fig 6). T.
boeoticum introgressed segments varied from one in CBT55-10 to a maximum of six in
CBT60-1 (Fig 6). The BC2F1 plants CBT76-4 and CBT101-3 were selfed and plants homozy-
gous for PmTb7A.1 and PmTb7A.2 were selected for use as donors for the mobilization of
PmTb7A.1 and PmTb7A.2 to other elite backgrounds. True breeding progeny of the plants
CBT76-4 and CBT101-3 are assigned the accession numbers acc. pau16053 and acc. pau16054,
respectively. Likewise, plants CBT3-2, CBT3-6, CBT27-1, and CBT31-4, all showed introgres-
sion for markers linked to PM resistance gene PmTb7A.1. These plants will also be crossed to
plant CBT101-3 and recombinants having marker alleles linked to PmTb7A.1 and PmTb7A.2
from T. boeoticum but no introgression around the marker Xcfa2040 present in plant CBT101-
3 will be selected so as to have the plants with minimum amount of alien introgression.

Fig 6. Introgression profile of selected BC2F1 plants for chromosome 7AL using SSRmarkers and gene basedmarker. Black area indicates T.
boeoticum specific introgression and grey areas indicate recurrent parent genome. The chromosomal locations of various markers are as per Chhuneja et al.
[34].

doi:10.1371/journal.pone.0128297.g006
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Discussion
PM and rusts are the most important foliar diseases of wheat and these have been contained
primarily through resistance breeding. However, cyclic breakdown of the resistance genes
demands for constant search of new genes. Pyramiding of two or more genes can help in in-
creasing the life span of the genes when deployed over larger areas. But pyramiding of two or
more resistance genes is possible only if closely linked DNA markers are available. Variability
for disease resistance genes in cultivated germplasm is lower than in wild species germplasm;
however, the transfer of the genes from secondary and tertiary genes pools is difficult and it is
also associated with linkage drag, thus limiting their usefulness in commercializing these genes.
With the advent of DNA markers it has now become possible to precisely transfer the desirable
genes from unadapted germplasm to elite lines with minimum or no linkage drag [42]. Of the
193 designated genes for resistance to leaf rust, stripe rust, stem rust, PM and cereal cyst nema-
tode in wheat, as many as 101 genes have been transferred from wild species but all of these
could not be deployed in cultivars primarily due to associated linkage drag that affects yield
and/or quality [52]. The primary gene pool of common wheat, including the A genome donor
T. urartu and its relatives T.monococcum and T. boeoticum, is an important resource for useful
variability for many economically important genes, including resistance to diseases [27]—[30].
Many of the PM resistance genes have been mapped on the 7AL chromosome of wheat includ-
ing Pm1, Pm9, Pm37 [31]—[32], [53]—[54] and many temporarily designated genesmlRD30,
PmU,Mlm2033,Mlm80,mlIW72,MlWE18,MlAG12, PmG16 [10], [39], [54]—[59].

Chhuneja et al. [40], while attempting to transfer stripe rust resistance genes from T.mono-
coccum and a RIL derived from cross between T. boeoticum/T.monococcum had to backcross
large number of pentaploid F1 plants to T. aestivum as none of the 225 plants exhibited resis-
tance to stripe rust. Likewise, in one cross, only one BC1F1 plant out of 25 plants was resistant
to stripe rust, thus limiting the choice for backcrossing. However, in another cross, 15 out of
the 111 BC1F1 plants showed resistance to stripe rust. In the present study, out of 78 pentaploid
F1 plants analyzed with markers as many as 59 plants had either one or both the PM resistance
genes. Even if there was any suppression of the resistance it would not limit the choice of the
plants for further backcrossing. Similarly, in the BC1F1 generation 133 out of 215 plants ana-
lyzed for markers had either one or both the PM resistance genes present. The approach of
mapping desirable genes in wild species background and then transferring them using MAS
may prove more useful than transferring these first in cultivated wheat background followed
by mapping. However, both the approaches will have their own merits and limitations. Sr22,
for example, transferred from T. boeoticum to hexaploid wheat has not been used widely be-
cause of linkage drag associated with it. As this gene confers resistance to stem rust race
TTKSK (also known as Ug99), renewed interest in its deployment demanded shortening of the
introgressed segments. DNAmarkers closely linked to Sr22 were identified and used to shorten
the introgressed segments [35], [36]. The approach of mapping the genes in wild species back-
ground followed by marker assisted transfer adopted in the present study has resulted into de-
velopment of introgression lines which are agronomically as good as the recipient elite lines.

In the present study it is not clear whether the PM resistance suppression occurred during
early generations or not as we did not create any artificial epiphytotic for PM but stripe rust re-
sistance suppression did occur even in BC2F1 generations. The recipient line PBW343-IL was
resistant to stripe rust and in BC2F1 one copy of the genome is contributed by the recurrent
parent, thus all the BC2F1 plants were expected to be resistant to stripe rust. However, out of 60
BC2F1 plants from the cross PBW114/ T. boeoticum //3�PBW343-IL, found to be positive for
markers linked to PmTb7A.1 or PmTbA.2, only 44 plants were resistant to stripe rust and 14
were susceptible. This is not possible until suppressor genes were present in some progeny. It
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was also possible to transfer the two linked PM resistance genes independently with minimum
alien introgression. The two lines will now be crossed to pyramid the two genes PmTb7A.1 and
PmTb7A.2 into single genotype with minimum linkage drag through MAS. Our study provided
complete strategy for transferring PM resistance genes from wild species to cultivated varieties
with minimum linkage drag and maximum recovery of the recurrent parent genome. To the
best of our knowledge it is the first example in wheat for marker assisted transfer of two related
genes from wild species into cultivated wheat with minimum linkage drag. The resulting intro-
gression lines have resistance to stripe rust, leaf rust, stem rust and PM all transferred from T.
boeoticum.

Supporting Information
S1 Table. Nucleotide sequences of the primer pairs used for marker assisted background se-
lection of carrier chromosome.
(DOCX)

S2 Table. Powdery mildew reaction and marker data of selected BC2F1 plants obtained
from the cross of T. durum cv PBW114/T. boeoticum acc. Pau5088//3�PBW343-IL.
(DOCX)

S3 Table. Powdery mildew reaction and marker data of selected BC2F1 plants obtained
from the cross of T. durum cv PBW114/T. boeoticum acc. Pau5088//3�PBW621.
(DOCX)

Acknowledgments
Ahmed Fawzy Abdelnaby Elkot was supported by Indian Council of Agricultural Research
(ICAR), New Delhi under ICAR International Fellowship Programme for pursuing PhD at
PAU Ludhiana from Jan 2011 to Dec 2014. Financial support provided by ICAR is gratefully
acknowledged. This work is a build-up on earlier Indo-Swiss collaboration in Biotechnology
and authors acknowledge the support from ISCB from 2001 to 2012.

Author Contributions
Conceived and designed the experiments: KS PC BK. Performed the experiments: AFAE SK
PC KS. Analyzed the data: AFAE KS PC. Contributed reagents/materials/analysis tools: KS PC
SK BK. Wrote the paper: AFAE KS PC BK SK. Grew material in the field and helped in record-
ing disease data: MS.

References
1. Ray DK, Mueller ND, West PC, Foley JA (2013) Yield trends are insufficient to double global crop pro-

duction by 2050. PLoS ONE 8(6): e66428. PMID: 23840465

2. Leath S, Bowen KL (1989) Effects of powdery mildew, triadimenol seed treatment, and triadimefon foli-
ar sprays on yield of winter wheat in North Carolina. Phytopathology 79: 152–155.

3. Everts KL, Leath S (1992) Effect of early season powdery mildew on development, survival, and yield
contribution of tillers of winter wheat. Phytopathology 82: 1273–1278.

4. Griffey CA, Das MK, Stromberg EL (1993) Effectiveness of adult-plant resistance in reducing grain
yield loss to powdery mildew in winter wheat. Plant Dis 77: 618–622.

5. Kapoor AS, Singh YP (1993) Effect of powdery mildew on yield components of wheat. Indian J Mycol
Plant Pathol 23: 90–91.

6. Bennett FGA (1984) Resistance to powdery mildew in wheat: a review of its use in agriculture and
breeding programmes. Plant Pathology 33: 279–300.

Marker Assisted Transfer of Powdery Mildew Resistance Genes in Wheat

PLOS ONE | DOI:10.1371/journal.pone.0128297 June 11, 2015 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128297.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128297.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128297.s003
http://www.ncbi.nlm.nih.gov/pubmed/23840465


7. McIntosh RA, Dubcovsky J, Rogers WJ, Morris C, Appels R, Xia XC (2013) Catalogue of gene symbols
for wheat: 2014 supplement. Available: http://www.shigen.nig.ac.jp/wheat/komugi/genes/macgene/
supplement2013.pdf.

8. Petersen S, Lyerly JH, Worthington ML, Parks WR, Cowger C, Marshall DS, et al. (2015) Mapping of
powdery mildew resistance gene Pm53 introgressed from Aegilops speltoides into soft red winter
wheat. Theor Appl Genet 128: 303–312. doi: 10.1007/s00122-014-2430-8 PMID: 25425170

9. Hao Y, Parks R, Cowger C, Chen Z, Wang Y, Bland D, et al. (2015) Molecular characterization of a new
powdery mildew resistance gene Pm54 in soft red winter wheat. Theor Appl Genet 128: 465–476. doi:
10.1007/s00122-014-2445-1 PMID: 25533209

10. Shi AN, Leath S, Murphy JP (1998) A major gene for powdery mildew resistance transferred to common
wheat from wild eikorn wheat. Phytopathology 88: 144–147. doi: 10.1094/PHYTO.1998.88.2.144
PMID: 18944983

11. Yao GQ, Zhang JL, Yang LL, Xu HX, Jiang YM, Xiong L, et al. (2007) Genetic mapping of two powdery
mildew resistance genes in einkorn (Triticummonococcum L.) accessions. Theor Appl Genet 114:
351–358. PMID: 17091263

12. He R, Chang Z, Yang Z, Yuan Z, Zhan H, Zhang X, et al. (2009) Inheritance and mapping of powdery
mildew resistance gene Pm43 introgressed from Thinopyrum intermedium into wheat. Theor Appl
Genet 118: 1173–1180. doi: 10.1007/s00122-009-0971-z PMID: 19214392

13. HuaW, Liu Z, Zhu J, Xie C, Yang T, Zhou Y, et al. (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. doi: 10.1007/s00122-009-1031-4 PMID:
19407985

14. Li G, Fang T, Zhang H (2009) Molecular identification of a new powdery mildew resistance gene Pm41
on chromosome 3BL derived from wild emmer (Triticum turgidum var. dicoccoides). Theor Appl Genet
119: 531–539. doi: 10.1007/s00122-009-1061-y PMID: 19471905

15. Luo PG, Luo H, Chang Z, Zhang H, Zhang M, Ren ZL (2009) Characterization and chromosomal loca-
tion of Pm40 in common wheat: a new gene for resistance to powdery mildew derived from Elytrigia
intermedium. Theor Appl Genet 18: 1059–1064.

16. Ma H, Kong Z, Fu B, Li N, Zhang L, Jia H, et al. (2011) Identification and mapping of a new powdery mil-
dew resistance gene on chromosome 6D of common wheat. Theor Appl Genet 123: 1099–106. doi:
10.1007/s00122-011-1651-3 PMID: 21755339

17. Mohler V, Bauer C, Schweizer G, Kempf H, Hartl L (2013) Pm50: a new powdery mildew resistance
gene in common wheat derived from cultivated emmer. J Appl Genetics 54: 259–263. doi: 10.1007/
s13353-013-0158-9 PMID: 23794194

18. Ouyang S, Zhang D, Han J, Zhao X, Cui Y, SongW, et al. (2014) Fine physical and genetic mapping of
powdery mildew resistance gene MlIW172 originating from wild emmer (Triticum dicoccoides). PLoS
ONE 9: e100160. doi: 10.1371/journal.pone.0100160 PMID: 24955773

19. Xiao M, Song F, Jiao J, Wang X, Xu H, Li H (2013) Identification of the gene Pm47 on chromosome
7BS conferring resistance to powdery mildew in the Chinese wheat landrace Hongyanglazi. Theor Appl
Genet 126: 1397–1403. doi: 10.1007/s00122-013-2060-6 PMID: 23429903

20. Liang SS, Suenaga K, He ZH, Wang ZL, Liu HY, Wang DS, et al. (2006) Quantitative trait loci mapping
for adult-plant resistance to powdery mildew in bread wheat. Phytopathology 96:784–789. doi: 10.
1094/PHYTO-96-0784 PMID: 18943153

21. Marone D, Russo MA, LaidòG, De Vita P, Papa R, Blanco A, et al. (2013) Genetic basis of qualitative
and quantitative resistance to powdery mildew in wheat: from consensus regions to candidate genes.
BMCGenomics 14:562. doi: 10.1186/1471-2164-14-562 PMID: 23957646

22. Miranda LM, Perugini L, Srni´c G, Brown-Guedira G, Marshall D, Leath S, et al. (2007) Genetic mapping
of a Triticummonococcum derived powdery mildew resistance gene in common wheat. Crop Sci
47:2323–2329.

23. Li N, Jia S, Wang X, Duan X, Zhou Y, Wang Z, et al. (2012) The effect of wheat mixtures on the powdery
mildew disease and some yield components. J. Integrated Agric. 11: 611–620.

24. Singh DP, Sharma AK, Singh D, Rana SK, Singh KP, Srivastava K, et al. (2009) Resistance to powdery
mildew in Indian wheat. Pl Dis Res: 24: 942.

25. Hasabnis SN, Kulkarni S, Wuike RV, Hanchinal RR (1997) Reaction of wheat varieties to powdery mil-
dew caused by Erysiphe graminis f. sp. tritici. Karnatka J Agric Sci 10: 1235–1237.

26. FeldmanM, Sears ER (1981) The wild gene resources of wheat. Sci Am 244:98–109.

27. Dhaliwal HS, Singh H, Singh KS, Randhawa HS (1993) Evaluation and cataloguing of wheat germ-
plasm for disease resistance and quality. In: Damania AB (eds) Biodiversity and wheat improvement.
Wiley, London, pp 123–140.

Marker Assisted Transfer of Powdery Mildew Resistance Genes in Wheat

PLOS ONE | DOI:10.1371/journal.pone.0128297 June 11, 2015 14 / 16

http://www.shigen.nig.ac.jp/wheat/komugi/genes/macgene/supplement2013.pdf
http://www.shigen.nig.ac.jp/wheat/komugi/genes/macgene/supplement2013.pdf
http://dx.doi.org/10.1007/s00122-014-2430-8
http://www.ncbi.nlm.nih.gov/pubmed/25425170
http://dx.doi.org/10.1007/s00122-014-2445-1
http://www.ncbi.nlm.nih.gov/pubmed/25533209
http://dx.doi.org/10.1094/PHYTO.1998.88.2.144
http://www.ncbi.nlm.nih.gov/pubmed/18944983
http://www.ncbi.nlm.nih.gov/pubmed/17091263
http://dx.doi.org/10.1007/s00122-009-0971-z
http://www.ncbi.nlm.nih.gov/pubmed/19214392
http://dx.doi.org/10.1007/s00122-009-1031-4
http://www.ncbi.nlm.nih.gov/pubmed/19407985
http://dx.doi.org/10.1007/s00122-009-1061-y
http://www.ncbi.nlm.nih.gov/pubmed/19471905
http://dx.doi.org/10.1007/s00122-011-1651-3
http://www.ncbi.nlm.nih.gov/pubmed/21755339
http://dx.doi.org/10.1007/s13353-013-0158-9
http://dx.doi.org/10.1007/s13353-013-0158-9
http://www.ncbi.nlm.nih.gov/pubmed/23794194
http://dx.doi.org/10.1371/journal.pone.0100160
http://www.ncbi.nlm.nih.gov/pubmed/24955773
http://dx.doi.org/10.1007/s00122-013-2060-6
http://www.ncbi.nlm.nih.gov/pubmed/23429903
http://dx.doi.org/10.1094/PHYTO-96-0784
http://dx.doi.org/10.1094/PHYTO-96-0784
http://www.ncbi.nlm.nih.gov/pubmed/18943153
http://dx.doi.org/10.1186/1471-2164-14-562
http://www.ncbi.nlm.nih.gov/pubmed/23957646


28. Hussien T, Bowden RL, Gill BS, Cox TS, Marshall DS (1997) Performance of four new leaf rust resis-
tance genes transferred to common wheat from Aegilops tauschii and Triticummonococcum. Plant Dis
81: 582–586.

29. Singh K, Chhuneja P, Ghai M, Kaur S, Goel RK, Bains NS, et al. (2007a) Molecular mapping of leaf and
stripe rust resistance genes in Triticummonococcum and their transfer to hexaploid wheat. In: Buck H,
Nisi JE, Solomon N (eds) Wheat production in stressed environments.pp.779–86. Springer,
Netherlands.

30. Singh K, Ghai M, Garg M, Chhuneja P, Kaur P, Schnurbusch T, et al (2007b) An integrated molecular
linkage map of diploid wheat based on a Triticum boeoticum X T.monococcum RIL population. Theor
Appl Genet 115: 301–312. PMID: 17565482

31. Hsam SLK, Huang XQ, Ernst F, Hartl L, Zeller FJ (1998) Chromosomal location of genes for resistance
to powdery mildew in common wheat (Triticum aestivum L. em Thell.). 5. Alleles at the Pm1 locus.
Theor Appl Genet 96: 1129–1134.

32. Singrün C, Hsam SLK, Hartl L, Zeller FJ, Mohler V (2003) Powdery mildew resistance gene Pm22 in
cultivar Virest is a member of the complex Pm1 locus in common wheat (Triticum aestivum L. em
Thell.). Theor Appl Genet 106:1420–24. PMID: 12750784

33. Chhuneja P, Kumar K, Stirnweis D, Hurni S, Keller B, Dhaliwal HS, et al. (2012) Identification and map-
ping of two powdery mildew resistance genes in Triticum boeoticum L. Theor Appl Genet 124: 1051–
58. doi: 10.1007/s00122-011-1768-4 PMID: 22198205

34. Chhuneja P, Yadav B, Stirnweis D, Hurni S, Kaur S, Elkot AF, et al. (2014) Fine mapping of powdery
mildew resistance gene PmTb7A.1 and PmTbA.2 in Triticum boeoticum using the shotgun sequence
assembly of chromosome 7AL. Theor Appl Genet (Under Review).

35. Olson EL, Brown-Guedira G, Marshall D, Stack E, Bowden RL, Jin Y, et al. (2010) Development of
wheat lines having a small introgressed segment carrying stem rust resistance gene Sr22. Crop Sci
50: 1823–1830.

36. Periyannan SK, Bansal UK, Bariana HS, Pumphrey M, Lagudah ES (2011) A robust molecular marker
for the detection of shortened introgressed segment carrying the stem rust resistance gene Sr22 in
common wheat. Theor Appl Genet 122:1–7. doi: 10.1007/s00122-010-1417-3 PMID: 20680609

37. Kerber ER (1983) Suppression of rust resistance in amphiploides of Triticum. In: Sakamoto S (eds) Pro-
ceedings of the 6th international wheat genetics symposium, Kyoto, Japan, 28 November–3
December, pp 813–817.

38. Ma H, Singh RP, Mujeeb-Kazi A (1997) Resistance to stripe rust in durum wheats, A-genome diploids,
and their amphiploids. Euphytica 94:279–286.

39. Qiu YC, Zhou RH, Kong XY, Zhang SS, Jia JZ (2005) Microsatellite mapping of a Triticum urartu Tum.
derived powdery mildew resistance gene transferred to common wheat (Triticum aestivum L.). Theor
Appl Genet 111: 1524–1531. PMID: 16177900

40. Chhuneja P, Kaur S, Garg T, Ghai M, Kaur S, Prashar M, et al. (2008) Mapping of adult plant stripe rust
resistance genes in diploid A genome wheat species and their transfer to bread wheat. Theor Appl
Genet 116: 313–324. PMID: 17989954

41. ChenW, Liu T, Gao L (2013) Suppression of stripe rust and leaf rust resistances in interspecific crosses
of wheat. Euphytica 192:339–346.

42. Young ND, Tanksley SD (1989) RFLP analysis of the size of chromosomal segments retained around
the Tm-2 locus of tomato during backcross breeding. Theor Appl Genet 77: 353–359. doi: 10.1007/
BF00305828 PMID: 24232612

43. Hurni S, Brunner S, Stirnweis D, Herren G, Peditto D, McIntosh RA, et al. (2014) The powdery mildew
resistance gene Pm8 derived from rye is suppressed by its wheat ortholog Pm3. Plant J 79: 904–913.
doi: 10.1111/tpj.12593 PMID: 24942074

44. Bennett FG, Westcott B (1982) Field assessment of resistance to powdery mildew in mature wheat
plants. Plant Pathology 31:261–268.

45. Lipps P, Madden V (1989) Assessment to method to determining powdery mildew severity in relation to
grain yield of winter wheat cultivars in Ohio. Phytopathology 79:462–470.

46. Leath S, HeunM (1990). Identification of powdery mildew resistance genes in cultivars of soft red winter
wheat. Plant Dis 74:747–752.

47. Peterson RF, Campbell AB, Hannah AE (1948) A diagrammatic scale for estimating rust intensity on
leaves and stems of cereals. Can J Res 26: 496–500.

48. Allen GC, Flores-Vergara MA, Krasynanski S, Kumar S, ThompsonWF (2006) A modified protocol for
rapid DNA isolation from plant tissues using cetyltrimethylammonium bromide. Nat Protocols 1: 2320–
2325. PMID: 17406474

49. Van Berloo R (2007) GGT Version 2.0. Available: http://www.dpw.wau.nl/pv/pub/ggt/.

Marker Assisted Transfer of Powdery Mildew Resistance Genes in Wheat

PLOS ONE | DOI:10.1371/journal.pone.0128297 June 11, 2015 15 / 16

http://www.ncbi.nlm.nih.gov/pubmed/17565482
http://www.ncbi.nlm.nih.gov/pubmed/12750784
http://dx.doi.org/10.1007/s00122-011-1768-4
http://www.ncbi.nlm.nih.gov/pubmed/22198205
http://dx.doi.org/10.1007/s00122-010-1417-3
http://www.ncbi.nlm.nih.gov/pubmed/20680609
http://www.ncbi.nlm.nih.gov/pubmed/16177900
http://www.ncbi.nlm.nih.gov/pubmed/17989954
http://dx.doi.org/10.1007/BF00305828
http://dx.doi.org/10.1007/BF00305828
http://www.ncbi.nlm.nih.gov/pubmed/24232612
http://dx.doi.org/10.1111/tpj.12593
http://www.ncbi.nlm.nih.gov/pubmed/24942074
http://www.ncbi.nlm.nih.gov/pubmed/17406474
http://www.dpw.wau.nl/pv/pub/ggt/


50. Gerechter-Amitai ZK, Wahl I, Vardi A, Zohary D (1971) Transfer of stem rust seedling resistance from
wild diploid einkorn to tetraploid durum wheat by means of a triploid hybrid bridge. Euphytica 2:
281–285.

51. Kerber ER, Dyck PL (1973) Inheritance of stem rust resistance transferred from diploid wheat (Triticum
monococcum) to tetraploid and hexaploid wheat and chromosome location of the gene involved. Can J
Genet Cytol 15: 397–409.

52. Chaudhary HK, Kalia V, Rather SA, Badiyal A, Hussain W, Jamwal NS, et al. (2014) Wheat. In “Alien
gene transfer in crop plants” Vol 2: Achievements and Impacts (Eds.) Pratap A. and Kumar J. pp 1–26,
Springer.

53. Perugini LD, Murphy JP, Marshall D, Brown-Guedira G (2008) Pm37, a new broadly effective powdery
mildew resistance gene from Triticum timopheevii. Theor Appl Genet 116: 417–425. PMID: 18092148

54. Briggle LW (1969) Near-isogenic lines of wheat with genes for resistance to Erysiphe graminis f. sp. tri-
tici. Crop Sci 9: 70–72.

55. Singrün C, Hsam SLK, Zeller FJ, Wenzel G, Mohler V (2004) Localization of a novel recessive powdery
mildew resistance gene from common wheat line RD30 in the terminal region of chromosome 7AL.
Theor Appl Genet 109: 210–214. PMID: 15014874

56. Ji X, Xie C, Ni Z, Yang T, Nevo E, Fahima T, et al. (2008) Identification and genetic mapping of a pow-
dery mildew resistance gene in wild emmer (Triticum dicoccoides) accession IW72 from Israel. Euphy-
tica 159: 385–390.

57. Han J, Zhang L, Li G, Zhang H, Xie C, Yang Z, et al. (2009) Molecular mapping of powdery mildew re-
sistance gene MlWE18 in wheat originated from wild emmer (Triticum turgidum var. dicoccoides). Acta
Agronomica Sinica 35: 1791–1797.

58. Maxwell JJ, Lyerly JH, Cowger C, Marshall D, Brown-Guedira G, Murphy JP (2009) MlAG12. A Triticum
timopheevii derived powdery mildew resistance gene in common wheat on chromosome 7AL. Theor
Appl Genet 119: 1489–1495. doi: 10.1007/s00122-009-1150-y PMID: 19760389

59. Ben-David R, Xie W, Peleg Z, Saranga Y, Dinoor A, Fahima T (2010) Identification and mapping of
PmG16, a powdery mildew resistance gene derived from wild emmer wheat. Theor Appl Genet 121:
499–510. doi: 10.1007/s00122-010-1326-5 PMID: 20407741

Marker Assisted Transfer of Powdery Mildew Resistance Genes in Wheat

PLOS ONE | DOI:10.1371/journal.pone.0128297 June 11, 2015 16 / 16

http://www.ncbi.nlm.nih.gov/pubmed/18092148
http://www.ncbi.nlm.nih.gov/pubmed/15014874
http://dx.doi.org/10.1007/s00122-009-1150-y
http://www.ncbi.nlm.nih.gov/pubmed/19760389
http://dx.doi.org/10.1007/s00122-010-1326-5
http://www.ncbi.nlm.nih.gov/pubmed/20407741

