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Abstract Triticum monococcum accession TA2026
showed resistance to wheat powdery mildew. To identify
the resistance gene and transfer it to common wheat,
genetic analysis and molecular mapping were conducted
using an F2 population and derived F3 families from the
cross of TA2026 £ M389. The results indicated that
TA2026 possessed a recessive powdery mildew resistance
gene. This gene was mapped to the terminal portion of
chromosome 5AmL and Xanked by SSR marker loci Xcfd39
and Xgwm126. Eight RFLP markers previously mapped to
the terminal chromosome 5AmL were converted into STS
markers. Three loci, detected by MAG1491, MAG1493 and
MAG1494, the STS markers derived from RFLP probes
CDO1312, PSR164 and PSR1201, respectively, were
linked to this resistance gene with Xmag1493 only 0.9 cM
apart from it. In addition, the STS marker MAG2170 devel-
oped from the tentative consensus wheat cDNA encoding
the Mlo-like protein identiWed a locus co-segregating with
Xmag1493. This is the Wrst recessive powdery mildew
resistance gene identiWed on chromosome 5Am, and is

temporarily designated pm2026. We have successfully
transferred it to a tetraploid background, and this resistance
stock will now be used as the bridge parent for its transfer
to common wheat.

Introduction

Common wheat (Triticum aestivum L.), one of the major
staple food crops of humankind, is constantly challenged
by many diseases such as rust, powdery mildew, and
Fusarium head blight. Powdery mildew is a devastating
foliar disease of wheat caused by Blumeria graminis f. sp
tritici (Bgt). The identiWcation and utilization of powdery
mildew resistance genes has played a great role in curbing
this disease and in maintaining stable wheat production.
Currently, the most studied powdery mildew resistance in
wheat is the qualitative resistance controlled by major
genes, which generally has a race-speciWc nature. How-
ever, because of the co-evolution of pathogen virulence
and host resistance, the wide and extensive use of race-
speciWc resistance genes can lead to the rapid emergence
of new virulent pathogen strains (McDonald and Linde
2002). Virulent Bgt strains have been found for all com-
monly used resistance genes (Niewoehner and Leath 1998;
Clarkson 2000; Duan et al. 2002). Thus, scientists are
working on identiWcation and characterization of new
resistance genes.

Sixty-two powdery mildew resistance genes distributed
on all chromosomes but 3A, 2D, 3D, and 4D in the wheat
genome have been reported (http://wheat.pw.usda.gov/
GG2/pubs.shtml; Qiu et al. 2005; Zhu et al. 2006; Sun et al.
2006; Yao et al. 2007; Miranda et al. 2007), and 35 pow-
dery mildew resistance loci have been determined (Miranda
et al. 2007). Only nine of them are recessive, including
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Pm5(a–e) on the long arm of chromosome 7B (Hsam et al.
2001; Huang et al. 2003), Pm9 and mlRD30 on chromosome
7A (Schneider et al. 1991; Singrün et al. 2004), Pm26 on
chromosome 2BS (Rong et al. 2000), and PmY212 on chro-
mosome 5DL (Sun et al. 2006). Except for Pm5a and
Pm26, which originated from cultivated and wild emmer
wheat, respectively, the other Pm5 alleles, Pm9 and
mlRD30 were identiWed in common wheat.

The employment of molecular markers has greatly
expedited the identiWcation, cloning, and utilization of
useful genes. Molecular markers linked to more than 32
powdery mildew resistance genes have been reported.
Through map-based cloning, a few genes in wheat, includ-
ing Pm3b (Yahiaoui et al. 2004), Q (Faris et al. 2003),
Lr10 (Feuillet et al. 2003), Vrn1 (Yan et al. 2003), and
Gpc-B1 QTL (Uauy et al. 2006), have been isolated. By
marker-assisted selection, diVerent powdery mildew resis-
tance genes were successfully pyramided into elite culti-
vars (Liu et al. 2000). Singrün et al. (2003) and Srichumpa
et al. (2005) investigated allelic relationships of Pm1 and
Pm3 loci, respectively, using markers closely linked to
them. In the last 7 years, with the help of molecular mark-
ers, 18 powdery mildew resistance genes in wheat were
reported, including 14 from the relatives of wheat, for
example, PmU (Qiu et al. 2005), Mlm2033 and Mlm80
(Yao et al. 2007) from diploid wheat, Pm30 (Liu et al.
2002), Pm31 (Xie et al. 2003), Pm33 (Zhu et al. 2005),
and MlZec1 (Mohler et al. 2005) from tetraploid wheat,
Pm34 (Miranda et al. 2006), Pm35 (Miranda et al. 2007),
PmY201 and PmY212 (Sun et al. 2006) from Aegilops
squarrosa, and PmY39 from Ae. umbellulata (Zhu et al.
2006). In addition, SrniT et al. (2005) identiWed two pow-
dery mildew resistance genes on chromosome 7A trans-
ferred from T. monococcum subsp. monococcum and T.
timopheevii subsp. armeniacum. These results demon-
strated that wheat relatives are a reservoir of valuable
genes to be discovered.

In the present study, we identiWed and mapped a new
recessive powdery mildew resistance gene in an einkorn
accession by using molecular markers. The resistance was
maintained when transferred into a tetraploid background.

Materials and methods

Plant materials

Triticum monococcum accessions TA2026 and TA2033,
M389, T. turgidum var. dicoccoides accession T323 and the
common wheat cultivar Sumai No. 3 were used in this
study. TA2026 and TA2033 were provided by Dr. B. S.
Gill, Wheat Genetic Resource Center at Kansas State Uni-
versity. Among the tetraploid wheat germplasm maintained

in the authors’ laboratory, T323 Xowers at about the same
time as TA2026.

Resistance evaluation

Seedlings were grown in rectangular trays placed in a
growth chamber each with 72 4 £ 4 cm wells and were
inoculated at the one-leaf stage with pathogen isolate
Bgt19 according to Yao et al. (2007). Sumai No. 3, used
as the susceptible control, was planted randomly in the
trays. TA2026 and M389 were also evaluated using the
local Weld Bgt composite collected from Nanjing,
Jiangsu and 18 Bgt isolates other than Bgt19, which were
all the single-spore progenies of the composite. Evalua-
tion data were collected 10 days after inoculation. Resis-
tance performance of each plant was scored on a 0–5
scale, representing no visible symptom, necrosis without
sporulation, sparse sporulation, moderate sporulation,
abundant sporulation, and abundant sporulation with
more than 80% of the leaf area covered with mycelia,
respectively.

Marker analysis

DNA was extracted from young seedling tissues following
the procedure described by Ma et al. (1994). For bulked
segregant analysis, DNA bulks were prepared by combin-
ing equal amounts of DNA from six resistant or six suscep-
tible plants derived from the F2 population. Progeny tests
showed that all Wve bulked susceptible F2 plants segregated
in F3 progenies, whereas the bulked resistant F2 plants bred
true for the resistance.

SSR markers from the gwm series (Röder et al. 1998),
cfd series (Guyomarc’h et al. 2002), cfa series (Sourdille
et al. 2003), barc and wmc series (http://www.wheat.
pw.usda.gov) that were mapped to the A genome of wheat
were selected for polymorphism survey. PCR was per-
formed either in a PE9600 thermal cycler (Perkin Elmer,
Norwalk, CT, USA) or PTC-225 thermal cycler (MJ
research) in a volume of 10 �l containing 10–20 ng of tem-
plate DNA, 2 pmol of each of the primers, 2 nmol of each
of the dNTPs, 15 nmol of MgCl2, 0.1 U of Taq DNA poly-
merase, and 1£ PCR buVer. The PCR proWle included: one
cycle of 94°C 3 min, followed by 35 cycles of 94°C 30 s,
50–60°C (depending on the speciWc primers) 30 s and 72°C
50 s, and a Wnal extension at 72°C for 5 min. PCR products
were separated in 8% non-denaturing polyacrylamide gels
with a 19:1, 25:1 or 39:1 ratio of acrylamide and bisacryla-
mide, and then silver-stained as described by Santos et al.
(1993).

Eight RFLP markers mapped to the terminal portion of
chromosome 5AmL of T. monococcum (Dubcovsky et al.
1996), including CDO1312, PSR164, PSR1201, WG114,
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BCD1302, ABG498, ABG366, and ABG394, were converted
into STS markers by using the corresponding sequences
retrieved from the NCBI nucleotide database. As the terminal
chromosome 5AL is syntenic to rice chromosome 3 (Sorrells
et al. 2003), these RFLP probe sequences were also used in
querying against rice genomic sequences deposited in http://
www.tigr.org/tdb/e2k1/osa1/pseudomolecules/ to identify
homologous rice PAC or BAC clones. Five ESTs including
BE444616, BQ169076, BE591666, BE490291, and
BE443205 that have been mapped to the terminal deletion
bin (5AL17-0.78-1.00) of chromosome 5AL in the deletion
bin map (http://www.graingenes.org) were also used in the
STS marker development.

STS primers were designed using MACVECTOR V8.0
(Accelrys, UK). PCRs were performed according to the
procedure described earlier. Primer sequence information
of a few STS markers is listed in Table 1. Cleaved ampliW-
cation polymorphism was explored when the STS primers
did not reveal size variation between PCR products of the
parents, by digesting the products with restriction enzymes
AfaI, AluI, MboI, MspI, HaeIII, HindIII, SalI, or TaqI
(TaKaRa Bio. Co. Ltd., Dalian, China). Each digestion was
performed according to the supplier’s manual in a 10 �l
reaction mix with 5 �l PCR product. Digested products
were separated on 8% non-denaturing polyacrylamide gels
and silver-stained.

Linkage analysis

MAPMAKER Macintosh V2.0 (Lander et al. 1987) was
used to establish the linkage map with the map distance cal-
culated using the Kosambi mapping function (Kosambi
1944). A LOD score of 3.0 was used as the threshold for
declaration of linkage.

Chromosome counting

Seeds were germinated on wet Wlter papers placed in Petri
dishes at room temperature. Roots »1 cm long were
excised and pretreated in ice-water for 24 h, then Wxed in
3:1 (v/v) absolute ethanol-acetic acid in the refrigerator.
Root tip squashing and chromosome counting followed the
procedures described in Ma et al. (1991).

Results

Inheritance of the powdery mildew resistance in TA2026

Seven days after the inoculation, the control and susceptible
parents showed distinct disease symptoms but the resistant
parents were still clear from the disease. TA2026 was
highly resistant to the Weld Bgt composite and only sparse
sporulation was observed on its leaves 10 days after the
inoculation. When challenged with the 19 isolates, it
showed resistance to all but Bgt14. TA2026 had a resis-
tance score of 0–2 and M389 had a score of 4–5.

To investigate the inheritance of the powdery mildew
resistance in TA2026, segregating populations were chal-
lenged with Bgt19, which was routinely used in powdery
mildew resistance evaluation in the authors’ laboratory. All
F1 plants from the cross involving M389 and TA2026 were
as susceptible as M389. Among 228 F2 plants derived from
this cross, 64 had a score of 0–2 (3, 22 and 39 plants with a
score of 0, 1 and 2, respectively), 164 had a score of 3–5
(31, 63 and 70 plants with a score of 3, 4 and 5, respec-
tively). To verify this result and to determine the genotypes
of the F2 plants, progeny testing was performed at F3 with
more than 30 seedlings tested for each F3 line. All the F2

plants with a score of 0–1, 35 of the 39 plants with a score
of 2, and 5 of the 31 plants with a score of 3 produced prog-
enies showing no segregation in resistance and all with a
score less than 2. All F2 plants with a score of 4–5, 4 of the
39 plants with a score of 2, and 26 of the 31 plants with a
score of 3 produced progenies with a score of 4–5. Of them,
118 segregated for resistance in a recessive manner. Thus,
based on the screening results from both generations,
among the 228 F2 plants, 65 were homozygous resistant to
Bgt19 and 45 were homozygous susceptible, Wtting the
1:2:1 segregation ratio (�2 = 3.79, P = 0.15). These results
indicated that a single recessive resistance gene controls
resistance in TA2026 to Bgt19.

Yao et al. (2007) reported that TA2033 possesses a dom-
inant powdery mildew resistance gene on the long arm of
chromosome 7A. The cross of TA2033 with TA2026
produced resistant F1 plants. Of 264 F2 plants derived from
this cross, only 40 had a susceptible phenotype with a score
of 3–5, Wtting the expected 13:3 segregation ratio for the

Table 1 The sequence information of primers used in this study

STS marker Source Forward primer Reverse primer Annealing 
temperature (°C)

MAG1491 CDO1312 5�AGATCGTCAATTCTGGGAAGCTA3� 5�GACCGAAATCCGAAACTTTG3� 52

MAG1493 PSR164 5�CCAAGAGAAAGCCTGACACATC3� 5�CTACTGCAAGACCGACCCCAA3� 53

MAG1494 PSR1201 5�TTGGATACGGTCAGAAAGAG3� 5�TACTGCATTGTGCACTTACTG3� 53

MAG2170 TC267529 5�TCGCAGAACAGCAAGTTCG3� 5�TGAAGAGACCGACCTCCG3� 55
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coexistence of a dominant gene and a recessive gene
(�2 = 2.01, P = 0.16). This result further conWrmed the pres-
ence of a recessive gene in TA2026. This gene was tempo-
rarily designated pm2026.

Mapping pm2026

We surveyed 172 SSR markers previously mapped to the
A genome of wheat and found that Xcfd39 diVerentiated
the parents and bulks (Fig. 1a). F2 plants derived from
M389 £ TA2026 were genotyped with this marker and
close association of Xcfd39 with pm2026 was observed
(Fig. 2). Because Somers et al. (2004) mapped Xcfd39 to
the long arm of chromosome 5A near the telomere, we
surveyed 11 additional SSR markers previously mapped
on chromosome 5AmL. Five more polymorphic loci were
detected by markers CFA2141, CFA2155, CFA2185,
GWM6, and GWM126 and were associated with pm2026
(Fig. 2). The order of these marker loci agreed well with
that in the published 5AL map (Somers et al. 2004;
Sourdille et al. 2004). The pm2026 gene was Xanked by
Xcfd39 and Xgwm126, with the latter towards the telo-
mere.

Linkage of pm2026 with STS markers converted 
from RFLP markers on chromosome 5AmL

To identify more markers linked with pm2026, STS mark-
ers converted from eight RFLP markers located at the ter-
minal portion of chromosome 5AmL were surveyed. Three
loci, detected by MAG1491, MAG1493 and MAG1494, the
STS markers derived from RFLP probes CDO1312,
PSR164 and PSR1201, respectively, were polymorphic
between the parents (Fig. 1b–d) and linked with pm2026
(Fig. 2). Like Xcfd39, Xmag1493 was also proximal to
pm2026; however, it displayed closer linkage to the resis-
tance gene.

Linkage of pm2026 with STS markers developed 
from ESTs

STS markers developed based on Wve ESTs mapped to the
5AL terminal deletion bin did not detect polymorphism
between the parents. Since RFLP probes CDO1312 and
PSR164 have homologs on the overlapping BAC clones
OJ1015F07 and OJA1015F07 of rice chromosome 3,
respectively, the gene prediction results of these two BACs
were checked. On OJA1015F07 there is an Mlo homolog
that is distal to OJ1015F07 and separated from the PSR164
homolog by one gene. Thus, we ampliWed this Mlo homo-
log in TA2026 and M389 using the primer set MAG2170
designed based on the tentative consensus wheat cDNA

Fig. 1 Polymorphic patterns detected with CFD39 (a), MAG1491 (b),
MAG1493 (c), MAG1494 (d) and MAG2170/AluI (e) in 8% non-dena-
tured polyacrylamide gels with a 19:1 (a), 25:1 (b, c) or 39:1 (d, e) ratio
of acrylamide and bis-acrylamide. The arrows indicate the polymor-

phic bands. M: pUC19/MspI, the numbers to its left are the band size
(bp). Lanes 1, 2, 3 and 4 represent TA2026, M389, R and S pools,
respectively
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sequence TC267529 encoding the Mlo-like protein. A sin-
gle 1,560 bp band was obtained in both accessions with the
identity conWrmed by sequencing (data not shown). After
digesting the PCR products with AluI, which explores the
single nucleotide polymorphism at a recognition site of this
enzyme, co-dominant polymorphic bands were detected
between the parents (Fig. 1e) and they showed co-segrega-
tion with Xmag1493.

Transfer of pm2026

To transfer pm2026 to common wheat, TA2026 was
crossed with the susceptible emmer accession T323. Seven-
teen BC1F1 plants susceptible to Bgt19 were obtained by
backcrossing the F1 plants with T323 as the recurrent par-
ent. These plants were genotyped at the co-dominant
Xmag1491 locus. Because pm2026 is a recessive gene,
BC1F1 plants heterozygous at Xmag1491 segregated as
expected for resistance in their progenies, while those
homozygous at Xmag1491 bred true for susceptibility. We
then examined the progenies with resistant segregants
derived from one of the BC1F1 plants by observing squash
preparations of the root meristematic cells and genotyping
the Xmag1493 locus closest to pm2026. The results showed
that these plants had 28 somatic chromosomes (data not
shown) and all the resistant segregants had the TA2026
allele of Xmag1493 (Fig. 3). Therefore, we concluded that
the recessive gene pm2026 had been successfully trans-
ferred to this tetraploid genetic background and was
expressed normally.

Discussion

In this study, we identiWed and mapped a recessive pow-
dery mildew resistance gene in the T. monococcum acces-
sion TA2026, which was resistant to the local Weld Bgt
composite and 18 of the 19 Bgt isolates tested. Even though
Bgt14 was virulent against TA2026, it accounted for only
3% of the 33 single-spore progenies from the Bgt compos-
ite (LL Yang and ZQ Ma, unpublished data). Given that
Bgt19 was virulent to Pm1, Pm3, Pm5, Pm7, and Pm8, the
identiWcation of pm2026 that confers resistance to this iso-
late would be a useful supplement to the powdery mildew

resistance gene pool currently employed in China’s wheat
breeding programs.

Currently, seven powdery mildew resistance genes have
been reported from einkorn wheat (Hsam et al. 1998; Shi
et al. 1998; Qiu et al. 2005; SrniT et al. 2005; Yao et al.
2007), but none of these is recessive gene. We mapped
pm2026 to chromosome 5AmL, 0.9 cM from the Mlo homo-
log. Pm23, identiWed in common wheat (McIntosh et al.
1998), is so far the only powdery mildew resistance gene
reported on the chromosome 5A, but its position on this
chromosome is not known. Thus, the allelic relationship of
pm2026 with Pm23 is to be determined. Sun et al. (2006)
reported the recessive powdery mildew resistance gene
PmY212 on 5DL. According to mapping positions of the
pm2026 and PmY212 linked markers in the NW genetic
marker map (Xue et al. 2008), these two genes could not be
a pair of homoeoalleles. Other recessive powdery mildew
resistance genes documented so far distribute in the seventh
homoeologous chromosome group of wheat with the
exception of Pm26 on chromosome 2B. Thus, pm2026 is a
new powdery mildew resistance gene.

It is interesting to note that the recessive pm2026 was
tightly linked to Xmag2170, the marker developed from the
Mlo homolog whose recessive alleles in barley govern
broad-spectrum resistance against powdery mildew
(Büschges et al. 1997). This result implies that it is not the
Mlo allelic variation in TA2026 that conditions the resis-
tance. A majority of the dominant resistance genes cloned
so far encode either NBS-LRR or receptor kinase-like pro-
teins. However, recessive genes conferring disease resis-
tances are far more diversiWed. Mlo encodes a trans-
membrane protein with the function limiting host cell entry
of the powdery mildew fungi (Büschges et al. 1997).
PMR4, EDR1, EDR2, PMR5, and PMR6 in Arabidopsis
whose recessive mutants conditioning resistance to pow-
dery mildew pathogen Erysiphe cichoracearum encode a
callose synthase (Nishimura et al. 2003), a putative
MAP3K (Frye et al. 2001), an unknown protein (Tang et al.
2005), a plant-speciWc unknown protein (Vogel et al.
2004), and a pectate lyase-like protein (Vogel et al. 2002),
respectively. The former three genes negatively regulate
SA-inducible defense responses, while the latter two aVect
pectin composition SA-independently. Though Mlo is con-
served in diVerent plant species (Elliott et al. 2002), no Mlo
mutants conferring powdery mildew resistance in wheat
have been reported to date. Thus, exploration and investiga-
tion of recessive resistance genes in wheat would not only
expand the resistance gene sources, but also be helpful in
understanding the resistance mechanisms. The good collin-
earity between the pm2026 region and its syntenic rice
chromosome as well as the Xanking markers tightly linked
to pm2026 could facilitate Wne mapping and map-based
cloning of this gene.

Fig. 3 The segregation of Xmag1493 in the BC1F2 progenies of one
BC1F1 plant derived from T323*2/TA2026. M: pUC19/MspI. Lanes 1,
2, 3–6 and 7–15 represent TA2026, T323, resistant (with a score of 0
or 1) and susceptible segregants (with a score of 4 or 5), respectively
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Phenotypic selection for recessive genes is more diYcult
and often requires more generations. With molecular mark-
ers closely linked to them, plants with the desirable alleles
or genes can be identiWed without selWng. Therefore, identi-
Wcation and employment of the linked markers would expe-
dite the breeding process. Moreover, closely linked markers
could help diminish deleterious linkage drag probably pres-
ent in gene transfers from wild relatives. With the help of
the STS marker MAG1491, we initiated the transfer of
pm2026 into T. turgidum accession T323 through back-
crossing. Cytological examination and resistance evalua-
tion of the BC1F2 progenies derived from T323*2/TA2026
indicated that pm2026 had been successfully transferred
and that it maintains the resistance to Bgt19. To use it in
breeding programs, pm2026 in the tetraploid line is now
being backcrossed to an elite common wheat cultivar sus-
ceptible to powdery mildew. The new line with pm2026
will also be useful for investigating resistance to individual
pathogen isolates.
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