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Abstract Genetic suppression of disease resistance is
occasionally observed in hexaploid wheat or in its inter-
specific crosses. The phenotypic effects of genes moved to
wheat from relatives with lower ploidy are often smaller
than in the original sources, suggesting the presence of
modifiers or partial inhibitors in wheat, especially dilution
effects caused by possible variation at orthologous loci.
However, there is little current understanding of the
underlying genetics of suppression. The discovery of sup-
pression in some wheat genotypes of the cereal rye chro-
mosome 1RS-derived gene Pm8 for powdery mildew
resistance offered an opportunity for analysis. A single
gene for suppression was identified at or near the closely
linked storage protein genes Gli-Al and Glu-A3, which are
also closely associated with the Pm3 locus on chromosome
1AS. The Pm3 locus is a complex of expressed alleles and
pseudogenes embedded among Glu-A3 repeats. In the
current report, we explain why earlier work indicated that
the mildew suppressor was closely associated with specific
Gli-Al and Glu-A3 alleles, and predict that suppression of
Pm8 involves translated gene products from the Pm3 locus.
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Introduction

The maintenance of resistance to obligate pathogens of
common wheat (Triticum aestivum) over many years has
depended on ongoing availability, identification and utili-
zation of resistance genes. As resistance genes became
ineffective due to increased virulence in pathogen popu-
lations, breeders introduced new genes. These initially
came from common wheat, but subsequently there was
increasing use of resistance genes introduced from wheats
with lower ploidy or from related species. Common wheat
is an allohexaploid species and genes introgressed to it
from species of lower ploidy often confer lower levels of
resistance than in the original source genotypes. In some
cases, such introgressions do not have adequate resistance
to protect the hexaploid cultivar derivatives from signifi-
cant losses. In other instances, the original hybrids with
wheat, or the amphiploids or partial amphiploid deriva-
tives, are fully susceptible, indicating evidence of genetic
suppression of resistance.

Although there have been reports of resistance sup-
pression in wheat hybrids and amphiploids (e.g. Kerber
1983; Bai and Knott 1992; Kema et al. 1995), in no case is
there a clear understanding of its genetic basis. In some
examples, the actual parents used to create the original
hybrids are no longer available. This problem is exacer-
bated because an amphiploid is the product of single
gametes from each parental accession and the parents may
not be genetically homogeneous. Indeed, some donors of
such amphiploids are outcrossing species, accessions of
which are more likely to be genetically heterogeneous.

Several disease resistance genes were simultaneously
introduced to hexaploid wheat from cereal rye (Secale
cereale) cv. Petkus in the 1930s (Zeller 1973), all on a
single segment of rye chromosome 1R. The genes include
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Sr31 [resistance to Puccinia graminis f. sp. tritici (Pgt), the
stem rust pathogen], Lr26 (resistance to P. triticina, the
leaf rust pathogen), Yr9 (resistance to P. striiformis f. sp.
tritici, the stripe rust pathogen) and PmS [resistance to
Blumeria graminis f. sp. tritici (Bgt), the powdery mildew
pathogen]. Wheat derivatives of Petkus with a 1R(1B)
substitution or, more commonly, a 1BL-1RS translocation
bearing these genes were exploited worldwide. Pathogen
variants with virulence on lines possessing these genes
were subsequently reported, the most recent report being
that of virulence in P. graminis tritici for Sr31 (Pretorius
et al. 2000).

Hanusova (1992) showed that some lines known to carry
the 1R(1B) substitution or 1BL-1RS chromosome and/or
one or more of the rust resistance genes were susceptible to
Bgt isolates known to be avirulent on other lines with the
same IRS chromosome. This indicated the likelihood of
suppression of Pm8 in some genotypes. Hanusova et al.
(1996) subsequently reported that suppression was con-
trolled by a single dominant gene, and that it was located
on chromosome 7D. Ren et al. (1996) serendipitously
observed a close genetic association between suppression
of Pm8 and a specific electrophoretic gliadin protein band
(‘suppressor band’). The gene responsible for the protein
band was located on chromosome 1A. This relationship
was so close that the presence of the suppressor in a

Table 1 Genotypes with and without 1BL-1RS

genotype could be predicted in the absence of the 1RS
chromosome. Study of a wide array of germplasm indi-
cated that the frequencies of the suppressor gene varied
among geographical areas, being relatively low in Europe,
but high in breeding populations from the International
Maize and Wheat Improvement Center (commonly named
by its Spanish acronym CIMMYT for Centro Internacional
de Mejoramiento de Maiz y Trigo).

Ren et al. (1997) showed that the CIMMYT wheat
Veery was variable in seedling response to a Bgt culture
avirulent on Federation*4/Kavkaz which carries the
1BL-1RS translocation. Among 10 Veery selections, only
Veery#6 was resistant. Veery was also heterogeneous for
grain color, some selections being red-seeded, others white.
The present authors subsequently found that different
selections of Bobwhite were also heterogeneous in
response to powdery mildew and for grain color. Selections
in both Veery and Bobwhite could be distinguished on the
basis of the presence or absence of the gliadin suppressor
band. The Gli-Al locus (or cluster of loci) is very closely
linked with Glu-A3, a cluster of closely linked genes for
low molecular-weight glutenins. Ren et al. (1996) also
noted the close association of Pm&8 suppression with one
particular protein band at the Glu-A3 locus.

For genetic analysis and fine mapping of the suppressor,
we generated recombinant inbred lines (RILs) from crosses

Genotype 1BL'IRS Glu-A3 primer 5 primer 3’ primer Pm3/Pm3-like Mildew
LMWPI/LMWP2 UP3B/UP1A Pm3MF/Pm3ER1 gene response

Actual
Bobwhite Red + + + + Yes S
Bobwhite White + — — + No R
Veery#5 + + + + Yes S
Veery#6 + - - - No R
Sarhad 82 + + + + Yes S
Skorospelka 35 + - + + Yes R
Aurora + - —* - No R
Disponent + + — — No R
Fed*4/Kavkaz + - — - No R
Kohinoor 83 + — + — No R
Thatcher + Lr26 + + - - No S

Predicted 1 Predicted 2
Aroona — + + + Yes S S
Bayonet — + + + Yes S* N
Canna - + + + Yes S* N
Chinese Spring — + + + Yes S S
Condor — + + + Yes S Nl
CSP44 - + + + Yes s’ ST
Dagger - + + Yes R S
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Table 1 continued

Genotype 1BL'1RS Glu-A3 primer 5" primer 3’ primer Pm3/Pm3-like Mildew
LMWPI/LMWP2 UP3B/UP1A Pm3MF/Pm3ERI1 gene response

Kelalac — + + + Yes S S
Lance — — + + Yes R S
Lark - - + + Yes R S
Millewa - + + + Yes s’ s’
Osprey — + + + Yes s* N
Spear — + + + Yes s N
Tatiara — - + + Yes R S
TD 1656 — + + + Yes S S
WW3l1 - + + + Yes s” ST
Wyuna — + + + Yes S S
Banks - - + - No RY RY
Bodallin — — — - No R R
Bindawarra — — + - No R’ R
Cook — — + - No R R
Federation — - —* - No R R
Gutha — — + - No R R
Halberd - + — - No s' RY
Hartog — — + — No R R
Jacup - - + - No R R
Lowan — — — — No R R
Miling - - + - No R’ R
Mokoan — — — - No R R
Oxley — - + - No R R
Teal — — - - No R R
Thatcher — + — — No S R

The presence of Pm3 or a Pm3-like gene was predicted by amplification of both primer pairs UP3B/UP1A and Pm3MF/Pm3ER1. Powdery
mildew responses “1” were predicted from amplification by the LMWP primer pairs, and indicated similar responses reported by Ren et al.
(1996) using backcross derivatives with Lr26 or Sr31. Powdery mildew responses “2” were predicted from the presence of Pm3/Pm3-like gene.
Amplification products with a variant size were treated as negative and marked with “*”. Mnstances where backcross derivatives with 1BL1RS

were tested by Ren et al. (1996), producing the predicted responses

of powdery mildew resistant and susceptible lines of Veery
and Bobwhite (Table 1). The respective lines for inter-
crossing were also chosen on the basis of differences in
grain color. Obviously the choice of these particular par-
ents, which could be considered near-isogenic, for fine
mapping restricted the likelihood of molecular marker
differences between the parents. However, for fine map-
ping, we required closely linked markers and assumed we
could undertake focused searches for polymorphic associ-
ations during development of the RILs. The suppressor
band generated by the Gli-Al locus was one such poly-
morphic marker that could be utilized, but we sought
molecular alternatives. In hexaploid wheat Gli-Al is
completely linked with Glu-A3 for which a potential PCR
marker was available (Devos et al. 1995).

We were also aware from genetic maps that the Gli-A1/
Glu-A3 loci must be closely linked with the Pm3 locus
(Sourdille et al. 1999) and it was tempting to speculate on a

role of that locus in Pm8& suppression. The cloning of Pm3b
(Yahiaoui et al. 2004) and other Pm3 alleles included one
allele that does not confer powdery mildew resistance (Ya-
hiaoui et al. 2006). The development of PCR markers based
on the Pm3 sequences (Tommasini et al. 2006) opened the
possibility of additional molecular polymorphisms for our
mapping populations. The experiments to be reported in this
paper describe the various steps that led to our prediction that
Pm8 could be a Pm3 ortholog, and that products of translated
Pm3 alleles are possible suppressors of Pm8 in wheat. This
mechanism of genetic suppression, which may be unique to
polyploid species, could explain at least some of the instances
of absence of resistance in wheat wide crosses derived from
resistant relatives. We provide data on the genetics of Pm8
and its suppressor and demonstrate that Pm8 resistance to a
PmS&-avirulent isolate was not expressed in the presence of
the suppressor. Preliminary reports on some of the results
were given in Mclntosh et al. (2008).
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Materials and methods
Wheat materials

Various lines reported in Ren et al. (1996, 1997) provided a
basis for the present studies. Four Fs RIL populations
derived from two F; plants of Veery#6/Veery#5 and two of
Bobwhite White/Bobwhite Red were developed during
2004-2007. Selections of Veery (Kvz/Buho//Kal/BB,
CM33027) were released worldwide under more than 60
cultivar names, whereas Bobwhite (Au//Kal/BB/3/WOP,
CM33203) selections were grown under at least 13 names
in Asia and South America (Skovmand et al. 1997). The
sources of PmS8 were the Russian cultivars Kavkaz and
Aurora, respectively. Resistance conferred by Pm8 is
expressed in both cultivars.

In anticipation of the need for a large segregating pop-
ulation for fine mapping, 817 RILs were developed.
Molecular tests and powdery mildew response determina-
tions were conducted on Fs5 families used to establish F,
genotypes. In a RIL population of this type segregating for
powdery mildew resistance at a single locus, the expected
genotypic ratio is 7 homozygous resistant:2 segregating:7
homozygous susceptible.

Responses to powdery mildew
Tests at Plant Breeding Institute (PBI) Cobbitty

All RILs were genotyped by seedling response tests using
a Bgt isolate (culture NAR) that was avirulent on seed-
lings of Federation*4/Kavkaz (Fed*4/Kavkaz), the stan-
dard reference line for Pm8 used at PBI Cobbitty. NAR
was collected at Narrabri, NSW, in 1995 and was
continuously maintained in isolation on seedlings of
Morocco wheat. For some experiments described here,
PmS-virulent inoculum (designated ‘Resident’ strain) was
collected from the PBI Cobbitty greenhouses and
increased on Morocco. Both cultures were avirulent on
seedlings of Asosan/3*Federation (Asosan/3*Fed), a
reference genotype with Pm3a, and virulent on seedlings
of Federation.

About 20 seedlings of RILs, segregating lines and par-
ents were grown in 9-cm pots, and were inoculated at the
1-2 leaf stage with the appropriate pathogen culture by
dusting conidia from diseased Morocco seedlings. RILs
were scored as the numbers of seedlings resistant or sus-
ceptible, or simply as homozygous resistant (HR), segre-
gating (Seg) or homozygous susceptible (HS), using a 0—4
scale: resistant (0-3) and susceptible (34 to 4). Scoring
was performed about 10 days after inoculation, or when
there were clear response differences among the controls,
Fed*4/Kavkaz and Federation, and relevant parents.

@ Springer
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Fig. 1 Powdery mildew and leaf rust responses on paired first and
second leaves of (a, b) Fed*4/Kavkaz, which carries Lr26 and Pm8 on
1BL'1RS; (¢, d) Federation, which lacks 1BL'1RS; and (e-h) two
resistant F, plants and (i-1) two susceptible F, plants from the
intercross of Fed*4/Kavkaz//Federation. Powdery mildew inoculation
was with Bgt strain ‘NAR’ (avirulent to PmS8). The few powdery
mildew lesions on leaf f were produced by contamination with the
‘Resident’ strain

In instances when a conclusive genotype could not be
established, tests were repeated.

To generate lines combining Pm8 and Pm3a, Fed*4/
Kavkaz was crossed with Asosan/3*Fed. F5 lines from this
cross were selected for homozygosity for Lr26, and
therefore the presence of Pm8 because all four genes in the
1RS chromosome arm behave as a linkage block in the
wheat background, using PBI Cobbitty P. triticina patho-
type 162-1,2 (PBI culture 95). The methods of seedling leaf
rust testing were those in routine use at PBI Cobbitty
(Mclntosh et al. 1995). The homozygous lines were then
tested with the ‘Resident’ Bgt culture which is avirulent on
seedlings of Asosan/3*Fed, and virulent on seedlings
Fed*4/Kavkaz. Seed of different lines was despatched to
North Carolina as non-disclosed Pm3 genotypes.

In experiments where leaf rust and powdery mildew
tests were simultaneously conducted on the same materials,
seedlings were firstly inoculated with P. friticina and then
after 5-7 days were dusted with Bgt conidia. This allowed
scoring of responses to both pathogens to occur at the same
time. An example of results of this kind of test is shown in
Fig. 1 for an F, family from Fed*4/Kavkaz//Federation.
First and second leaves are shown in the figure; the first
leaves are infected with both pathogens and the second
leaves show the powdery mildew responses more clearly
although the responses on both leaves are the same.

Tests at USDA-ARS, Raleigh, NC

Seeds of 21 selected Fj lines homozygous for Pm8 and
with known (but non-disclosed) Pm3a genotype were
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Fig. 2 Responses of paired leaf segments from individual seedlings
of F5 lines 327 and 1202 from Asosan/3*Fed//Fed*4/Kavkaz. Line
327, genotype Pm8Pm8 Pm3aPm3a, was homozygous susceptible
and line 1202, genotype Pm8PmS8 Pm3apm3a, segregated. The lines
were tested with the Bgr culture AN2-4, which was virulent for Pm3a
and avirulent for Pm8. Each pair, consisting of one leaf segment

provided to USDA-ARS researchers in North Carolina.
These lines were tested with Bgt isolate AN2-4, which was
virulent to Pm3a but avirulent to PmS8. AN2-4 originated
from wheat debris collected in Headland, Alabama, in
2005, and had been single-pustuled and maintained since
that time by transfers on detached leaves of the universally
susceptible cv. Chancellor on 0.005% benzimidazole
water-agar. The purpose of these tests was to determine if
Pm8 conferred resistance in the presence of an ineffective
but presumably translated Pm3 allele, namely Pm3a.

The tests were done on detached leaves floated on
benzimidazole water-agar Petri plates (Fig. 2). Detached
leaf segments of the F; lines were floated on agar and
inoculated with AN2-4. Leaf material from a single plant
was cut into four segments. For each line, two identical
(non random) replicate plates were set up, each containing
two replicate leaf segments from each of 15 plants of a
single line. This was done in order to determine if the line
was segregating or homozygous in response. Each plate
also contained the following controls: two segments each
of Asosan/3*Fed, Fed*4/Kavkaz, and Federation; and four
segments of Chancellor. Inoculated leaves were incubated
in a growth chamber for eight days at 17°C with 12 h of
light per day. Ratings were made on day 9 after inocula-
tion, using a 0-9 scale: resistant (0-3), intermediate (4-6),
and susceptible (7-9).

DNA isolation and PCR protocols

Genomic DNA from approximately 100 mg of plant material
collected from 8 to 10 plants of each genotype or line was
isolated using the CTAB method (Doyle and Doyle 1987).
DNA was quantified using a Nanodrop spectrophotometer
(Thermo Scientific, Wilmington, DE, USA) and diluted to
approximately 50 ng/pl.

above and one below, is from the same seedling. The 15 leaf pairs
starting from the left side are all from the tested line. The pairs
starting from the right side of each dish are Federation, Fed*4/Kavkaz
(Pm8PmS), and Asosan/3*Fed (Pm3aPm3a), respectively. The single
segments at the extreme right, left, top and bottom are of the
susceptible control Chancellor

Three PCR primer pairs were used: LMWPI/LMWP2,
which amplifies a sequence of Glu-A3 associated with the
mildew suppressor identified in Ren et al. (1996); UP3B/
UPIA, which amplifies a segment in the Pm3 promoter
region in plants that produce an open reading frame and a full
length Pm3 transcript (Tommasini et al. 2006); and Pm3MF/
Pm3ER1, which amplifies a sequence in the 3’ region of Pm3
(Tommasini et al. 2006). These latter primers became
available only after the cloning of Pm3 (Yahiaoui et al. 2004).

Each 10 pl of PCR solution contained 25 ng of DNA,
5 pl of HotStarTaq Plus Master Mix (Qiagen Pty Ltd, Vic.,
Australia) (with a final concentration of 1 U of HotStarTaq
Plus DNA polymerase, 1x PCR buffer, and 200 uM of
each dNTP), and 0.5 uM of each primer. DNA amplifica-
tion was performed in a Mastercycler (Eppendorf AG,
Hamburg, Germany) programmed for 5 min at 95°C for
initial activation and 35 cycles, each consisting of 30 s at
94°C, 1 min at annealing temperature (60°C for LMWP1/
LMWP2, 56°C for UP3B/UP1A, and 58°C for Pm3MF/
Pm3ER1), and 1 min at 72°C, followed by a final extension
of 10 min at 72°C.

After amplification, PCR products were separated in either
2% agarose gels for primer pairs UP3B/UP1A and Pm3MF/
Pm3ERI1, or 3% agarose gels for primer pair LMWP1/
LMWP2. For LMWPI1/LMWP2, the gel was run longer in
order to obtain a clear resolution of the two bands.

Results

Phenotypic descriptions of the parental and related
materials

Cytological, molecular and powdery mildew response data
for wheat genotypes used in the present work are
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summarized in Table 1. The Bobwhite and Veery selec-
tions initially chosen on the basis of their contrasting
powdery mildew responses make up the first group. Pow-
dery mildew susceptible Bobwhite Red and Veery#5 pro-
duced amplification products with all three primer pairs,
whereas the resistant lines Bobwhite White and Veery#6
did not.

The second group included wheat lines for which
information on powdery mildew response had accumulated
over a number of years (Ren et al. 1996, 1997; MclIntosh,
unpublished). Sarhad 82 is a selection of Bobwhite released
in Pakistan in 1982. Fed*4/Kavkaz is a backcross deriva-
tive selected for powdery mildew resistance, and/or the
linked leaf rust resistance, with Kavkaz as a resistant
donor. Kohinoor 83 (a Pakistani variety selected from the
CIMMYT line Teeter) is one of relatively few CIMMYT
IBL-1RS wheat selections in which PmS8 is expressed (Ren
et al. 1996). Thatcher + Lr26, RL6078, which had the
I1BL.1RS translocation due to prior selection for Lr26, was
included because of its isogenicity with Thatcher. Com-
paring these lines with the first group, it was evident that
the presence of all three amplification products (LMWP1/
LMWP2, UP3B/UPIA, and Pm3MF/Pm3ER1) was closely
associated with suppressed powdery mildew resistance.
Aurora, a resistant line, amplified only with the Pm3 pro-
moter region primer, but the product differed in size from
those of the genotypes in which resistance was suppressed.
If amplification with only the Glu-A3 primer pair is taken
as a predictor of suppression the only exception is Dispo-
nent. If presence of both Pm3 primer amplifications is the
indicator of suppression, the exceptions are Skorospelka 35
and Thatcher 4 Lr26. Skorospelka 35 is related to Kavkaz
through their common parent Bezostaya 1. Both carry the
Pm3_Kavkaz allele that has a truncation at the 3’ end
(Yahiaoui et al. 2006), presumably preventing translation
of the suppressor of Pm8. We assume that Skorospelka 35
has the same allele. Yahiaoui et al. (2006) reported that
Chinese Spring and Thatcher possessed identical Pm3
DNA sequences, and therefore like Chinese Spring
Thatcher should be suppressive. The two Thatcher geno-
types used in the current study behaved identically with the
three primer pairs. They were the original University of
Sydney accession (W1201 = AUS3444, introduced from
the University of Minnesota in 1936), and the Thatch-
er + Lr26 NIL (near-isogenic line), derived from the
Thatcher accession used by Dr P. L. Dyck (Agriculture and
Agri-Food Canada, Winnipeg, Canada) in generating NILs.
It is predicted that these sources of Thatcher are unlikely to
carry Pm3CS, although they are PmS8-suppressive. The
Thatcher source used by Yahiaoui et al. (2006) was given
as ‘FAL Reckenholz’.

The next group of lines in Table 1, starting with cv.
Aroona, lacked the 1BL-1RS translocation. Chinese Spring
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which produces a full length transcript (Pm3CS, a ‘sus-
ceptible’ allele) that cannot be recognized with any known
Bgt culture (Yahiaoui et al. 2006), amplified all three pri-
mer pairs. Federation produced only a variant product (of
different fragment size) with the promoter region primers,
consistent with a non-suppressing background. Thatcher,
the parent of Thatcher + Lr26, was amplified only by the
Glu-A3 primer pair.

Based on the amplification patterns the presence (S) or
absence (R) of suppression in a range of wheat genotypes
was predicted firstly on the basis of the result with the
LMWP primer pair and secondly on the basis of the
combined results with the two Pm3 primer pairs. The
actual mildew responses of Pm8 NILs of 14 of the geno-
types were also available. In all cases the powdery mildew
responses of these lines were consistent with both sets of
predictions. Among lines for which no NIL was available
there were several exceptions. In addition to Thatcher, four
(Dagger, Lance, Lark and Tatiara) were predicted to be
non-suppressive based on the LMWP primer pair, but
suppressive with the Pm3 primer pairs, and Halberd was
predicted to be suppressive based on the LMWP primer
pair, but non-suppressive based on Pm3.

Genetics of resistance
Inheritance of Pm8

F, seedlings of Federation//Fed*4/Kavkaz, inoculated with
Bgt culture NAR, segregated 110 resistant [infection type
(IT) 0-1]:41 susceptible (IT 3 + 4), indicating segregation
of a single dominant gene (Pm8) for resistance (y* = 0.37;
P > 0.5). Co-infection with P. triticina pathotype 162-1,2,
which is avirulent to the dominant Lr26, confirmed the
presence of at least one 1BL-1RS translocation chromo-
some in resistant plants (Fig. 1).

Inheritance of the Pm8 suppressor

Segregation data for 817 RILs derived from the Veery and
Bobwhite crosses are shown in Table 2. The pooled results
for the four populations were initially thought to be
genetically heterogeneous. One of the Bobwhite popula-
tions deviated significantly from the predicted ratio of 7
homozygous resistant:2 segregating:7 homozygous sus-
ceptible, and the ratio of homozygous resistant:homozy-
gous susceptible lines deviated from an expected 1:1 ratio
(}52 = 9.58; P < 0.01). However, a contingency table chi
squared analysis of the pooled data indicated no hetero-
geneity in the data, but rather a deficiency of homozygous
resistant lines across the first three populations.

To obtain data on single plant segregation for the sup-
pressor, 50 segregating Fs lines, each with 7-32 seedlings,
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Table 2 Frequencies of F, No. of RILs Bobwhite White/Bobwhite Red Veery#6/Veery#s Pooled

RILs from reciprocal crosses of

Bobwhite and Veery selections Cross 1 Cross 2 Cross 3 Cross 4

classified for response to Bgt

culture ‘NAR’ Homozygous res. 64 92 83 82 321
Segregating 23 17 32 25 97
Homozygous sus. 82 128 110 79 399

N Total 169 237 225 186 817

Xheterogeneity = 10.50%, 4 df >

y (7:2:7) 2.38 12.40%* 431 0.21 8.80%*

* P <0.05, ¥**P < 0.01

but generally 19-32, were tested with Bgt culture NAR.
The pooled segregation ratio of 335 resistant (IT
0-1+2):904 susceptible (IT 4) indicated a single gene
for resistance (X%s = 2.74; P4 > 0.05, Xﬁet = 28.03;
Pagar > 0.99) or, because all plants possessed the 1BL-1RS
chromosome and therefore Pm8, a dominant suppressor of
Pm8, designated SuPm8. In this series of tests, there was no
consistent deficiency of resistant individuals.

Molecular analysis of the RILs

Primer pair LMWP1/LMWP2 amplified a sequence of Glu-
A3 (Devos et al. 1995) associated with the mildew sup-
pressor identified in Ren et al. (1996). In total, 264 lines
from the two Bobwhite populations were tested using this
primer pair. A perfect match was found between the
absence of the band (lower fragment) and non-suppression
of Pm8 when lines were homozygous resistant (Fig. 3a).
This dominant marker was amplified in lines that were
segregating or homozygous susceptible (Fig. 3a).

Primer pair UP3B/UPI1A amplified a segment in the
Pm3 promoter region in plants predicted to produce a full
length Pm3 transcript (Tommasini et al. 2006). The band
was absent in the resistant parents and all homozygous
resistant lines, but was present in the susceptible parents

Fig. 3 Amplification of two a
PCR fragments in wheat RIL

parents, Sarhad 82 (=Bobwhite

‘S’), and segregating lines.

Homozygous powdery mildew

responses are indicated by HR

and HS. The RILs in each panel

are not the same. a Primer pair b
LMWPI/LMWP2, a dominant e
marker; HR lines have a single
band whereas HS lines have a
double band. b Primer pair
UP3B/UP1A, a dominant
marker; the band is absent in
HR lines, but is present in the

HS lines 68»‘ P P PP

i LMWP1/LMWP2

and all homozygous susceptible and segregating lines,
again due to the dominant nature of the marker (Fig. 3b).

Because the primer pair UP3B/UP1A is sufficient to
correlate the Pm3 band with the mildew response pheno-
type, Pm3MF/Pm3ER1 was not run on the lines in the
populations. Instead, only cultivars and genetic stocks were
screened using this primer pair (Fig. 4; Table 1). Primer
pair Pm3MF/Pm3ER1 amplifies a sequence in the 3’ region
of Pm3 (Tommasini et al. 2006).

Powdery mildew tests at USDA-ARS

All 21 lines tested by USDA-ARS were homozygous for
Pm8. Both powdery mildew tests at PBI Cobbitty using the
local ‘Resident’ culture and molecular marker tests using the
primer pairs UP3B/UP1A showed that nine lines were
homozygous Pm3aPm3a, six were heterozygous Pm3apm3a,
and six were homozygous pm3apm3a.

Bgt culture AN2-4, used for tests at Raleigh, was viru-
lent on genotypes with Pm3a and avirulent on those with
Pm8. Tests using culture AN2-4 showed that the nine
homozygous Pm3aPm3a lines were susceptible; the six
lines heterozygous for Pm3a had segregating responses,
and the six lines homozygous for pm3 were resistant due to
expression of Pm8. This clearly indicated that Pm8 did not
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LMWP1/LMWP2

bp

190
147 -
11 -

UP3B/UP1A

Pm3MF/Pm3ER1

Fig. 4 Amplification with all three primer pairs of five lines with,
and four lines without, IBL'1RS. Powdery mildew responses in the
last four genotypes were predicted based on the presence of all three
amplification products

confer resistance in the presence of an ineffective Pm3a allele.
The method of testing and responses of two lines (327,
genotype Pm3aPm3a; and 1202, genotype Pm3apm3a) are
shown in Fig. 2.

Discussion

The possibility of genetic suppression of phenotypic effects
in wide crosses of wheat has been a recurrent topic for
many years, but there is no plausible explanation of how
suppression actually occurs, assuming the presumed genes
are present. Initially, we had only the knowledge that
suppression of PmS8 was closely linked with a gliadin locus
on chromosome 1A. The Gli-Al gene is a very closely
linked prolamin gene cluster family and these in turn are
closely linked to the Glu-A3 locus, another cluster of
repeats linked but not as closely as the Gli-A group. These
protein loci were the obvious initial targets of our fine
mapping work. Real progress in the analysis came with the
cloning of Pm3 alleles and the availability of markers
based on the Pm3 sequences and their upstream region
(Yahiaoui et al. 2004; Tommasini et al. 2006). It is now
known that Pm3 is indeed very closely linked with the Glu-
A3 locus and is likely embedded among various repeats of
this gene (Wicker et al. 2003; Dong et al. 2010). This

@ Springer

would be highly consistent with the results of Ren et al.
(1996, 1997) who showed very close relationships between
the suppressor and specific alleles of both Gli-A/ and Glu-
A3.

It has also been a common occurrence that disease
resistance genes, when moved to hexaploid wheat from
diploid or tetraploid wheat or other related species, become
less effective in the hexaploid background. Well known
examples include Sr2/ for resistance to Pgt, originally
present in diploid 7. monococcum (The and Baker 1975),
and Lr23 for resistance to P. triticina, originally present in
tetraploid 7. turgidum. Both McIntosh and Dyck (1975)
and Nelson et al. (1997) provided evidence of specific
partial suppression of the resistance conferred by Lr23. In
that case, there was evidence that suppression was con-
ferred by a region of chromosome 2D possibly homoeol-
ogous with the location of Lr23 in chromosome 2BS.
Moreover, specificity of suppression was likely a factor, as
the same population of F; lines was scored 1:2:1 in Aus-
tralia using an Australian P. triticina pathotype and 1:8:7 in
Canada using a Canadian pathotype (MclIntosh and Dyck
1975). The data of Kema et al. (1995) for wheat stripe rust
were also suggestive of specificity of suppression. Exam-
ples of complete suppression are less clearly defined
because presence of the genes in the original gametic
source may be uncertain. Observations of suppression are
usually retrospective and in some instances the parents may
not be clearly defined or may not be available. In other
cases, putative parental sources, such as Petkus rye in the
case of Pm8, may carry additional genes for resistance that
prevent phenotypic identification of the gene of interest.

The discovery of suppression of the rye-derived PmS8 in
wheat offered an opportunity to investigate a well defined
example of suppression, but effective tools for its molec-
ular analysis were limited until the cloning of Pm3. We
provide evidence that Pm8 was phenotypically expressed
in wheat only when an allele at the Pm3 locus was not
translated. To validate the phenomenon we constructed a
Pm8Pm3a genetic stock. To test the latter it was necessary
to locate a Bgr isolate that was virulent for Pm3a and
avirulent for PmS8. Such a genotype was available in
southeastern USA, where the gene Pm3a had been utilized
in resistant cultivars and where the corresponding virulence
gene was common as a consequence (Parks et al. 2008). It
was interesting that no published literature had reported
combinations of an effective Pm3 allele and Pm8 despite
very common worldwide occurrence of wheats with the
1BL-1RS translocation. However, the use of Pm3 alleles in
wheat breeding internationally has been sporadic, pre-
sumably due to virulence polymorphisms in the pathogen
population and lack of selection by breeders, as well as the
fact that although sometimes described as a significant
disease, powdery mildew resistance is seldom given high
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priority in wheat breeding. Of course until Pm3 was
cloned, combinations of Pm&8 with genotypes, such as
Chinese Spring having translated but not identified Pm3
alleles could not be identified. Separate studies are under-
way to demonstrate the same effects by transient expres-
sion. The results of that work will be reported elsewhere.

Obviously, our finding that PmS8 is suppressed by trans-
lated alleles at the Pm3 locus has implications for resistance
breeding strategies that employ introgressed alleles from wild
relatives. It suggests the utility of determining homology
between alien and other native resistance genes in the wheat
genotype being used as the recipient parent. We have yet to
confirm that all translated Pm3 alleles confer similar sup-
pression. Obviously more work is needed to elucidate the
molecular mechanism of suppression.

Acknowledgments This research was supported by the Grains
Research and Development Corporation, Australia. We thank Beat
Keller and Severine Hurni for comments on a draft of the manuscript.

References

Bai D, Knott DR (1992) Suppression of rust resistance in bread wheat
(Triticum aestivum L.) by D-genome chromosomes. Genome
35:276-282

Devos KM, Bryan GJ, Collins AJ, Stephenson P, Gale MD (1995)
Application of two microsatellite sequences in wheat storage
proteins as molecular markers. Theor Appl Genet 90:247-252

Dong L, Zhang X, Liu D, Fan H, Sun J et al (2010) New insights into
the organization, recombination, expression and functional
mechanism of low molecular weight glutenin subunit genes in
bread wheat. PLoS ONE 5:e13548

Doyle JJ, Doyle JL (1987) A rapid DNA isolation procedure for small
quantities of fresh leaf tissue. Phytochem B 19:11-15

Hanusova R (1992) Powdery mildew resistance of wheat cultivars
with 1B/1R translocation/substitution. In: Zeller FJ, Fishbeck G
(eds) Cereal rusts and mildews, proceedings of the 8th European
and Mediterranean cereal rusts and mildews conference, Wei-
henstephan, Germany, pp 237-238

Hanusova R, Hsam LK, Bartos P, Zeller FJ (1996) Suppression of
powdery mildew resistance gene Pm8 in Tritium aestivum L.
(common wheat) cultivars carrying wheat-rye translocation T
IBL-IRS. Heredity 77:383-387

Kema GHIJ, Lange W, van Silthout CH (1995) Differential suppres-
sion of stripe rust resistance in synthetic wheat hexaploids
derived from Triticum turgidum subsp. dicoccoides and Aegilops
squarrosa. Phytopathology 85:425-429

Kerber ER (1983) Suppression of rust resistance in amphiploids of
Triticum. In: Sakamoto S (ed) Proceedings of the 6th interna-
tional wheat genetics symposium. Plant Germ-Plasm Institute,
Faculty of Agriculture, Kyoto University, Japan, pp 813-817

Mclntosh RA, Dyck PL (1975) Cytogenetical studies in wheat VIL
Gene Lr23 for reaction to Puccinia recondita in Gabo and
related cultivars. Aust J Biol Sci 28:201-211

MclIntosh RA, Wellings CR, Park RF (1995) Wheat rusts: an atlas of
resistance genes. CSIRO Press, East Melbourne

MclIntosh RA, Zhang P, Lagudah E, Brunner S, Keller B, Hoxha S
(2008) The inhibitor of Pm8 in certain 1BL-1RS wheat
genotypes. In: Appels R, Eastwood R, Lagudah E, Langridge
P, Mackay M et al. (eds) Proceedings of the 11th international
wheat genetics symposium 2008, vol 3. Sydney University Press,
Australia, p 785

Nelson JC, Singh RP, Autrique JE, Sorrells ME (1997) Mapping
genes conferring and suppressing leaf rust resistance in wheat.
Crop Sci 37:1928-1935

Parks R, Carbone I, Murphy JP, Marshall D, Cowger C (2008)
Virulence structure of the eastern U.S. wheat powdery mildew
population. Plant Dis 92:1074-1082

Pretorius ZA, Singh RP, Wagoire WW, Payne TS (2000) Detection of
virulence to wheat stem rust resistance gene Sr3/ in Puccinia
graminis f. sp. tritici in Uganda. Plant Dis 84:203

Ren SX, Mclntosh RA, Sharp PJ, The TT (1996) A storage-protein
marker associated with the suppressor of Pm8 for powdery
mildew resistance in wheat. Theor Appl Genet 93:1054-1060

Ren SX, McIntosh RA, Lu ZJ (1997) Genetic suppression of the
cereal rye-derived gene Pmé8 in wheat. Euphytica 93:353-360

Skovmand B, Villareal R, van Ginkle M, Rajaram S, Ortiz-Ferrara G
(1997) Semidwarf bread wheats: names, parentages, pedigrees,
and origins. CIMMYT, Mexico

Sourdille P, Robe P, Tixier M-H, Doussinault G, Pavoine M-T,
Bernard M (1999) Location of Pm3g, a powdery mildew
resistance allele in wheat, by using a monosomic analysis and
by identifying associated molecular markers. Euphytica
110:193-198

The TT, Baker EP (1975) Basic studies relating to the transference of
genetic characters from Triticum monococcum L. to hexaploid
wheat. Aust J Biol Sci 28:189-199

Tommasini L, Yahiaoui N, Srichumpa P, Keller B (2006) Develop-
ment of functional markers specific for seven Pm3 resistance
alleles and their validation in the bread wheat gene pool. Theor
Appl Genet 114:165-175

Wicker T, Yahiaoui N, Guyot R, Schlagenhauf E, Liu Z-D,
Dubcovsky J, Keller B (2003) Rapid genome divergence at
orthologous low molecular weight glutenin loci of the A and A™
genomes of wheat. Plant Cell 15:1186-1197

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

Yahiaoui N, Brunner S, Keller B (2006) Rapid generation of new
powdery mildew resistance genes after wheat domestication.
Plant J 47:85-98

Zeller FJ (1973) 1B/1R wheat-rye chromosome substitutions and
translocations. In: Sears ER, Sears LMS (eds) Proceedings of the
4th international wheat genetics symposium. Agricultural Exper-
iment Station, University of Missouri, Columbia, pp 209-221

@ Springer



	Rye-derived powdery mildew resistance gene Pm8 in wheat is suppressed by the Pm3 locus
	Abstract
	Introduction
	Materials and methods
	Wheat materials
	Responses to powdery mildew
	Tests at Plant Breeding Institute (PBI) Cobbitty
	Tests at USDA-ARS, Raleigh, NC

	DNA isolation and PCR protocols

	Results
	Phenotypic descriptions of the parental and related materials
	Genetics of resistance
	Inheritance of Pm8
	Inheritance of the Pm8 suppressor

	Molecular analysis of the RILs
	Powdery mildew tests at USDA-ARS

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


