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Abstract Sugar-beet powdery mildew, caused by the
fungus Erysiphe betae, now occurs in all sugar-beet grow-
ing areas and can reduce sugar yield by up to 30%.
Powdery mildew resistant plants from three novel sources
were crossed with sugar beet to generate segregating popu-
lations. Evaluation of resistance was carried out in artiW-
cially inoculated Weld and controlled environment tests.
The resistance level in two of the sources was found to be
signiWcantly higher than that in currently available sugar-
beet cultivars. AFLP analysis was used in combination with
bulked segregant analysis to develop markers linked to the
resistant phenotype in each population. Five dominant
major resistance genes were identiWed and assigned the
proposed symbols Pm2 to Pm6. Pm3 conferred complete
resistance to powdery mildew; the other genes conferred
high levels of partial resistance. From the use of anchoring
SNP markers, two genes were located to chromosome II
and three to chromosome IV. Two of the genes on chromo-
some IV mapped to the same location and one of the genes
on chromosome II mapped to the same region as the previ-
ously identiWed Pm1 gene. With the availability of these
genes there is now excellent potential for achieving durable
resistance to sugar-beet powdery mildew, thus reducing or
obviating the need for chemical control.

Introduction

Sugar beet (Beta vulgaris subsp. vulgaris) is a member
of the family Amaranthaceae which also contains the
crop species spinach (Spinacea oleracea L.) and quinoa
(Chenopodium quinoa). It is diploid with 2n = 18 chromo-
somes and a haploid genome size of 758 Mb (Arumugana-
than and Earle 1991). Cultivated forms of the species,
including fodder beets, leaf beets and garden beets, are sex-
ually compatible with wild sea beet (B. vulgaris subsp.
maritima). The species is outbreeding and highly hetero-
zygous with a multi-allelic gametophytic self-incompatibility
system. Sugar beet is susceptible to diseases which impact
on the sugar yield. Sugar-beet powdery mildew (reviewed
by Francis 2002), caused by the fungus Erysiphe betae,
now occurs in all sugar-beet growing areas and in warm,
arid climates can reduce sugar yield by up to 30% (Weltzien
and Ahrens 1977). The disease is characterised by white
dust-like colonies that develop over leaf surfaces following
germination of wind-borne conidia. Sulphur or triazole fun-
gicides are currently applied to the crop for disease control.

Whitney et al. (1983) identiWed partial resistance to
powdery mildew in sugar-beet germplasm that conferred a
slow-mildewing phenotype. Partial resistance has been
introduced into breeding lines such as C39 (Lewellen 1995)
and reportedly developed within commercial hybrids by the
sugar-beet industry (Lewellen and Schrandt 2001). Wolf
et al. (2006) reported that the epidemic onset of powdery
mildew in cultivars with a low susceptibility was delayed
by two weeks and the infection severity reduced by
20–60%. Whitney (1989) conWrmed in controlled green-
house evaluations that two B. vulgaris subsp. maritima
accessions, WB242 and WB97, had individual plants that
showed high resistance. WB242 was originally collected in
the Loire estuary in France but the origin of WB97 is
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unknown. The resistance from these accessions was back-
crossed into sugar-beet breeding lines and in Weld evalua-
tions was shown to be inherited as a single, dominant,
major gene with the proposed symbol Pm (Lewellen and
Schrandt 2001). The allelism of the resistance from these
two sources was not determined. Although Pm conditioned
a high level of resistance, disease developed on mature
leaves late in the season. Janssen et al. (2003) mapped the
resistance gene derived from WB242 to an interval of
6.4 cM between anonymous Xanking AFLP markers on
chromosome II. To date this is the only monogenic form of
powdery mildew resistance that has been mapped with
molecular markers in sugar beet. Marker analysis of B. vul-
garis subsp. maritima accession PI 504236 revealed the
presence of two QTLs that were signiWcantly associated
with resistance (Francis 2002). Janssen et al. (2003) carried
out QTL mapping in two anonymous populations with
resistance scores in both approximating a normal distribu-
tion. Five QTLs were identiWed in population A that
together explained 27% of the phenotypic variation. In pop-
ulation B 19% of the variation was explained by two loci.

Luterbacher et al. (2004) screened up to 600 Beta acces-
sions for resistance to powdery mildew in Weld and glass-
house evaluations. SigniWcant diVerences in resistance were
observed within the section Beta (P < 0.05) and resistant
accessions were crossed with susceptible sugar-beet breed-
ing lines to generate segregating populations for mapping.
We report here the mapping of Wve resistance genes to
sugar-beet powdery mildew from three of these novel
sources. The availability to breeders of new resistance
sources increases the potential for breeding durable disease
resistance and reduces or obviates the requirement for
chemical control.

Materials and methods

Plant material

Population PM-MAR, consisting of 83 individuals, was
produced by crossing a single resistant plant of B. vulgaris
subsp. maritima (accession collected at Fayyum Harfosh
Farm, Matruh, Egypt) with a plant of the susceptible male-
sterile sugar-beet breeding line SfHS. Genetic male-steril-
ity, conferred by the single recessive gene a1 (Owen 1952),
was used to ensure the production of hybrid seed. Popula-
tion PM-GBT, consisting of 150 individuals, was produced
by crossing a single resistant hybrid plant with a plant of
line SfHS. The resistant hybrid parent was derived by
crossing a single resistant plant of the garden beet variety
‘Simender’ (accession collected in Denmark) with a plant
of the susceptible male-sterile sugar-beet breeding line
CALE and then crossing a single resistant progeny plant

with a plant of line SfHS. Population PM-LBT, consisting
of 96 individuals, was produced by crossing a single
powdery mildew resistant plant of the leaf beet variety
‘Merolakhano’ (accession collected at Zakros, Crete,
Greece) with a plant of line SfHS. Seeds of line SfHS and
CALE were obtained from Lion Seeds Ltd., Maldon, Essex,
UK The International Database for Beta (IDBB; http://
www.genres.de/idb/beta) codes for the original resistant
accessions of populations PM-MAR, PM-GBT and PM-LBT
were 9749, 6453 and 3123, respectively.

The sugar-beet cultivars Dominika, Latoya and Harry
were on the Recommended List for 2006 produced by the
UK’s National Institute for Agricultural Botany (NIAB).
They scored 8, 7 and 1 out of 9 for resistance to powdery
mildew respectively. 3R-64 was developed as a breeding
line with resistance to virus yellows (Stevens and Thomas,
2005) with apparent high susceptibility to powdery mildew.

Resistance evaluation

Original accessions were evaluated for powdery mildew
resistance in small-plot Weld trials conducted at Broom’s
Barn in growing seasons from 1997 to 2000 as part of the
screening programme described by Luterbacher et al.
(2004). The three original accessions appeared to be segre-
gating for resistance to powdery mildew. In developing the
PM-GBT population, grandparent and parent populations
harbouring resistance were evaluated in the same way in
2001 and 2003. Every fourth plot and the space between
parallel rows of plots was sown with the susceptible sugar-
beet cultivar ‘Sandra’ to encourage uniform natural infec-
tion. Population PM-LBT was evaluated for resistance in a
Weld trial at Broom’s Barn in 2004 along with resistant and
susceptible parent lines and the susceptible sugar-beet culti-
var ‘Roberta’ as a control. Glasshouse-grown seedlings
were transferred to a netted tunnel to harden-oV two weeks
after sowing and transplanted to the Weld site seven weeks
later. Powdery mildew infected plants were placed as inoc-
ulators in the centre row of the trial plots on 12 July
(17 weeks after sowing). Plants were scored for powdery
mildew infection at 16, 31 and 59 days after inoculation
(DAI). Populations PM-MAR and PM-GBT were evaluated
for resistance in a controlled environment (CE) room main-
tained with 16 h light (22°C) and 8 h dark (17°C). Resistant
and susceptible parent lines and the susceptible sugar-beet
cultivar ‘Roberta’ were also included. At four weeks after
sowing, plants were inoculated with powdery mildew by
brushing the leaves with infected plants. Plants were scored
for powdery mildew infection at 23 DAI (PM-GBT evalua-
tion) or 25 DAI (PM-MAR evaluation). All accessions and
populations were scored subjectively using a 0–6 infection
scale (Table 1). For QTL analysis, Microsoft Excel was
used to convert the infection scores to percentage of leaf
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area infected using the following Gompertz equation: =  110 £
EXP(¡EXP(0.68 £ (x. ¡ 3.61))) where EXP denotes
exponential and x is the Excel spreadsheet cell number con-
taining the infection score. This equation was derived by
comparing infection scores based on Weld observations with
the percentage of leaf area infected as detected using a leaf
area meter.

The original accessions of the PM-MAR and PM-GBT
populations were compared with three sugar-beet cultivars
and the breeding line 3R-64 in a CE room resistance evalua-
tion trial carried out as described above. For each population
twenty plants were scored for powdery mildew infection at
23 DAI and the scores converted to percentage of leaf area
infected. The percentage of leaf area infected per plant was
compared between populations by a one-way analysis of var-
iance and a test for the least signiWcant diVerence (LSD).
Statistical analyses were carried out using GenStat® Release
8.2 (VSN International, Hemel Hempstead, UK).

DNA extraction

Genomic DNA was extracted from snap-frozen leaf tissue
using the Nucleon Phytopure Plant DNA Extraction Kit
(Amersham Biosciences, Little Chalfont, UK) with the
addition of 10 mM 2-mercaptoethanol to Reagent 1. After
cooling samples on ice, DNA was isolated by phenol:chlo-
roform:isoamylalcohol extraction and isopropanol precipi-
tation (Sambrook et al. 1989) then dissolved in 50 �l sterile
distilled water (SDW). RNA was degraded by addition of
1 �g RNase (Roche, Welwyn Garden City, UK) and incu-
bation for 15 min at 37°C. The quantity and quality of DNA
were assessed by agarose-gel electrophoresis using 0.8%
agarose with known concentrations of uncut lambda DNA
(Roche). Gel images were captured using the GeneGenius
gel documentation system with GeneSnap software (Syn-
gene, Cambridge, UK). DNA concentrations were calcu-
lated using GeneTools software (Syngene).

Fluorescent AFLP analysis

AFLP analysis was performed as described by Trybush
et al. (2006). Reactions were carried out essentially as
described by Vos et al. (1995) but using Xuorescent, multi-
plex technology. Polymorphic bands were named according
to the selective primers used to amplify them and the size
(in base pairs) of the fragments scored. Each population
was analysed using 18 primer combinations, including
some previously identiWed as highly polymorphic (data not
shown) and some identiWed by bulked segregant analysis
(see below).

Bulked segregant analysis

Bulked segregant analysis (BSA) was performed, as
described by Michelmore et al. (1991), in order to identify
markers co-segregating with powdery mildew resistance in
each population. The diluted DNA samples (5 ng/�l) of
eight resistant (R) and eight susceptible (S) individuals
were pooled into R and S bulks that were screened with 144
AFLP primer combinations. The primer combinations that
gave the most number of polymorphic bands between the
bulks were tested on the bulk individuals to eliminate false
positive markers prior to screening against the whole popu-
lation.

SNP genotyping

Anchoring SNP genotyping was performed essentially as
described by Möhring et al. (2004) but with minor adapta-
tions. The SNP markers presented by these authors were
assigned to chromosomes according to Butterfass (1964)
and Schondelmaier and Jung (1997). PCR primer and
extension primer core sequences were as described and
markers 1–3 and 4–6 were separately multiplexed for each
linkage group. Multiplex PCR ampliWcation was performed
in a 5 �l volume containing 10 �g genomic DNA, 200 �M
dNTPs (Promega, Southampton, UK) and 0.1 �M each
primer with 1X PCR BuVer, 1.5 mM MgCl2 and 0.025 U
HotStarTaq® DNA Polymerase (Qiagen, Crawley, UK).
All thermocycling was performed using a PCR Express
Thermal Cycler (ThermoHybaid, Ashford, UK). Two �l
PCR product were puriWed with 0.8 �l ExoSAP-IT (Amer-
sham Biosciences) according to the protocol provided.
Primer extension was performed in a 5 �l volume contain-
ing 1.5 �l puriWed PCR product, 0.25 �M each extension
primer and 0.25 �l SNaPshot Multiplex Ready Reaction
Mix (Applied Biosystems, Warrington, UK). Extension
primers 1–3 and 4–6 from each LG (Möhring et al. 2004)
had sizes of 24, 30 and 36 nucleotides respectively and
were not HPLC-puriWed. Three �l extension reaction prod-
uct were puriWed with 0.5 U CIP (New England Biolabs,

Table 1 Powdery mildew disease assessment scale

Score Description

0 No colonies obvious

1 One or a few colonies (<20)

2 Colonies coalescing on some leaves. 
Most leaves infected. Ca. 5% leaf area infected

3 Large areas of infected leaf either with high density 
of discrete colonies or coalesced areas. 
25–50% leaf area infected

4 50–75% of leaf area infected. Younger leaves 
reasonably clear of infection

5 75% or more of leaf area infected. 
Profuse sporulation. Younger leaves infected

6 Almost total leaf cover
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Hitchin, UK) according to the protocol provided. Prior to
separating fragments, 0.75 �l puriWed sample were mixed
with 0.25 �l GeneScan™–120 LIZ™ size standard and 9 �l
Hi-Di Formamide (Applied Biosystems), denatured at 95°C
for 5 min and placed on ice. Fragments were separated,
sized and scored as described in the Xuorescent AFLP
protocol.

Marker-trait association and linkage mapping

All segregating AFLP markers were tested for signiWcant
association with powdery mildew resistance using the non-
parametric rank sum test of Kruskal–Wallis (Lehmann
1975) found in MapQTL® software 4.0 (Van Ooijen et al.
2002). For each individual test a signiWcance level
(P-value) of 0.001 was used. Linkage analysis was per-
formed using JoinMap version 3.0 software (Van Ooijen
and Voorrips 2001) that uses the estimation procedures for
cross-pollinators as described by Maliepaard et al. (1997).
The software was used to test markers for segregation dis-
tortion using a Chi-square test. Linkage groups were deter-
mined using a minimum LOD threshold of 4.0 and map
construction performed using the Kosambi mapping func-
tion with the following JoinMap parameter settings:
Rec = 0.4, LOD = 1.0, Jump = 5. A third round of ordering
whereby problematic markers are forced onto a map was
not employed; such markers were discarded. Resulting
linkage maps were drawn using MapChart software (Voorr-
ips 2001).

Results

Resistance evaluation

The results of powdery mildew resistance evaluation in three
diVerent populations are shown in Fig. 1. In each case there
appeared to be segregation for resistance, with some individ-
uals having a low infection score and others having an infec-
tion score as high as the susceptible control cultivar Roberta.
In the PM-GBT and PM-LBT populations there appeared to
be strong segregation of the phenotype, suggesting the pres-
ence of resistance genes of large eVect. In the PM-MAR
population there appeared to be a large number of resistant
plants compared with susceptible plants, suggesting that
more than one resistance gene was segregating. The suscep-
tible parent lines were generally as susceptible as Roberta
and the resistant parent lines contained individual plants with
low infection scores. The PM-LBT plants were also evalu-
ated for resistance at 31 and 59 DAI (data not shown). The
number of resistant plants (with an infection score of 0 or 1)
diminished at each subsequent time point; at 59 DAI most
plants were as susceptible as Roberta.

Figure 2 shows the results of evaluating the resistance
levels in the PM-MAR and PM-GBT original accessions
compared with three sugar-beet cultivars and the breeding
line 3R-64. Both original accessions had a signiWcantly
lower (P = 0.05) infected leaf area per plant than the three
sugar-beet cultivars. The cultivars were not signiWcantly
diVerent from each other. 3R-64 had a signiWcantly higher
infected leaf area per plant than the other populations.
Analysis of the infection score data (not shown) revealed
that the two original accessions were segregating for
resistance, with proWles similar to those of the respective
resistant parent lines in Fig. 1.

Fig. 1 Distribution of powdery mildew infection scores of three
segregating populations (test pops.). The timing of resistance
evaluation for each population is indicated in days after inoculation
(DAI). The resistant (R) and susceptible (S) parent lines and the
susceptible sugar-beet cultivar ‘Roberta’ were included as control
populations
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Marker-trait association and linkage mapping

To detect markers signiWcantly associated with powdery
mildew resistance a P-value of 0.005 was initially used in
Kruskal–Wallis tests. The software handbook suggested
using at least this signiWcance level for the individual tests
in order to obtain an overall level of about 0.05. At the
P = 0.005 level two additional markers were identiWed as
signiWcant in the PM-GBT population. Linkage mapping
revealed no gradient in the test statistic with adjacent mark-
ers, so the two markers were considered to represent false
positives and a more stringent signiWcance level of 0.001
was adopted in all tests. In total 203, 150 and 166 segregat-
ing AFLP markers were identiWed and tested in populations
PM-MAR, PM-GBT and PM-LBT respectively.

The results of marker-trait association testing and subse-
quent linkage analysis are shown in Table 2 and Fig. 3
respectively. Markers identiWed as signiWcant for powdery
mildew resistance were mapped to chromosomes II and IV
in the PM-MAR population and chromosome IV in the
PM-GBT and PM-LBT populations by successful integra-
tion of anchored SNP markers. SNP markers that were not
mapped here were either monomorphic or not detected. In
each of the three populations the chromosome IV SNP
markers were segregating in the susceptible female parent.
In order to integrate these with the male-segregating AFLP
markers into genetic linkage maps it was necessary to
incorporate AFLP markers segregating in both parents (all
three populations) and AFLP markers segregating in the
susceptible female parent (populations PM-GBT and
PM-LBT). After incorporation of additional markers the order
of male-segregating markers was conserved in each case.

Analysis of the gradients in the Kruskal–Wallis test sta-
tistic (Table 2) suggested that two resistance genes were
present on chromosome II in PM-MAR and one resistance

gene was present on chromosome IV in each population.
The proximal marker with the highest test statistic for each
of the Wve resistance genes (highlighted with proposed gene
symbols in Fig. 3) was in coupling phase with resistance in
each case. The mean percentage of leaf area infected per
plant varied between these proximal markers from 0.0 to
8.8 for resistant genotypes. The former infection level sug-
gested complete resistance to powdery mildew. Although
none of the proximal markers displayed signiWcant segrega-
tion distortion, resistant genotypes were fewer than suscep-
tible genotypes in four out of Wve cases. The percentage of
phenotypic variation explained by each of the Wve proximal
markers was 19, 27, 19, 16 and 26% respectively for Pm2
to Pm6. The PM-LBT marker data were also compared
with the powdery mildew infection data at 31 and 59 DAI.
Similar results were obtained at 31 DAI as at 16 DAI but at
59 DAI none of the markers were signiWcant for resistance.

Discussion

Through construction of marker linkage maps and use of
bulked segregant analysis we have successfully mapped
resistance to sugar-beet powdery mildew from three novel
sources and identiWed Wve resistance genes. We have
shown that these genes confer signiWcantly higher levels of
resistance than available in current sugar-beet cultivars.
Marker analysis and linkage mapping were achieved using
a combination of AFLP and SNP approaches.

Resistance in PM-MAR

The results of resistance mapping (Table 2) in population
PM-MAR conWrmed that the skewed segregation observed
in this population (Fig. 1) was due to the presence of more
than one segregating resistance gene. Through the use of
anchored SNP genotyping, two resistance genes were iden-
tiWed on chromosome II and one on chromosome IV. These
genes have the proposed symbols Pm2, Pm3 and Pm4
(Fig. 3). Based on the R2 values of proximal markers, these
genes explained an estimated 65% of the phenotypic varia-
tion including a probable small linkage eVect between Pm2
and Pm3. The three resistance genes exhibited a dominant
phenotype; presence of just one of the three resulted in a
large reduction in infected leaf area per plant when individ-
uals carrying proximal markers for the other genes were
removed from the analysis. Pm2 and Pm4 appeared to con-
fer partial yet strong resistance to powdery mildew. Since
the proximal markers for these two genes are located in
dense marker clusters, it is expected that they are closely
linked with the respective resistance genes and therefore
strongly reXective of them. Clustering of AFLP markers on
linkage groups is a common phenomenon in a wide range

Fig. 2 Mean percentage of leaf area infected by powdery mildew in
the PM-MAR and PM-GBT original accessions (MAR and GBT
respectively) compared with three sugar-beet cultivars and the
breeding line 3R-64. Columns marked with diVerent letters indicate
signiWcant diVerence in infected leaf area per plant (n = 20) according
to the LSD test (P = 0.05)
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Table 2 Associating male-parent segregating AFLP markers with powdery mildew resistance

Pop Chr Marker Pos Phase K* P Mean % infection 
by genotype

nr inf by 
genotype

+ ¡ + ¡

PM-MAR II EAGA/MACA-183 0.0 C 5.4 – 7.4 18.4 51 26

EAGC/MACA-317 12.3 C 2.9 – 9.3 14.3 54 23

EAGA/MACA-242 30.5 R 0.5 – 14.4 7.2 42 35

EACA/MACA-49 38.2 C 2.9 – 9.6 11.5 34 46

EAGA/MCTT-114 48.7 C 9.4 – 3.2 16.5 31 49

EAGA/MACT-85 53.2 R 13.3 ** 17.4 3.5 45 36

EACA/MACA-203 56.2 R 15.1 ** 17.2 2.3 44 33

EACA/MCAA-150 56.9 R 13.1 ** 16.8 4.1 45 37

EACA/MAGT-58 57.7 R 15.1 ** 17.0 3.5 46 36

EACA/MCAA-189 58.5 C 20.9 *** 2.1 18.5 37 45

EACA/MACA-126 58.8 R 19.1 *** 17.6 2.2 43 34

EAGA/MAGT-210 59.0 R 17.6 *** 17.8 3.3 44 38

EAGC/MCAA-100 59.3 C 16.3 *** 3.4 17.4 37 45

EAGA/MCTT-204 59.4 C 15.1 ** 3.6 17.4 35 45

EACA/MCTT-198 60.3 C 14.0 ** 3.5 17.8 36 44

EAGC/MATA-136 62.0 C 14.8 ** 3.1 16.4 33 49

EAGA/MATA-280 65.2 R 9.3 – 16.2 5.9 42 39

EAGA/MACT-234 71.5 C 35.3 *** 0.0 19.7 35 46

IV EACA/MATA-122 7.3 R 6.1 – 16.4 5.2 43 39

EACA/MATA-185 13.6 C 8.0 – 4.5 15.8 34 48

EACA/MACA-261 18.2 C 7.9 – 3.8 16.4 34 43

EACA/MAGT-111 19.7 C 7.7 – 3.5 17.3 37 45

EAGC/MCTT-237 21.0 R 9.7 – 18.6 3.4 42 38

EAGA/MCTT-219 21.6 R 12.1 * 19.7 2.1 41 37

EAGC/MCTT-153 23.0 C 14.0 ** 2.2 18.9 35 44

EAGC/MCTT-295 23.3 C 14.4 ** 2.2 18.5 35 45

EAGA/MCAA-76 24.1 C 12.1 * 2.2 17.3 34 48

EAGA/MACT-276 25.5 C 9.5 – 2.2 17.3 33 48

EAGC/MACT-224 29.1 R 9.2 – 19.0 3.2 41 40

EAGA/MCTT-159 43.1 C 2.0 – 7.7 13.9 33 47

EAGA/MCAA-99 43.7 C 2.0 – 7.9 13.1 32 50

EACA/MCAA-70 47.4 R 0.1 – 11.5 10.6 46 36

EAGA/MAGT-76 61.9 C 0.0 – 12.3 10.1 37 45

PM-GBT IV EAGA/MACA-322 0.0 R 7.4 – 19.5 14.0 45 76

EACA/MACG-128 3.3 R 10.4 – 21.3 13.4 47 73

EAGA/MACA-316 12.4 C 17.5 *** 10.2 20.9 54 60

EAGC/MATA-67 19.3 C 19.1 *** 8.7 20.1 47 64

EAGA/MAGT-105 21.1 C 24.9 *** 8.8 21.9 53 71

EACA/MACA-128 23.5 C 18.2 *** 9.9 20.2 52 71

EAGC/MACA-272 28.8 R 17.9 *** 20.6 10.7 64 58

EAGC/MACG-419 42.7 C 14.2 ** 9.5 20.2 42 77

PM-LBT IV EACA/MACT-137 0.0 R 1.8 – 4.7 4.9 32 41

EAGA/MATA-195 15.1 C 4.9 – 3.5 5.8 42 31

EACA/MTAA-68 19.3 R 4.7 – 5.5 3.6 34 39

EAGC/MACT-158 20.0 C 5.3 – 3.8 6.0 36 36
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of plant species including sugar beet (e.g. Schondelmaier
et al. 1996) and may be explained by reduced recombina-
tion in chromosomal regions such as centromeres (Tanksley
et al. 1992; AlonsoBlanco et al. 1998). Pm3 appeared to
confer complete resistance to powdery mildew. The previ-
ously mapped resistance gene derived from B. vulgaris
subsp. maritima WB242 (Janssen et al. 2003) also con-
ferred complete resistance to powdery mildew when tested
in a greenhouse trial. We propose that the WB242 resis-
tance gene is now referred to as Pm1. Pm1 mapped to
within 5 cM of the SNP marker MP0180 (T Kraft pers.
comm.). In population PM-MAR the proximal marker for

Pm2 mapped to »8 cM from marker MP0180. Therefore
Pm1 and Pm2 could represent the same gene.

Resistance in PM-GBT and PM-LBT

The results of resistance mapping (Table 2) in populations
PM-GBT and PM-LBT conWrmed that the segregation pat-
terns observed in these populations (Fig. 1) were due to the
presence of dominant, major resistance genes. These genes
have the proposed symbols Pm5 and Pm6 respectively
(Fig. 3) and were both located to chromosome IV. The
resistance level conferred by Pm5 was not as strong as that

Table 2 continued

Pop and Chr indicate the population and chromosome analysed respectively. Map positions (pos) are in centiMorgans; marker phase types are
denoted as C (in coupling) or R (in repulsion). K* denotes the Kruskal–Wallis test statistic and signiWcant values are indicated by asterisks
(* P < 0.001, ** P < 0.0005, *** P < 0.0001). Genotypic classes are indicated as +(AFLP marker present) or ¡(AFLP marker absent) for mean %
leaf area infected and number of informative individuals (nr inf)

Pop Chr Marker Pos Phase K* P Mean % infection 
by genotype

nr inf by 
genotype

+ ¡ + ¡

EAGA/MACT-266 20.9 R 4.2 – 5.8 4.4 33 37

EAGA/MAAC-152 25.6 R 7.7 – 6.2 3.5 34 38

EAGA/MACA-181 26.5 R 6.5 – 5.6 4.0 35 39

EAGA/MACA-264 43.8 C 21.7 *** 1.7 8.8 42 32

EACA/MACT-186 45.2 R 23.8 *** 9.1 1.7 31 42

EAGA/MACA-158 46.2 R 20.7 *** 8.6 2.1 30 44

EAGA/MCTA-210 56.6 C 25.1 *** 1.1 9.1 40 31

Fig. 3 Linkage mapping of 
markers for Wve powdery 
mildew resistance genes. 
Populations and chromosomes 
under analysis are indicated at 
the top of the linkage groups. 
Cumulative map distances are in 
centiMorgans and are indicated 
on the left side of the linkage 
groups. SNP markers are in bold. 
All other markers are AFLP 
markers; details of their 
nomenclature are described in 
Materials and methods. Markers 
showing signiWcant segregation 
distortion (P = 0.05) are 
indicated by asterisks. ^ indi-
cates AFLP markers segregating 
in both parents, » indicates 
AFLP markers segregating in 
the susceptible female parent 
only
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conferred by the other four genes in terms of percentage
leaf area infected per plant and percentage of phenotypic
variation explained. This could be due to the loss of minor
or modifying genes during the two backcrosses to sugar
beet undertaken in the development of the PM-GBT popu-
lation. As with Pm2 and Pm4, the proximal marker to Pm5
is expected to be closely linked to the resistance gene due to
marker clustering in this region of the linkage group. Since
the PM-GBT population was created by backcrossing twice
to a sugar-beet breeding line, it is possible that parts of its
resistant chromosome IV are derived from sugar beet and
not the original garden beet accession. This potential reduc-
tion in genetic variation on chromosome IV may have
resulted in the linkage group being comparatively smaller
than in PM-MAR and PM-LBT. The variation in resistance
levels observed in the PM-GBT population (Fig. 1) could
be due to incomplete penetrance of Pm5. Heterozygous
individuals would need to be tested alongside homozygous
resistant individuals to conWrm this. With current data the
resistance conditioned by Pm5 can be described as partial.
The proximal markers for Pm4 and Pm5 both mapped to
within 2 cM of SNP marker MP0132. Therefore Pm4 and
Pm5 could represent the same gene.

Pm6 appears to confer stronger resistance to powdery
mildew than Pm2, Pm4 and Pm5, although such compari-
sons are tentative since the PM-LBT population was evalu-
ated for resistance in the Weld and the other populations
were evaluated in a CE room. For each of the populations
the subjectivity of the scoring method is expected to
account for a proportion of the observed phenotypic varia-
tion, thereby reducing the apparent eVect of the resistance
genes. The proximal marker for Pm6 was located 10.4 cM
from the next marker on the linkage group and so there is
scope for identifying a more tightly linked marker that
would demonstrate even lower infection levels in resistant
genotypes. The development of powdery mildew on most
PM-LBT plants and the apparent loss of genetic resistance
by 59 DAI suggest that Pm6 confers a similar slow-mil-
dewing phenotype to that described for Pm1 (Lewellen and
Schrandt 2001) whereby disease developed on mature
leaves late in the season. In wheat, incomplete, non-race
speciWc resistance retarding growth and reproduction of
powdery mildew in adult plants has been termed ‘slow-mil-
dewing’ (Shaner 1973), ‘adult-plant resistance’ (Gustafon
and Shaner 1982) or ‘partial resistance’ (Hautea et al.
1987). Adult plant resistance in wheat is reportedly more
durable than race-speciWc major gene resistance (Liu et al.
2001), widespread use of which has consistently led to the
evolution of powdery mildew populations with matching
virulence alleles (Tucker et al. 2006). There are no known
virulence or physiologic races of sugar-beet powdery
mildew, although contrasting descriptions of conidial
development (e.g. Hull 1971; Mukhopadhyay and Russell

1979) suggest that diVerent morphological variants may
exist.

Resistance levels compared with sugar-beet cultivars

The original accessions of the PM-MAR and PM-GBT
populations were found to be signiWcantly more resistant to
powdery mildew than three sugar-beet cultivars in a CE
room evaluation. Both original accessions were segregat-
ing, suggesting that if marker screening was employed to
select only resistant individuals, then the percentage of leaf
area infected per plant would be even lower. Although the
controlled environment may not be fully reXective of the
Weld environment, we have previously shown that, in
general, there is a signiWcant correlation between glass-
house and Weld results for accessions tested in both envi-
ronments (Spearman rank correlation R = 0.64; P · 0.01)
(Luterbacher et al. 2004). The data suggest that the
powdery mildew resistance levels of current sugar-beet
cultivars can be signiWcantly improved by introgression of
the resistance genes from the sources studied here.

Future work and conclusions

Extensive Weld evaluations are required to determine the
nature of resistance conferred by the Wve genes identiWed
here. We have already made further crosses to sugar beet in
order to study resistance in more advanced breeding mate-
rial. Combining the diVerent genes could result in further
retardation of mildewing symptoms and perhaps complete
resistance. Crosses between resistant plants of the three
populations have been carried out to facilitate such studies.
By pyramiding the resistance genes there is also excellent
potential for achieving durable resistance to sugar-beet
powdery mildew, obviating the requirement for chemical
control. The molecular markers presented in this study are a
valuable tool in achieving this.

Acknowledgments This work was supported by the British Beet
Research Organisation. We thank Daph Mothersole, Kevin Sawford,
Aiming Qi and Steve Hanley for their assistance and Mark Luterbacher
and Sally Francis for initial crossing work. Broom’s Barn Research
Station is a division of Rothamsted Research and receives grant-aided
support from the UK’s Biotechnology and Biological Sciences
Research Council.

References

AlonsoBlanco C, Peters AJM, Koornneef M, Lister C, Dean C, Van
Den Bosch N, Pot J, Kuiper MTR (1998) Development of an
AFLP based linkage map of Ler, Col, and Cvi Arabidopsis thali-
ana ecotypes and construction of a Ler/Cvi recombinant inbred
population. Plant J 14:259–271

Arumuganathan K, Earle ED (1991) Nuclear DNA content of some
important plant species. Plant Mol Biol Rep 9:208–218 
123



Theor Appl Genet (2007) 115:67–75 75
Butterfass T (1964) Die Chloroplastenzahlen in verschiedenartigen
Zellen trisomer Zuckerrüben (Beta vulgaris L.). Z Bot 52:46–77

Francis S (2002) Sugar-beet powdery mildew. Mol Plant Pathol 3:119–
124

Gustafon GD, Shaner G (1982) InXuence of plant age on the expres-
sion of slow-mildewing resistance in wheat. Phytopathology
72:746–749

Hautea RA, CoVman WR, Sorrells ME, Berstrom GC (1987) Inheri-
tance of partial resistance to powdery mildew in spring wheat.
Theor Appl Genet 79:609–615

Hull R (1971) Diseases. In: Shellstar (ed) Sugar beet. Shellstar Ltd,
Chester pp 50–60

Janssen GJW, Nihlgard M, Kraft T (2003) Mapping of resistance genes
to powdery mildew (Erysiphe betae) in sugar beet. Int Sugar
J 105:448–451

Lehmann EL (1975) Nonparametrics. McGraw-Hill, New York
Lewellen RT (1995) Registration of sugarbeet germplasm lines with

multiple disease resistance: C39, C39R, C39R-6, C47, C47R,
C93, and C94. Crop Sci 35:596–597

Lewellen RT, Schrandt JK (2001) Inheritance of powdery mildew
resistance in sugar beet derived from Beta vulgaris subsp. mariti-
ma. Plant Dis 85:627–631

Liu S, GriVey CA, Sagai Maroof MA (2001) IdentiWcation of molecu-
lar markers associated with adult plant resistance to powdery mil-
dew in common wheat cultivar Massey. Crop Sci 41:1268–1275

Luterbacher MC, Asher MJC, DeAmbrogio E, Biancardi E, Stevenato
P, Frese L (2004) Sources of resistance to diseases of sugar beet
in related Beta germplasm: I. Foliar diseases. Euphytica 139:105–
121

Maliepaard C, Jansen J, Van Ooijen JW (1997) Linkage analysis in a
full-sib family of an outbreeding plant species: overview and con-
sequences for applications. Genet Res 70:237–250

Michelmore RW, Paran I, Kesseli RV (1991) IdentiWcation of markers
linked to disease-resistance genes by bulked segregant analysis: a
rapid method to detect markers in speciWc genomic regions by us-
ing a segregating population. Proc Natl Acad Sci USA 88:9828–
9832

Möhring S, Salamini F, Schneider K (2004) Multiplexed, linkage
group-speciWc SNP marker sets for rapid genetic mapping and Wn-
gerprinting of sugar beet (Beta vulgaris L.). Mol Breed 14:475–
488

Mukhopadhyay AN, Russell GE (1979) Light and scanning electron
microscopy of sugar beet powdery mildew. Trans Br Mycol Soc
72:316–319

Owen FV (1952) Mendelian male sterility in sugar beets. Proc Am Soc
Sugar Beet Technol 7:371–376

Sambrook J, Fritsch EE, Maniatis T (1989) Molecular cloning: a labo-
ratory manual, 2nd edn. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor

Schondelmaier J, Steinrücken G, Jung C (1996) Integration of AFLP
markers into a linkage map of sugar beet (Beta vulgaris L.). Plant
Breed 115:231–237

Schondelmaier J, Jung C (1997) Chromosomal assignment of the nine
linkage grops of sugar beet (Beta vulgaris L.) using primary triso-
mics. Theor Appl Genet 95:590–596

Shaner G (1973) Evaluation of slow-mildewing resistance of ‘Knox’
wheat in the Weld. Phytopathology 63:867–872

Stevens M, Thomas J (2005) VY resistant sugar beet: a future alterna-
tive means to combat the disease? Brit Sugar Beet Rev 73:27–30

Tanksley SD, Ganal MW, Prince JW, De Vicente MC, Bonierbale GB,
Messeguer R, Miller JC, Miller L, Paterson AH, Pineda O, Röder
MS, Wing RA, Wu W, Young ND (1992) High-density molecular
linkage maps of the tomato and potato genomes. Genetics
132:1141–1160

Trybush S, Cho K-H, Hanley S, Jahodová K, Grimmer M, Bayon C,
Emelianov I, Karp A (2006) Getting the most out of Xuorescent
ampliWed fragment length polymorphism. Can J Bot 84:1347–
1354

Tucker DM, GriVey CA, Liu S, Sagai Maroof MA (2006) Potential for
eVective marker-assisted selection of three quantitative trait loci
conferring adult plant resistance to powdery mildew in elite wheat
breeding populations. Plant Breed 125:430–436

Van Ooijen JW, Voorrips RE (2001) JoinMap 3.0, software for the cal-
culation of genetic linkage maps. Plant Research International,
Wageningen

Van Ooijen JW, Boer MP, Jansen RC, Maliepaard C (2002)
MapQTL® 4.0, Software for the calculation of QTL positions on
genetic maps. Plant Research International, Wageningen

Voorrips RE (2001) MapChart version 2.0: Windows software for the
graphical presentation of linkage maps and QTLs. Plant Research
International, Wageningen

Vos P, Hogers R, Bleeker M, Reijans M, Van de Lee T, Hornes M,
Frijters A, Pot J, Peleman J, Kuiper M, Zabeau M (1995) AFLP:
a new technique for DNA Wngerprinting. Nucleic Acids Res
23:4407–4414

Weltzien HC, Ahrens W (1977) Sind Ertragssteigerungen durch Bek-
ampfung des echten Mehltaus der Zuckerrübe (Erysiphe betae)
möglich? Zucker 30:288–291

Whitney ED, Lewellen RT, Skoyen IO (1983) Reaction of sugar beet
to powdery mildew: genetic variation, association among testing
procedures, and results of resistance breeding. Phytopathology
73:182–185

Whitney ED (1989) Beta maritima as a source of powdery mildew
resistance in sugar beet. Plant Dis 73:487–489

Wolf PFJ, Lenz R, Baron K, Verreet J-A (2006) Quaternary integrated
pest management concept for powdery mildew in sugar beet. I.
Analysis of epidemic determinants to predict disease onset.
J Plant Dis Protect 113:S.61–S.67
123


	Mapping of Wve resistance genes to sugar-beet powdery mildew using AFLP and anchored SNP markers
	Abstract
	Introduction
	Materials and methods
	Plant material
	Resistance evaluation
	DNA extraction
	Fluorescent AFLP analysis
	Bulked segregant analysis
	SNP genotyping
	Marker-trait association and linkage mapping

	Results
	Resistance evaluation
	Marker-trait association and linkage mapping

	Discussion
	Resistance in PM-MAR
	Resistance in PM-GBT and PM-LBT
	Resistance levels compared with sugar-beet cultivars
	Future work and conclusions

	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


