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Abstract Crown rust, which is caused by Puccinia
coronata f. sp. avenae, P. Syd. & Syd., is the most
destructive disease of cultivated oats (Avena sativa
L.) throughout the world. Resistance to the disease
that is based on a single gene is often short-lived
because of the extremely great genetic diversity of
P. coronata, which suggests that there is a need to
develop oat cultivars with several resistance genes.
This study aimed to identify amplified fragment
length polymorphism AFLP markers that are linked
to the major resistance gene, Pc68, and to amplify the
Fs genetic map from Pc68/5*Starter x UFRGSS.
Seventy-eight markers with normal segregation were
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discovered and distributed in 12 linkage groups. The
map covered 409.4 cM of the Avena sativa genome.
Two AFLP markers were linked in repulsion to Pc68:
U8PM22 and USPM25, which flank the gene at 18.60
and 18.83 centiMorgans (cM), respectively. The
marker USPM25 is located in the linkage group
4_12 in the Kanota x Ogle reference oat population.
These markers should be useful for transferring Pc68
to genotypes with good agronomic characteristics and
for pyramiding crown rust resistance genes.

Keywords Oat - Genetic map - Puccinia coronata -
AFLP molecular markers

Introduction

Oats (Avena sativa L.) are considered an important
option for grain production during the winter season
in a no-till rotation with soybeans in sub-tropical
environments. However, this environment is also
favorable to growth of the main oat biotrophic
pathogen, Puccinia coronata f. sp. avenae P. Syd.
& Syd., which causes crown rust. This is the most
destructive disease of cultivated oat, severely affect-
ing the yield potential expression. In the Rio Grande
do Sul state of Brazil, a grain weight loss of 50% was
observed in susceptible oat cultivars because of this
disease (Martinelli et al. 1994).

The most effective strategy to control diseases,
particularly cereal rusts, is the development of
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resistant cultivars. More than 100 race-specific resis-
tance genes to crown rust have been identified, of
which 96 were defined as Pc, with the majority
considered to be dominant genes (Zhu and Kaeppler
2003). However, because of its extreme genetic
diversity, the P. coronata population has rapidly
adapted to most major gene resistance in a short
period of time (Leonard and Martinelli 2005). Pc68,
on the other hand, which was introgressed in A. sativa
from Avena sterilis L. (Wong et al. 1983), is
considered to be one of the most effective genes
against this disease and has been widely used in
breeding programs across the United States and
Canada (Chong 2000; Johnston et al. 2000).

Although virulence to Pc68 appeared in 2001, it
was not until 2005 that cultivars with this gene were
rusted in North America (McCallum et al. 2007).
However, the frequency of virulence on the gene has
been consistently low, particularly in parts of the
world such as South America (Leonard and Martinelli
2005; Vieira et al. 2007). Therefore, Pc68 shows
potential to be introgressed into the germplasm of
A. sativa with good agronomic characteristics, espe-
cially if this is done in association with other
strategies to improve the durability of resistance,
such as gene pyramiding, which has been advocated
for use in other pathosystems (Rubiales and Niks
2000). In this sense, the availability of molecular
markers that facilitate an easy and reliable detection
of the respective alleles is a prerequisite (Werner
et al. 2005) since the use of the conventional rust-
testing method based on differential reaction is
difficult because of a lack of races with virulence
combinations that are appropriate for testing for the
presence of each gene independently (Chen et al.
2006). The presence of genes for complete resistance
may mask the small effects of other genes during
selection, so the availability of molecular markers is
beneficial when combining genes for resistance
(Rubiales and Niks 2000).

Molecular markers may also facilitate the cloning
of the specific gene and as a result, the identification
of the gene functions. On the other hand, because a
number of crown rust resistance genes are found
clustered in the oat genome (Chong et al. 1994), the
development of molecular markers to one crown rust
resistance gene may be useful in the study of other
resistance genes located within the same cluster. The
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availability of genetic markers for oat is limited
because the large hexaploid genome of oat (AACCDD)
presents extensive gene duplication. This increases the
difficulty in developing linkage maps probably
because of the existence of numerous multigene
families in homologous, homoeologous, and paralo-
gous chromosomes, which causes the low level of
polymorphism in any given population (Portyanko
et al. 2001; Wight et al. 2003). Recently, the
Kanota x Ogle reference map was improved in
the density of coverage and the accuracy with which
the linkage groups are represented by the addition of
markers based on Diversity Array Technology
(DATT) (Tinker et al. 2009). However, work is still
needed to produce a stable consensus map for oat.
Since 1990, efforts have been directed at developing
genetic markers to the crown rust resistance genes in
oat (Chen et al. 2006). Penner et al. (1993a) were the
first to identify one molecular marker associated with
crown rust resistance. A random amplified polymor-
phic DNA (RAPD) marker was obtained for Pc68 in
a F3 derived from the lines ‘Makuru’*2//CAV4904/
2¥’Sunll” (with Pc68) and ‘Rodney O’ (without
Pc68), and this marker was associated with repulsion
in the gene. Other molecular markers such as a
sequence characterized amplified region (SCAR)
(Koeyer et al. 2000) and single nucleotide polymor-
phisms (SNPs) (Chen et al. 2006) for the Pc68 gene
were identified, considering that Pc68 is clustered
with Pg9, a resistance gene to stem rust (Chong et al.
1994). However, because the utility of any molecular
marker is dependent on the polymorphism between the
compared genotypes, it is unlikely that one single
marker will be applicable across all oat germplasms,
unless it differentiates the specific alleles that define the
trait. Therefore, the availability of multiple independent
markers is desired. Amplified fragment length poly-
morphism (AFLP) fingerprints can be used as a source
of genetic markers to generate linkage maps or to
identify markers linked to phenotypic traits (Vos et al.
1995). This technique provides the opportunity to map
plants with large genomes and low polymorphic rates.

The objectives of this study were to identify AFLP
markers associated with the Pc68 gene using a Fg
recombinant inbred line (RIL) population derived
from crossing the genotypes Pc68/5*Starter and
UFRGS 8, as well as to expand the genetic map of
this population.
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Materials and methods
Plant material and phenotypic screening

Approximately 130 RILs at the Fs.q generation were
developed by single-seed descent (SSD) from the
cross between the Pc68/5*Starter line, which contains
the Pc68 resistance gene, and the cultivar UFRGSS,
which does not contain the gene. The oat breeding
line, Pc68/5*Starter, was developed at the University
of Minnesota, in the USA. And the UFRGSS
(OA338 x X2682-1) line is a variety developed by
the oat-breeding program of the Federal University of
Rio Grande do Sul (UFRGS), in Brazil.

Phenotypic data were collected from seedlings.
The parent genotypes and the Fs., generation RILs
were sowed in pots that were kept in a greenhouse.
At an age of 12 days, the seedlings were sprayed
with a solution of Tween® 0.01% and immediately
afterwards inoculated with spores of the Pca race
SQPT, by the shaking of infected, susceptible
leaves over them. After the spores were deposited,
the seedlings were sprayed again with a solution of
Tween® 0.01% and kept in the dark for 20 h at
22 + 2°C. The reaction to the pathogen was
assessed 15 days after inoculation according to
the method proposed by Chong et al. (2000), in
which the infection type (IT) is characterized using
a scale ranging from O to 4, where O represents
the absence of uredia or other macroscopic infec-
tion symptoms, 1 represents the presence of small
uredia surrounded by chlorosis or necrosis, 2 repre-
sents the presence of small- to medium-sized uredia
surrounded by chlorosis, 3 represents the presence
of medium-sized uredia in a chlorotic area, and 4
represents the presence of large uredia without
chlorosis or necrosis. Plants showing responses of
0, 1, or 2 were considered to be resistant to the
pathogen, and those with responses of 3 or 4 were
considered to be susceptible. To determine the
inheritance of this population, the ratio of the
number of resistant to susceptible plants was
evaluated by testing the goodness of 7> with
Yates’ continuity correction (Zar 2009). For map-
ping purposes, 92 lines were selected, of which 46
were characterized as resistant lines, and 46 were
characterized as susceptible lines.

DNA extraction and AFLP analysis

The total genomic DNA was extracted from samples
of approximately 0.1 g of young leaf tissue using the
cetyl trimethylammonium bromide (CTAB) method
(Roy et al. 1992). DNA quantification was performed
with a spectrophotometer (Spectronic Genesys' ™),
and the final DNA concentration of the AFLP
reactions was 250 ng/ul.

Bulked segregant analysis (BSA) was performed
to identify polymorphisms that are putatively linked
to Pc68 based on the presence of differential alleles
in the parents and the bulks. Each bulk was estab-
lished by using equal amounts of DNA from ten
resistant and ten susceptible lines (Michelmore et al.
1991).

AFLP analysis was conducted as described by Vos
et al. (1995) with modifications. A total of 250 ng of
genomic DNA was digested with Msel (Promega)
and Pstl (Gibco BRL). Msel and Pstl adapters were
ligated to the restriction fragments and diluted 1:10.
Pre-selective amplification was performed using the
primers with one additional nucleotide (Msel + C
and Pstl + A), and selective amplification was
performed using the primers with three additional
nucleotides. The PCR products were separated using
5% denaturing polyacrylamide gels (19:1 acrylam-
ide:bis-acrylamide), at a constant power of 80 W for
approximately 2 h and 30 min, accompanied with the
DNA Ladder 123 pb marker (Invitrogen). DNA bands
were visualized by silver staining according to the
Silver Sequence™ (Promega Corporation) protocol
(1996). Two independent readers performed visual
scoring of the bands, and if divergence in the score
was found, that marker was not used.

Both the bulk and parental samples were subjected
to 60 combinations of the AFLP primers. The primer
combinations that gave stable and consistent poly-
morphism between the bulks and the parents were
used for the analysis of the 92 individual plants from
the Fs.c generation to determine the associations
between the AFLP markers and the resistance gene,
Pc68. The markers were named according to the
additional 3’ selective base pairs that were used on
the primers and were complementary to the Pstl and
Mstl sides, followed by the number of base pairs of
the fragment.
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Linkage map construction

The polymorphisms that were identified between the
resistant and susceptible bulks were scored for the 92
plants. To the polymorphic candidate markers that
were identified, we added 34 markers that were
previously identified by Locatelli et al. (2006) in a
study of flowering time in the same population. Chi-
squared tests were performed on each locus for
goodness-of-fit to the expected 1:1 segregation ratio.
Markers that deviated significantly (P < 0.05) from
the expected segregation ratio were excluded for
linkage analysis and map construction.

The GQMOL program (Cruz and Schuster 2004)
was used to assess the strength of the linkage between
the resistance locus and the polymorphic bands. A
logarithm of the odds (LOD) score of 3.0 was
established to denote significant linkage, and the
Kosambi’s mapping function was used to convert the
recombination fractions into centiMorgans (cM). The
maps were constructed with the GQMOL software.

Results and discussion
Phenotypic analysis

Cultivar UFRGS 8 presented an IT of 3, indicating
that it is susceptible to the SQPT race of Pca, but the
genotype PC68/5*Starter was immune to this race
with an IT of 0. The inbred lines exhibited responses
with IT values ranging from O to 3. Of those inbred
lines, 62 lines were resistant to this race, and 64 lines
were susceptible; this proportion was equal to the

expected distribution for one gene (Table 1), indicat-
ing that resistance to the SQPT race is solely due to
the Pc68 gene in this population. Similarly, Wong
et al. (1983) and Koeyer et al. (2000), using other
pathogen races and other segregating populations,
observed the same inheritance model for this source
of resistance. Resistance due to another gene is highly
unlikely, because the Starter cultivar is susceptible to
most races tested in the United States, and the Pc68/
5*Starter genotype was resistant to all races of Pca
tested for several years at diverse locations (Leonard
2002, 2003).

Bulk segregation analysis

The majority of the loci that were analyzed by the
BSA method were monomorphic and therefore not
able to distinguish between the two bulks. Of the 60
primer combinations that were analyzed, only 9
(15%) showed polymorphism between the bulks.
Using these 9 combinations, 80 molecular markers
were identified, giving an average of 9 polymorphic
bands per primer combination (Table 2).

Despite the phenotypic diversity observed in the
field between the parental genotypes, a small number
of polymorphic fragments were expected. This phe-
nomenon is a common characteristic of species with
large genomes. Similar data were obtained by Yu and
Herrmann (2006) when they mapped one resistance
gene that was introgressed from Avena macrostachya
in A. sativa. Using the BSA method, of the 256 AFLP
primer combinations, only 21 (approximately 8%)
showed polymorphisms between the contrasting
genotypes. Li et al. (2000) analyzed 20 oat cultivars

Table 1 Test of goodness of Xz for inheritance of the oat crown rust resistance in RIL Fs.¢ from the UFRGS 8 x Pc68/5*Starter

Cross

Genotype Number of lines® Theoretical expected ratio (R:S) 1:1
R S 72 P¢
Pc68/5*Starter 60 0
UFRGS 8 0 60
Inbred lines Fs.6 62 64 0.0008" 0.92

? Phenotypes determined by the IT present in the inbred lines after inoculation with spores of Puccinia coronata f. sp. avenae race
SQPT: R, resistant = IT < 2; S, susceptible = IT > 2, according to Chong et al. (2000)

° 42 with Yates’ continuity correction
¢ Probability that 3> = 0
# Not significant at 5% of probability. Xﬁlb ©0.0s5) = 3.841
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Table 2 Polymorphisms obtained between UFRGS8 and Pc68/5*Starter parental genotypes and the susceptible and resistant bulks

from the RIL Fs.¢ using AFLP primer combinations

Primer combination

Pstl

Msel

Number of polymorphic
bands

Number of polymorphic
bands segregating 1:1%

GACTGCGTAGGTGCAG-AAA
GACTGCGTAGGTGCAG-AAA
GACTGCGTAGGTGCAG-ATC
GACTGCGTAGGTGCAG-AGA
GACTGCGTAGGTGCAG-AGA
GACTGCGTAGGTGCAG-ACG
GACTGCGTAGGTGCAG-ACG
GACTGCGTAGGTGCAG-AGA
GACTGCGTAGGTGCAG-AGA

GATGAGTCCTGAGTAA-CAG
GATGAGTCCTGAGTAA-CGC
GATGAGTCCTGAGTAA-CTA
GATGAGTCCTGAGTAA-CGA
GATGAGTCCTGAGTAA-CCG
GATGAGTCCTGAGTAA-CAC
GATGAGTCCTGAGTAA-CTA
GATGAGTCCTGAGTAA-CTC
GATGAGTCCTGAGTAA-CAG

11 9
6 5
9 3
7 4
15 9
8 6
6 5
13 6
5 5

925 =0.05

using simple sequence repeats (SSR) markers and
obtained polymorphic markers in only 36% of them.
Bryan et al. (1999), sequenced several DNA frag-
ments from wheat, another hexaploid crop, and found
a very low level of sequence variation among the
genotypes. They suggested that the low genetic
polymorphism found in crops such as oat and wheat
is due to the evolution of these species. Several
events of duplication of the repetitive regions prob-
ably caused the large genome size.

In studies like this one, the BSA method is
efficient at detecting polymorphisms among inbred
lines for one trait and avoids wasting time and
resources. The combination of the BSA method with
the AFLP technique is particularly useful because
AFLP is a powerful tool that can tag genes in large
genomes, especially when there is no previous
knowledge about the gene location or SSR saturated
map. The AFLP technique is more efficient than the
restriction-fragment length polymorphism (RFLP) or
RAPD techniques in finding polymorphisms and
results in acquisition of more information than if
another kind of molecular marker had been used.

Marker segregation analysis

The markers that were obtained by Locatelli et al.
(2006) were added to the 80 polymorphic markers
that were identified in our BSA analysis, resulting in
a total of 114 AFLP molecular markers, which were
tested on the Fg inbred line population. The Mende-
lian segregation analysis showed that 77 (67%) of the

marker loci segregated as expected for the Fg inbred
lines (1:1, o* = 0.05). The value of alpha was
corrected by Bonferroni’s method, which is indicated
for set data analysis. In this case, the genomic
significance (o*) was used, which is defined as the
probability of rejecting at least one true null hypoth-
esis, with an o* value of 1 indicating 100% probability
of not rejecting any true null hypothesis (Silva and
Vencovsky 2002). To calculate it, the significance
level, o, must be estimated in each test to produce the
significance level for the full experiment, a*.

If the individual significance level had been used
(o = 0.05) another 10 loci would have presented
distorted ratios and would have been left out of the
analysis. For this reason, global significance levels
are recommended when using multiple tests to avoid
this type I error.

Of those combinations that segregated as expected,
P-AAA/M-CAG and P-AGA/M-CCG produced a
greater number of segregating bands (Table 2). Other
combinations such as P-ACG/M-CTA and P-AGA/
M-CAG produced a smaller number of markers;
however, no distortion was observed on any of the
loci (Table 2).

In this study, we observed that 32% of the
molecular markers had distorted ratios. Distortions
have been found in AFLP loci in several species.
The distortion ratio seems to be dependent on the
species and genotypes that are used to generate the
segregating population. For example, distortion
ratios of 14% were observed in melon (Wang
et al. 1997), 4 to 10% in kiwi (Testolin et al. 2001),
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and greater than 40% in Cryptomeria japonica
(Nikaido et al. 1999).

Distortion may arise as a true biological phenom-
enon or may be caused by preferential fertilization,
DNA breakage during extraction, amplification of
other genome regions, or genotyping or gel analysis
error (Tan et al. 2001). The biological causes of
distortion involve physical closeness of the marker
loci and the genes or regions involved either in
gamete formation or genotype viability after fertil-
ization (Vogl and Xu 2000). Moreover, segregation
distortion may occur because of mistakes in the
identification of the endonuclease restriction site.
Among the phenomena that lead to partial digestion
is the lack of restriction site recognition by the Pstl
enzyme due to methylation. The addition of a methyl
group to a cytosine may alter the ability of the
enzyme to recognize the restriction site and is
associated with several biological processes, includ-
ing transcriptional regulation and silencing (Cervera
et al. 2002). Changes in the methylation pattern may
occur as result of de novo methylation or passive
demethylation during DNA replication (Matsuo et al.
1998). Some enzymes, including Psl, are sensitive to
methylation, which may explain the unspecific bands
that appeared in the inbred lines.

At least part of the segregation distortion observed
in this study arises from the use of the enzyme Psrl.
This conclusion is based on two observations. First,
unspecific bands were observed in the inbred lines but
not in the resistant or the susceptible parent (Fig. 1).
Secondly, when only the loci obtained by Locatelli
et al. (2006) were evaluated, the distortion was
reduced to 26%. For the 80 markers obtained in this

Fig. 1 Segment of a
polyacrylamide gel,
showing AFLP bands that
were identified for both
parental genotypes, (P1)
Pc68/5*Starter (resistant)
and (P2) UFRGS 8
(susceptible), and 18 inbred
lines. Bold arrows show

work, the restriction enzyme was Pstl; however, for
the 34 markers obtained by these authors, the enzyme
was EcoRI, which is insensitive to methylation.

The distorted ratios influence the association
between the markers and the segregation analysis
data for the phenotypic trait. Thus, it is recommended
that they be excluded from the data during the linkage
map development because they can affect the statis-
tical tests that are used to establish the linkage,
causing false positives.

Mapping analysis

The linkage map was based on the analysis of 92
lines from the Fs.q inbred population that was derived
from the cross between Pc68/5*Starter and UFRGS 8.
The 77 molecular markers with an expected segre-
gation ratio were used. Of the 77 molecular markers,
56 were grouped at 12 linkage groups (Fig. 2). One
linkage group contained 30 markers. Eight linkage
groups were formed by only two markers. The
smallest distance between markers was 1.69 cM and
the largest was 27.46 cM, both of which were found
in the first linkage group. In the previously published
map of this population, seven linkage groups were
obtained, and as in this study, the first linkage group
contained the largest number of markers. Eighteen
molecular markers were not linked to any group.
The low level of polymorphism that was detected
limited the ability to obtain a greater number of
markers. The map covered 409.4 cM (14%) of the
total Avena sativa genome, which is estimated to be
2900 cM (O’Donoughue et al. 1995). However, this
represents a significant expansion compared to the

7 8 9 10 11 12 13 14 15 16 17 18 P1 P2

. e et S——

= & .

specific fragments of one
genitor segregating in the
population. The dotted
arrow shows fragments that
are unique to the population
and are not present in the
parental genotypes P
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Fig. 2 Partial AFLP LG1 LG2 LG3 LG4 LGS
linkage map of hexaploid L AAAGA4B1 GACG201 250 g: UsPM13 g 12_8: UsPM14 UsPM4
oat from the UFRGS o7 46 20.12 UBPM16 USPM19 usPM12
8 x Pc68/5*Starter T 250 [l UsPM7 21.17_
recombinant inbred | _GATC354 6.23- Hgmg usPM21
population. The values at 18.83_
the left estimate the distance | _GAGA352
in cM between the markers 16.69_|
shown at the right. The 147 |.CoAcan
markers in the LG 10 are |_GAAG340
linked in repulsion to Pc68 972 anacs78 LG7 LGe
P ’ iy T " GAGAS03 UsPM15 UBPMI7
represented as IT 674 H— 848{ 8.68 34
572 |__GAGAS64 CGAC298 uUsPm1 UBPM30
Tl TCTA691
8.38_ _GCTAMB
491
623 1-GACG293
430 —GACG541
339 1--GACG274
23977400
3.50/E
i LG9 LG10 LG11 LG12
] GATC400 usPM22* AAAGTT3 GAAGS529
4908 16‘14{ 18.60 21.89 ’ 22,51
‘an) UsPM20 T
5624 | AAAG4ST7
491} 18.83 ﬂ:uspma
13':3} \ UsPM25*
17.03/ AAAG343 21.30
166971 \CGACS‘ﬁ
| GACG348 AAGC320
2251
| _GACG387

first map of this population (Locatelli et al. 2006),
which covered only 4% of the total genome of the
species.

Of the 21 linkage groups expected for A. sativa,
only 12 were obtained, and the marker distribution
among these linkage groups was not uniform. For
example, one linkage group contained 39% of the
markers. This kind of concentration is commonly
observed when only one type of molecular marker is
used, and the number of markers is small. Ideally, the
map must be saturated with markers. One alternative is
to test other markers, such as SSR. Unfortunately,
during the development of this study, none of the SSR
markers that were tested showed polymorphism
between the bulks (data not shown). Efforts have been
made to increase the number of SSR markers, but
currently, only a small number have been published,
and only a subset of those is polymorphic for any given
population. The new DArT markers could be an option
in future work (Tinker et al. 2009). However, efforts to
use these markers in oat have not yet produced a con-
sensus map, in which all linkage groups are assigned to
the expected 21 oat chromosomes.

AFLP markers have been associated with resistance
genes in several species, including wheat (Weng and
Lazar 2002; Randhawa et al. 2009), tomato (Giovanni
et al. 2004; Golas et al. 2010), maize (Duble et al.
2003; Chen et al. 2004; Liu et al. 2009), canola (Kaur
et al. 2009), and radish (Kamei et al. 2010). In the
present study, the AFLP molecular markers USPM22
and U8PM25, developed by Locatelli et al., were
associated with the Pc68 gene. Both of these markers,
from the linkage group 10, were linked in repulsion at
18.60 and 18.83 cM, respectively (Fig. 2). The Pc68
locus is flanked by those two markers in the susceptible
lines. In spite of the large distance, these markers may
be useful for marker-assisted selection. Brogin (2005)
obtained high selection efficiency (91%) for a resis-
tance gene to Asian soybean rust using a SSR marker
that is 24.4 cM from the gene. Also, the use of markers
flanking the gene from both sides is beneficial because
unilateral markers are easily lost by a single crossing-
over event, but a double event would be required to
lose two markers.

The previously described SCAR and SNP molec-
ular markers for Pc68 were developed based on
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RAPD (Orr et al. 1999) and RFLP (O’Donoughue
et al. 1995) markers, which were initially obtained for
the Pg9 gene (Koeyer et al. 2000; Chen et al. 20006).
The use of Pg9 to select for Pc68 must be done with
caution because neither the distance between the
genes nor the cluster stability in different oat
populations is known. Although the SNP identified
by Chen et al. (2006) was also associated in repulsion
to the Pc68 gene, it was developed in a manner that
requires sequencing of the marker region to identify
each genotype, a task that remains too expensive for
the majority of oat breeding programs.

Linkage in repulsion is not an ideal situation
because the markers are present in the absence of the
trait. However, using RAPD markers, Haley (1994)
found that repulsion phase linkage provided greater
selection efficiency than coupling phase linkage.
There are examples in the literature, in which the first
markers that were identified were in repulsion and the
genes were cloned with conversion to other markers
(Renganayaki et al. 2002; Barzen et al. 2004).
Curiously, all of the markers that have been identified
to be associated with the Pc68 gene were linked in
repulsion (Penner et al. 1993b; Orr et al. 1999). There
is no explanation for such a coincidence. The Pc68
gene was introgressed in oat from another species,
possibly as a cluster, but no significant difference is
expected in the sequence pattern between the species.
Some genomes are richer in specific bases. For
example the virus SV40 genome is rich in the bases
thymine and adenine, which affects the number of
fragments that are expected when a restriction
enzyme is used. This kind of difference could explain
the absence of direct linkage. However, this is not the
case for A. sterilis, and considering that different
types of molecular markers were tested (based on
different restriction sites and sequences), this coinci-
dence remains unexplained.

Use of a wide array of resistance mechanisms in
modern germplasms has been indicated to increase
durability (Rubiales and Niks 2000). Combination of
genes that cause relatively small effects on pathogen
development and are race-non-specific with race-
specific genes could allow for the development of
cultivars with long-lasting resistance. Molecular
markers, such those identified here, may overcome
the difficulties in selection when genes for complete
resistance mask the small effects of the other genes.
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The marker USPM25 was also polymorphic in the
Kanota x Ogle reference oat population and was
located at the linkage group KO 4_12 (Locatelli et al.
2006). Previous studies using quantitative trait loci
(QTL) analysis (Bush and Wise 1996) and compar-
ative mapping (O’Donoughue et al. 1995; Wight
et al. 2003) had assigned other crown rust resistance
genes to linkage group 4 in the reference oat map. A
receptor-like kinase gene (LrK10) was also mapped
to this region (Cheng et al. 2002). In addition, this
linkage group was located by comparative mapping
of the gene for resistance to stem rust, Pg9, (O’Don-
oughue et al. 1996). Pg9 has been shown to be linked
to Pc68 (Chong et al. 1994). Furthermore, three
putative loci associated with partial resistance to
crown rust were located on the linkage group OT-11,
which appears to be homologous to KO 4 (Jackson
et al. 2006, 2007). It is clear that KO 4_12 is
important for rust resistance, and efforts should be
made to increase the number of markers in this
region. The AFLP molecular markers USPM22 and
U8PM25 should prove useful for further study of this
cluster of resistance genes.
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