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and 2 STMs) were analyzed on 965 additional F2s from the 
same cross. Microsatellite marker cfb5010 cosegregated 
with LrSV2 whereas flanking markers were found at 1 cM 
distal and at 0.3  cM proximal to the gene. SSR markers 
designed from the sequences of cv Chinese Spring BAC 
clones spanning the LrSV2 genetic interval were tested on 
the recombinants, allowing the identification of microsatel-
lite swm13 at 0.15 cM distal to LrSV2. This delimited an 
interval of 0.45  cM around the gene flanked by the SSR 
markers swm13 and gwm533 at the subtelomeric end of 
chromosome 3BS.

Introduction

Leaf rust, caused by the biotrophic fungus Puccinia trit-
icina, is one of the most important diseases of wheat world-
wide, causing in Argentina annual yield losses of about 
5–10  % (Rodriguez Amieva et  al. 1961; Macagno et  al. 
1993; Kolmer 1996).

The use of resistance genes eliminates or significantly 
reduces the utilization of pesticides to control this disease 
which in turn is both economical and environmentally 
advantageous (Pink 2002). However, the large amount of 
genetic variation for pathogenicity commonly observed in 
rust populations requires a constant effort to identify, evalu-
ate and incorporate new resistant genes within breeding 
programs (Favret et al. 1983; Kolmer 1996; Germán et al. 
2007).

Usually, new commercial varieties become suscepti-
ble over the years when widely grown due to the occur-
rence and/or selection of new virulent strains. In spite of 
this situation, some wheat varieties remained resistant for 
a long time, a kind of resistance operationally defined as 
“durable” by Johnson (1981). It could be explained by the 
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combination of genes expressed at the seedling and at the 
adult stages (Favret et al. 1983; Sawhney et al. 1989; Ingala 
et al. 2012). Adult plant resistance or APR genes are effec-
tive when the plant is completing its leaves development, in 
contrast to the more commonly studied seedling resistance 
genes that are expressed throughout the plant’s life cycle 
(McIntosh et al. 1995). A common feature of varieties with 
durable resistance is the presence APR genes, suggesting 
that their presence plays an important role in this kind of 
resistance (Sawhney et  al. 1989; Kolmer 1996; Messmer 
et al. 2000; Schnurbusch et al. 2004; Pretorius and Roelfs 
1996).

Some Argentinian varieties such as Sinvalocho MA, 
Buck Manantial, El Gaucho FA, Buck Poncho, La Previ-
sion 13 and Pergamino Gaboto are examples of durable 
resistance that were used in breeding programs locally 
and worldwide. In particular, Sinvalocho MA was used 
as donor of leaf rust resistance in many crosses and as a 
differential local variety in leaf rust studies for more than 
50  years in Argentina (Sacco et  al. 1995). The seedling 
resistance gene Lr3 on distal 6BL and two dominant APR 
genes expressed at the flag leaf stage LrSV1 and LrSV2 
were identified in this variety (Ingala et  al. 2005). These 
three genes are race specific, exhibiting a typical hypersen-
sitive response upon pathogen attack. Both APR genes are 
not effective at the seedling stage where Sinvalocho MA 
is susceptible but at the adult stage they confer a degree 
of resistance comparable to the highly resistant seedling 
Lr genes. This behavior is similar to the APR genes Lr12 
(Singh and Bowden 2011) and Lr22a (Hiebert et al. 2007) 
but contrasts with the apparent non race-specificity and 
partial resistance to leaf rust (P. triticina), stripe rust (Puc-
cinia striiformis) and powdery mildew (Blumeria graminis) 
of Lr34, the only adult plant leaf rust resistance gene 
cloned to date (Krattinger et al. 2009). Non race-specificity 
resistance to rusts often involves “slow rusting” genes that 
are associated with increased time between infection and 
sporulation (longer latent periods) and production of fewer 
and smaller uredinia (Caldwell 1968). Indeed, Rubiales and 
Niks (1995) reported that Lr34 is associated with reduced 
intercellular hyphal growth but not with a hypersensitive 
response or papilla formation. The other cloned adult plant 
resistance gene, Yr36, also confers partial resistance to 
a broad spectrum of stripe rust races and additionally has 
some effectiveness in seedlings at high temperatures (Fu 
et al. 2009).

Under field conditions, recombinant inbred lines (RILs) 
carrying LrSV1 or LrSV2 reduce the pustule number to 
60–65 %, respectively, and to 55 % when they are both pre-
sent (Ingala et  al. 2012). LrSV1 was assigned to chromo-
some 2DS and is either an allele or closely linked to the 
Lr22 gene. LrSV2 was mapped on chromosome 3BS where 
no other adult plant leaf rust resistance gene was previously 

reported (Ingala et  al. 2005). Using a population of 91 
recombinant inbred lines (RILs) from the cross of Sinvalo-
cho MA and Gama6, marker gwm533 was mapped com-
pletely linked to LrSV2 gene and the closest marker was the 
AFLP P31/M37150 at 0.6 cM proximal (Ingala et al. 2012). 
Interestingly, resistance genes for other wheat pathogens 
map to this region of 3BS: the Sr2 gene of durable adult 
plant stem rust resistance caused by Puccinia graminis f. 
sp. tritici (Kota et al. 2006), Qfhs.ndsu-3BS, a major QTL 
for Fusarium gramineum resistance (Liu et  al. 2006) and 
powdery mildew resistance, caused by Blumeria graminis 
f. sp. tritici (Mago et  al. 2011). A BAC library of chro-
mosome 3B has been constructed (Safar et  al. 2004) and 
approximately 19,400 BAC-end sequences (BES) were 
generated, representing a cumulative length of nearly 
11 Mb, 1.1 % of the chromosome length, which allowed the 
development of chromosome-specific markers (Paux et al. 
2006). Moreover, a physical map of the wheat 3B chromo-
some became available (Paux et al. 2008; Rustenholz et al. 
2011) and several megabases were sequenced by Choulet 
et al. (2010) in a pilot sequencing project aiming at gain-
ing insight into the composition of Mb-sized contigs from 
chromosome 3B. Together with high-resolution mapping, 
this provides very solid ground to attempt the positional 
cloning the LrSV2 gene as chromosome walking should 
be greatly facilitated or even not needed if the genetic to 
physical distance ratio is favorable in the target region. As a 
first step in progressing towards map-based cloning, a high 
resolution or “fine” genetic map should be constructed at 
the target locus (Feuillet et al. 2003; Yan et al. 2003; Huang 
et al. 2003; Cloutier et al. 2007; Krattinger et al. 2009, Fu 
et al. 2009). The aim of the present work was to develop a 
high-resolution map of the LrSV2 region on chromosome 
3BS.

Materials and methods

Plant material

For bulk segregant analysis, 14 resistant and 14 susceptible 
F9 recombinant inbred lines (RILs) from the cross between 
the resistant cv Sinvalocho MA and the susceptible cv 
Gama6 were used (Ingala et al. 2012).

For fine mapping, 6,815 F2 plants from the same cross 
were grown in the greenhouse and artificially inoculated 
at flag leaf stage with P. triticina race Ca2-G1R. This race 
gives an incompatible reaction in the presence of the LrSV2 
gene only at late developmental stages. Infections were 
carried out spraying a suspension of 20 mg of P. triticina 
urediospores in 50  ml of water with one drop of Tween 
20. After inoculation, plants were kept overnight in moist 
chambers and thereafter grown in the greenhouse under a 



1135Theor Appl Genet (2014) 127:1133–1141	

1 3

14 h photoperiod at 18–24 °C. Three weeks later, disease 
symptoms were observed and plants were scored as resist-
ant or susceptible according to the scale of Mains and Jack-
son (1926).

Molecular markers analysis

Genomic DNA was isolated according to Sacco et  al. 
(1998) except that fresh material (grinded with liquid nitro-
gen) was used instead of lyophilized leaves. AFLPs were 
done as described previously (Diéguez et al. 2006).

The search of AFLP markers linked to LrSV2 was car-
ried out testing 405 primers combination by Bulk Segregant 
Analysis (BSA, Michelmore et al. 1991) using pools of six 
resistant and six susceptible RILs from the cross between 
the resistant cv Sinvalocho MA and the susceptible cv 
Gama6 (Ingala et al. 2012). Putative-associated bands were 
tested on eight additional resistant and eight susceptible 
individual RILs from the same population.

Eighty-five markers that were reported to map on sub-
telomeric 3BS region (listed in Tables S1 and S2) were 
tested for polymorphism between Sinvalocho MA and 
Gamma 6, they include SSR (Simple Sequence Repeats) 
and STS (Sequence-Tagged Sites) derived from genomic 
and EST (Expressed Sequence Tags) sequences, STM 
(Sequence-Tagged Microsatellites) and ISBP (Insertion 
Site-Based Polymorphisms).

PCR reactions were performed in a volume of 20 μl with 
100 nM of each primer, 0.2 mM dNTPs, 1.5 mM MgCl2, 
0.8 units Taq DNA polymerase (Invitrogen) and 50–100 ng 
of template DNA with the exception of cfb, cfp, gpw and 
swm markers where 1 μM of primers were used.

PCR primers and cycling conditions were as described 
for wms (Röder et al. 1998), barc (Song et al. 2005), wmc 
(Somers et al. 2004), gpw (Sourdille et al. 2004), cfb and 
cfp (Paux et  al. 2006), sts (Liu and Anderson 2003), stm 
(Hayden et  al. 2006), mag (Xue et  al. 2008) and swm 
(Bossolini et al. 2006).

Amplification products were electrophoresed on dena-
turing 5 %-polyacrylamide gels in 0.5× TBE buffer. AFLP 
products were visualized by silver staining as described 
previously (Diéguez et al. 2006) and the rest of the markers 
were stained by the silver/NaOH method (Benbouza et al. 
2006).

SCAR development

The P40/M42325 AFLP band was reamplified with prim-
ers P40 and M42 (Vos et  al. 1995) using as template a 
pipette tip-size plug from the silver-stained rehydrated gel. 
The PCR product was cloned in the pCR2.1-TOPO vector 
(Invitrogen) and sequenced with the M13 universal prim-
ers in an automated sequencer. Primers were designed with 

the software Primer3 (Rozen and Skaletsky 2000). PCR 
was performed using 100 ng of template genomic DNA in 
a volume of 20 μl with 100 nM of each primer, 0.2 mM 
dNTPs, 1.5  mM MgCl2, 0.8 units Taq DNA polymerase 
(Invitrogen). Cycling conditions were 40 cycles of 30 s at 
95 °C, 30 s at 60 °C and 1 min at 72 °C and PCR products 
were electrophoresed on 2  % agarose gels with Ethidium 
Bromide in 0.5× TBE buffer.

Progeny tests

Progeny tests were carried out on 4–7 F3s from each 
recombinant F2 identified within the LrSV2 containing 
interval between markers swm13 and gwm533. Plants were 
grown and artificially inoculated with Puccinia triticina 
race Ca2-G1R as described above. Markers swm13 and 
gwm533 were genotyped on each F3.

Linkage analysis

The linkage groups and the genetic distances were calcu-
lated using MAPMAKER version 3.0 (Lander et al. 1987) 
at min LOD 3.0 and the maps were drawn with the Map-
Chart software (Voorrips 2002).

Results

A F2 population of 6,815 individuals from the cross Sin-
valocho MA × Gama6 was grown in the greenhouse and 
inoculated at the flag leaf stage with the P. triticina race 
Ca2-G1R that gives an incompatible reaction in the pres-
ence of the LrSV2 gene at this late developmental stage. 
In total, 5,507 resistant and 1,308 susceptible plants were 
identified. This segregation does not fit the expected 3:1 
segregation for a single dominant gene (p  <  0.01). How-
ever, since adult plant inoculations are operationally diffi-
cult and a number of plants may have escaped the infection, 
some susceptible plants may have been misclassified as 
resistant. This does not affect our linkage analysis with the 
F2 population since only the 1,308 susceptible individuals, 
in which there is certainty about the homozygosity of the 
susceptible LrSV2 allele, were used as mapping population. 
In this type of mapping population, the recombinants are 
easily identified because marker alleles from the resistant 
parent are present in homozygous susceptible individuals. 
Therefore, in case of dominant markers like AFLP bands, 
only those in coupling phase with the resistance were use-
ful in this fine mapping population. The search for linked 
AFLP markers was done using a Bulk Segregant Analysis 
approach. Bulks composed of six susceptible and six resist-
ant RILs (recombinant inbred lines) from the cross between 
Sinvalocho MA and Gama6 (Ingala et al. 2012) were tested 
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with 405 AFLP primer combinations. Putative-associated 
bands, present only in the resistant pool, were tested on 16 
(eight resistant and eight susceptible) additional RILs from 
the same population.

Five AFLP fragments were found in the resistant bulk 
and in the eight additional resistant individual RILs and 
not the susceptible bulk and the eight additional individual 
susceptible RILs. In order to identify the closest markers, a 
stepwise analysis was performed.

First, these 5 AFLPs, along with marker P31/M37150 
that was previously identified as the closest AFLP marker 
(Ingala et  al. 2012), were tested on 89 of the 1,308 rust 
susceptible F2 plants of the mapping population. One of 
them, marker P40/M42325 was not present in any of them 
suggesting complete linkage with LrSV2 whereas mark-
ers P31/M37150, P32/M36240, P34/M44330 and P46/M45275 
detected the same single recombinant. Marker P31/M42100 
was also present in this recombinant and in an additional 
one, positioning it further apart.

In a second step, from the analysis of those 89 F2 plants, 
3 markers were selected for being tested on 254 additional 
susceptible plants from the mapping population: the com-
pletely linked AFLP P40/M42325 and 2 of the markers that 
showed a single recombinant with LrSV2 (P31/M37150 and 
P32/M36240). In addition, these 254 rust susceptible F2 
plants and the 89 from the first step (343 in total) were gen-
otyped with the previously identified linked SSR marker 
gwm533 (Ingala et  al. 2012) and 6 polymorphic markers 

that were selected among 55 markers reported to map in 
the subtelomeric region of chromosome 3BS due to their 
codominance, allelic difference and quality of the amplified 
product (Table S1). In the resulting genetic map, the AFLP 
marker P40/M42325 and the SSR cfb5010 cosegregated 
with the LrSV2 gene. The closest flanking markers were 
cfb3417 at 1.2 cM distal and the group of markers stm560t-

gag, stm559tgag and gwm533 cosegregating at 0.4 cM proxi-
mal to the LrSV2 gene (Fig. 1a).

To increase the resolution of the genetic map, markers 
cfb3417, stm560tgag, stm559tgag, gwm533 and the cosegre-
gating marker cfb5010 were genotyped on the rest of the 
rust susceptible F2 mapping population (totalizing 1,308 
F2 individuals, 2,616 gametes). In this high-resolution 
map, cfb3417 mapped 1  cM distal, cfb5010 cosegregated 
and the group of markers formed by stm559tgag, stm560tgag 
and gwm533 mapped 0.3 cM proximal to LrSV2 (Fig. 1b).

With the aim of finding flanking markers encompassing 
a smaller interval suitable for future positional cloning, a 
sequence characterized amplified region (SCAR) marker 
was developed from the cosegregating AFLP P40/M42325. 
The sequence of the AFLP band was homologous to posi-
tion 561788-562080 of the 1.26 Mb contig0011b that was 
sequenced by Choulet et  al. (2010) in a pilot sequencing 
project aiming at gaining insight into the composition 
of Mb-sized contigs from chromosome 3B. This region 
was annotated as a β-expansin 1a precursor, putatively 
expressed (Choulet et  al. 2010). The primers designed on 

Fig. 1   Genetic maps of the 
LrSV2 locus at the distal end of 
chromosome 3BS. a Genetic 
map of 343 F2s from the cross 
Sinvalocho MA x Gama6. 
Markers in bold were assayed 
in the rest of the population. b 
High-resolution genetic map of 
distal chromosome 3BS (1308 
F2s from the cross Sinvalo-
cho MA × Gama6). c Idem b 
with the addition of the BAC 
sequence-derived markers tested 
on the recombinants within the 
cfb3417 and gwm533 interval. 
The grey circle denotes the cen-
tromere. Genetic distances (cM) 
are shown on the left end side

a b c
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LrSV2, cfb5006, cfb5007, cfb5008, 
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0,3
0,15

0,85
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this sequence amplified the expected 220 bp band only in 
the resistant Sinvalocho MA parental line (SCAR40/42, 
Fig. S1).

To obtain additional markers at the LrSV2 locus, we 
took advantage of the construction of the physical map 
of the 3B chromosome of cv Chinese Spring (Paux et  al. 
2008; Rustenholz et al. 2011). In this map, marker cfb3417 
is located in a contig of 820 kb whereas marker gwm533 is 
found in another contig of 1,442 kb within the 3BS8-0.78-
0.87 deletion bin. Additional anchoring information from 
the physical map indicated that the contigs containing the 2 
markers are separated by two additional contigs of 980 and 
1,552 kb (Paux et al. 2008; Rustenholz et al. 2011) suggest-
ing that, if no big insertion/deletions occurred in cv Sin-
valocho, the defined LrSV2-containing interval could span 
around 4.8  Mb. Thirty additional SSR markers designed 
from the sequence of cv Chinese Spring BAC clones span-
ning this physical interval (Choulet et al. 2010) were tested 
for polymorphism between the parental lines (Table S2). 
Eight markers were selected along with the SCAR40/42 for 
testing the 34 F2s recombinants identified within the tar-
get interval (27 recombinants between cfb3417 and LrSV2 
and 7 between LrSV2 and the cluster including gwm533). 
Seven of the new markers cosegregated with the LrSV2 
gene, cfb5010 and SCAR40/42 whereas the microsatel-
lite swm13 mapped distal at 0.15  cM (Fig.  1c). Primer 
sequences for the amplification of the markers used to 
develop the map are shown in Table 1.

Progeny tests were carried out for the four recombinant 
F2s identified between swm13 and LrSV2 and the seven 
between LrSV2 and the cluster including gwm533. All F3 
progeny plants were rust susceptible and either marker 

swm13 or gwm533 showed segregation within each F3 
progeny. Therefore, all these F2s were homozygous suscep-
tible for the LrSV2 gene and heterozygous for only one of 
the flanking markers and were true recombinants (Fig. 2).

Thus, our results show that the LrSV2 gene is located in 
a genetic interval of 0.45 cM defined by the flanking micro-
satellites swm13 and gwm533.

Discussion

In this work, we mapped the LrSV2 gene for adult plant 
wheat leaf rust resistance in a genetic interval of 0.45 cM, 
flanked by microsatellite markers swm13 (distal) and 
gwm533 (proximal). The marker order in Sinvalocho MA × 
Gama6 cross analyzed was similar to published maps con-
structed from other crosses (Liu and Anderson 2003) and to 
the Chinese Spring physical map (Paux et al. 2008).

In the variety Chinese Spring, markers swm13 and 
gwm533 were physically mapped on subtelomeric chro-
mosome 3BS deletion bin 3BS8-0.78-0.87 in two adjacent 
contigs, Ctg0011 and Ctg0344, respectively (Paux et  al. 
2008). Ctg0011 was sequenced by Choulet et  al. (2010) 
in a pilot sequencing project aiming at gaining insight 
into the composition of Mb-sized contigs from chromo-
some 3B. Marker swm13 was found at the distal end of 
this 1266078  bp sequence (Accession |FN645450.1|) and 
therefore, the physical distance to gwm533 is larger than 
1.2  Mb in Chinese Spring (Choulet et  al. 2010). A refer-
ence sequence of Chinese Spring chromosome 3B has been 
produced recently (Choulet et al. in prep) and the interval 
swm13–gwm533 spans roughly 2.5 Mb. If no big insertion/

Table 1   Primer sequences for the amplification of the markers used to develop the map of Fig. 1

Marker Forward primer Reverse primer Reference

cfb3417 TTGTTAAGGCGAGACATTGG GATACACAGAGGGCGGAG P. Sourdille, personal communication

cfb5006 ATCGGCGAGAAGTCACGG GAGTGGAGGTGGGTGGAG

cfb5007 CATCCGATCCAATTTGTGGAG CCGGTGGAATAGTTGTCTTG

cfb5008 GTCTTGGGTCAATCCGTTTG TGTGTGTGTGTGGGGG

cfb5010 ACAACGACGGGAGAGGGG AAGGAGGCGGCGGAAGAG

cfb5025 GGTATGCAGGTCCTGGAATG GCCTTTGAAATTAAGTCAACCC

cfb5060 GGACCCTTAGCTTTGATGATG GTGCCAACAAAACATGCAG

cfb5061 ACTAGACCCTTGCTAAAGCC ACTCACTGCCAACTGCTC

gpw7080 ATGCCAACCAGACATCACAG CAAAACCTACAGCTCCCTCG

gwm533 AAGGCGAATCAAACGGAATA GTTGCTTTAGGGGAAAAGCC Röder et al. (1998)

SCAR40/42 CCACACCACTCACCAGTGTC CCTACCACTTCGACCTCAGC This work

stm559tgag AAGGCGAATCAAACGGAATA TGTGTGTGTGTGTGAGAGAGAG Hayden et al. (2004)

stm560tgag GGAGGGAAACTATCAAAATATGCTGGT TGTGTGTGTGTGTGAGAGAGAG Hayden et al. (2006)

sts49 ATTGCGAAGAACACCCTCAC ACGTCTTCAGCACCGAGTTC Ling et al. (2003)

sts55 CGGCAACAACAACAACCA ATGAGGCTCCCAACTCCAC

swm13 TCGAAGAGCTAGCTATGGAC CCAGGACGAATTCGTACAAC B. Keller, personal communication



1138	 Theor Appl Genet (2014) 127:1133–1141

1 3

deletions occurred in cv Sinvalocho, the genetic/physical 
distance ratio within the defined LrSV2-containing interval 
could be around 0.18 cM/Mb. This interval can be divided 
into three regions: swm13–cfb5008 with a ratio of 0.25 cM/
Mb; cfb5008–cfb5060, 622  kb where no recombination 
was observed and cfb5060–gwm533 with 0.24  cM/Mb. 
LrSv2 cosegregated with the markers physically mapped to 
this central region where no recombinants were detected.

An important feature of wheat genome organization is 
that gene density and recombination rates increase with 
the distance to the centromere, with mean recombina-
tion rates ranging between 0.06 and 0.87  cM/Mb for the 
proximal and distal intervals, respectively (Gill et al. 1993; 
Lukaszewski and Curtis 1993; Akhunov et  al. 2003). A 
detailed study of recombination along chromosome 3B in 
the crosses Chinese Spring × Renan and Chinese Spring 
× Courtot (Saintenac et al. 2009) showed that the 3BS8-
0.78-0.87 deletion bin has the highest crossover frequency 
within this chromosome, with an average of 0.85 cM/Mb. 
The distribution of cross over events may not be homoge-
neous throughout the deletion bin and indeed, recombina-
tion hotspots have been reported in this region (Saintenac 
et al. 2011). A possible cause of reduction in recombina-
tion could be the presence of large insertions/deletions 
between the parental lines since the wheat genome has a 
high buffering capacity to tolerate rearrangements due to 
its polyploidy. In fact, by sequencing 357 kb of this con-
tig, Breen et  al. (2010) reported that cultivar Hope lacks 

a 51,666 bp mitochondrial DNA genome insert yet found 
in Chinese Spring. In addition, it should be noted that in 
our work recombination frequency may be underesti-
mated because some putative recombinants with no F3 off-
spring, in which the rust and marker segregation could not 
be confirmed by progeny tests, were eliminated from the 
mapping population. This introduced a bias towards less 
number of recombinants, subsequently rendering shorter 
genetic distances.

When comparing the LrSV2 locus genetic maps con-
structed with 343 and 1,308 F2 individuals, we observed 
very similar genetic distances, suggesting that low or 
medium resolution maps are sufficient to define a confi-
dent genetic interval spanning the target gene and iden-
tify flanking markers in a region with high recombina-
tion rates such as bin 3BS8-0.78-0.87. Once a confident 
interval is established, the flanking markers can be used 
to genotype a larger population to identify new recom-
binants within the region. The genotyping of additional 
markers within the interval would resolve all recombi-
nation breakpoints until the gene is restricted to a small 
region that allow the establishment of a physical con-
tig of BAC clones containing the flanking markers. The 
number of recombinants that will need to be genotyped is 
correlated to the genetic distance between flanking mark-
ers. Therefore, the determination of an accurate small 
genetic interval is invaluable for the acceleration of a 
positional cloning project. This strategy was successfully 

Marker swm13 cfb5008 cfb5006
gpw7080
cfb5010* SCAR40/42 cfb5007 cfb5025 cfb5061 cfb5060

gwm533
stm559tgag

stm560tgag

CS physical map
(Paux et al. 2008) Ctg0011 (Accession |FN645450.1|) Ctg0344

Position within 
contig (Choulet 

et al. 2010)
1250092-
1250343

639192-
639370

590752-
590626

570056-
570221

561788-
562080

527622-
527905

462961-
463257

134306-
134589

16979-
17141

F2

642 0 0 0 0 0 0 0 0 0 X H
1440 0 0 0 0 0 0 0 0 0 X H
2379 0 0 0 0 0 0 0 0 0 X H
2581 H X 0 0 0 0 0 0 0 0 0
3946 0 0 0 0 0 0 0 0 0 X H
4912 H X 0 0 0 0 0 0 0 0 0
5207 0 0 0 0 0 0 0 0 0 X H
6648 0 0 0 0 0 0 0 0 0 X H
5545 H X 0 0 0 0 0 0 0 0 0
7208 H X 0 0 0 0 0 0 0 0 0
7531 0 0 0 0 0 0 0 0 0 X H

LrSV2

Fig. 2   Graphical genotype matrix of the 11 critical recombinant F2s 
found between swm13 and gwm533. The physical position of mark-
ers on the Chinese Spring (CS) Ctg0011 is shown. The crossing over 

is denoted by “×”. 0 susceptible Gama6 genotype, H heterozygous. 
* approximate position
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performed for map-based cloning of leaf rust genes Lr1, 
Lr10, Lr21 and Lr34 in which intervals of 0.8, 0.13, 1.7 
and 0.15  cM, respectively, were defined (Cloutier et  al. 
2007; Feuillet et al. 2003; Huang et al. 2003; Krattinger 
et al. 2009). These authors used markers developed from 
wheat ancestors or related species (Stein et al. 2000; Ling 
et al. 2003; Huang et al. 2003; Krattinger et al. 2009). In 
the present work, we were able to develop a fine map tak-
ing advantage of the sequence available from BAC-end 
sequences (Paux et  al. 2006, 2008) and from the com-
plete sequence of contigs of the physical map of chromo-
some 3B of the reference cultivar Chinese Spring (Chou-
let et al. 2010).

Cloning of Lr34 and Lr1 genes allowed the estimation 
of genetic/physical distance ratios of 0.4 and 19  cM/Mb, 
respectively (Cloutier et  al. 2007; Krattinger et  al. 2009). 
This difference in recombination frequency between both 
regions could be attributed to the uneven distribution of 
recombination hot spots which mainly occur nearby or 
within genes (Saintenac et al. 2011) and prevents extrapo-
lations beyond the reasonable genetic intervals that should 
be defined prior to a positional cloning attempt in wheat.

Given the high number of segregating individuals 
needed for fine mapping projects, the development of RILs 
populations would be too laborious and is more convenient 
to use F2 individuals from the cross between the line carry-
ing the gene of interest and a line with a contrasting pheno-
type. Dealing with dominant genes, like the resistance gene 
LrSV2 studied here, allows having genotype certainty only 
in the susceptible F2s. If they are used as mapping popula-
tion, the need of progeny testing for rust might be reduced 
to only those few critical recombinants. In addition, in this 
type of mapping population, recombination with the mark-
ers can be easily identified because marker alleles from the 
resistant parent are present in homozygous susceptible indi-
viduals, minimizing scoring errors, which is not a minor 
issue when dealing with high number of samples. Most 
of the STSs, STMs, and SSRs markers are co-dominant, 
allowing the detection of heterozygous individuals. How-
ever, in the case of dominant markers like AFLP bands and 
some ISBPs and SSRs, only those in coupling phase with 
the resistant allele can be used.

Taking into account that LrSV2 is a single domi-
nant gene, a 3:1 segregation was expected for 
resistance:susceptibility in an F2 population. In the 
observed segregation, however, a deficit of susceptible 
individuals was noticed. This could be due to the diffi-
culties inherent to adult plant rust inoculations where the 
inoculums might not reach every leaf. Thus, several indi-
viduals might have escaped infection and were misclassi-
fied as resistant. In addition, a very conservative criterion 
was applied and plants not showing clear infection symp-
toms were eliminated from the analysis.

Within the sequenced 1.25  Mb proximal to swm13 in 
the variety Chinese Spring, 21 genes and 15 pseudogenes 
were annotated by Choulet et al. (2010). Among them, per-
haps the most promising candidates for LrSV2 could be two 
pseudogenes annotated as RGAs (resistant gene analogs) 
similar to a LZ-NBS-LRR protein and to a disease resist-
ance RPM1-like protein, three with similarity to tyrosine 
kinases that could be involved in signal transduction path-
ways and one homologous to a receptor kinase. In addi-
tion, two putatively expressed genes and one pseudogene 
were identified as β-expansin 1a precursors that, as cell 
wall components, have been associated with disease resist-
ance in rice (Fu et al. 2011). However, it should be noted 
that this is not the complete LrSV2 interval and that Chi-
nese Spring does not carry LrSV2 and therefore it will be 
essential to obtain the sequence of the resistant cultivar 
Sinvalocho MA. The map-based cloning strategy should 
be performed together with a detailed haplotype characteri-
zation of the target sequence regions since rearrangement 
may have occurred at homologous loci between different 
varieties.

Interestingly, the Sr2 gene for stem rust resistance was 
also mapped on Ctg0011 (Mago et al. 2011) in a physical 
interval included within the one defined here for the LrSV2 
gene. Therefore, the APR gene LrSV2 could belong to the 
same multiple resistance locus as Sr2 or, alternatively, 
given that resistance genes are often found in clusters 
(Michelmore and Meyers 1998; Helguera et al. 2003) they 
could belong to the same gene cluster.

If a smaller physical interval is defined, the sequencing 
effort and the number of candidate ORFs could be reduced. 
Both swm13 and gwm533 are co-dominant markers and 
suitable to be used as flanking markers to find additional 
recombinants. It should be highlighted that eight SSRs 
and the SCAR40/42 cosegregate with LrSV2 and that new 
markers could be developed from the sequence information 
available for this region in the reference cultivar Chinese 
Spring (Choulet et  al. 2010). The analysis of these nine 
cosegregating markers and additional ones in the recom-
binants should allow the definition of a smaller interval 
suitable for the postulation of a reasonable number of can-
didate ORFs for LrSV2.
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