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Abstract Pea rust caused by Uromyces fabae (Pers.)
de-Bary is a major problem in warm humid regions causing
huge economic losses. A mapping population of 136 Fg.;
recombinant inbred lines (RILs) derived from the cross
between pea genotypes, HUVP 1 (susceptible) and FC 1
(resistant) was evaluated in polyhouse as well as under
field conditions during two consecutive years. Infection
frequency (IF) and area under disease progress curve
(AUDPC) were used for evaluation of rust reaction of the
RILs. A linkage map was constructed with 57 polymorphic
loci selected from 148 simple sequence repeats (SSRs), 3
sequence tagged sites (STS), and 2 random amplified
polymorphic (RAPD) markers covering 634 cM of genetic
distance on the seven linkage groups of pea with an aver-
age interval length of 11.3 cM. Composite interval map-
ping (CIM) revealed one major (Qruf) and one minor
(Qrufl) QTL for rust resistance on LGVIL. The LOD
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(5.2-15.8) peak for Qruf was flanked by SSR markers,
AAS505 and AA446 (10.8 cM), explaining 22.2—42.4% and
23.5-58.8% of the total phenotypic variation for IF and
AUDPC, respectively. The minor QTL was environment-
specific, and it was detected only in the polyhouse (LOD
values 4.2 and 4.8). It was flanked by SSR markers, AD146
and AA416 (7.3 cM), and explained 11.2-12.4% of the
total phenotypic variation. The major QTL Qruf was con-
sistently identified across all the four environments.
Therefore, the SSR markers flanking Qruf would be useful
for marker-assisted selection for pea rust (U. fabae)
resistance.

Introduction

Pea (Pisum sativum L) rust can be caused by Uromyces
fabae (Pers) de-Bary [Syn. Uromyces viciae-fabae (Pers.)
J. Schrét] (Arthur 1934) or by Uromyces pisi (Pers.) Wint.
U. fabae is an autoecious fungus, while U. pisi is a heter-
oecious macrocyclic fungal pathogen that completes its life
cycle on Euphorbia cyparrissias (Pfunder and Roy 2000).
The two species can be differentiated from each other by
morphology of telia and infections structures or by internal
transcribed spacer (ITS) markers (Emeran et al. 2005,
Barilli et al. 2006; Sillero et al. 2006). Uromyces fabae is
reported to infect faba beans (Vicia faba L.), lentil (Lens
culinaris Medik.), and vetches (Vicia sativa L.) (Cummins
1987), and is considered as a species complex consisting of
several isolates specialized with respect to their hosts
(Emeran et al. 2005, 2008). Aeciospores of U. fabae acts as
repeating spores and play important role in the outbreak of
the disease (Kushwaha et al. 2006), whereas urediospores
are the only infecting spores in the case of U. pisi (Xue and
Warkentin 2002; Barilli et al. 2009a).
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In temperate regions, pea crop is primarily damaged by
U. pisi (Emeran et al. 2005; Barilli et al. 2009a, b, c), while
in tropical and subtropical regions, U. fabae is the pathogen
causing rust. The European and Mediterranean Plant Pro-
tection organization (EPPO) reports yield losses of >30%
due to U. pisi under favorable environments (EPPO 2009),
while U. fabae is known to cause up to 50% reduction in
pea yields, particularly in the Northwestern Uttar Pradesh
and the Terai regions of India (Upadhayay and Singh 1994;
Singh 1998). Yield losses due to U. fabae are particularly
high when humidity and temperature are high (Pal et al.
1980; Xue and Warkentin 2002; Kushwaha et al. 2006;
Kushwabha et al. 2007), especially during flowering and pod
formation stages (Sanger and Singh 1994; Singh et al.
1996; Chand et al. 2006.

The genetic basis of resistance to U. fabae is debatable
as different studies indicated either monogenic (Pal et al.
1979; Katiyar and Ram 1987) or polygenic control (Kumar
et al. 1994); Vijayalakshmi et al. 2005). Vijayalakshmi
et al. (2005) reported a single gene Ruf to govern resistance
to U. fabae in the pea cross FC 1 x HUVP 1, but they also
presented some evidence suggesting involvement of some
polygenes as well. Further, none of the pea genotypes are
reported to be free from U. fabae infection (Singh and
Srivastava 1985; Chand et al. 2004, 2006) suggesting a
polygenic type of resistance. Similarly, resistance to U. pisi
in wild pea (Pisum fulvum L.) shows polygenic inheritance
(Barilli et al. 2010), quantitative non-hypersensitive type of
resistance to rust has been reported in other legumes, such
as, chickpea (Cicer arietinum L.) against U. ciceris-arietini
(Madrid et al. 2008), and in groundnut (Arachis hypogaea
L.) against Puccinia arachidis (Khedikar et al. 2010).
However, hypersensitive reaction has been reported in
French bean (Phaseolus vulgaris L.) against rust pathogen
U. appendiculatus (Stavely et al. 1989), in faba bean
(Sillero et al. 2000) and lentil (Saha et al. 2010) against
U. viciae-fabae, and in soybean [Glycine max (L.) Marr]
against Phakopsora pachyrhizi (Li 2009).

Chemical control for pea rust has been suggested, but it
is considered uneconomic as well as hazardous to human
health and the environment (Chand et al. 2006). Breeding
for rust resistance is hampered by the difficulty in identi-
fication of resistant plants since disease expression is
markedly influenced by the environment. Therefore,
molecular markers linked to resistance genes could facili-
tate selection of rust resistant segregants and thereby
improve breeding efficiency. So far, reports on molecular
mapping of resistance to this disease are limited and robust
markers are not known. Few years ago, two RAPD mark-
ers, SCI10-82350 (10.8 cM) and SCRI-71;p00 (24.5 cM)
flanking the rust resistance gene, Ruf, were identified by
employing a relatively small (31) backcross (BCF)
mapping population (Vijayalakshmi et al. 2005). In a
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recent report (Barilli et al. 2010), a major QTL was
detected for resistance to U. pisi in wild pea (P. fulvum L.).
A large number of SSR markers are now publicly available
from pea microsatellite consortium (Burstin et al. 2001,
Loridon et al. 2005) and can be used for identification of
markers linked to rust resistance. Therefore, the objective
of the present study was to study inheritance and mapping
of QTLs controlling resistance of pea to U. fabae using
SSR markers (Burstin et al. 2001, Loridon et al. 2005).

Materials and methods
Plant material

The mapping population consisted of 136 F¢.; RILs derived
from individual F, plants of the cross between pea geno-
types HUVP 1 (susceptible) and FC 1 (resistant) handled as
per single seed descent (SSD) method. HUVP 1 was
developed at Banaras Hindu University, Varanasi, from the
cross (Bonneville x 5064) x S 143, and FC 1 was derived
from the cross (Bonneville x HR209) x IIHR 656 at
Indian Institute of Horticultural Research, Bangalore.

Field evaluation

One hundred thirty-six RILs were evaluated for rust
resistance in the Agricultural Research Farm of Banaras
Hindu University, Varanasi, India (Northeastern Plains
Zone, 25.2°N and 83.0°E) during crop seasons 2006-2007
and 2007-2008. Planting was carried out on 30th
November in year 2006-2007 and 4th December in
2007-2008; this allowed plants to develop fully when
warm and humid conditions favorable for disease occur
during late February to early March. Throughout the
experiment, plants were maintained in vegetative phase by
bud clipping. The maximum and minimum temperature
and humidity ranged between 26 and 14.5°C and 70-40.5%,
respectively, in 2006-2007 and 30-17°C, 63-31.5% in
2007-2008.

The RILs were planted in randomized block design with
two replications in each environment. Each RIL was
planted in a single row of 1.5 m, and row-to-row and plant-
to-plant distances were maintained at 40 and 10 cm,
respectively. A single row of the parents and five rows of
spreader line were sown after every 10 rows of RILs. In
addition, five rows of spreader line were planted all around
the experimental plot.

Polyhouse evaluation

The RILs were also evaluated in a polyhouse at the Insti-
tute of Agricultural Sciences, Banaras Hindu University,
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Varanasi, India. Planting was carried out on 1st December
in year 2006-2007 and 5th December in 2007-2008. Five
seeds of RILs were sown in pots of 30 cm diameter. Each
line was planted in two pots with each pot representing a
replication. Seeds of both the parents were also grown in
pots and placed after every five pots of RILs. Rust sus-
ceptible spreader line (HFP4) was sown in the ground
between two pots of each block. The disease appears in first
week of February and the plants begin to die in end of
March. During these 2 months, the maximum and mini-
mum temperatures ranged from 17.8 to 39.4°C and 9.9 to
19.5°C, respectively, during 2006— 2007, and from 20.6 to
39.2°C, and 4.7 to 21.1°C during 2007-2008.

Artificial inoculation in the field and polyhouse

Aecidial stage of U. fabae dominated on pea in India
(Kushwaha et al. 2006) and is characterized by papillated
teliospores. Aeciospores derived from a single pustule were
multiplied on highly susceptible cultivar HFP4, sown
22 days prior to planting of the main experiment. The
rusted leaves were soaked in water and agitated vigorously
to prepare a spore suspension of 10* spores per ml. The
plants were inoculated at pre-flowering stage by spraying
the spore suspension during evening hours (Chand et al.
2004). Field and pots were irrigated immediately after
inoculation to provide favorable environment for disease
development. Field was irrigated five times in the entire
crop period. In polyhouse, high humidity was maintained
by misting the plants every 3 h for 48 h after inoculation.
Subsequently, high humidity was maintained throughout
the experimental period by regular misting.

Assessment of disease

Rust severity (%) displayed by all the plants of each RIL
was recorded six times at 3 days interval, in the polyhouse,
and four times at 6 days interval in the field. The area
under disease progress curves (AUDPC), considered a
more practical approach for disease assessment (Jeger and
Viljanen-Rollinson 2001), was calculated using following
formula given by Shaner and Finney (1977).

Infection frequency scoring as a component of rust
resistance

Infection frequency (IF) was scored in terms of number of
pustules per cm?® on the tagged leaves when the disease
severity % (DS%) of resistant parent was less than 30 and
that of susceptible parent was more than 75. Leaves were
tagged in the mid vegetation zone since it is the most
favorable for disease development (Chand et al. 2006;
Kushwaha et al. 2006). Both sporulating and non-

sporulating pustules were scored and plants were main-
tained in vegetative phase by bud clipping which delayed
the aging of plants.

Statistical analysis

Analysis of variance (ANOVA) was performed using
PROC GLM of SAS software (v 10; SAS Institute Inc.,
Cary, NC, USA 1997) to determine the variation in disease
response in terms of AUDPC and IF among the RILs
within and across the environments (year and location).
Heritability (%) of traits within and across the environ-
ments was estimated from mean squares by applying the
formulas: h> = 65/(6% + o2/r), and h> = 65/(6% + 054/
E + oX/rE), respectively (Hallauer and Miranda Filho
1981). Here, o-zG, a%;E, og, E and r represent the genetic
variance, genotypic X environment interaction variance,
residual variance, number of environments, and the number
of replicates per line, respectively. Estimates of correlation
coefficient among the rust severity, AUDPC and IF across
the years and locations were obtained using SPSS software
v 12.0 (SPSS, Chicago, IL, USA).

QTL analysis and molecular mapping

We selected SSR primers from Loridon et al. (2005) that
detected polymorphism between the two parents and were,
as far as possible about 20 cM apart covering the seven
linkage groups of pea. The 136 RILs were screened with
these markers to create a framework of molecular map.
Single marker regression analysis was performed to test
each marker for the significance to disease severity. Later
on more SSR and other markers, including two RAPD
markers viz SC10-823459p and SCRI-71 909, (Vijayalakshmi
et al. 2005) and three STS markers, viz, ACCox, Ga20X,
and Gs3B (Aubert et al. 2006) were selected and tested to
enrich the neighboring region found to be significant in the
initial analysis. Finally, Mapmaker v 3.0 (Lincoln et al.
1993) was used to construct the map using 136 RILs with
all polymorphic primers. Linkage map was built using a
minimum LOD (likelihood of odd ratio) threshold of 2.5
and a maximum recombination fraction of 0.40. Haldane’s
function was applied to estimate map unit distances
(Haldane 1919). The ‘Order’ and ‘Rip’ commands were
used to assign the order of markers, while ‘Try’ and
‘Compare’ commands were used to add additional markers
on the map.

The chromosome regions found significant in initial
single marker regression analysis, enriched with more
markers were then tested with the QTL Cartographer ver-
sion 2.5 (Wang et al. 2005) to confirm QTL location and
effect for both the components by interval mapping (IM)
and composite interval mapping (CIM). The standard
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model (Model 6) of the Zmapqtl procedure of QTL Car-
tographer was used with window size 10 and walking speed
2 cM along the linkage groups. The cofactors were selected
by the forward and backward regression with threshold
P < 0.01. Only those QTLs were considered significant
that had LOD score higher than the threshold calculated
from 1,000 permutation test for P < 0.01 to control Type-I
error (Churchill and Doerge 1994). The LOD score and
coefficient of determination (Rz) of detected significant
QTLs was estimated by CIM through ZmapQTL. The
QTLNetwork  software  (http://ibi.zju.edu.cn/software/
gtlnetwork/) was used to estimate QTL x QTL and
QTL x environment interactions. This is based on QTL
mapper 2.0, which amalgamates the effect of multiple
QTLs, and QTL by environment interactions into a single
mapping system, called mixed-model-based composite
interval mapping.

Results
Phenotypic variation

The continuous distribution of disease in terms of AUDPC
and IF (Fig. 1a, b) and the test of normality using Shapiro—
Wilk test (P = 0.073, 0.225 for AUDPC and IF, respec-
tively) revealed that RIL data fit normal distribution with
transgressive segregates at both the ends of the distribution,
except for the absence of lower pustule number per cm?
than the resistant parent. The parents exhibited contrasting
phenotype for mean AUDPC and IF in all the four
environments.

Analysis of variance for AUDPC (Table 1) revealed
highly significant differences for genotypes and genotypes
by environment (year and location) interaction. The anal-
ysis of variance for IF also revealed a significant variation
for genotypes and environment but not for genotype by
environment interaction. The mean AUDPC for RILs var-
ied among the four environments from 300 (06-07, field
data) to 489 (07-08, field data), being intermediate
between the two parental means (Table 2). Similarly, mean
IF for RILs showed some variation among the environ-
ments (from 9.09 to 10.28) and was intermediate between
those for the two parents. Heritability estimates were
consistently higher for AUDPC (0.78-0.86) than those for
IF (0.43-0.67), and were comparable over the environ-
ments, except for IF during 06-07 in polyhouse (Table 2).

Trait correlations
High phenotypic correlation was observed between DS%

and AUDPC; the estimates of correlation coefficients were
generally higher in the field than in the polyhouse
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Fig. 1 Frequency distribution of 136 Fg.; pea RILs derived from the
cross between HUVP 1 x FC 1 for a AUDPC and b IF values for rust
averaged over 2 years and two locations. Arrows indicate the parental
values

(Table 3). Similarly, IF showed significant (P < 0.01)
positive  correlation with AUDPC (r = 0.45-0.69)
(Table 4); in general, these estimates were lower than those
for correlation between AUDPC and DS%. Thus AUDPC
was positively correlated with DS% and IF across envi-
ronments (locations and years). In addition AUDPC esti-
mated in one environment showed significant, high positive
correlation (r = 0.65-0.82) with AUDPC estimates from
other environments, a similar result was evident for IF as
well (Table 4).

Markers polymorphism and segregation

We tested 148 SSR, 2 RAPD and 3 STS markers for
detecting polymorphism between the parents HUVP 1 and
FC 1. Out of these, 55 SSR, 2 RAPD and 2 STS markers
(38.5%) were polymorphic and amplified 21 dominant and
51 co-dominant polymorphic bands. The amplification of
multiple bands by some SSR primers could be due to the
presence of cryptic sites, up and downstream or between
the two specific primer-binding sites (Winter et al. 1999).
Fifteen of the polymorphic loci were found to be unlinked,
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Table 1 Analysis of variance for rust area under disease progress curve (AUDPC) and infection frequency (IF) across 2 years in polyhouse and
field-testing for 136 RILs of a cross between resistant (FC 1) and susceptible (HUVP 1) genotypes of pea

Source df Mean squares

AUDPC IF
Environment (year x location) 3 2.1 x 10% 67.90*
Replication (environment) 4 4.1 x 10** 101.95
Genotypes 135 2.1 x 10°* 234.64*
Environment x genotypes 405 1.8 x 10%* 9.78
Error 540 6,945.04 17.510

df Degree of freedom
* Significant at P < 0.01

Table 2 Mean, range, and heritability (h?) for rust area under disease progress curve (AUDPC) and infection frequency (IF) in parental lines and
136 RILs of a cross between resistant (FC 1) and susceptible (HUVP 1) genotypes of pea

Component Environment HUVP 1 FC 1 RILs mean RILs range W h? across environments
AUDPC 2006-2007 P 973.04 £+ 2322 18245 £ 16.81 395.78 + 15.01 52.50-757.75 0.79 0.83

2007-2008 P 668.95 + 47.73  48.88 £ 3.67  305.46 + 14.97 35.20-680.00 0.86

20062007 F  671.82 £ 2456  76.74 £7 .74 300.53 £ 1245 74.00-597.00 0.79

2007-2008 F  833.64 & 49.46 191.58 £ 25.16 489.08 & 19.25 62.50-942.00 0.80
Infection frequency 2006-2007 P 27.17 £ 2.67 425 £ 0.56 9.89 + 0.46 0.4-22.67 043 091

2007-2008 P 13.27 £+ 1.42 1.66 + 0.24 9.09 + 047 0.3-23.00 0.61

2006-2007 F  21.68 £+ 2.16 1.09 + 0.18 9.86 + 0.53 0.4-26.67 0.67

2007-2008 F  17.79 4+ 2.24 1.21 £ 0.25 10.28 + 0.50 0.5-26.81 0.65

P, polyhouse; F, field; 2006-2007, year 2007; 2007-2008, year 2008

Table 3 The correlation coefficients among the disease severity (DS%) and area under disease progress curve (AUDPC) in two years and two
locations of 136 RILs of a cross between resistant (FC 1) and susceptible (HUVP 1) genotypes of pea

Traits DS% (20062007 P) DS% (2007-2008 P) DS% (2006-2007 F) DS% (2007-2008 F)
AUDPC (2006-2007 P) 0.64 0.76 0.79 0.80
AUDPC (2007-2008 P) 0.56 0.78 0.69 0.70
AUDPC (2006-2007 F) 0.54 0.71 0.91 0.66
AUDPC (2007-2008 F) 0.51 0.67 0.78 0.81

For all correlation estimates, P < 0.01
P, polyhouse; F, field; 2006-2007, year 2007; 2007-2008, year 2008

while 57 were distributed over the seven linkage groups,
covering 634 cM; the average distance between adjacent
markers was approximately 11 cM. LG VII was of
174.8 cM length, and it contained both the QTLs detected
in this study (Fig. 2). All the linkage groups were assigned
according to the linkage map published by Loridon et al.
(2005) based on common markers. LG VII (Fig. 2) had five
markers (AA19, AA416, AD146, AD237 and Gs3B) in
common with the LGVII of composite linkage map of pea
published by Aubert et al. (2006); these markers covered
the genomic region containing the two QTLs, Qruf and
Qrufl. The population was in advanced stage (Fg.7) and the
alleles were expected to segregate in equal proportion.
However, 10 polymorphic loci did not fit 1:1 ratio

(P < 0.05); this included both dominant and co-dominant
markers.

QTL mapping

Using CIM, one major QTL was detected for IF (Fig. 2a);
this QTL had LOD values of 5.2 (polyhouse, 06—07) to 9.8
(field, 07-08), and explained 22.2-42.4% of the total
phenotypic variance for IF (Table 5). The peak of LOD for
this QTL was between markers interval AA446-AA505
(10.8 cM) and the closest marker was AA505 at about
1 cM from the peak. RAPD markers SC10-82340 and SCRI-
71000 reported to be linked with the gene Ruf governing
number of rust pustules per cm?® (Vijayalakshmi et al.
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Table 4 The Pearson linear correlation for the RILs evaluated in terms of area under disease progress curve (AUDPC) and infection frequency

(IF) within and across the four environments

AUDPC
(2006-2007 P)

AUDPC
(2007-2008 P)

Components AUDPC

(2006-2007 F)

AUDPC IF IF IF
(2007-2008 F) ~ (2006-2007 P)  (2007-2008 P)  (2006-2007 F)

AUDPC (2006-2007 P)
AUDPC (2007-2008 P)  0.82

AUDPC (2006-2007 F)  0.78 0.65

AUDPC (2007-2008 F)  0.78 0.66 0.74
IF (2006-2007 P) 0.61 0.59 0.56
IF (2007-2008 P) 0.60 0.61 0.53
IF (2006-2007 F) 0.64 0.63 0.69
IF (2007-2008 F) 0.69 0.64 0.65

0.49

0.45 0.97

0.61 0.84 0.78

0.58 0.85 0.84 0.85

For all correlation estimates, P < 0.01
P, polyhouse; F, field; 2006-2007, year 2007; 2007-2008, year 2008

2005) were tested for their linkage with the SSR markers
surrounding the above major QTL; the marker SC10-8234
mapped between SSR marker AD237 and AB27, while the
other RAPD marker (SCRI-71;990) did not show linkage
with the SSR markers (Fig. 2).

Similarly, one major and one minor QTL were detected for
AUDPC for pea rust on linkage group VII. The major QTL
seems to cover the region between the markers, AA446 and
SC10-82340, but its peak LOD value was always between the
markers, AA446 and AA505 (Fig. 2b). Therefore, this major
QTL is considered to be the same as that detected for IF; it
consistently expressed in all the environments and the LOD
value ranged from 7.5 (polyhouse, 07-08) to 15.8 (field,
06-07) with R” ranging from 23.5 to 58.8%, respectively
(Table 5). The minor QTL, had peak LOD values between the
markers, AD146 and AA416 (7.3 cM), at 0.6 cM from the
marker AD146; it was expressed only in polyhouse, the LOD
values being 4.8 in 2006-2007, and 4.2 in 2007-2008, and the
R? values being 12.4 and 11.2%, respectively. The major and
minor QTLs accounted for 40.9 and 12.8%, respectively, of
the total phenotypic variance in mean over year analysis.
There was no significant QTL x QTL interaction between
the two identified QTLs. Similarly, QTL effect versus envi-
ronment (year, location) interaction was also non-significant
for both the detected QTLs.

Discussion

A continuous frequency distribution of 136 RILs for rust
AUDPC and IF (Fig. 1) suggested rust resistance in the pea
cross ‘HUVP 1 x FC 1’ to be a quantitative trait. An
earlier study reported continuous distribution and consid-
erable variation for number of pustules per leaf, in BC,F,
population of the same cross, suggestive of polygenic
nature of inheritance (Vijayalakshmi et al. 2005).

@ Springer

AUDPC showed significant (P < 0.01) high positive
correlation with DS% and IF; therefore AUDPC values
were used for QTL analysis. This also suggests that IF is an
important component for rust resistance in pea. The genetic
variance for AUDPC and IF varied across environments,
but the high positive correlation among AUDPC and IF
values across environments suggested the reproducibility
and validity of experimental conditions and scoring
method. The difference in the level of disease infestation
between environments could be due to difference in the
prevailing temperature and/or humidity that influenced
growth and spread of the pathogen. In polyhouse, the
environmental effect was minimized by maintaining
moisture and temperature, although these conditions were
not exactly similar across years. Broad sense heritability
estimates for disease severity components were high (for
AUDPC, 0.83, for IF, 0.91) representing good reproduc-
ibility of the phenotypic data. The 4> for AUDPC was high
in each individual trial ranging from 0.79 to 0.86. Com-
paratively, h” for IF was moderate within individual trials
ranging from 0.42 to 0.67, but was very high (0.91) across
environments because the G x E interaction was low (non-
significant) as compared to the magnitude of genetic
variance.

Several molecular-marker-based linkage maps have
been developed for pea. The SSR markers selected from
composite microsatellite marker map of pea developed by
Loridon et al. (2005) facilitated molecular mapping of rust
resistance in the present study. Our analysis of the selected
SSR markers generated seven linkage groups, which is
equal to the haploid number of chromosomes (2n =
2x = 14) for pea. Linkage with SSR markers revealed two
QTLs for rust resistance located on linkage group VII of
Loridon et al. (2005). Only CIM detected QTLs are pre-
sented since CIM takes selected markers as cofactors along
with interval markers in QTL detection by analytical
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Fig. 2 Genetic linkage map of (a)
LG VII and LOD profiles of 10.0 $ron
Qruf and Qrufl on LGVII ’
detected in a population of 136
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model, which reduces background effect of other QTLs, and
enables detection of small effect QTLs that is usually not
possible by simple interval mapping (Zeng 1994; Melchinger
et al. 1998). When IF was used for mapping, only the major
QTL, was detected. This agrees well with the earlier proposed
Ruf gene for number of rust pustules per cm? in the same cross
of pea. The two RAPD markers (SC10-82 350 and SCRI-71 ;pp0)
reported to be linked to the Ruf gene (Vijayalakshmi et al.
2005), but only marker SC10-82;4, was found to map in the
same region that has Qruf. It seems that the RAPD marker
SCRI-71 ;990 Was incorrectly identified to be linked to gene Ruf
most likely due to the rather small BC,F, population used for
mapping, and possibly some incorrect genotyping for the
marker. We suggest that the Ruf gene proposed by

Vijayalakshmi et al. (2005) be now redesignated as Qruf to
signify the quantitative nature of its action Qruf was also
detected for AUDPC along with another minor QTL, which is
designated as Qrufl. Barilli et al. (2010) reported a single
QTL, UPI, located between markers OPY11_1316 and
OPV17_1078 to govern P. fulvum accession IFPI3260 resis-
tance to U. pisi, although there was hint of a second QTL
between markers OPAB12_125 and OPY11_1361 (in Fig-
ure 3 of Barilli et al. 2010). The disease severity in their study
was assayed using only 94 F ; families grown in a single
environment. It would be useful to evaluate a large number of
RILs in multiple environments.

Rust resistance in lentil (Lens culinaris Medik.) is
governed by one (Kumar et al. 2001), two (Chahota et al.
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Table 5 QTLs for resistance to rust caused by U. fabae detected by composite interval mapping in the RIL population derived from the cross
‘HUVP | x FC 1’ using area under disease progress curve (AUDPC) and infection frequency (IF) as scoring criteria

Components Environment Qruf (LG VII) Qrufl (LG VII) Interactions
Marker interval® LOD® R* Marker interval® LOD" R* Q x Q¢
& closest marker & closest marker
AUDPC 2006-2007 P AA446-AA505° 11 32.1 AD146° —-AA416 4.8 12.4 ns
2007-2008 P AA446-AA505° 7.5 23.5 AD146° —~AA416 4.2 11.2 -
2006-2007 F AA446-AA505° 15.8 58.8 - - - -
2007-2008 F AA446-AA505° 14 46.3 - - - ns
Mean over year AA446-AA505° 14.3 40.9 ADI146°-AA416 5.0 12.8 Ns
Q x Ef - ns ns - ns ns -
IF 2006-2007 P AA446-AA505° 5.2 222
2007-2008 P AA446-AA505° 5.8 28.0
2006-2007 F AA446- AA505° 7.3 31.1
2007-2008 F AA446—- AA505° 9.8 424
Mean over year AA446- AA505° 7.6 31.8

Q><Er - ns

ns

IF assessments were made on tagged leaves when DS% of HUVP 1 was above 75% and of FC 1 was below 30% under polyhouse and field for

2 years

P, polyhouse; F, Field; 2006-07, year 2007; 2007-08, year 2008
? The marker intervals those flanking the peak of the LOD scan
® LOD is the log-likelihood ratio at the QTL position

° R?is the phenotypic variation individually explained by each QTL
9 The QTL x QTL interaction

The most closely associated marker to the LOD peak

f The QTL x Environments; ns for non-significant interactions

2002), or even four (Kumar et al. 1997) dominant genes.
Saha et al. (2010) identified a sequence related amplified
polymorphism (SRAP) marker, F7XEM4a, estimated to be
7.9 cM from the lentil rust resistance gene. In faba bean
(Vicia faba L.), a single gene (Sillero et al. 2000), three
race-specific genes (Conner and Bernier 1982) and even
several genes (Rashid and Bernier 1986) were reported to
specify rust (U. viciae-fabae) resistance. Avila et al. (2003)
identified three RAPD markers, OPD13736, OPL181032,
and OPI20900, linked in coupling phase and two RAPD
markers, OPP021172 and OPR07930 linked in repulsion
phase with the gene Uvf-1 that specifies resistance of faba
bean to race 1 of U. viciae-fabae. Rust resistance in
groundnut appeared to be polygenic (Motagi 2001; Dwivedi
et al. 2002), and a major QTL, QTLrust0OI, contributing
6.90-55.20% to the phenotypic variation was identified in a
mapping population of 268 RILs from the cross TAG
24 x GPBD 4. The QTLrust01 was located between marker
interval IPAHM103-pPGSseq19D6 (position, 0-12 ¢cM on
LG VI); SSR marker IPAHM103 seems to be associated
with the QTLrust01 itself and this marker was validated in a
wide range of resistant/susceptible breeding lines as well as
in progeny lines of another mapping population, TG
26 x GPBD 4 (Khedikar et al. 2010). A quantitative trait

@ Springer

locus for rust resistance in chickpea was located between
STMS makers TA18-TA180, on LG7 of C. arietinum
genetic linkage map (Madrid et al. 2008).

The QTLs Qruf and Qrufl explained 40.9 and 12.8% of
phenotypic variance, respectively. These values are lower
than the R* value (63%) reported for the single QTL (Up1)
for rust resistance against U. pisi (Pers.) Wint. in wild pea
using a mapping population of 94 F, individuals (Barilli
et al. 2010). It is possible that in the present study some
minor QTL may have remained undetected. Involvement of
one or few major QTLs with or without supporting minor
QTL/QTLs is a common feature for disease resistance
(Young 1996; Kover and Caicedo 2001; Burnham et al.
2003; Cobos et al. 2009). Major QTLs are usually con-
sistent but minor QTLs are highly fluctuating according to
the environment (Paterson et al. 1991).

This is the first report of QTL mapping for resistance to
U. fabae in cultivated pea since the earlier mapping of Ruf
gene by Vijayalakshmi et al. (2005) was based on oligo-
genic inheritance of infection frequency. The major QTL
(Qruf) detected for AUDPC was also detected for IF; this
may be expected since pustule density is reported as an
important component of rust resistance in legumes (Statler
and McVey 1987; Negussie et al. 2005; Chand et al. 2006).
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The expression of Qruf was consistent across the envi-
ronments, which is of paramount significance for MAS.
Further, the distance between the closest marker and QTL
peak was very small for both Qruf (1.0 cM from AAS505)
and Qrufl (0.6 cM from AD146). Therefore, the chance of
recombination between the closest markers and the two
QTLs is 1% or lower. Thus, these markers are quite
promising for MAS, and they could even facilitate cloning
and sequencing of these QTLs. If the two flanking markers
were used for MAS, the chance of both the markers
becoming unlinked to the concerned QTLs, viz, Qruf and
Qrufl would be only 0.1 and 0.04%, respectively. The
usefulness of these SSR markers for marker-assisted
selection would require their validation in wider germ-
plasm of cultivated pea.

SSR markers developed with Medicago truncatula show
considerable cross-amplification in other pulses, e.g., 40%
in faba bean, 36.6% in chickpea and 37.6% in pea. In
addition, EST-SSR (expressed sequence tagged-short
sequence repeats) markers showed about twofold higher
cross-amplification in the three pulses (39-43%) than the
genomic region SSR markers (21-24%; Gutie'rrez et al.
2005). Aubert et al. (2006) have developed a functional
map of pea spanning 1,458 ¢cM and depicting locations of
363 loci, including 111 markers anchored to specific genes
having known functions. They also mapped 21 of these
genes in M. truncatula, and added 41 new links between
pea and M. truncatula. It would be useful to analyze the
present RIL population using appropriate markers from
Aubert et al. (2000) in an attempt to search for candidate
genes corresponding/located close to the rust resistance
QTLs reported in this study.

Mixed-model-based composite interval mapping method
has been used in legumes (soybean) for detection of
interaction between disease resistance QTLs and their
interaction with the environment (Wu et al. 2009). The
major and minor QTLs (Qruf and Qrufl) were located on
the same linkage group (LGVII) and in close proximity
separated by <25 cM, but interaction between them was
non-significant, although the minor QTL was not expressed
in all the environments. Whenever the minor QTL was not
expressed, the contribution of the major QTL was overes-
timated. This could be the reason why percentage of total
phenotypic variance explained by the major QTL was
always higher in the field than in the polyhouse, where the
minor QTL Qrufl was expressed.

Some SSR markers showed deviation from 1:1 ratio, but
their inclusion in the analysis did not affect the linkage
map. Skewed segregation of molecular markers is a com-
mon feature in different mapping populations concerning
disease resistance in pea (Pilet-Nayel et al. 2002; Valder-
rama et al. 2004; Fondevilla et al. 2008). This study has
identified two genomic regions, Qruf and Qrufl flanked by

SSR markers AA446-AA505 and AD146-AA416, respec-
tively, on LG VII, that are involved in resistance of
P. sativum against U. fabae. The usefulness of these
markers in marker-assisted selection and for map-based
cloning of the major QTL will crucially depend on their
validation in unrelated germplasm.
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