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Abstract Cultivated groundnut (Arachis hypo-
gaea L.) is an agronomically and economically
important oilseed crop grown extensively
throughout the semi-arid tropics of Asia, Africa
and Latin America. Rust (Puccinia arachidis) and
late leaf spot (LLS, Phaseoisariopsis personata)
are among the major diseases causing significant
yield loss in groundnut. The development of
varieties with high levels of resistance has been
constrained by adaptation of disease isolates to
resistance sources and incomplete resistance in
resistant sources. Despite the wide range of
morphological diversity observed in the cultivated
groundnut gene pool, molecular marker analyses
have thus far been unable to detect a parallel
level of genetic diversity. However, the recent
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development of simple sequence repeat (SSR)
markers presents new opportunities for molecular
diversity analysis of cultivate groundnut. The
current study was conducted to identify diverse
disease resistant germplasm for the development
of mapping populations and for their introduction
into breeding programs. Twenty-three SSRs were
screened across 22 groundnut genotypes with
differing levels of resistance to rust and LLS.
Overall, 135 alleles across 23 loci were observed
in the 22 genotypes screened. Twelve of the 23
SSRs (52%) showed a high level of polymor-
phism, with PIC values >0.5. This is the first
report detecting such high levels of genetic poly-
morphism in cultivated groundnut. Multi-dimen-
sional scaling and cluster analyses revealed three
well-separated groups of genotypes. Locus by lo-
cus AMOVA and Kruskal-Wallis one-way
ANOVA identified candidate SSR loci that may
be valuable for mapping rust and LLS resistance.
The molecular diversity analysis presented here
provides valuable information for groundnut
breeders designing strategies for incorporating
and pyramiding rust and late leaf spot resistances
and for molecular biologists wishing to create
recombinant inbred line populations to map these
traits.
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Introduction

Cultivated groundnut, Arachis hypogaea L., is an
important oilseed crop grown as a major source of
vegetable oil and protein, both for human con-
sumption and as a fodder crop. Groundnut is
cultivated in over 100 countries across Asia,
Africa and the Americas with around 25 million
hectares generating an annual production of
nearly 35 million tonnes (FAO 2004). India,
China, Nigeria and Sudan are the top producers
but more than 20 other countries, mainly in Asia
and Africa, each have 1-800,000 ha of groundnut
production. Although groundnut is an important
multipurpose crop for resource-poor farmers in
the semi-arid tropics (SAT), due to environmen-
tal stresses and disease pressure, average pro-
ductivity is often below 1 tonne per hectare. The
major disease constraints to groundnut produc-
tion are rust (causal agent Puccinia arachidis
Speg) and late leaf spot (LLS, causal agent Pha-
seoisariopsis personata (Berk. & Curtis.) Deight-
on), resulting in annual economic losses of
US$467 m and US$599 m, respectively (FAO
2004). Reducing groundnut yield losses due to
these diseases has relied principally on breeding
foliar disease resistant germplasm.

Groundnut breeding is a complex endeavour
due to the allotetraploid (2n = 4x = 40) nature of
the crop and the inheritance of agronomic traits
being largely oligogenic or polygenic (Halward
et al. 1991). Different sources of resistance to
LLS have been reported as having a digenic
recessive basis (Tiwari et al. 1984) or being con-
ferred by a five-gene model (Nevill 1981),
whereas resistance to rust has been consistently
reported as genetically recessive, governed by
only a few genes (Paramasivam et al. 1990;
Bromfield and Bailey 1972; Tiwari et al. 1984).
The development of cultivars with enhanced lev-
els of disease resistance has had some success; a
few cultivars with moderate levels of resistance to
rust and LLS have been released in China, India,
Mauritius and the USA (Pande et al. 2002). In the
SAT the adoption of rust and LLS resistant cul-
tivars has been low mainly because of their rela-
tively late maturity and poor shelling
characteristics. In addition, there are only mod-
erate levels of LLS resistance available in the
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cultivated groundnut gene pool. In contrast, sev-
eral wild Arachis species possess very high levels
of resistance to LLS. There has been limited
success in transferring LLS resistance from wild
Arachis to cultivated groundnut, mainly because
of interspecific compatibility barriers, resistance
being linked with many undesirable pod/seed
characteristics, and the long periods required for
developing stable tetraploid interspecific deriva-
tives (Murty and Jahnavi 1983). Marker-assisted
selection (MAS) may be able to break the linkage
drag to deleterious traits, increase the speed and
efficiency of creating acceptable interspecific
derivatives and facilitate the pyramiding of dif-
ferent sources of resistance from the cultivated
and wild gene pools in order to create highly
resistant varieties.

The Arachis genus comprises over 20 highly
diverse species representing eight distinct
genomes. However, the evolution of cultivated
groundnut in South America, through a limited
number of interspecific hybridizations and poly-
ploidization, has resulted in a very narrow culti-
vated gene pool (Halward et al. 1991, 1992). This
has been compounded by limited introductions
and selection pressures from traditional breeding,
as the main production areas shifted to Asia and
Africa. It is therefore critical to determine the
levels of genetic diversity available within sources
of disease resistant germplasm in an attempt to
broaden the genetic base of the crop and maxi-
mize opportunities for combining different
mechanisms of resistance (Singh et al. 1997).

The use of molecular markers has become
widely accepted as a valuable tool for plant
breeding programs as well as for diversity, evo-
lutionary and conservation studies (Mohan et al.
1997). Identification of DNA markers associated
with resistance to rust and LLS and their location
on a genetic linkage map are pre-requisites to
facilitate MAS in groundnut. MAS is potentially
useful in disease resistance breeding to accelerate
the recovery of the genotype of the recurrent
parent during backcrossing, to select for disease
resistance quantitative trait loci, and to pyramid
different resistance genes (Witcome and Hash
2000). A variety of molecular markers have been
used to characterize the genetic diversity in
groundnut, e.g. RFLPs (Halward et al. 1991),
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RAPDs (Dwivedi et al. 2001; Subramanian et al.
2000), and AFLPs (He and Prakash 1997, 2001;
Gimenes et al. 2002). All these studies have
reported low levels of polymorphism within the
cultivated gene pool.

Simple sequence repeats (SSRs), also known as
microsatellites, are a class of molecular markers
based on tandem repeats of short (2-6 bp) DNA
sequences (Litt and Lutty 1989). These repeat
sequences are often highly polymorphic, even
among closely related cultivars, due to slippage
mutations during DNA replication causing varia-
tion in the number of repeating units. Different
alleles of a given locus can be readily detected using
primers designed from the conserved DNA se-
quences flanking the SSR and the polymerase
chain reaction (PCR). SSR markers are generally
reported to detect higher levels of polymorphism
than RFLPs, RAPDs and AFLPs (Powell et al.
1996b; Milbourne et al. 1997; Russell et al. 1997,
Crouch et al. 1999), and have been widely adopted
for genetic analysis in plants (Rongwen et al. 1995;
Panaud et al. 1996; Powell et al. 1996a). Thus, it is
believed that SSR markers will provide the
molecular genetic differentiation to facilitate rou-
tine diversity analysis and molecular breeding
applications (Dwivedi et al. 2003). However, the
first SSRs to be developed in groundnut detected
disappointing levels of polymorphism in cultivated
germplasm (Hopkins et al. 1999). Nevertheless,
additional SSRs developed more recently through
a different approach appear to be much more
promising in cultivated groundnut genotypes (He
et al. 2003; Ferguson et al. 2003). In this study, we
report on the evaluation of recently developed
SSRs for molecular breeding of groundnut and
their use to identify diverse parental genotypes for
breeding and mapping of rust and LLS resistance.

Materials and methods
Plant material and DNA extraction

A total of 21 groundnut genotypes with varying
levels of known resistance to rust and/or LLS and
one variety susceptible to both diseases were
selected for this study (see Table 1 for full details).

Total genomic DNA was isolated from newly
expanded leaves of glasshouse grown plants using
a CTAB-based procedure modified from Saghai-
Maroof et al. (1984) and Doyle and Doyle (1987)
as reported previously (Mace et al. 2003). The
quality of DNA was determined spectrophoto-
metrically at 260/280 nm. DNA concentrations
were determined electrophoretically through
comparison with known concentrations of uncut 4
DNA standards.

SSR marker amplification

Twenty-three SSRs developed by Ferguson et al.
(2003) (Table 2) were screened across the 22
genotypes. The 23 SSRs were selected on the
basis of pre-screening approximately 200
groundnut SSRs (Mace, personal communica-
tion), based on the level of polymorphism
revealed between LLS and rust resistant and
susceptible genotypes and the reliability and
quality of amplicon detection, the latter based on
a quality rating modified from Smulders et al.
(1997) where a quality rating between 1 and 3
indicates a good electrophoretic pattern;
1 = Weak stutter bands only giving unambiguous
product; 2 = Stutter bands relatively strong but
product still scorable; 3 = Appearance of bands
of unexpected size but product still scorable;
4 = Appearance of bands of unexpected size and
product not scorable; 5 = Ladders of bands of
unequal intensity but product still scorable;
6 = Ladders of bands of equal intensity and
product not scorable; 7 = Very weak bands or no
amplification. Only amplicons with a quality rat-
ing between 1 and 3 were selected.

PCR amplifications were performed in 20 pl
volumes using a PTC-100"™ Programmable
Thermal Controller (MJ Research, Inc). The
reaction mixtures contained 10 mM Tris—HCI
(pH 8.3), 50 mM KCl, 5-15 ng genomic DNA,
10-30 pmol of each primer, 2-4 mM MgCl,, 300-
400 uM of each dNTP, and 0.8-1.2 units of Tagq
DNA polymerase (Amersham). The concentra-
tions were optimized individually for each SSR.
The temperature profile consisted of an initial
denaturation step of DNA at 94°C for 2 min,
followed by 35 cycles: 94°C for 45 s, 57-65°C for
1 min, and 72°C for 1 min 30s. Annealing
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Table 1 Groundnut genotypes employed in this study with levels of resistance and susceptibility to rust and LLS detailed,
as determined during field trials at 2 sites in Vietnam in 2001

Code Genotype Origin Biological status

Botanical variety Rust score® LLS score *

VASI (HN®) OPI (HCM®) OPI (HCM®)

ICGV99001 ICRISAT Interspecific derivative
ICGV99003 ICRISAT Interspecific derivative
ICGV99004 ICRISAT Interspecific derivative
ICGV99005 ICRISAT Interspecific derivative
ICG 86699  ICRISAT Cultivar

ICG 87165  ICRISAT Interspecific derivative
ICG 87157 ICRISAT Cultivar

ICG 99051 ICRISAT Breeding material

9 ICG 99019 ICRISAT Breeding material

10 ICGx950084 ICRISAT Breeding material

OO\ B~ W -

11 ICGx950166 ICRISAT Breeding material
12 ICG 10931  Peru Landrace
13 ICG 10975  Peru Landrace
14 ICG 1185 Argentina Breeding material
15 ICG 11312  India Breeding material
16 ICG 11325  India Breeding material
17 ICG 11331  India Breeding material
18 ICG 11485  Peru Landrace

19 ICG 12720  Ecuador  Breeding material
20 ICG 13917 ICRISAT Breeding material
21 ICG 99052 ICRISAT Breeding material
22 TMV2 India Cultivar

Spanish 2.0 1.0 1.7
Virginia 1.0 1.0 1.3
Spanish 3.7 23 23
Virginia 1.0 1.0 2.0
Virginia 1.3 1.0 1.7
Spanish 43 3.1 6.6
Valencia 2.3 13 33
Virginia 1.0 1.0 1.3
Spanish 1.0 1.0 5.0
Spanish 1.0 1.0 3.0
Spanish 1.0 1.0 3.0
Spanish 2.7 2.0 6.0
Spanish 2.6 ND ND
Spanish 1.7 1.3 43
Spanish 1.0 1.3 3.0
Spanish 1.3 1.3 2.8
Spanish 2.0 1.7 2.0
Spanish 23 ND 43
Spanish 23 ND ND
Spanish 23 ND ND
Virginia 1.0 1.0 2.0
Spanish 4.0 5.7 6.0

? Average disease-response scores reported (from three replications) using a 1-9 scale where 1 = complete resistance and

9 = very susceptible; ND = not determined

® HN: Vietnam Agricultural Scientific Institute (VASI) (Hanoi, Vietnam)
¢ HCM: Plant Oil Institute (OPI) (Ho Chi Minh City, Vietnam)

temperatures were optimized individually for
each SSR (listed in Table 2). After the final cycle,
samples were incubated for 10 min to ensure
complete extension.

Electrophoresis and data analysis

The PCR products were separated on 6% non-
denaturing polyacrylamide gels, and amplification
products were revealed using the silver staining
procedure based on a histologically derived pro-
cedure using ammoniacal solutions of silver,
modified from Kolodny (1984). Amplicons were
scored as present (1) or absent (0).

Estimates of interindividual genetic similarity
were obtained according to Nei and Li’s (1979) as
S =Sij=2a/(2a + b + c¢), where §j; is the simi-
larity between two individuals i and j, a; is the
number of bands present in both individuals i and
J, b; is the number of bands present in individual ;
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but absent in individual j, and ¢; is the number of
bands present in individual j but absent in indi-
vidual i. The resulting 22 x 22 similarity matrix
was subjected to multi-dimensional scaling
(MDS) (Kruskal and Wish 1978) to assess whe-
ther the observed molecular variation indicated
any evidence of clustering among accessions. The
unweighted pair-group method with arithmetic
average (UPGMA) was used to independently
confirm the clustering indicated by the two-
dimensional MDS plot. The UPGMA-based
dendrogram was constructed using the NTSYS
2.1 software, version 2.1 (Rohlf 2000). The Win-
Boot software (Yap and Nelson 1996) was used to
compute bootstrap-based P-values to assess the
strength of evidence for clustering obtained.

The polymorphism information content (PIC)
of each microsatellite locus was determined as
described by Weir (1990): PIC = 1 — XP7, where
P; is the frequency of the ith allele in the examined
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Table 2 Numbers of alleles per locus and PIC values of 23 polymorphic SSR loci based on levels of diversity revealed

across 22 groundnut genotypes

SSR ID Annealing Expected size of  Observed size Number of Number of repeats PIC values
temperature (°C) PCR product (bp) range (bp) alleles
pPGPseq-3A08 64 152 152-200 6 taagg) 0.606
pPGPseq-8E12 59 198 200-230 2 ttg), taags) 0.294
pPGPseq-14H6 59 285 280-380 10 gt 0.543
pPGPseq-4G02 60 285 300-420 6 ga(9), gt 0.398
pPGPseq-17F6 58 152 120-300 9 Gags) 0.415
pPGPseq-13A7 58 265 280-350 2 taago) 0.292
pPGPseq-13A10 57 264 270-350 5 taaciz) 0.464
pPGPseq-15E8 58 298 300-380 3 taagi4) 0.444
pPGPseq-4H11 60 269 250-350 7 2a026), 8t(26) 0.294
pPGPseq-2D12B 60 265 300-390 9 taagq) 0.619
pPGPseq-18C5 60 281 270-320 7 taa(s) 0.519
pPGPseq-2B10 58 259 260-310 4 taagq) 0.509
pPGPseq-2F05 58 262 270-300 4 taag) 0.556
pPGPseq-12F7 57 290 230-270 5 taago) 0.566
pPGPseq-8D9 61 132 120-170 6 Ctt(3) 0.481
pPGPseq-3A01 64 238 250-300 6 taa ) 0.428
pPGPseq-15C10 64 203 220-300 7 taae) 0.557
pPGPseq-3D09 63 292 290-300 6 ga(19), 8t() 0.557
pPGPseq-7G2 65 225 220-280 4 tatciz) 0.531
pPGPseq-16C6 65 230 250-300 4 ga(ig) 0.317
pPGPseq-10D4 62 203 200-300 8 ga(24) 0.557
pPGPseq-16G8 60 194 230-290 7 taago) 0.509
pPGPseq-1B09 64 282 260-340 8 ga(19) 0.303

genotypes. An analysis of molecular variance
(AMOVA) was used to partition genetic vari-
ability using Arlequin software version 2.0
(Schneider et al. 2000). Significance of estimated
variance components was assessed based on
10,000 random permutations.

Single-marker analysis was used to detect
potential associations between marker (geno-
typic) classes (presence or absence of the band)
and their respective phenotypic values (disease
score). The data on each marker were subjected
to the non-parametric Kruskal-Wallis one-way
analysis of variance (K-W ANOVA), using the
KRUSKAL procedure in GenStat, to identify
markers potentially linked to the disease. This
was done by splitting the disease phenotyping
data into two classes corresponding to the pres-
ence and the absence of band at each marker. We
chose this non-parametric method instead of the
usually adopted parametric ANOVA in view of
the ordinal nature of the disease phenotyping
data. The Kruskal-Wallis one-way analysis of
variance was used to test the hypothesis that

several (K) samples come from distributions with
the same mean. The test statistic H, is formed by
ranking the combined data set, then considering
the sum of these ranks within each sample:

H=[(12/N % (N 4+ 1)) * Zj=1 - - - K{Rj * Rj/nj}]
—-3%x(N+1)

where R; is the sum of ranks for the jth sample, n;
is the size of the jth sample, and N is the size of
the combined data set. If ties are present in the
data, then an adjustment to the statistic H is
required:

adjusted H = H/(1 — Zk{tk® — tk} /(N> — N))

where tk is the number of observations with rank
k. When there are at least five cases in each of the
samples, H has approximately a Chi-square dis-
tribution on K-1 degrees of freedom. When this
condition is not satisfied, and there are three
samples, KRUSKAL uses a table of calculated
values of the distribution of the statistic.
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Results

A total of 135 alleles were revealed across 23
polymorphic SSR loci in the 22 cultivated
groundnut genotypes. On average, each locus
revealed approximately 6 alleles with 5 loci
detecting 8 or more alleles. The PIC values of
the 23 polymorphic SSR loci reveal a high level
of polymorphism (Table 2) with 12 of the 23
SSR loci having a PIC value of >0.5. An
example of the SSR polymorphism detected
amongst the 22 groundnut genotypes is shown
in Fig. 1.

Genetic diversity amongst cultivated
groundnut germplasm

The cultivated groundnut collections included a
total 22 accessions, encompassing 16 Spanish
types (subspecies fastigiata var. vulgaris), 5 Vir-
ginia types (subspecies hypogaea var. hypogaea)
and 1 valencia type (subspecies fastigiata var.
fastigiata). The dendrogram constructed using Nei
and Li’s similarity coefficient and UPGMA clus-
tering is presented with bootstrap values obtained
from 2000 replicates of the data set are indicated
at each branch point (Fig. 2).

The first two dimensions of the MDS plot
indicate the presence of three well-separated
clusters (Fig. 3) that correspond to the groupings
identified at a similarity threshold of approxi-
mately 50% in the dendrogram (Fig.2). The
separation of cluster (a) from (b) and (c) is well
supported, with a bootstrap value of 75%, how-
ever although the bootstrap values supporting

12345678910111213141516171819202122
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Fig. 1 Polymorphism detected by pPBPseq-2D12B across
22 cultivated groundnut genotypes (see Table 1 for
explanation of genotype codes 1-22); M: 100 bp molecular
ladder
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the separation of clusters (b) and (c) is less
robust, based on the combined MDS and cluster
analyses, three clusters have been identified and
the genotypes grouping in these three clusters
will be detailed further. Both analyses reveal
the following relationships among the cultivated
groundnut genotypes studied. Cluster (a), com-
prises three genotypes: ICGV99001, ICGV99004
and ICG13917, all Spanish types and all resis-
tant to LLS (however, there are also LLS
resistant Spanish types present in clusters (b)
and (c)). Cluster (b) includes 10 genotypes of
two botanical types, Spanish and Virginia. Five
of these genotypes, ICGV99003, ICGV86699,
ICGV99005, ICGV99051 and ICGV99052, are
varieties developed at ICRISAT. Varieties
ICGV99003 and ICGV99005 are both interspe-
cific derivatives, which are cytologically stable
tetraploids (Dwivedi et al. 2001). Cluster (b)
also includes two breeding lines with highly
complex pedigrees, ICGV950084 and
ICGV950166, the former having eight different
genotypes and the Ilatter with six different
genotypes in their pedigree, respectively, all of
which are lines of Arachis hypogaea. The three
remaining genotypes in cluster (b), ICG11325,
ICG11312 and ICG11331 are all breeding lines
originating from Indian national breeding pro-
grams. Cluster (c) contains nine genotypes, five
of which are landraces from South America,
which group together separately within cluster
(c) at a similarity level of 66%. Three genotypes
within cluster (c), ICGV87165, ICGV99019 and
ICGV87157 are varieties developed at ICRI-
SAT; the first being an interspecific derivative.
The rust and LLS susceptible control genotype,
TMV2, is also present within this cluster,
grouping with the other members of the cluster
(c) at 56% similarity.

Analysis of molecular variation (AMOVA) of
the 22 groundnut genotypes revealed a very low
proportion of the total genetic variation associ-
ated with level of disease resistance and
botanical type (Table 3). Table 3 indicates
6.67% of the total variation observed is ac-
counted for by between resistance/susceptible
groups, whereas the majority of the variation
(91.65%) is accounted for by within botanical

type groups.
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Fig. 2 Dendrogram constructed using Nei and Li’s simi-
larity coefficient and UPGMA clustering for 22 groundnut
genotypes (Spa: Spanish; Vir: Virginia; Val: Valencia; R.R:

Candidate markers for rust and /late leaf spot
resistance

A locus-by-locus AMOVA was performed in
order to obtain an estimate of how each locus
contributes to the differentiation between dis-
ease-response type groups and compared with a
Kruskal-Wallis one-way analysis of variance
(ANOVA). The loci contributing greater than
60% of the total differentiation between the dis-
ease-response groups (based on locus-by-locus
AMOVA) and also having a probability value of
less than 0.05 from the Kruskal-Wallis one-way
ANOVA were compared with results of QTL
mapping studies (based on F, and F¢ populations
for each disease, Mace pers. comm.). There is a
high level of similarity between loci identified as
linked to disease resistance genes by the different
methods (Table 4). In particular, there is signifi-
cant association between the three alleles detailed
of SSR locus pPGPseq-17F6 and LLS and rust
resistance as supported through all 3 comparative
methods, with an AMOVA differentiation
value of up to 74.96% and P values from the

resistant to rust; R.L: resistant to LLS; R&L: resistant to
rust and LLS; S-R&L: susceptible to rust and LLS).
Bootstraps values are given

Kruskal-Wallis one-way ANOVA of P =0.001
for rust resistance and P = 0.030 for LLS resis-
tance, in addition to this locus being linked to
both LLS and rust resistance QTLs as identified
in a parallel study. Table 4 details thirteen addi-
tional loci, with a total of 25 alleles, with signifi-
cant association to LLS or rust resistance loci as
supported by a minimum of 1 of the 3 compara-
tive statistical methods employed; of these, 11
alleles from 9 loci listed below are supported by a
minimum of 2 of the comparative methods;
pPGPseq-2B10, pPGPseq-2F05, pPGPseq-3A01,
pPGPseq-8E12, pPGPseq-10D4, pPGPseq-12F7,
pPGPseq-13A10, pPGPseq-13A7q-17 and
pPGPseq-16C6. Table 5 details the polymor-
phism revealed by the 14 alleles from 10 loci de-
tailed above, putatively associated with LLS and
rust resistance genes as supported by a minimum
of 2 of the 3 comparative statistical methods,
between the parental genotypes of the ICRISAT
LLS and rust mapping populations; ICGV99003
and ICGV99005 (rust resistance genotypes) and
ICGV99001 and ICGV99004 (LLS resistant
genotypes) and TMV2 (rust and LLS susceptible
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Fig. 3 MDS of SSR marker analysis across 22 cultivated groundnut genotypes. Three clusters of genotypes are indicated as
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variety). The polymorphisms revealed between the
mapping population parental genotypes provide
additional support for a few key loci; specifically
pPGPseq-17F6 (alleles at 120, 140 and 150 bp),
pPGPseq-2F05 (280 bp allele), pPGPseq-8E12
(200 bp allele) and pPGPseq-16C6 (263 bp allele)
associated with rust resistance, with the alleles
present in both rust resistant genotypes and absent
in the susceptible genotype, and additionally

pPGPseq-8E12 (210 bp allele) and pPGPseq-
13A10 (250 bp allele) also associated with rust with
the alleles absent in both rust resistant genotypes
and present in the susceptible genotype. Table 5
also provides additional support for three loci
putatively associated with LLS resistance genes;
pPGPseq-2B10 (290 bp allele) and pPGPseq-2F05
(280 bp allele) with the alleles present in both LLS
resistant genotypes and absent in the susceptible

Table 3 Analysis of molecular variance (AMOVA; Excoffier et al. 1992) for 22 genotypes grouped as four disease-response

types within botanical type; employing 135 SSR alleles

Source of variation d.f.? SSD® Variance Percentage of total P values®
components variance
Between disease 3 82.03 1.40 6.67 0.25
response groups
Between botanical type groups within 3 60.04 0.35 1.68 0.23
disease response groups
Within botanical type groups 15 289.19 19.27 91.65 0.03*

? Degrees of freedom

® Sum of squared deviations

¢ Significance (P) of the variance components
* Significant at P=0.05
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Table 4 List of alleles putatively linked with LLS and/or
rust resistance as determined through locus-by-locus
AMOVA 9% differentiation between disease resistant

and susceptible groups and Kruskal-Wallis one-way anal-
ysis of variance, compared to results from QTL analyses of
LLS and rust mapping populations

SSR ID Allele (bp) AMOVA  Marker Rust (VASI) Rust (OPT) LLS (OPI)
% diff. linkage 5 b b

through KwW yProb KW  yProb KW  yProb
QTL mapping?®

pPGPseq-8E12 200 81.93 531 0.021

pPGPseq-8E12 210 81.93 531  0.021

pPGPseq-14H6 295 19.51 Rust 440  0.036

pPGPseq-14H6 380 217 Rust 523 0.022

pPGPseq-17F6 120 62.27 Rust & LLS 10.98  0.001 712 0.008 4.69  0.030

pPGPseq-17F6 140 74.96 Rust & LLS 1098  0.001 4.05  0.044

pPGPseq-17F6 150 37.35 Rust & LLS 485  0.028 291  0.088 5.05  0.025

pPGPseq-13A7 305 7.79 LLS 4.60  0.032

pPGPseq- 13A10 250 5.243 LLS 415  0.042 454  0.033 531 0.021

pPGPseq- 13A10 260 1.66 LLS 296  0.085 5.07  0.024 320  0.074

pPGPseq-2D12B 300 10.61 LLS 285  0.091

pPGPseq-2D12B 320 13.64 LLS 296  0.085

pPGPseq-18C5 375 0.89 423 0.040 328  0.070

pPGPseq-2B10 280 17.82 LLS 393  0.048 284  0.092

pPGPseq-2B10 290 63.19 LLS 3.68  0.055

pPGPseq-2F05 280 17.06 LLS 3.05 0.081 7.20  0.007

pPGPseq-12F7 235 21.64 Rust 418  0.041

pPGPseq-3A01 250 2.36 Rust 5.44  0.020 488  0.027

pPGPseq-3A01 260 18.7 Rust 7.31  0.007

pPGPseq-3A01 370 2.36 Rust 5.44  0.020 488  0.027

pPGPseq-3A01 390 18.70 Rust 7.31  0.007

pPGPseq-16C6 260 0.13 Rust & LLS 275 0.098

pPGPseq-16C6 263 22.72 Rust & LLS 439  0.036

pPGPseq-16C6 275 4.88 Rust & LLS 313 0.077

pPGPseq-10D4 200 13.94 3.68  0.055 4.02  0.045

pPGPseq-10D4 235 81.70 297  0.085

pPGPseq-16G8 240 5.96 6.27  0.012

? ‘Rust’ indicates the marker was found to be significantly linked to rust resistance genes in QTL analyses, ‘LLS’ to LLS
resistance genes in QTL analyses and ‘Rust & LLS’ found significant linkages in both independent QTL analyses

genotype and pPGPseq-13A7 (305 bp allele) with
the alleles absent in both LLS resistant genotypes
and present in the susceptible genotype.

Based on the comparison of the 3 statistical
methods employed to identify loci associated with
LLS and rust resistance (Table 4) together with
the assessment of polymorphism between the
parental genotypes of the ICRISAT mapping
populations (Table 5), 5 SSR loci have been
identified with significant association to rust
resistance genes (pPGPseq-17F6, pPGPseq-2F05,
pPGPseq-8E12, pPGPseq-13A10 and pPGPseq-
16C6) and 3 SSR loci have been identified with
significant association to LLS resistance genes
(pPGPseq-2B10, pPGPseq-2F05 and pPGP13A7);

only one loci, pPGPseq-2F05, being associated
with both LLS and rust resistance genes.

Discussion

Assessment of molecular diversity facilitates the
identification of agronomically valuable and di-
verse germplasm for use in linkage mapping and
genetic enhancement of specific traits in ground-
nut. Agronomically superior germplasm lines
with relatively high DNA marker polymorphism
have been identified for mapping rust and LLS
disease resistance traits through the use of 23
SSRs in the present study, in addition to the

@ Springer



326

Euphytica (2006) 152:317-330

Table 5 Candidate SSR loci associated with rust/LLS resistance/susceptibility assessed through allele differentiation
between genotypes used as parental lines in LLS and rust mapping populations at ICRISAT

SSR ID Allele (bp) LLS mapping population genotypes® Rust mapping population genotypes®
ICGV99001 ICGV99004 T™MV2P ICGV99005 ICGV99003 T™MV2P
pPGPseq-17F6 120 1 0 0 1 1 0
pPGPseq-17F6 140 1 0 0 1 1 0
pPGPseq-17F6 150 1 0 0 1 1 0
pPGPseq-2B10 290 1 1 0 0 0 0
pPGPseq-2F05 280 1 1 0 1 1 0
pPGPseq-3A01 250 0 0 0 0 1 0
pPGPseq-3A01 370 0 0 0 0 1 0
pPGPseq-8E12 200 1 0 0 1 1 0
pPGPseq-8E12 210 0 1 1 0 0 1
pPGPseq-10D4 235 0 0 0 0 0 0
pPGPseq-12F7 235 0 0 0 0 0 0
pPGPseq-13A10 250 0 1 1 0 0 1
pPGPseq-13A7 305 0 0 1 0 1 1
pPGPseq-16C6 263 0 0 0 1 1 0

? ‘1" indicates presence of the allele and 0 indicates absence of the allele

® For both mapping populations for the two traits, the susceptible parent is TMV2

identification of candidate marker-disease resis-
tance trait associations.

The SSR marker-based genetic diversity anal-
ysis of 22 groundnut genotypes with known
resistance to rust and/or LLS reported here,
indicates that botanical group is a poor indicator
of genetic diversity. Moreover, sources of disease
resistance are available in Spanish, Virginia and
Valencia types that have 60-70% genetic diver-
gence. It is also clear that national groundnut
breeding programs both in India and South
America are producing highly related breeding
material whereas ICRISAT disease resistant
breeding lines fall into all genetic groups, as
identified through cluster and MDS analyses. This
suggests that ICRISAT’s international groundnut
breeding programs are effective vehicles for
broadening the genetic base of the groundnut
crop. This is highly valuable information both for
the selection of genetically diverse material for
use in groundnut disease resistance breeding
programs and for the selection of parental geno-
types for generating recombinant inbred line
(RIL) mapping populations.

A maximum of 56% genetic dissimilarity
across 135 alleles was observed amongst the 22
groundnut genotypes screened in this study. This
is a significantly higher level of polymorphism
than previously reported within the cultivated
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groundnut gene pool: 41% genetic dissimilarity
revealed by RAPDs (Dwivedi et al. 2001) and
52% genetic dissimilarity revealed by AFLPs (He
and Prakash 2001). The PIC scores revealed by
the 23 loci screened are also very high with over
50% of loci having a PIC value of 0.5, however
such high PIC values could be due to marker
pre-selection and caution should be taken in
interpreting the diversity revealed within the
cultivated gene pool based on PIC values alone.
The level of diversity revealed through cluster
analyses, however, is the highest yet recorded
between cultivated groundnut genotypes and
supports previous observations that SSRs have a
higher discriminatory power compared to other
molecular markers (Powell etal. 1996b;
Milbourne et al. 1997; Russell et al. 1997; Crouch
et al. 1999). Our study also supports the sugges-
tion by Singh et al. (1998) that the lack of genetic
variation detected in cultivated groundnut is due
to the limited range of genotypes previously used
and type of molecular marker assay employed to
detect molecular polymorphism.

There was no significant correlation between
the number of repeats within a motif and the PIC
of that SSR locus, although a positive correlation
has been reported in other crops (Areshchenkova
and Ganal 2002). For example, the Ilocus
pPBPseq-12F7 and pPBPseq-12G2 contain only
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12 (taa) and (tatc) motifs, respectively but are
highly polymorphic (PIC = 0.56 and 0.53). Other
loci, e.g., pPBPseq-17F6 and pPBPseq-4H11
contain 35 (ga) and 26 (ga/gt) motifs but revealed
much less molecular variation (PIC = 0.29 and
0.41, respectively) within the germplasm studied
here. However, as expected there was reasonable
correlation (P = 0.005; 7> = 0.32) between the
number of repeats within the motif and the
number different alleles detected. Similarly,
markers for dinucleotide repeats tend to detect a
greater number of different alleles than trinu-
cleotide repeat markers.

Considerable morphological variation in agro-
nomic traits has been observed in groundnut,
presumably resulting from positive breeding
selection and agroecological adaptation (He and
Prakash 2001). The current study is the first to
report a parallel level of molecular genetic dif-
ferentiation and morphological variation in the
gene pool of tetraploid groundnut. The recently
published first genetic linkage map of the tetra-
ploid groundnut genome (Burow et al. 2001) was
achieved by introducing variability from diploid
wild species into tetraploid cultivated A. hypo-
gaea through the use of a synthetic amphidiploid
as a donor parent. This is clearly a highly effective
means of capturing a high level of polymorphism
for rapid and cost efficient linkage mapping.
However, this approach may have limited value
for molecular breeders as the power of selection
of markers identified in this way may not be
retained upon their application in breeding pop-
ulations that will inevitably have very different
recombination profiles. This clearly highlights the
issue that careful selection of parental genotypes
is critical when developing mapping populations,
in order to capture the maximum amount of
molecular polymorphism between the parental
lines, and is particularly important in an autoga-
mous, tetraploid, genetically impoverished crop
species such as groundnut.

The diversity analysis reported in this study has
also been used to identify candidate SSRs for use
in mapping LLS and rust resistances and for
application in MAS. In other crops, the applica-
tions of molecular markers in improving disease
resistance have been extensively reported and
alternative methods to the traditional QTL

analyses of bi-parental segregating populations
for identifying markers linked to traits of interest
are increasingly being employed. For example,
Sun et al. (2003) recently characterized the ge-
netic diversity among 35 spring wheat cultivars
and lines with different levels of Fusarium head
blight (FHB) resistance using 160 RAPD mark-
ers; and found that “‘association analysis between
RAPD markers and the Fusarium index detected
three RAPD markers significantly associated with
FHB-resistance genotypes”. Their results sug-
gested that a collection of unrelated genotypes
can be used to identify markers linked to agro-
nomically important traits, and that such markers
can be used as candidate markers for further gene
mapping. Sun et al. (2003) also highlight that this
approach could have advantages over the use of
mapping populations as the markers are more
likely to be applicable to a large number of
breeding programmes, whereas markers from
traditional linkage studies require validation in
diverse independent populations prior to appli-
cation in molecular breeding.

The five SSR loci associated with rust resistance
and the three SSR loci associated with LLS resis-
tance identified in this study through comparison of
results obtained from locus-by-locus AMOVA and
Kruskal-Wallis one-way ANOVA on the diverse
set of genotypes included in this study (Table 1) in
contrast to the results obtained through more tra-
ditional QTL analyses undertaken on segregating
F, and RIL populations of 4 ICRISAT mapping
populations for rust resistance (ICGV99003 x
TMV2 and ICGV99005 x TMV2) and LLS resis-
tance (ICGV99001 x TMV2 and ICGV99004 x
TMV2) indicate that non-traditional methodolo-
gies can be employed to associate genomic regions
with traits of importance. This is particularly
important in orphan crops such as groundnut which
has very limited genomic resources developed to
date, including genetic maps with sufficient marker
coverage which are pre-requisites for a conven-
tional mapping approach. It should be noted that
the SSRs screened in this study have not yet been
anchored to specific linkage groups in the ground-
nut genome. However, although marker-trait
associations have been identified using a combi-
nation of approaches in this study, the results from
the different methodologies were not always
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concordant for each allele; for example pPGPseq-
2F05 (280 bp allele) was only found to contribute
17.06% of the differentiation between the disease
resistant and disease susceptible groups, from the
locus-by-locus AMOVA result, whereas the
Kruskal-Wallis one-way ANOVA and the QTL
analyses significantly associated this allele with
LLS resistance. Similarly, pPGPseq-13A7 (305 bp
allele) was found to contribute 7.79% of the dif-
ferentiation between the disease resistant and dis-
ease susceptible groups, from the locus-by-locus
AMOVA result, when the Kruskal-Wallis one-
way ANOVA and the QTL analyses significantly
associated this allele with LLS resistance. The
small sample size, both in terms of genotypes and
loci screened, employed in this study may have
contributed to the overall lack of concordance of
results generated from different methodologies
and in this particular study, the Kruskal-Wallis
one-way ANOVA appeared more robust in the
absence of a larger number of samples than the
locus-by-locus AMOVA. In conclusion, the ge-
netic diversity analysis undertaken has presented a
valuable opportunity to additionally identify loci
putatively linked to two traits of importance, LLS
and rust resistance. Such genetic analysis studies to
be undertaken on groundnut in the future would
focus on assembling large sample sizes with ade-
quate representation of the different states of the
trait in question, bearing in mind that the putative
association of loci and traits based on this approach
is valid only for simply inherited, oligogenic traits,
but acknowledging that this does have an impor-
tant role in orphan crops such as groundnut with
very limited genomic resources available to date. It
is also acknowledged that the number of loci
screened in the current study is low, particularly for
a tetraploid species with 20 linkage groups and
hence a close linkage between markers/alleles and
loci controlling disease resistance cannot not be
expected. Moreover, trait data are limited and are
from 2 locations in 1 year only and may introduce
bias. Despite these shortcomings, eight loci puta-
tively linked to resistance loci have been identified
and additionally the SSR data set generated for the
22 diverse groundnut genotypes with varying levels
of resistance to rust and LLS has also provided
critical information to breeders for planning future
breeding strategies. It will also enable plant

@ Springer

breeders to make informed decisions about
parental selection for developing mapping popu-
lations, as demonstrated by Anderson et al. (1993)
through the use of the PIC scores to select potential
mapping parents with a high level of polymor-
phism. This type of analysis also offers a mecha-
nism for breeders to counteract further genetic
impoverishment of the cultivated groundnut gene
pool.
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