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Abstract

Genetic diversity, population structure and genome-wide
marker-trait association analysis was conducted for the USDA
pea (Pisum sativum L.) core collection. The core collection
contained 285 accessions with diverse phenotypes and geo-
graphic origins. The 137 DNA markers included 102 poly-
morphic fragments amplified by 15 microsatellite primer pairs,
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36 RAPD loci and one SCAR (sequence characterized ampli-
fied region) marker. The 49 phenotypic traits fall into the
categories of seed macro- and micro-nutrients, disease resist-
ance, agronomic traits and seed characteristics. Genetic diver-
sity, population structure and marker-trait association were an-
alyzed with the software packages PowerMarker, STUCTURE
and TASSEL, respectively. A great amount of variation was
revealed by the DNA markers at the molecular level. Identified
were three sub-populations that constituted 56.1%, 13.0% and
30.9%, respectively, of the USDA Pisum core collection. The
first sub-population is comprised of all cultivated pea varieties
and landraces; the second of wild P. sativum ssp. elatius and
abyssinicum and the accessions from the Asian highland
(Afghanistan, India, Pakistan, China and Nepal); while the
third is an admixture containing alleles from the first and sec-
ond sub-populations. This structure was achieved using a strin-
gent cutoff point of 15% admixture (q-value 85%) of the
collection. Significant marker-trait associations were identified
among certain markers with eight mineral nutrient concen-
trations in seed and other important phenotypic traits. Fifteen
pairs of associations were at the significant levels of P< 0.01
when tested using the three statistical models. These markers
will be useful in marker-assisted selection to breed pea culti-
vars with desirable agronomic traits and end-user qualities.

Keywords Genetic diversity; Legume; Population structure;
Association study; Core collection

Introduction

Fifteen years ago, Tanksley and McCouch (1997) illuminated
the underutilization of plant germplasm in crop improvement.
Later, Frary et al. (2000) demonstrated the high value of plant
germplasm collections by cloning the gene fw2.2 underlying
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tomato fruit size quantitative trait loci (QTL) from a wild to-
mato progenitor. However, the first breakthroughs regarding
the effective use of germplasm for crop improvement occurred
in Pritchard’s statistical treatment of population structure
(Pritchard et al., 2000) and Buckler’s maize association map-
ping studies (Thornsberry et al., 2001; Remington et al., 2001).
Assessing the genetic diversity and population structure within
germplasm collections provides an important association map-
ping resource for crop improvement, as well as a novel re-
source for germplasm management. This focused genotypic
and phenotypic characterization of germplasm is essential to
increase germplasm utilization as a means of responding to
an ever-growing list of challenges facing food production in
the next century (FAO, 2011).

Germplasm core collections are limited sets of accessions
chosen to represent the genetic variation of crop species and
wild relatives with minimum repetition (Brown and Spillane,
1999). These abbreviated collections constitute pre-de-
termined, genetically diverse sets of accessions that can be
readily provided to researchers who might otherwise lack the
resources to evaluate large numbers of potentially redundant
accessions. Core collections also represent a genetic baseline
for evaluating the originality of new entries, for providing a
systematic way of prioritizing the maintenance of large collec-
tions (Chavarriaga-Aguirre et al., 1999), and for taking advant-
age of new opportunities for efficient utilization of plant germ-
plasm for crop improvement (Glaszmann et al., 2010). The
USDA Pisum core collection (UPCC) consists of 285 ac-
cessions from 57 countries collected or donated between 1933
and 1986 (Supplementary Table S1). The collection was con-
structed initially using passport data and analyzed flower color
(Simon and Hannan, 1995) and was later refined using RAPD
markers (Coyne et al., 2005a). The UPCC has been evaluated
extensively for a variety of agronomic and morphological traits
-- seed weight, disease and pest resistances, stem and root
traits, protein and micronutrient content -- and the results of
these evaluations have been published in peer-reviewed pub-
lications (Jermyn and Slinkard, 1977; Kraft et al., 1998;
Tedford and Inglis, 1999; McPhee and Muechlbauer, 2001;
Malvick and Percich, 1999; McPhee et al., 1999; McPhee and
Muehlbauer, 1999; Griinwald et al., 2003; Grusak et al., 2004;
McPhee, 2005; Coyne et al., 2005b). This information is now
available through the USDA Agricultural Research Service’s
Germplasm Resources Information Network (GRIN) National
Plant Germplasm System database (www.ars-grin.gov/npgs/).

Traditional approaches to describing genetic diversity within
core collections have generally involved the use of passport
data, such as geographical origin or breeding pedigrees
(Brown, 1989). These methodologies have been largely dis-
placed by diversity estimates generated from phenotypic or
genotypic data using cluster analysis or ordination (Bretting
and Widrlechner, 1995). The use of quantitative phenotypic
measurements, particularly those with low heritability, for di-
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versity estimates has generated considerable controversy, as
the measurements are often dependent on particular environ-
ments, thus rendering the relationship between the phenotype
and genotype ambiguous (Smith and Smith, 1992). Selectively
neutral molecular markers avoid these issues, but their value
in the construction and use of core collections is dependent
on the largely unknown joint distribution of the markers and
target alleles of interest (Schoen and Brown, 1993). Verifying
that these estimates faithfully represent the phenotypic diver-
sity of traits of interest within the reserve collection can be
difficult, as the true range and the variance of many agronomic
traits are generally unknown. While experimental results are
mixed, a number of studies have shown low correlations be-
tween the genetic variance of populations and the molecular
distance of the parental material (Charcosset and Moreau,
2004). Hoey et al. (1996) suggested that the most reasonable
initial approach was to include as many character types as
possible in order to gain an unbiased and representative sample
of the genome; however, non-significant correlations between
diversity estimates generated with morphological character-
istics and molecular markers have generally discouraged re-
searchers from adopting this approach (Tar'an et al., 2005).

Core collections that accurately reflect the range of genetic
diversity and phenotypic expression have the potential to serve
as platforms for association studies that identify statistically
significant relationships between polymorphic markers and
genes of economic and biological merit (Myles et al., 2009).
Association mapping techniques based on the linkage dis-
equilibrium (LD), both for genome-wide and candidate-gene
approaches, has recently emerged as an alternative approach
to mapping QTLs and provides a powerful tool for dissecting
quantitative traits in plants (Rafalski 2010). In plants,
LD-based association mapping started with the model plant
Arabidopsis and has now been extended to other crops
(Abdurakhmonov and Abdukarimov, 2008). These tools were
used to identify marker-trait associations in plant germplasm
populations such as potato (Gebhardt et al., 2004), maize (Yu
et al.,, 2005) and tomato (Mazzucato et al., 2008).

A rich literature has emerged surrounding the molecular di-
versity studies on Pisum germplasm collections, including
studies of primarily national and regional collections (Lee et
al., 1990; Samec et al., 1998; Ford et al., 2002; Simioniuc
et al., 2002; Baranger et al., 2004; Tar'an et al., 2005; Ghafoor
et al., 2005; Lazaro and Aguinagalde, 2006, Choudhury et al.,
2007; Le Clerc et al., 2006; Esposito et al., 2007; Smykal
et al., 2008; Nisar et al., 2009; Dribnokhodova and Gostimsky,
2009; Martin-Sanz et al., 2011) and studies pertaining to the
Pisum species and sub-species diversity (Lu et al., 1996; Ellis
et al.,, 1998; Hoey et al., 1996; Pearce et al., 2000; Vershinin
et al., 2003; Jing et al., 2005; Jing et al., 2007; Kosterin et
al., 2010). These studies used a wide range of marker classes,
including simple sequence repeats (SSRs), random amplified
polymorphic DNA (RAPDs), inter-simple sequence repeat
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(ISSR), amplified fragment length polymorphisms, restriction
fragment length polymorphisms, allozymes, sequence-related
amplified polymorphisms, retrotransposon-based markers and
gene-based markers. Baranger et al. (2004) discussed their col-
lection as primarily western European; however, their analysis
was the first significant contribution to understanding global
genetic diversity in pea using 148 accessions from 16
countries. The genetic diversity of 1,221 pea landraces from
China (Zong et al., 2008) was analyzed using 21 SSRs, and
the analysis was expanded to 1,234 global pea accessions using
the same set of SSRs presented (Zong et al., 2009). The fol-
lowing year, Jing et al. (2010) published a larger global Pisum
collection study of 3,020 accessions using retrotrans-
poson-based markers. A combined Bayesian analysis of pub-
lished studies on Pisum genetic diversity extended the struc-
tural view of the global pea genetic diversity to 4,429 ac-
cessions, which were included in a review published by
Smykal et al. (2011).

In this study, the focus is on distilling the molecular diver-
sity of a global core collection of primarily landrace Pisum
germplasm collected or donated over six decades in the twen-
tieth century. The objective was to use the USDA Pisum core
collection to unravel the genetic basis of quantitative and qual-
itative traits utilizing an association analysis. The population
was characterized by 24 molecular markers, and 49 phenotypic
traits were studied to (1) investigate the genetic diversity; (2)
estimate the levels of population structure; and (3) evaluate
this collection for association analysis.

Materials and Methods

Plant material

285 accessions representing approximately 10% of the UPCC
catalogued during the past century was obtained from the
Western Regional Plant Introduction Station, United States
Department of Agriculture (USDA) Agricultural Research
Service, Pullman, WA, USA. Accessions were collected or do-
nated from 57 countries between 1933 and 1986 (see
Supplementary Table 1S). Eleven accessions of the Pisum
sativum. ssp. elatius, one accession of P. sativum. ssp. abyssi-
nicum, one accession of P. sativum. ssp. arvense and six ac-
cessions identified as P. s. ssp sativum were included in the
sample.

Molecular data collection and analysis

DNA was isolated from ten field-grown plants of each ac-
cession using a modified CTAB procedure (Murray and
Thompson, 1980). Genotypes were collected using fifteen mi-
crosatellite primer pairs selected due to their high number of
published polymorphisms (Burstin et al., 2001; Gilpin et al.,
1997), as described in Loridon et al. (2005) (Table 1). As
many of the accessions within the USDA Pisum collection

represent landraces and unimproved semi-wild material, mix-
tures of homogeneity were expected, and SSR fragments were
scored as present or absent using Gene Profiler version 4.05
(Scanalytics, Fairfax, VA).

RAPD genotyping was conducted using primers obtained
from University of British Columbia (designated: UBC-frag-
ment size) and from Operon Technologies (Alameda, CA,
USA) (designated: kit-fragment size) (Table 1). PCR con-
ditions were as described in Pilet-Nayel et al. (2002). One
SCAR (sequence characterized amplified region) marker
Y15 999Fw linked to Fusarium wilt race 1 was also used
(Okubara et al., 2005).

Collection of phenotypic data

Phenotypic data included in the study for association analysis
was collected at multiple locations and from publications in
peer-reviewed journals (Table 2). The traits include concen-
tration of seed macro- and micronutrients (protein, calcium,
magnesium, potassium, phosphorus, iron, zinc, manganese,
copper, nickel, boron and molybdenum) (Grusak et al., 2004;
Coyne et al., 2005b); disease resistance ratings for Fusarium
root rot caused by Fusarium solani (Mart.) Sacc. f. sp. pisi
(F. R. Jones) W. C. Snyder & H. N. Hans (Griinwald et al.,
2003); Fusarium wilt race 1 and race 2 caused by Fusarium
oxysporum Schlecht. f. sp. pisi (C.J.J. Hall) Snyder and Hansen
(McPhee et al., 1999); Aphanomyces root rot caused by
Aphanomyces euteiches Drech., (Malvick and Percich, 1999);
Ascochyta blight caused by Mycosphaerella pinodes (Berk. &
Bloxam.) (Kraft et al, 1998) and pea cyst nematode
Heterodera goettingiana Liebscher (Tedford and Inglis, 1999);
agronomic and morphological traits (taxon, stem basal branch-
ing, seeds per pod, seed coat color, seed position per pod,
seed pattern color, plant height, hilum color, flowers per pe-
duncle, flower color, days to maturity, days to flower, biomass,
100 seed weight, cotyledon color and pod wall neoplasia)
(McPhee and Muehlbauer, 1999; Coyne et al., 2005a); root
and stem traits (McPhee and Muehlbauer, 1999; McPhee,
2005); and taxon. The data was downloaded from the USDA
Agricultural Research Service Germplasm Resources Informat-
ion Network (GRIN; www.ars-grin.gov/npgs) (Table 2). The
final phenotypic value of each accession was calculated by
average per each investigated year. The distributions of 49
traits of the USDA Pisum core collection are described in
Supplementary Table 1S, and descriptive statistics for the 49
phenotypic traits are described in Table 3.

Data analysis

Characterization of the population genetic structure of the
UPCC was accomplished using the software package
STUCTURE 2.3.3 (Pritchard et al., 2000; Falush et al., 2003;
Falush et al., 2007; Hubisz et al., 2009) that utilizes a Bayesian
algorithm to assign accessions to putative populations (k) in
Hardy-Weinberg equilibrium and that can provide an estimate
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Table 1. Marker and primer details of fifteen microsatellites, eight RAPDs and one SCAR marker with the number of alleles and polymorphic
information content (PIC) detected in the USDA Pisum core collection.

Marker (NCBI Accession) Type Sequence” Chromosome g:z:;l: (11%,/ Alleles PIC

PSU81288 (U81288) EST-SSR  F:cgccatggagcttagcttec Composite map (LG I)d 3 6 0.15
R:cgagtagatagaagaagatge

PSGAPAI1 (X15190) EST-SSR  F:gacattgttgccaataactgg Composite map (LG V) 6 3 0.17
R:ggttctgttctcaatacaag

PSAJ3318 (AJ223318) EST-SSR  F:cagtggtgacagcagggccaag DP xJI296 (LG III) 3 5 0.20
R:cctacatggtgtacgtagacac

AF016458 (AF016458) EST-SSR  F:cactcataacatcaactatctttc Composite map (LG I) 5 6 0.17
R:cgaatcttggccatgagagttge

AA430902 (AA430942) EST-SSR  F:ctggaattcttgcggtttaac Gilpin et al 1997 ( LG IA/I) 4 5 0.20
R:cgttttggttacgatcgagcta

PSUS51918 (U51918) EST-SSR  F:gtcgtaacagatcaatatggc Composite map (LG I) 4 5 0.20
R:cgatagtgagagtggcggtte

PEAOMI14A (M69105) EST-SSR  F:ggtgccctagcatttgtetg Not mapped 3 3 0.04
R:tagtaacaaccgcgctcaaa

PS11824 (Y11824) EST-SSR  F:accaccaccaccgagaagat Not mapped 2 2 0.04
R:tttgtggcaatggagaaaca

PSU81287 (U81287) EST-SSR  F:agagacaccggaagatcgag DP xJI296 (LG III) 2 2 0.24
R:catccccatagecaccac

AF004843 (AF029243) EST-SSR  F:ccatttctggttatgaaaccg Composite map (LG VII) 4 4 0.29
R:ctgttecteattttcagtggg

P446a2 (AA430935) EST-SSR  F:tttttctagagcaattcatcctee Gilpin et al 1997 ( LG VI) 2 3 0.14
R:agccatacaattattgcctaaagg

PSBLOX13.2 (X78581) EST-SSR  F:ctgctatgctatgtttcacatc Bordat et al 2011 (LG III) 6 7 0.19
R:ctttgcttgeaacttagtaacag

PSAS (Y13321) EST-SSR  F:ggtgataactatttggctcatc DP x J1296 (LG III) 3 3 0.16
R:gtagatttctccattcacctg

PEACPLHPPS (L19651) EST-SSR  F:gtggctgatcctgtcaacaa Not mapped 4 5 0.21
R:caacaaccaagagcaaagaaaa

PSARGDECA (Z37540) EST-SSR  F:ctgttcctctttcaagcactce Not mapped 4 5 0.15
R:gggaaagcaaagcatgcggatc

Mean 3.6 43 0.17

R12 RAPD acaggtgcgt Térese x K586° (LG 1II) 5 0.33

R13 RAPD ggacgacaag Térese x K586 (LG 1II, 1IV) 5 0.32

V17 RAPD gaagccagee Térese x K586 (LG IIL, 1V) 2 0.31

Y14 RAPD ggtcgatctg Térese x K586 (LG 111, 1V) 8 0.30

L13 RAPD accgccetgcet Térese x K586 (LG III, VII) 1 0.37

J12 RAPD gteecgtggt Térése x K586 (LG III) 6 0.26

UBC467 RAPD agc acg ggc a Not mapped 4 0.36

UBC498 RAPD gac agt cct g Not mapped 6 0.33

Mean 4.6 0.32
Y15 999Fw (DQ189096) SCAR F-atgagggtagcgcttcattg LG 11 2 0.33

R-gecctttgttgtetcacctg

* F = forward sequence; R = reverse sequence

b Fragments obtained for the different genotypes need to be checked by mapping or sequencing to determine allelism

¢ P446 described in Gilpin et al. (1997)

¢ Each marker was mapped by Loridon et al. (2005)

® RAPD markers were mapped by Laucou et al. (1998)

" SCAR marker mapped 4.6 ¢cM from Fw by Okubara et al. (2005)

of the degree of admixture of the accessions, which can in
turn be utilized as a matrix of co-factors in structured associa-
tion programs. The average estimated log probability of the
data Pr(x|k), ideally should plateau at the most appropriate lev-
el of k. Values of k=1 to 10 are reported here and represent
the average probability of 20 runs. The appropriate lengths
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of the program’s burn-in (initiation) period and run time
(actual number of simulations) were determined empirically
to be 20,000 and 100,000, respectively. The default model of
the program was utilized with the admixture option selected
and correlated allele frequencies included between
populations. In addition to the estimated log probability, the
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Table 2. Description of the 49 qualitative and quantitative data of nutrients, disease/pest resistances, morphology/agronomy, phenology,
and production traits used in generating marker-trait associations for 285 pea accessions of the USDA Pisum core collection.

Trait GRIN code Desciption Reference and source *
Nutrients Mineral B Total seed B concentration S;L;S;l;( et al. 2004, http://www.ars-grin.gov/cgi-bin/npgs/html/desclist.
Mineral Ca Total seed Ca concentration Sll;.;s;l;( et al. 2004, http://www.ars-grin.gov/cgi-bin/npgs/html/desclist.
Mineral Cu Total seed Cu concentration Sll;.;s;l;( et al. 2004, http://www.ars-grin.gov/cgi-bin/npgs/html/desclist.
Mineral Fe Total seed Fe concentration S;l;s;é( et al. 2004, http://www.ars-grin.gov/cgi-bin/npgs/html/desclist.
Mineral K Total seed K concentration IC)il;uls;; et al. 2004, http://www.ars-grin.gov/cgi-bin/npgs/html/desclist.
Mineral Mg Total seed Mg  concentration IC)il;uls;; et al. 2004, http://www.ars-grin.gov/cgi-bin/npgs/html/desclist.
Mineral Mn  Total seed Mn concentration I()ilf)uls;? et al. 2004, http://www.ars-grin.gov/cgi-bin/npgs/html/desclist.
Mineral Mo Total seed Mo concentration 321113721; et al. 2004, http://www.ars-grin.gov/cgi-bin/npgs/html/desclist.
Mineral Ni Total seed Ni concentration ;}11(;111873’;( et al. 2004, http://www.ars-grin.gov/cgi-bin/npgs/html/desclist.
Mineral P Total seed P concentration SI:;uIS;;( et al. 2004, http://www.ars-grin.gov/cgi-bin/npgs/html/desclist.
Mineral Zn Total seed Zn concentration S;is;;( et al. 2004, http://www.ars-grin.gov/cgi-bin/npgs/html/desclist.
. . . Coyne et al. 2005, Jermyn&Slinkard 1977, http://www.ars-grin.gov/cgi
Protein Total seed protein concentration “bin/npes/html/desc.pl?177065
Disease/pest . Kraft et al,, 1998, 1991-1992%, http://www.ars-grin.gov/cgi-bin/npgs/ht
resistances Ascochyta Ascochyta blight ml/desc.pl?177028
. . . McPhee et al. 1999, 1993-2006, http://www.ars-grin.gov/cgi-bin/npgs/
Fuswiltl Fusarium Wilt Racel htmU/dese.pl?177022
Fuswilt2 Fusarium Wilt Race2 McPhee et al. 1999, 1996-2001, http://www.ars-grin.gov/cgi-bin/npgs/h
tml/desc.pl?177032
. Gronwald et al 2003; 19962002, http://www.ars-grin.gov/cgi-bin/npgs
Fusrootrot Fusarium root rot /html/desc.pl?177026
Rootrot Aphanomyces root rot le/rlltﬁl/?eie;};cl};;g;% 1990-1993, http://www.ars-grin.gov/cgi-bin/n
Nematodelf Pea cyst nematode Tedford & Inglis 1999; http://www.ars-grin.gov/cgi-bin/npgs/html/des
c.pl?177024
Morphology/ . . McPhee & Muehlbauer, 1999; 2008-2010*, http://www.ars-grin.gov/cg
agronomy Branching Stem basal branching i-bin/npgs/html/desc.pl?177084
Coyne et al, 2005; 1994-2010, http://www.ars-grin.gov/cgi-bin/npgs/ht
Seedspod Seeds per pod ml/desc.pl?177012
Sdeoatcol Seed coat color Coyne et al, 2005; 2002, http://www.ars-grin.gov/cgi-bin/npgs/html/des
c.pl?177014
Seedsurf Seed surface Coyne et al, 2005; 2002, http://www.ars-grin.gov/cgi-bin/npgs/html/de
sc.pl?177013
.. Coyne et al, 2005; 2003, http://www.ars-grin.gov/cgi-bin/npgs/html/des
Sdpospod Seed position per pod o.pl?177064
. ) e o o
Sdpatcolor Seed pattern color 5708/;1:: et al, 2005; http://www.ars-grin.gov/cgi-bin/npgs/html/desc.pl?1
. Coyne et al, 2005; 1994-2010, http://www.ars-grin.gov/cgi-bin/npgs/ht
Planthgt Plant height final ml/desc.pl?177001
Hilumcolor Hilum color Coyne et al, 2005; 2002, http://www.ars-grin.gov/cgi-bin/npgs/html/des
c.pl?177016
. Coyne et al. 2005, 1993-2010, http://www.ars-grin.gov/cgi-bin/npgs/ht
Podwallneo Pod wall neoplasia ml/dese.pl?177062
Flowpedunc Flowers per peduncle Coyne et al, 2005; 1992-2010, http://www.ars-grin.gov/cgi-bin/npgs/ht

ml/desc.pl?177005
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Table 2. (Continued).

Reference and source *

Trait GRIN code Desciption
Flowercol Flower color
Cotylcolor Cotyledon color
Internode Average internode length
Stemdiam Average Diameter
Crushforce Force to crush internode (Newton's)
Shearingforce  Force to shear internode (Newton's)
Rtbiomass Root biomass (mg)
Rootshoot Root shoot length (mm)
Taproot Taproot length (mm) on 14th day
Shootdrywt Root shoot dry weight (mg)
Rootdrywt Root dry weight (mg)
R/s_ratio Root shoot ratio
Rtlength Total root length (cm)
Rtsurface Root surface area (cmfz)
Rtdiameter Average root diameter (mm)
Rtvolume Total root volume (cm?)
Taxon Species records in GRIN
Phenology Daysmature Days to maturity
Daysflower Days to flower
Production Biomass Biomass (kg ha' ) Dry Vegetation
Seedwgt 100 seed weight (g)

Coyne et al, 2005; 1992-2010, http://www.ars-grin.gov/cgi-bin/npgs/ht
ml/desc.pl?177004

Coyne et al, 2005; 2002, http://www.ars-grin.gov/cgi-bin/npgs/html/des
c.pl?177015

McPhee & Muchlbauer 1999;
ml/desc.pl?177044

McPhee & Muehlbauer 1999,
ml/desc.pl?177045

McPhee & Muehlbauer 1999,
ml/desc.pl?177046

McPhee & Muehlbauer 1999,
ml/desc.pl?177047

McPhee 2005, http://www.ars-grin.gov/cgi-bin/npgs/html/eval.pl?492924
McPhee 2005, http://www.ars-grin.gov/cgi-bin/npgs/html/eval.pl?492924
McPhee 2005, http://www.ars-grin.gov/cgi-bin/npgs/html/eval.pl?492924
McPhee 2005, http://www.ars-grin.gov/cgi-bin/npgs/html/eval.pl?492924
McPhee 2005, http://www.ars-grin.gov/cgi-bin/npgs/html/eval.pl?492924
McPhee 2005, http://www.ars-grin.gov/cgi-bin/npgs/html/eval.pl?492924
McPhee 2005, http://www.ars-grin.gov/cgi-bin/npgs/html/eval.pl?492924
McPhee 2005, http://www.ars-grin.gov/cgi-bin/npgs/html/eval.pl?492924
McPhee 2005, http://www.ars-grin.gov/cgi-bin/npgs/html/eval.pl?492924
McPhee 2005, http://www.ars-grin.gov/cgi-bin/npgs/html/eval.pl?492924
http://www.ars-grin.gov/cgi-bin/npgs/html/tax_search.pl

Coyne et al, 2005; 1996-2008, http://www.ars-grin.gov/cgi-bin/npgs/ht
ml/desc.pl?177040

Coyne et al, 2005; 1992-2008, http://www.ars-grin.gov/cgi-bin/npgs/ht
ml/desc.pl?177034

Coyne et al, 2005; 1996-1997, http://www.ars-grin.gov/cgi-bin/npgs/ht
ml/desc.pl?177036

Coyne et al, 2005; 1996-2003, http://www.ars-grin.gov/cgi-bin/npgs/ht
ml/desc.pl?177029

http://www.ars-grin.gov/cgi-bin/npgs/ht
http://www.ars-grin.gov/cgi-bin/npgs/ht
http://www.ars-grin.gov/cgi-bin/npgs/ht

http://www.ars-grin.gov/cgi-bin/npgs/ht

* The year the trait was investigated in the field or greenhouse, details in web site cited.

following ad hoc statistics suggested by Evanno et al. (2005)
are also reported: the rate of change of the log probability
of data with respect to the number of clusters [L’(k) = Pr(x|k)
- Pr(x|k-1)]; the absolute value of the rate of change of the
likelihood distribution [| L4 = |L’(k+1) - L’(k)|]; and the abso-
lute value of the rate of change divided by standard deviation
of the 20 original simulations [Ak= u | L”k|/s [L(k)]. These
statistics have proved useful in interpreting the results from
simulations where the log likelihood scores failed to reach a
terminus or obvious plateau (Evanno et al., 2005).

The cluster analysis was constructed using the UPGMA
(unweighted pair group method with arithmetic mean) method
based on the allele-sharing distance by PowerMarker version
3.25 (Liu and Muse, 2005) and displayed using the software
Mega4 (Tamura et al.,, 2007). The (polymorphic information
content (PIC) was calculated using the equation PIC = 1-3P
-¥2 P P*; where ZPZ i is the sum of each squared ith hap-
lotype frequency (Botstein et al.,1980).

The hypothesis of association of molecular markers with
various phenotypic data in the presence of population structure
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was tested using the software program TASSEL 3.0.1
(Bradbury et al., 2007; Yu et al., 2005). First, a single factor
analysis (SFA) of variance that did not consider population
was performed using each marker as the independent variable
and comparing the mean performance of each allelic class.
This was done using the general linear model (GLM) function
in TASSEL. In the next TASSEL analysis, Q GLM was used
based on the chosen Q-matrix derived from STRUCTURE.
The number of permutation run was set as 10,000 to obtain
the permutation-based test of marker significance and the ex-
periment-wise P value for marker significance. The Q+K
MLM method used a kinship matrix and the population struc-
ture Q matrix. The K matrix was also based on the data for
the 24 molecular markers and consisted of pairwise kinship
coefficients for all pairs of lines in each population. The
SPAGeDi software (Hardy and Vekemans, 2002) was used to
calculate kinship coefficients. Linkage disequilibrium was cal-
culated using TASSEL 3.0.1.
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Table 3. Descriptive statistics for the 49 phenotypic traits used in the markertrait association analysis.
Trait GRIN code Type Scale - Range Mean SD Variance
Min  Max
Nutrients Mineral B Continuous Concentration in the seed (ppm) 4.19 14.06 7.8 1.7 2.9
Mineral Ca  Continuous Concentration in the seed (ppm) 311 2566 808.1 373.5 139645.1
Mineral Cu  Continuous Concentration in the seed (ppm) 1.37 13.8 4.5 1.9 3.5
Mineral Fe  Continuous Concentration in the seed (ppm) 23.16 105.2 50.4 12.6 164.1
Mineral K Continuous Concentration in the seed (ppm) 7126 20065 124954 1722.7 3358907
Mineral Mg Continuous Concentration in the seed (ppm) 1058 2473 16855 1924  44589.1
Mineral Mn Continuous Concentration in the seed (ppm) 8.04 5426 16.3 5.4 29.2
Mineral Mo Continuous Concentration in the seed (ppm) 5.87 56.47 232 8.2 67.8
Mineral Ni  Continuous Concentration in the seed (ppm) 0.29 11.89 2.6 1.9 3.5
Mineral P Continuous Concentration in the seed (ppm) 2505 7655 5092.1 987.5 1030004
Mineral Zn  Continuous Concentration in the seed (ppm) 16.1 106.63 41.9 12.1 150
Protein Continuous  Seed protein concentration (%) 132 3093 22.1 3 10.2
E;Sfase/ Fuswiltl ~ Ordinal 1 = resistant, 2 = mixed, 3 = susceptible 1 3 16 08 0.6
resistances  Fuswilt2 Continuous % of plant damage 0 100 44.4 32.8 1069.2
Rootrot Continuous % of plant damage 36 100 83.2 10.3 127.7
Nematodelf  Continuous % of leaf damage 2 5 3.8 0.5 0.3
Fusrootrot Continuous 0.0 to 5.0 2 5 4.1 0.8 0.7
Ascochyta Continuous % plant damage 25 100 57.1 19.1 368.9
1\///Iorpholog Branching Ordinal Number of basal branches 1 5 2.1 0.8 0.7
agronomy  Seedspod Ordinal Number of seed per pod 3 9 5.7 1.1 1.3
Sdcoatcol Ordinal 0 = non-pigmented: 1 = mixed, 2 = pigmented 0 2 0.4 0.6 0.4
Seedsurf Ordinal 1= round, 2 = mixed, 3 = wrinkled, 4 = other 1 3 1.5 0.7 0.5
Sdpospod Ordinal Number of seed per pod 2 10 5.7 1.1 1.3
Sdpatcolor  Ordinal I = black, 2 = brown, 3 = blue, 4 = grey, | 6 27 22 4.6
5 = green, 6 = mixed
Hilumcolor  Ordinal 1 = clear, 2 = mixed, 3 = pigmented 1 3 1.6 0.7 0.5
Podwallneo  Ordinal 1 = yes, 2 =no 1 2 1.2 0.4 0.1
Flowpedunc ~ Ordinal Number of flowers per peduncle. 1 3 1.8 0.4 0.2
Flowercol Ordinal 1 = white, 2 = pigmented, 3 = mixed 1 3 1.9 1 0.9
Cotylcolor Ordinal 1 = yellow, 2 = mixed, 3 = green, 4 = other 1 3 1.2 0.6 0.4
Rootshoot Continuous Root shoot length (mm) 62.0 380.0 241.0 83.0 6888.9
Shootdrywt ~ Continuous Root shoot dry weight (mg) 125 1045 56.1 18.4 336.8
Taproot Continuous  Tap root length (mm) 181.0 4323 332.8  40.0 1601.7
Rtdiameter =~ Continuous Root diameter (mm) 0.4 0.8 0.6 0.1 0.0
Rtvolume Continuous Root volume area (cmz) 0.1 0.9 0.4 0.2 0.0
Rootdrywt Continuous Root dry weight (mg) 6.5 56.6 24.5 8.4 71.0
Rtbiomass Continuous Root biomass (mg) 19.6  146.0 80.6 24.7 612.3
R/s_ratio Continuous Root to shoot ratio 0.2 0.9 0.4 0.1 0.0
Rtsurface Continuous Root surface area (sz) 9.4 62.2 30.7 10.6 111.6
Rtlength Continuous Root length (cm) 53.7 3558 175.5 58.6 3428.5
Stemdiam Continuous Stem diameter (mm) 1.4 4.1 2.8 0.6 0.4
Stemlength ~ Continuous Average internode length (cm) 1.1 5.8 32 0.9 0.8
Crushforce Continuous  Force to crush internode - Newton's 3.5 36.8 15.6 4.9 24.0
Shearingforce Continuous Force to shear internode - Newton's 8.6 649 28.0 10.7 115.0
Taxon" Ordinal Identified by subspecies 1 5 1.2 0.9 0.7
Planthgt Continuous Plant height (cm) 31 196 99.3 29.8 903.7
Phenology Daysmature  Continuous Number of days to maturity 99 125 114.9 6 304.6
Daysflower  Continuous Number of days to first flower 41 85 56.5 7.2 60.4
Production Biomass Continuous Biomass (kg/ha) 336 7631 44594 1384.2 1945214
Seedwgt Continuous 100 seed weight (g) 2 41 17.1 6 36.4

* Subspecies followed by number of accessions: P. sativum: 1, P. sativum subsp. sativum: 2, P. sativum var. arvense: 3, P. sativum subsp. abyssinicum:
4, P. sativum subsp. elatius: 5
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Results

Characterization of molecular markers

The number of microsatellite alleles detected ranged from two
(PS11824 and PSU81287) to seven (PSBLOX13.2) (Table 1).
A total of 64 alleles were detected, with a mean of 4.3 alleles
per microsatellite. The average PIC was 0.17, ranging from
0.14 (P446a) to 0.29 (AF004843). Nine of the 15 micro-
satellites previously described (eight from Burstin et al., 2001;
one from Gilipin et al., 1997) revealed additional alleles (1-3),
whereas PSGAPA1 was reduced from six to three alleles in
this study. On average, one additional allele was identified
per microsatellite. RAPD primers chosen were previously
demonstrated to produce multiple polymorphic bands and to
represent mapped loci across the pea genome (Laucou et al.,
1998). After excluding faint, difficult-to-score bands, the eight
RAPD primers produced 37 robust polymorphic fragments.
The average PIC of RAPD makers was 0.32, ranging from
0.26 (J12) to 0.37 (L13). The one SCAR marker, Y15 999Fw
linked to Fusarium wilt race 1, produced absence or presence
of amplicons with 0.33 of PIC value.

Population structure

Association analysis requires population structure to be taken
into account in order to avoid false positive associations (Yu
et al., 2005). An analysis of population structure and genetic
distance confirmed significant population structure in this
UPCC. The population genetic structure was analyzed using
data from the 24 molecular markers (Figure 1). The log like-
lihood score did not plateau at a single value of “K”; instead,
it continued to increase at relatively constant increments
(Figure 2A). The second order statistics suggested by Evanno
et al. (2005) (Figures 2B-D) supported the hypothesis of K=2.
The three populations (group 1, group 2 and the admixed
group) represented 37 (13.0%), 160 (56.1%), and 88 (30.9%)
accessions of the UPCC based on the standard g-value of 85%,
respectively. At hypothesized levels of K>2, the relative pro-
portion of accessions assigned to each population became sym-
metric (1/K), an indication of a lack of valid population struc-
ture (Hubisz et al., 2009). Furthermore, at K>2 the populations
did not correspond to any prior published studies, a criterion
that is often used when examining inbred individuals (Stich
et al.,, 2005; Hubisz et al., 2009).

Population group 1, the smallest (38 accessions), had the
estimated ancestry membership (¢) of greater than 0.85 (blue
bar). This group includes ten Pisum sativum ssp elatius, one
P. sativum ssp abyssinicum, one P. sativum var arvense and
those accessions from the Asian highlands. The admixed
group, which had ¢ values of less than 0.85, contained 87
(30.5%) accessions of the Pisum core. Population group 2 con-
stitutes approximately half of the core collection (56.1%) and
is the predominant group.
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Genetic diversity and cluster analysis

The genetic distance matrix generated from the combined data
set ranged from a low of 0.0280 between accessions PI 356973
and PI 356974 (two accessions from India collected in the
same year at approximately the same location) to a high of
0.5147 between PI 273207 (P. sativum ssp sativum) and PI
125839 (an adapted Afghanistan cultivar). The cluster analysis
was constructed by using the UPGMA method based on the
allele-sharing distance (Fig. 1). At the highest level of di-
vergence, six clusters can be distinguished. Clade-a contained
20 accessions of Asian origin, 14 accessions of European ori-
gin, and one accession of Sudanese origin. Interestingly,
clade-a was grouped into group 1 in the population structure
analysis (Figure 1). This clade was divided into sub-clades
(a-1, a-2). Clade-a-1 includes nine accessions of P. sativum
ssp elatius and one of P. sativum, while clade-a-2 includes
20 accessions from Afghanistan, India, Pakistan, China, Nepal,
Iran and the United Kingdom. Excluding two accessions from
Iran and the United Kingdom, the origins of these accessions
in clade-2-a have been described as potential areas of primary
or secondary diversity. The tendency of accessions from these
highland areas to cluster together has been noted previously
(Ellis et al., 1998; Pearce et al., 2000). Clades b, c, d, e and
f included 48, 60, 66, 62 and 12 UPCC, respectively.
Additionally, each accession in the cluster analysis was dis-
played using three different colors (blue, green and red) ac-
cording to population structure. As mentioned above, all
clade-a accessions exactly matched population group 1. The
g-value of the 20 accessions in clade-a-2 is higher than 0.95
(blue bars). Clade-f included nine accessions from the admixed
group and three from group 2; clade-b consisted of 36 ac-
cessions from the admixed group and 12 from group 2; 25%
of both clades was comprised of accessions from group 2.
65% of clade-c and 69.4% of clade-e were comprised of ac-
cessions from group 2 as well. 98.5% of clade-d consisted
of accessions from group 2. All accessions in clade-d had a
g-value of greater than 0.95 (red bars) in the population struc-
ture analysis. This genetically divided population is in strong
agreement with clade-a-2, which could be predictive of another
geographical origin.

Association mapping

Associations between 24 genotypic (15 SSR, eight RAPD and
one SCAR marker) and 49 phenotypic traits (Table 3) of
UPCC were determined next by (1) single factor analysis
(SFA); (2) structured association analysis using a general line-
ar model where population membership served as covariates
(Q GLM); and (3) a composite approach where the average
relationship is estimated by kinship (K) and implemented in
a mixed linear model (Q+K MLM) method. Table 4 presents
the average significance levels for P <0.01 for all markers
for each of the analyses. Using SFA, we observed that 21
markers (37 alleles) were significantly associated with pheno-



Genes & Genomics (2012) 34: 305-320 313

1l

o — 1

P 2 = &
= E -
8 £ 8

U] L 4 [4] e e

[Te B Te B Ts ]

@ w

AV A

I~

288

o Eo

620

PI118501Braz
005

PI3ESAT

Figure 1. Cluster analysis and population structure generated from 285 accessions of the USDA pea (Pisum) core collection
using 24 molecular markers.
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typic traits. A total 72 significant marker-trait associations
(SMTA) (P <0.01) were detected using SFA (Table 4). R13
was associated with 20 traits, while UBC498, PSAS,
PEAOMI4A, Y15 999Fw, UBC467, PSGAP1, PSU81287,
AF016458, Y14, PSU81288 and V17 were associated with one
trait each. The lowest P-value detected using SFA was
AA430902B (P = 4.99E-06) associated with taxon trait, while
the highest P-value was J12_1100 (P = 0.0093) associated with
seed Fe concentration trait. In Q GLM, 16 markers (29 alleles)
were observed SMTA from all of phenotypic traits. P446 was
associated with 15 traits, and PEAOMI4A, PSGAPI,
PSUS81287, R12, UBC498, V17 and Y14 were associated with
one trait each. The lowest P-value of SMTA occurred in
AF004843 B (P = 7.29E-05) associated with total seed P con-
centration trait, while the highest P-value of SMTA occurred
in UBC467_600 (P = 0.0098) associated with plant height trait.
According to the Q+K MLM method, using a Q and K matrix,
twelve markers (20 alleles) were observed to be SMTA in
29 phenotypic traits. R13 contained 16 SMTAs, while
PSU81288, AF016458, PSU81287 and PSU51918 each con-
tained one SMTA. The lowest P-value of SMTA was observed
in AA430902B (P=8.00E-05) associated with taxon trait,
whereas the highest P-value of SMTA was observed in P446A
(P=0.0096) associated with seed Ni concentration trait. The
two model approaches (GLM and MLM) were compared for
all traits, as the significance criteria there were different for
each model. In our study, for all molecular alleles, 29 and
20 SMTAs were defined using GLM and MLM methods,
respectively. Therefore, using the MLM method, the number
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of SMTAs detected decreased by 31%. 17 identical SMTAs
were shared by the two models and fulfilled the significance
criteria in both (P<0.01). In the overall average using these
three models (SFA, GLM and MLM), P446 was observed as
having the most (four) SMTAs, while seven markers
(UBC498, PEAOM14A, PSGAPI, R12, PSU81287, Y14 and
V17) contained one SMTA. The lowest P-value was observed
in AA430902B (P = 8.15E-05) associated with taxon trait,
while the highest P-value was observed in P446A (P = 0.0095)
associated with seed Ni concentration trait in the overall aver-
age (Table 4). Ultimately, the three procedures revealed 28
SMTAs pertaining to kinship and/or population structure for
this core collection (Table 4). Interestingly, SMTAs were iden-
tified for eight of the seed mineral nutrient concentrations, in-
cluding Ca, Cu, K, Mo, Ni and P. Three of the disease and
pest resistances, including Fusarium wilt race 1, Aphanomyces
root rot and resistance to the pea cyst nematode, had sig-
nificant SMTAs.

Discussion

The USDA Pisum core collection has been assembled to repre-
sent a broad subset of available genetic diversity. The range
of the genetic distance scores (0.0280 to 0.5147) suggests that
redundancy has for the most part been successfully eliminated
from the core collection during the course of its various
refinements. The results also suggest that a multifaceted pop-
ulation genetic structure is present in the UPCC, influenced

dK

LK)
:

Figure 2. Results of the population genetic sub-structure analysis generated from 15 microsatellite markers and 285 accessions of USDA
Pisum core collection. A) The average estimated log probability of the data Pr(x | k) for /=1 to 10. B). The rate of change of the
log probability of data with respect to the number of clusters [L’(k) = Pr(x | k) - Pr(x | &-1)]. C) The absolute value of the rate of
change of the likelihood distribution [| L”k] = |L’(k+1) - L’(k)|]. D) The absolute value of the rate of change divided by standard deviation

of the 20 original simulations. [Ak= u | L7k|/ s [L(k)].
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Table 4. Significance of tests for association analysis between 24 molecular makers and 49 phenotypic traits using three statistical approaches.
Traits /markers in bold are significant at p < 0.01 for all three tests.

Trait GRIN code Marker SFA' R®  QGLM® R® Qi mMime R overll
averageT
Nutrients Ca PS11824B ok 0.031  ** 0.031 ** 0.031 **
Cu P446A ** 0.029  ** 0.027 ** 0.026 **
Fe J12 1100 ** 0.027  ** 0.031 * 0.023 *
K UBC498_600 ok 0.031 ** 0.030 * 0.025 *k
Mo R13_850 HEE 0.051 * 0.020 ** 0.036 kK
AF004843A ** 0.034  *** 0.047 ** 0.026 **
Ni P446A ok 0.035 ** 0.033 * 0.022 *k
PSAS B kK 0.025 * 0.021 * 0.022 *
PEAOMI4AA ** 0.033  ** 0.032 * 0.016 *
P PSU51918C ok 0.028  ** 0.026 ** 0.034  **
AF004843B HHE 0.061  *** 0.055 ** 0.028 **
Protein AF004843B ** 0.028  ** 0.030 ns 0.012 *
Disease/pest Fuswiltl PSUS1918E *x 0.039  ** 0.034 * 0.021 *x
resistances UBC467_600 * 0.025 * 0.029 ** 0.034 **
Rootrot PSARGDECA_F ok 0.034  ** 0.041 ** 0.029  **
Nematode(Leaf) PSGAP1_A *k 0.245  ** 0239 * 0.170 *ok
PS11824B kxx 0.190  *** 0.191  ** 0.206 kxx
J12_1300 ** 0.128  ** 0.123  ns 0.064  *
Fusrootrot AA430902_C wx 0.026 ns 0.012 * 0.015 *
PSARGDECA_A *x 0.028 ns 0.007 * 0.022 ns
Ascochyta R13_850 ook 0.064 * 0.018  *** 0.026 *
AF004843B ns 0.012  ** 0.032  ns 0.004 ns
PEACHLHPPS B ** 0.038 * 0.019 ** 0.033 *
Morphology/ . ching RI13_300 £ 0036 * 0.022 ** 0.027  **
agronomy
Seedsurf R12 800 * 0.019  ** 0.023 ns 0.012 *
AF004843B ok 0.032 * 0.014 ns 0.013 *
Sdpospod J12_950 ** 0.032  ** 0.034 * 0.021 *
PSU81287_B ** 0.028  ** 0.030 ** 0.029 **
Sdpatcolor R13 300 *x 0.076  ns 0.010 * 0.050 ns
AA430902_C ok 0.073 ns 0.007 ns 0.041 ns
Hilumcolor R12 1100 HEE 0.054 * 0.014 * 0.024 *
AF016458_B * 0.023  ** 0.030 * 0.021 *
Podwallneo AA430902 B * 0.020 ns 0.013  ** 0.027 *
Flowpedunc PSU81288 C * 0.020  ** 0.025 * 0.021 *
Flowercol PSARGDECA_E ok 0.038  ** 0.023  ** 0.031 **
R12_1100 ok 0.043 ns 0.005 * 0.017  ns
R13 850 kK 0.032 ns 0.008 * 0.016 *
J12_850 ** 0.036 ns 0.005 * 0.022  ns
PEACHLHPPS D rokx 0.051 ns 0.005  ** 0.032 ns
Y15 999Fw ** 0.036 ns 0.009 ns 0.013 ns
Cotylcolor J12_850 ook 0.046 ** 0.027 * 0.025 **
P446B ok 0.033  ** 0.029 ** 0.040  **
PEACHLHPPS A ** 0.025 * 0.016 ns 0.002 ns
AF004843B ok 0.030 * 0.021 ns 0.007  ns
Rootshoot P446C *k 0.033  ** 0.044 ** 0.034 wx
R13 850 koxx 0.049 * 0.020 ** 0.038 *
Shootdrywt P446C * 0.023  ** 0.036 * 0.023 *
R13_850 hokx 0.054 ns 0.011 ** 0.041 *
Taproot P446C * 0.023  ** 0.035 * 0.025 *
R13_850 ok 0.058 * 0.017 ** 0.044 *
Rtdiameter P446C * 0.025 ** 0.037 * 0.027 *
R13_850 kxx 0.052 ns 0.012  *** 0.050 rxx
Rtvolume P446C * 0.025  ** 0.037 * 0.027 *
R13 850 ok 0.052 ns 0.012  *** 0.049 *
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Table 4. (Continued).

Trait GRIN code Marker SFA' R2 QGIM® RP ek mMome R overdl
averaget
Rootdrywt P446C * 0.024  ** 0.037 * 0.023 *
R13_850 ok 0.054 ns 0.012  ** 0.041 *
Rtbiomass PEACHLHPPS_D ** 0.046 ns 0.005 * 0.028 ns
PSARGDECA_A ** 0.044 ns 0.001 * 0.030 ns
R13_850 ok 0.045 ns 0.001 * 0.034  ns
R/Sratio P446C * 0.025 ** 0.037 * 0.027 *
R13_850 ok 0.052 ns 0.012  *** 0.049 *
Rtsurfacea P446C * 0.024  ** 0.007 * 0.023 *
R13_850 Hokx 0.054 ns 0.012  ** 0.042 *
Rtlength P446C * 0.024  ** 0.038 * 0.023 *
R13_850 HkE 0.063 ns 0.012  ** 0.047 *
Average diameter(stem) AF016458 F *x 0.030 ** 0.032  ** 0.030 **
P446C * 0.023  ** 0.030 * 0.023 *
Average length(stem) R13 850 wE 0.027 ns 0.007  ** 0.027 ns
Crushing force(stem)  P446C * 0.017  ** 0.027 * 0.020 *
R13_850 Hkx 0.051 ns 0.008  ** 0.029 *
PS11824A ok 0.026 * 0.020 * 0.022 *
Shearing force(stem)  R13_850 HoxE 0.041 ns 0.011  ** 0.033 *
taxon AA430902_B ok 0.071  *** 0.042  *** 0.056 ok
R13_850 ok 0.069 ns 0.008  ** 0.029 *
R12_1100 Hkx 0.044 ns 0.011 * 0.020 *
AF004843B * 0.017  ** 0.032 ns 0.013 *
Planthgt UBC467_600 o 0.025 ** 0.024 ns 0.014 *
AF004843B o 0.031 ** 0.029 * 0.019 *
Phenology Daysmature AA430902_E *x 0.225  ** 0.227  ** 0.225 **
Daysflower Y14_2000 *x 0.029 ** 0.036 0.024 *x
R12_1100 ** 0.028 * 0.016 * 0.025 *
P446C * 0.024  ** 0.032 * 0.020 *
Production Biomass PEACHLHPPS_B ok 0.035 * 0.021  ** 0.029 **
AA430902_F ok 0.033  ** 0.033  ** 0.031 **
UBC467_600 * 0.026  ** 0.028  ** 0.029 *x
PSU81288_F o 0.033  ** 0.026  ** 0.030 **
AF004843B * 0.021  *** 0.043 ns 0.012 *
J12_950 ok 0.034 * 0.022 * 0.022 *
PSARGDECA_A ** 0.031 ns 0.007 * 0.025 ns
R13_850 o 0.037 ns 0.006 * 0.021 ns
Seedwgt V17_900 o 0.036 ** 0.019 * 0.026 **
PEACHLHPPS D *x 0.037 ns 0.001 * 0.018 ns

* SFA: single factor analysis of variance

b Q GLM: general linear model using the Q population structure matrix

¢ Q+K MLM: mixed linear model using the Q population structure matrix and the K kinship matrix.

* P < 0.05 ** P < 0.01, *** P < 0.001.
+ Overall: average p-value of 3 methods.

on one level by the inclusion of unadapted sub-species and
on another by what appears to be specific sets of breeding
considerations.

Our study describes the population structure and genetic di-
versity of the USDA Pisum core collection. This approach has
provided insight that would not have been obtained by any
single technique. The analysis of the population genetic struc-
ture using 15 microsatellites, eight RAPDs and one SCAR
marker identified three populations within the UPCC.
Population group 1, 13.0% of the core collection, consisted
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of the wild P. sativum ssp. elatius and abyssinicum and the
accessions from the Asian highland. Population group 2 and
the admixed group constituted 56.1% and 30.9% of the Pisum
core, respectively. A similar result was described by Jing et
al. (2010), in which 3,029 Pisum germplasm samples from
the John Innes Pisum germplasm (JIPG) collection were geno-
typed using 45 retrotransposon-based insertion polymorphism
(RBIP) markers, and the population structure revealed three
major groups corresponding approximately to landrace, culti-
var and wild Pisum. In addition, Jing et al. (2010) observed
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that several possible values of K were resolved into 3, 7 and
11 sub-groups based on the AK and Ln P(X|K), many of which
correlate with taxonomic, domestication-related phenotypic
traits and geographical data. In our study, the similar pattern
also emerged when K=3 and 5. This indicated that the UPCC
could be divided into three and/or five sub-groups of
genotypes. These sub-groups were primarily linked to taxo-
nomic, domestication-related phenotypic traits and geo-
graphical data. The differences in sub-AK between JIPG and
our collection were caused by the diversity of the collections
used and differences in genotyping methods.

The cluster analysis using a combined dataset comprised
of microsatellites and RAPDs agreed with the results of the
population structure, identifying six clades that corresponded
to the bulk of the core collection. Twelve accessions of Pisum
sub-species of European origin were clustered together in
clade-a-1. According to Baranger et al. (2004), all Pisum
sub-species (P. sativum ssp. abyssinicum and P. sativum ssp.
elatius) were clustered together with P. sativum accessions that
originated from Afghanistan. In addition, Jing et al. (2010)
documented that P. sativum ssp. elatius and P. sativum ssp.
abyssinicum were located in same branch in a distance-based
estimation with P. fulvum. Ellis et al. (1998) suggested that
there were three recognizable main groups of Pisum: P. sat-
ivum ssp. abyssinicum, P. fulvum and the bulk of the Pisum
germplasm. While noting that P. sativum ssp. elatius was not
as distinct as P. sativum ssp. abyssinicum, Ellis et al. (1998)
did suggest that P. sativum ssp. elatius appeared to have some
sub-group structure. Our results, however, suggest that while
there appears to be some integration between P. sativum ssp.
elatius and the main body of Pisum germplasm, there also
appears to be a core of P. sativum ssp. elatius accessions that
are at least as distinct as P. sativum ssp. abyssinicum. Although
our genotype analysis used a limited number of markers to
cover the entire Pisum genome, the average genetic distance
among P. sativum ssp. elatius was 0.177; on the other hand,
the average genetic distance between P. sativum ssp. elatius
and P. sativum ssp. abyssinicum was 0.37.

Clade-a-2, which consists primarily of accessions from the
Asian highlands, corresponds to 18 accessions of P. sativum
from Afghanistan, India, Pakistan, China and Nepal. These ac-
cessions have similar phenotypes associated with developed
germplasm (i.e. flower color; smooth seed surface with distinct
markings, such as purple speckles and/or brown marbling; and
relatively low seed weights). Furthermore, the accessions from
the Asian highlands appear to be as distinct as either of the
sub-species (P. sativum ssp. elatius and P. sativum ssp. abyssi-
nicum). The population genetic structure analysis suggests that
this cluster is genetically closer to the wild sub-species than
to the main body of the core collection. The geographic origin
of the accessions included in this cluster roughly corresponds
to a putative center of diversity of Pisum. As noted previously,
these accessions share a number of traits. The distinctiveness

of these accessions could be due to the geographic isolation
of the region of origin or to selection required to meet unique
features associated with this region. Regardless, the cluster ap-
pears to be unique and forms a well-explored genotypically
evolutionary branch of Pisum (Smykal et al., 2011).

An important feature of population structure analysis is that
lines can be divided genetically pure and/or admixed line in
a given plant population. The combination of population struc-
ture and cluster analysis methods provided an effective means
of examining the gene flow and history of the germplasm
collection. LD is the genetic phenomenon of nonrandom asso-
ciation of alleles at different loci (Flint-Garcia et al., 2003).
The nonrandom association has been observed not only be-
tween alleles of loci on different chromosomes, but also be-
tween alleles of loci on the same chromosome (Hagenblad and
Nordborg, 2002; Stich et al., 2005; Tenaillon et al., 2001).
Allele frequency and recombination between sites, as well as
the effective population size, are important factors in LD
(Weir, 1996). According to Loridon et al. (2005), PSU81288,
PSUS51918 and AF016458 were located in the same linkage
group (LG I) at 77.0, 94.1 and 145.6 cM, respectively. In our
LD analysis, 1’ between PSU81288 and PSU51918 (17.1 cM)
was 0.301, between PSU51918 and AF016458 (51.5 ¢cM) was
0.119, and between PSU81288 and AF016458 (68.6 cM) at
0.047. Although extensive LDs in self-pollinated species such
as rice, barley and Arabidopsis, intrachromosomal LDs of up
to 50 cM with r>0.05 are rarely reported and many studies
have indicated the LD decay of 1 ¢cM or less in self-pollinated
species (Malysheva-Otto et al., 2006; Neumann et al., 2011;
Nordborg et al., 2002; WeiGuo et al., 2009). A recent LD
analysis using more than 3 million SNPs in the model legume
Medicago truncatula, ’ between each pair of SNPs fell to
50% within the initial 3kb and to less than 0.03 within 5kb
(Branca et al., 2011). Moreover, when Jing et al. (2007) exam-
ined LD decay with 39 dispersed loci using sequence diversity
in Pisum cultivars, extensive LDs were also observed.
Although we analyzed LDs using limited markers and loci,
the alleles showing high association may shed some light on
germplasm management and subsequent breeding programs
utilizing the USDA Pisum core collection.

Single factor analysis of variation, a traditional QTL stat-
istical method, identified 37 loci associated with eight seed
nutrient concentrations; five disease/pest resistances; and 27
morphological traits. The Q GLM model that utilized pop-
ulation structure identified 48 SMTAs. These SMTAs were
reduced to 38 when population structure and kinship were in-
cluded in the MLM model. This reduction in significant associ-
ations using the Q+K MLM method is generally consistent
with results in maize (Yu et al., 2005). Although limited geno-
type data were used in this study, our population genetic struc-
ture and cluster analysis agreed with many previous studies
involving Pisum germplasm. The most important facet of our
research was that it constitutes the first attempt to apply associ-
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ation analysis to the management of Pisum germplasm. These
results revealed the significant marker/trait associations be-
tween 24 molecular markers and 49 phenotype data within
the USDA Pisum core collection. Most notable were the asso-
ciations identified for eight of the seed mineral nutrients con-
sidered in this study. Disease and pest resistance SMTAs were
identified for Fusarium wilt race 1, Aphanomyces root rot and
the pea cyst nematode. Future research efforts will focus on
locating positive alleles for other traits linked to improved field
performance, specifically phonological (days to flower and
days to maturity) and production-related (seed weight and bio-
mass) traits.

Marker-trait studies in pea germplasm could provide a use-
ful alternative to linkage mapping in the detection of mark-
er-phenotype associations to be used in the implementation
of marker-assisted selection and, eventually, in genomic se-
lection for pea crop improvement. More research is needed
to bring various pea germplasm populations, collections, cores,
mini-cores, reference sets, etc., together for efficient utilization
in crop improvement research (Glaszmann et al., 2010; Smykal
et al., 2011). Recent publications concerning a pea SNP set
(Deulvot et al., 2010), the in silico placement of 5,460 un-
igenes on the pea linkage map (Bordat et al., 2011), pea tran-
scriptomes (Franssen et al., 2011) and the formation of appro-
priate association mapping populations of now well-described
pea germplasm are important steps toward fully utilizing the
genetic diversity within this valuable germplasm in crop
improvement.
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