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Abstract—In this work, a set of pea accessions obtained from the Vavilov Research Institute (VIR) collection
comprising 83 P. sativum samples, including representatives of three subspecies, was studied using the AFLP
method. Local cultivars for different uses with maximum ecological and geographical diversity (including
those from the centers of origin of the species) were predominantly chosen for the study; a number of their
morphological and biological characteristics were evaluated. We obtained 382 polymorphic AFLP fragments;
each sample was characterized by a unique set of fragments. The genetic diversity of the studied material was
evaluated, and a wide range of genetic differences in the investigated samples (0.07—0.27) was demonstrated.
The affiliation of the samples to the certain subspecies was not confirmed by the obtained data; the ecogeo-
graphical differentiation of the samples was not reflected by the data. Factor analysis allowed us to identify
the sample groups of European and Asian origin and the intermediate nature of most of the samples from the

studied set of pea accessions.
DOI: 10.1134/S102279541409004X

INTRODUCTION

Pisum sativum L. pea (Fabaceae) is the major legu-
minous crop of our country. N.I. Vavilov assumed that
Ethiopia and mountainous areas of the Near East and
Central Asia were the primary centers of origin for pea
and that the Mediterranean was the secondary center
[1]. Modern research has somewhat corrected the
understanding of the primary center, expanding it to
the countries of Western Asia (Iran, Afghanistan,
Pakistan, and Turkmenistan) and the entire Mediter-
ranean (Greece, Italy, Spain, and Morocco) [2]. Ethi-
opia is now considered a secondary center of pea
diversity and origin [3, 4].

Great morphological and biological diversity,
together with the existence of a continuum of mor-
phological forms, complicate the classification of the
genus Pisum L., particularly analysis of the P. sativum
composition and species boundaries [5—7].

For instance, certain researchers recognize not
only P. sativum but also the P. abyssinicum A. Br., P.
elatius Bieb., and P. fulvum Sibth. et Smith species [7],
while the other researchers limit the scope of the genus
to three (P. sativum, R. abyssinicum, and P. fulvum) |2,
8, 9] or even two (P. sativum and P. fulvum) species |3,
10]. Based on an analysis of global diversity (presented

by the Vavilov Research Institute (VIR) collection),
morphological and cytological data, and data on the
hybridization and composition of the storage proteins,
there was a proposal to distinguish six subspecies
within the P. sativum species: abyssinicum (A. Br.)
Berger, asiaticum Govorov, elatius (Bieb.) Schmalh.,
sativum, syriacum (Boiss. et Noé Berger), and tran-
scaucasicum Makash. [3].

Recent studies of pea genetic diversity were focused
either on the polymorphism evaluation of different
biochemical and molecular markers [11, 12] or on
analysis of the individual world collections of pea [13—
15]. However, in these studies, the VIR collection—
one of the world’s largest collections (over 7000 speci-
mens)—was represented only by individual selections.
The polymorphism of 95 Eastern European cultivars
from the VIR collection was previously studied using
the RAPD method [16]. Since the cultivars represent
only a part of the pea collection, the data on the
genome polymorphism of the pea samples from the
VIR collection can be considered fragmented, and the
question of its genetic diversity range remains unan-
swered. In this work, the polymorphism of P. sativum
from the VIR collection was studied using the AFLP
system of multilocus molecular analysis.
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The efficiency of the AFLP method has been dem-
onstrated repeatedly for assessing the genetic diversity
of gene bank collections, identifying the genetic struc-
ture of populations, delimiting taxa, and separating
taxonomically complex species, subspecies, and vari-
eties [14, 15, 17, 18].

Thus, the aim of this study was to perform a molec-
ular AFLP analysis of P. sativum samples in order to
explore the relationship between the genetic diversity
of the samples, their ecogeographical origin, and the
species/subspecies taxonomic affiliation. The samples
were obtained from the VIR gene bank collection,
characterized by a complex of biological, morpholog-
ical, and agronomic traits, and chosen to represent
different subspecies, local and modern pea cultivars
from all of the agricultural areas of the world.

MATERIALS AND METHODS

For this study, 83 samples of cultivated pea P. sati-
vum were selected from the collection of the Vavilov
Research Institute of Plant Industry (St. Petersburg).
The basic selection criterion was that of the maximum
ecological and geographical diversity of the samples
adapted for different uses: grain, forage, and vegetable.
A significant part of the selection comprised speci-
mens from the centers of origin for the genus Pisum.
All samples were preliminarily characterized by a
complex of biological, morphological, and agronomic
traits [19]. A specimen of the wild-type P. fulvum was
used as an outgroup as outgroup (see table).

Total plant DNA was isolated using a standard
technique [20]. The AFLP analysis was also per-
formed by a standard method [21]. Genomic DNA
from each sample was digested by the restriction
enzymes FEcoRI/Trul. Standard adapter primers
Eco+ 1 and Tru+ I with one selective nucleotide at the
3'-end were used for the first round of amplification.
For the second round of amplification, different com-
binations of EcoR1/Trul primers with three selective
nucleotides on the 3'-terminus of each primer were
used. Twelve primer/enzyme combinations were
tested.

Amplification products were separated in 6.5% dena-
turing polyacrylamide gel using a LI-COR 4300 DNA
Analyzer (United States) fragment analysis system.

Based on the obtained AFLP spectra, genetic dis-
tance values and genetic similarity coefficients were
calculated for the analyzed samples, a dendrogram
was constructed using the UPGMA method [22], and
a principal coordinate analysis (PCA) was performed.
Statistical data processing was performed using a STA-
TISTICA-6.0 software package (Microsoft Corpora-
tion, 1990—1995, United States).

The population structure was analyzed using the
Bayesian algorithm and STRUCTURE 2.3.1 software
[23]. A model implying the mixture of genetic material
(admixture model) and models implying allele inher-
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itance from a common ancestor through genetic drift
were used in the analysis. Analysis was performed in
triplicate for the subpopulation number k = 2, 3, 4, 5,
and 6 at the number of repetitions of 10° and the “burn
in” of 5 x 10°.

RESULTS AND DISCUSSION

In order to analyze 84 pea samples, 12 AFLP
primer/enzyme combinations were tested; among
them, two primer/enzyme pairs E-ACA/M-CGA and
E-ACA/M-CTG were most informative, i.e. allowed
the identification of the optimal number of fragments
(50—250) on the polyacrylamide gel and to detect
intraspecific polymorphism.

As a result of the AFLP analysis, 405 fragments of
the pea genome were identified. The fragment length
ranged from 80 to 650 bp. The number of the markers
available for analysis was 186 for E-ACA/M-CGA and
219 for E-ACA/M-CTG.

The obtained spectra were characterized by a sig-
nificant level of polymorphism. For instance, 382 of
405 amplified AFLP fragments were polymorphic
(94.3%). The percentage of detected polymorphic
fragments for the E-ACA/M-CGA primer pair was
96.8; for the E-ACA/M-CTG pair, it was 92.2.

The number of unique sample-specific DNA frag-
ments identified using selected primer pairs was high:
56 fragments. As a result of the molecular labeling,
each of the 84 pea samples was characterized by a spe-
cific range of AFLP fragments.

Based on the AFLP spectra, the genetic diversity
levels of the pea samples were estimated. Maximal
genetic differences—0.32 (0.25—0.32)—were
detected between the P. sativum and P. fulvum speci-
mens. The levels of intraspecific diversity of the P. safi-
vum samples varied within a wide range (0.07—0.27),
which can apparently be explained by the prevalence
of local cultivars in the studied material. The highest
value of the interpopulation genetic distances for
P. sativum ssp. sativum—0.27—was detected for sam-
ples with a remote habitat: k-40 (Manchuria)—k-59
(Czech Republic). The lowest value of the interpopu-
lation genetic distances—0.07—was determined for
the geographically close samples of Asian origin: k-40
(Manchuria)—k-44 (Mongolia) and k-40 (Manchu-
ria)—k-32 (Afghanistan).

In the context of the available data on pea genetic
polymorphism detected by different methods of
molecular analysis, the obtained results are quite com-
parable with the data of Choudhury et al. [24], accord-
ing to which the genetic difference levels for the most
popular and widely adapted pea cultivars produced in
India are within a range of 0.13—0.30. According to
the data of RAPD and AFLP analyses performed by
Simioniuc et al. [12], the genetic differences among
the genotypes of 21 pea cultivars registered in Ger-
many do not exceed 0.15; this result, however, may be
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Pisum sativum samples (1—83) of various cultivars obtained from the VIR collection used in the study

Subspecies, variety r(fl?rt::ll)%gr Origin Use lil((:lvz/) ir cs(fleo dr
P. sat. ssp. sativum, * 1 2006 Denmark Forage Ip Ib
P. sat. ssp. asiaticum, * 2 2008 Egypt** " " "
P. sat. ssp. abyssinicum, * 3 1937 Austria " r b
4 2514 Syria** " dp pb
P. sat. ssp. asiaticum, * 5 188 Pamir** " " Ib
6 1250 " " Ip "
7 958 Turkestan** " dp pb
8 1251 Tajikistan " Ip Ib
9 1866 India " " "
10 1022 Germany " dp pb
11 2182 Iran** " " "
12 3266 Armenia " Ip Ib
P. sat. ssp. transcaucasi- 13 1985 Georgia " " "
cum, * 14 3980 z z " pb
15 2174 Bulgaria Grain-vegetable w ly
P. sat. ssp. sativum, * 16 2429 Algeria** Forage dp Ib
17 3429 Egypt** " Ip pb
18 8093 Madagascar Vegetable w yg
19 6468 Sudan** Grain " yp
20 7131 Tunisia** Vegetable Ip bg
21 7584 Tunisia** Grain-forage " yp
22 1836 Africa Forage " Ib
23 3855 Argentina Grain-forage ly
P. sat. ssp. sativum, 24 5012 Argentina Grain-vegetable w ly
Ojo Negro
P. sat. ssp. sativum, 25 8261 Brazil Vegetable W ly
Long drink
P. sat. ssp. sativum, * 26 8571 Venezuela Grain-vegetable " vg
27 693 Canada Vegetable " yp
28 925 USA " " bg
P. sat. ssp. sativum, 29 8572 USA Vegetable w bg
Mayfair
P. sat. ssp. sativum, * 30 7094 Peru Forage Ip Ib
31 6464 Chile Grain-vegetable w ly
32 1982 Afghanistan®* Forage Ip Ib
33 2595 Palestine** Vegetable w ly
RUSSIAN JOURNAL OF GENETICS Vol. 50 No.9 2014
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Table. (Contd.)
Subspecies, variety ESEL%% Origin Use Fclglv(v) e;r Sgﬁ) (i,

P. sat. ssp. sativum, 34 5493 [rag** Vegetable w vg

Bamtam

P. sat. ssp. sativum, * 35 7128 Russia, Dagestan Vegetable " ly
36 3540 Japan Grain-vegetable " bg
37 3034 " Vegetable " "
38 8599 Butane Vegetable " "
39 8456 Burundi Grain-forage " ly
40 1537 Manchuria Vegetable " bg
41 4776 Russia Vegetable " yg
42 6373 Mongolia Forage dp Ib
43 5494 Mongolia " Ip "’
44 4788 Mongolia " " "
45 8702 Vietnam Vegetable w ly
46 6063 Kazakhstan " " vg
47 4662 Russia " " ly
48 6875 Russia " " yp
49 7700 Bangladesh Grain-forage Ip ly
50 7034 Nepal " " "

P. sat. ssp. sativum, 51 8543 United Kingdom, Grain-vegetable w em

Fillbasket Sri Lanka

P. sat. ssp. sativum, * 52 1865 India Grain-forage " ly
53 1142 France Forage dp Ib
54 4650 Armenia Vegetable w yp
55 5992 Austria Forage Ip pb
56 8331 Greece** " " Ib
57 2593 Cyprus** Vegetable w ly
58 2175 Bulgaria " " "
59 2176 Czech Republic Forage Ip Ib
60 8413 Hungary Vegetable w yp
61 4148 Finland Forage dp Ib
62 7826 Poland Vegetable w bg
63 6139 Albania Forage dp Ib
64 3970 Belgium " Ip "
65 1027 Germany " dp "
66 1025 " " " "
67 8585 " " Ip "
68 3140 Spain** " " "
69 1930 Italy** Vegetable w ly
70 1693 United Kingdom Vegetable " bg
71 1699 " Grain " ly
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Table. (Contd.)
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Subspecies, variety gs;lll)%gr Origin Use FCI(())IVE; ir Sgﬁ) dr

72 6883 Uzbekistan Forage Ip pb
73 4170 Latvia "’ dp Ib
74 3312 Russia " Ip "
75 957 Russia " dp "
76 1658 Sweden " Ip "
77 3064 Byelorussia Vegetable w ly
78 3324 Ukraine Grain-forage " "
79 4108 Ukraine Grain w yp
80 3358 Russia " Ip ly

P. sat. ssp. sativum, 81 8522 Russia Vegetable w bg

Troika

P. sat. ssp. sativum, 82 8274 France Vegetable w bg

Vendevil

P. sat. ssp. sativum, Panu 83 8638 Finland Vegetable w bg

P. fulvum™*** 84 422009 Wild type ry

w—white; dp—dirty purple; Ip—light purple; r—red; ly—Ilight yellow; yp—yellow—pink; yg—yellow—green; bg—bluish freen; em—
emerald; Ib—Ilight brown; pb—purple—brown; b—black;ry—red—yellow.

* Local (traditional) cultivar.
** The countries of the centers of Pisum origin.
**% Qutgroup.

associated with the size and the composition of the
selection used by the authors. Similarly, the study of
intertransposon polymorphism for the detection of
genomic variability in 145 Czech and Slovak cultivars
and lines showed that the level of their genetic differ-
ences was only 0.11—0.22 [25], which apparently can
be explained by the fact that closely related cultivars
and local breeding materials were used in the analysis.

In turn, the data of combined RAPD, SSR and
ISSR analyses revealed an even broader genome vari-
ability for the pea samples than that demonstrated in
this study. The genetic difference levels detected in 65
P. sativum samples were 0.01—0.66. The result is due to
the origin of the material: it contained the cultivars of
Western European and North American breeding
involving wild gene pool [26].

All modern pea cultivars are based on the material
of the P. sativum spp. sativum subspecies. The narrow
genetic basis for these cultivars and for modern breed-
ing material, together with the much greater variety of
wild forms and local cultivars, are mentioned in a
number of studies [13, 24, 25, 27, 28]. Thus, the study
of more than 4500 samples from seven European gene
banks has convincingly shown that most of the diver-
sity accounts for the wild material and wild-growing
forms (unaffected by breeding) collected in the moun-
tainous areas of the centers of origin for the genus
Pisum [28].

As noted above, the rather wide diversity that we
identified in the selection from the VIR collection may

RUSSIAN JOURNAL OF GENETICS

also be associated with the predominance of local cul-
tivars and wild-growing specimens in the selection and
with the wide amplitude of their ecological and geo-
graphical origin.

According to the results of the cluster analysis
(UPGMA) (Fig. 1), all of the studied pea P. sativum sam-
ples formed a single polymorphic cluster (BI 100%; BI is
a bootstrap support index).

Within this cluster, two major subgroups of pea
samples could be identified with low bootstrap support
values. The most distal and polymorphic group is
formed by samples of predominantly East Asian origin
from the primary center of the genus biodiversity:
Mongolia, Manchuria, Krasnoyarsk region, Afghani-
stan, Bhutan, Japan, and India.

A main subgroup is formed by pea samples of dif-
ferent origin. Within this subgroup, only certain sam-
ples can be combined with significant bootstrap val-
ues: samples from Tajikistan and India that belong to
the P. sativum ssp. asiaticum subspecies (BI 85%), as
well as samples from the USA and the Peruvian local
cultivars (BI 80%). In general, however, no clear clus-
tering of the other samples by their ecological and geo-
graphical origin or by belonging to a particular subtype
was observed. The samples from Pamir, Syria, and Iran
formed a small isolated group. An independent branch
was formed by sample 42 from Mongolia. One can also
single out a separate group of the main subcluster that
comprises samples originating mostly from the European
countries located in the latitudinal range of 45°—65° N.
Vol. 50

No.9 2014
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Fig. 1. Dendrogram of genetic differences of Pisum samples calculated from AFLP analysis data using the UPGMA method.
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Fig. 2. Differentiation of Pisum samples identified according to AFLP analysis data using principal component analysis (PCA).

(The chart describes 71.5% polymorphism.)

The group includes a sample from Ethiopia; the pea
gene pool in Ethiopia is known for its great plasticity,
which allows the plants to grow successfully in territo-
ries up to the Arctic Circle [29]. Those samples from
Argentina and Africa that belong to this subcluster
may originate from mountainous areas characterized
by low temperatures; this factor may make the samples
similar to plants from northern latitudes.

The genetic similarity of pea samples originating
from the northern regions of Russia and the highlands
of Central Asia was demonstrated previously in the
study of the occurrence frequency of the His5 allele
from the histone gene H1 [30]. The alleged involve-
ment of histone H1 in the reactions of adaptation to
environmental conditions was also noted in the study.
We believe that our molecular markers also allow us to
identify to a certain extent samples with similar adap-
tation capabilities.

A multivariate principal component analysis
(PCA) was performed in addition to the cluster analy-
sis. On the PCA plot, the analyzed samples formed a
continuum with two poles. Samples of predominantly
Asian origin were localized on one of these poles, and
samples of the European origin were on the other. The
majority of analyzed pea samples of different origin
occupied an intermediate position between these dis-
tant poles (Fig. 2).

Interestingly, classification of the gene pool as
European and Asian was also confirmed by molecular
analyses of the other plant species. In particular, dif-
ferentiation of the European and Asian forms was

RUSSIAN JOURNAL OF GENETICS

detected in hexaploid wheat using a complex of
molecular markers [31]; RAPD analysis revealed the
differentiation in chickling vetch [32].

Samples of the transcaucasicum, abyssinicum, and
asiaticum subspecies formed no separate groups, either
on the PCA plot or on the dendrogram; instead,
together with the other P. sativum samples, they
formed a mixed group. This fact somewhat confirms
their status as subspecies.

Analysis of the P. sativum population structure
confirmed the existence of a single divergent group
within the samples, for which there was no clear divi-
sion into subgroups. By the ecogeographical origin, all
of the samples were divided into groups according to the
number of subpopulations (from k =2 to k= 6). The best
a posteriori probability results (LnLike = —6656.8) were
obtained for k = 5 (Fig. 3).

Analysis of the morphological and biological traits,
some of which (flower color and seed color) correlate
with the practical use of the cultivars (grain, forage,
and vegetable), revealed no correlation with the iden-
tified molecular differentiation of the samples. Sam-
ples attributable to the transcaucasicum, abyssinicum,
and asiaticum taxa displayed no significant similarity
to each other within a taxon and formed no separate
groups.

Thus, the results of PCA factor analysis, cluster
analysis, and population structure analysis do not sup-
port the recognition of the transcaucasicum, abyssini-
cum, and asiaticum samples as the species taxa (they
were considered as such by certain authors; particu-
Vol. 50

No.9 2014



MOLECULAR GENETIC DIVERSITY OF THE PEA

%

923

100

o Row 3

o Row 2
s Row 5
o Row 4
o Row 1

0 -+ L T L T L]
A e N A A A S YA A
=gk s =O | Mo go=cos I3RS s B'eE IS>E.SS
e st e e PR P EE e Epe ep Pl eors
DS R ED A E— o BPEo S ET =S RO &= = 205
PZ 5 S 5~ 282~ ECSEEZE5SSsEsiE SEoT s nSS8 2R

—OSILE5n 2 S¥E-T—E S EL<NSTE = S0 ARRE ES
—2TEE70 851 2 SIS RO~V MO ESS BT
—Ha 5 € @ 28— e~ — e s <
Tt —Ea o ——07 —~ T— 7 e
o © —

2 Siria_Ab

T T
KRR A A A A A A AR R
|
IE 42 SEL 0SS g g Esssc e sspecEScohapERS
‘:QEB.E%;u:mE’aE.—EE:E“ :‘E,‘—ma>g‘“u~§‘5“gmmgﬁg—:
EOSRES- RS EEERE R0 S HEORSE EHES=oaES ST
SZeab ratisk ekt bkt vig iy bl - o
—o— i P_O—E-Sg T <85 ~E0 &R0S —f——9
oT=mET ~TQTETSRET DTrroaTHD 20 T
- I =

Fig. 3. Possibility of classifying the studied samples of genus Pisum as one of the groups according to the analysis using a Structure
software at the subpopulation number k = 5. Vertical axis—the values of the a posteriori probability, %; horizontal axis—the test

samples. Rows 1, 2, 3, 4, 5—sample groups by origin.

larly, P. abyssinicum [2, 8, 9]). A clear distinction
between P. sativum and P. fulvum leaves no doubt
about their independence as species.

RBIP (retrotransposon based insertion polymor-
phism) analysis of the pea collection from John Innes
Institute (UK) also revealed no clear population struc-
ture for P. sativum; samples of different ecogeograph-
ical origin formed mixed groups [14].

Hence, molecular AFLP-analysis of 84 pea sam-
ples from the VIR collection allowed us to obtain spe-
cific spectra of the DNA products for each of the sam-
ples, to evaluate the genome polymorphism of the
selection, and to determine the most similar and the
most dissimilar genotypes.

We attribute the existence of the two-poled geno-
type continuum (one pole is dominated by samples of
Asian origin, while the other is dominated by samples
from Europe) to the fact that the pea, which had
emerged in the culture around 10000 BCE [33], was
later widely spread to the east and west from its pri-
mary center of origin. As it moved westward (to the
European region), cultivation the intense crossing and
breeding for useful traits (mostly conditioned by reces-
sive alleles) finally formed the appearances of modern
varieties. Pea propagation in East Asia was not accom-
panied by strong artificial selection; for this reason,
many primitive forms were preserved [3]. The lack of
molecular or molecular-genetic clustering by geo-
graphic origin of the samples can be explained by the
fact that the pea is able to adapt to changing environ-

RUSSIAN JOURNAL OF GENETICS
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mental factors (photoperiod, the availability of mois-
ture and heat, etc.) and to have a wide cultivation area
because of its genomic plasticity. This determines a
certain unification of its genetic diversity, which can be
detected using AFLP labelling; to some extent, it also
reflects the latitudinal gradient of the origin of the
studied samples.
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