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Abstract: Changes in genetic diversity of peas bred in the Czech Republic and in former Czechoslovakia since
the mid-20'" century were analysed using 38 molecular marker loci, including retrotransposons and microsatel-
lites, differentiating a total of 84 alleles. Both marker types were comparably effective in revealing the genetic
diversity, with a high correlation (» = 0.81), although the pairwise genetic distances of each marker type differed.
In total, 175 accessions, selected from the Czech pea gene bank collection and representing the pea cultivars
collected or bred in the country, were divided into three groups according to their date of sampling or variety
registration. The first group contained 70 old cultivars and landraces collected prior to 1961. The second group
contained 46 cultivars released from 1961 to 1980. The third group contained 59 cultivars released between 1981
and 2004. In spite of the decline in several diversity measures, differences in allele frequencies and even allele loss
in three microsatellite loci were recorded over the 70-year period, while these differences between the groups
were not statistically significant. In addition, genetic heterogeneity was detected in 29 accessions (15%). This
indicates that although no genetic erosion could be observed since then, it is important to monitor the genetic
diversity, furthermore it highlights the vital role of germplasm collections for the crop diversity conservation.
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The demand for productivity and homogeneity in
crops has resulted in a limited number of varieties,
at the cost of the loss of heterogeneous traditional
local varieties (landraces), a process known as ge-
netic erosion (P1sTorIUS 1997). While the number
of species per unit area of agricultural land is lower
than in most of the natural ecosystems, agricul-
ture has also produced amazing genetic diversity
(some species with more than hundred thousand
varieties) (HAMMER et al. 2003). In the case of

pea (Pisum sativum L.) being domesticated about
10 000 years ago (AMBROSE 1995; ELL1s 2011),
followed by centuries of selection and breeding,
this process resulted in thousands of varieties,
many of which have survived and are maintained
in numerous germplasm collections worldwide
(SMYKAL et al. 2011). Already in the period of
rediscovery of Mendel’s work, many biologists and
plant breeders pointed out to the danger of losing
genetic diversity (PROSKOWETZ 1890; SCHINDLER
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1890). Later, the spread of high-yielding “Green
Revolution” varieties and associated changes in
crop management practices beginning in the 1960s
are thought to exemplify this transition from lan-
draces to modern varieties (FRANKEL & BENNETT
1970). To circumvent the extinction of such geno-
types, a germplasm collection strategy was first
proposed by BAUR (1914) and realised by VaviLov
in 1920-1940. This effort led to the founding of
gene banks and collecting of genetic resources
of crops and their wild relatives (VAviLov 1926).
However, in spite of impressive numbers of col-
lected accessions (estimated to be around 7 million
worldwide), the loss of genetic diversity of species
has been reported in many commercially important
crops (HARLAN 1975; ESQUINAS-ALCAZAR 2005;
GLASZMANN et al. 2010). In the broadest sense, this
alteration and narrowing of crop genetic diversity
began with the first domestication of wild plants.
Although present-day monocultures are highly
productive, their reduced genetic variability leaves
them with a diminished capacity to deal with novel
diseases, pests, and other changes in environmental
conditions. As farmers and agricultural scientists
continue to focus on the world’s ever-increasing
food requirements, conservation of genetic diver-
sity will play a crucial role in the development of
new varieties and in meeting new environmental
challenges (EsQUINAS-ALCAZAR 2005). Since the
genetic diversity of a crop can change over time,
the studies were devoted to comparisons of the
overall genetic diversity either at temporal or spa-
tial stratification (RUSSELL et al. 2000; LE CLERC
et al. 2005, 2006; F1GL1UOLO et al. 2007; HysSING
et al. 2008; MALYSHEVA-OTTO et al. 2007; VAN
DE Wouw et al. 2009, 2010), mostly with no clear
general results.

Although morphological descriptors are still
widely used in defining germplasm groups and
remain the only legitimate marker type accepted by
the International Union for the Protection of New
Varieties of Plants (UPOV), they can be unreliable
owing to the influence of the environment and also
to a natural portion of genetic heterogeneity. In
contrast, molecular markers accurately represent
the underlying genetic variation and nowadays
dominate genetic diversity research. Among the
variety of markers to choose, retrotransposon-
based and microsatellite markers (simple sequence
repeats, SSRs) proved to be effective, thanks to
their polymorphism and abundance in plant ge-
nomes (GLASZMANN et al. 2010). Microsatellites
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as highly informative codominant markers are used
in population genetic research ranging from the
level of individuals to closely related species. On
the other hand, high mutation rate and homoplasy
of SSRs (CIESLAROVA et al. 2011b) make them in-
applicable for studies on higher taxonomic levels.
Retrotransposon-based amplified polymorphism
(RBIP) developed for pea (FLAVELL et al. 2003)
found its use not only in phylogenetic studies,
but also for pea germplasm collections (SMYKAL
et al. 2008, 2011; JiNG et al. 2010; ELL1s 2011).

Previously we investigated changes in the ge-
netic integrity of pea collection in the process of
germplasm maintenance (CIESLAROVA et al. 2011a)
and reported an evidence of genetic erosion. This
study focuses on the temporal diversity changes in
the Czech/Czechoslovak pea germplasm collection
as assessed by microsatellite and retrotransposon
markers in three time periods spanning the 70 years
of pea breeding.

MATERIAL AND METHODS
Plant material

The Pisum germplasm collection kept in Ag-
ritec Ltd. Sumperk, Czech Republic, currently
includes 1307 accessions, of which 79% are dry
seed peas (Pisum sativum subsp. sativum var.
sativum L.) and 21% fodder peas (Pisum sativum
subsp. sativum var. arvense /L./ Poiret). The col-
lection is guided according to general rules of
the National Programme for Plant Genetic Re-
sources of the Czech Republic and passport data
are available at http://genbank.vurv.cz/genetic/
resources. We have used the subset (175 acces-
sions) of Czech/Czechoslovak accessions bred
over the last 70 years, which has already been
integrated into European legume diversity projects
(SMYKAL et al. 2008, 2011). Of them, 115 ac-
cessions were smooth-seeded, white flowering,
dry seed peas and 60 accessions were coloured
flowering, fodder peas. In addition, one hundred
and sixty-four accessions were analysed within the
Bioversity International funded project, aimed at
the establishment of core collection methodology
(SMYKAL et al. 2010). The 175 accessions were
divided according to the date of registration or
germplasm entry (the latter often in the case of
accessions of the first group) into three groups.
The first group comprised 43 dry seed and 27 fod-
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der pea accessions registered by 1961; the second
group comprised 30 dry seed and 16 fodder pea
accessions registered by 1980; the third group
was composed of 42 dry seed and 17 fodder pea
accessions registered by 2004.

DNA isolation

Young leaves from 10 randomly chosen field
grown plants (but morphologically characterized
as described in SMYKAL et al. 2008) per accession
were bulked together and DNA was isolated accord-
ing to SMYKAL et al. (2008) using commercial kits.

Microsatellite and retrotransposon analysis

Seven SSR markers, localized to different link-
age groups (LORIDON et al. 2005), and 31 RBIP
markers (JING et al. 2005) were used (Tables 1, 2).
The selection of loci was done according to the
previous analysis (SMYKAL et al. 2008, 2011). The
SSR and RBIP marker PCR amplifications and gel
analysis were performed as described in SMYKAL
et al. (2008). RBIP alleles were scored according
to JING et al. (2005, 2010).

Genetic diversity analysis

Allele patterns from SSR and RBIP analysis were
analysed as fragment lengths and recoded to the

format required by the respective software. Both
SSR and RBIP scores were converted into binary
data by presence (1) or absence (0) of the selected
fragment (respective allele in the case of SSR loci).
The POPGENE 1.32 program (YEH & BOoYLE 1997)
was used to calculate the following parameters:
allele frequencies at each locus for complete and
each group, the number of observed alleles, the
number of effective alleles, Shannon information
index (I), gene diversity (H) according to LEVENE
(1949), heterozygosity statistics (REYNOLDS et
al. 1983) and Nei’s unbiased genetic distance Dy
(NE1 1978) for each of the three groups. Since
peais a highly self-pollinating species, heterozy-
gous plants are rarely found. In our case, since
we analysed ten plants per accession, instead of
heterozygosity this value refers rather to the ac-
cession heterogeneity. Polymorphic information
content (PIC) was calculated for each marker as
described in SMYKAL et al. (2008). Goodness of
fit of genetic distances derived from different
markers was assessed by the Mantel test (MAN-
TEL 1967) using NTSYS-pc version 2.2 (ROHLF
2006). F, index was computed between groups
as a measure of distances between populations.
The significance of F¢, values was tested using
FESTAT 2.9.3.2 program (GOuDET 1995). The
factorial analysis (Principal Coordinate Analysis,
PCoA) was performed with the DARwin soft-
ware package (Dissimilarity Analysis and Rep-
resentation for Windows v. 5.0.155, PERRIER &
JacQuEMOUD-COLLET 2006), separately on SSR,
RBIP and combined datasets.

Table 1. Details of microsatellite loci used in the study, modified according to LORIDON et al. (2005)

SSR locus group}pizls(;igSn (M) No. of alleles Fragment size (bp)  PIC Shannon’s information index
A-278 111/154.9 5 150-180 0.51 1.02
AD-270 111/254.3 7 230-280 0.76 1.59
A-9 IV/ 62.1 3 330-360 0.62 1.10
AD-141 VI1/70.1 8 210-330 0.73 1.61
AB-65 VII/ 94.1 3 140-180 0.15 0.33
B-14 VII/113.9 4 430-460 0.65 1.28
AD-237 VII/152.1 7 220-340 0.75 1.60
Mean 0.60 1.22
SD 0.22 0.46

PIC — polymorphic information content; SD — standard deviation
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RESULTS

Genetic diversity analysis

Seven SSR loci detected altogether 37 alleles
in 175 accessions, 36 alleles in dry seed and 31
in fodder pea subset, respectively. All seven loci
proved to be polymorphic, detecting 3 to 7 alleles
per locus, with AD-270, AD-141 and AD-237 being
the most effective with 7 to 8 alleles. The values
of Shannon information index were higher than
1.5 and their PIC value was above 0.7 (Table 1).
In the case of retrotransposon markers, 31 RBIP
loci were scored, and 13 of them were monomor-
phic (2055-NR1, 95-R2, 2055-NR36, 1074Cyc29,
1794-1, 2385x23, 2385x64, 1006-x21, 95-x25, 64-
x15, 64-x76, 45-x33, 399-9x) in this set. The fre-
quencies of occupied and empty site, null allele
(no PCR product), observed heterozygosity and

gene diversity for the remaining 18 polymorphic
RBIP markers are summarized in Table 2. Of these
eighteen, 12 RBIP loci occasionally provided null
alleles with frequencies of 0.01 to 0.35, and 16 loci
detected heterozygosity/heterogeneity from 0.011
(at 2055nr23 locus) to 0.869 (at 399-80-46 locus).
The analysis of individual plants revealed that it
was a result of heterogeneity, often detected at
several RBIP loci (data not shown), rather than
individual plant heterozygosity. In total, the het-
erogeneity associated with the use of 10 bulked
plants per accession was detected in 29 out of
175 accessions (15%). The average gene diversity
was 0.346 for each of primer pairs. The 45x31,
399-80-46 and RBIP-3 were the most effective loci
for the genetic diversity analysis of the set. Their
Shannon information index and P/C had the high-
est values: 1.093, 0.847, 0.832 (/) and 0.62, 0.44,
0.44 (PIC), respectively (Table 2). We compared

Table 2. Shannon information index and polymorphic information content (PIC) of RBIP loci

RBIP Locus o o0 ne otemptyste M09 ooy PO inormton ndex
RBIP-7 0.217 0.771 0.011 0.057 0.30 0.583
RBIP-3 0.686 0.194 0.120 0.023 0.44 0.832
RBIP-4 0.843 0.157 0.000 0.291 0.23 0.435
Birte-B1 0.751 0.249 0.000 0.097 0.30 0.561
B1l-Agt 0.743 0.257 0.000 0.080 0.31 0.570
1006-x19 0.671 0.300 0.029 0.086 0.38 0.730
399-14-9a 0.451 0.543 0.000 0.000 0.37 0.690
399-14-9b 0.409 0.591 0.000 0.120 0.37 0.676
Birte-x5 0.511 0.483 0.006 0.040 0.38 0.724
45x31 0.363 0.283 0.354 0.063 0.62 1.093
64x45 0.546 0.431 0.023 0.006 0.40 0.780
281x40 0.080 0.920 0.000 0.160 0.14 0.279
2055nr23 0.006 0.840 0.154 0.011 0.24 0.464
281x44 0.280 0.714 0.006 0.091 0.33 0.626
Birte-x16 0.906 0.060 0.034 0.029 0.17 0.374
1794-2 0.000 0.994 0.006 0.000 0.01 0.035
1074Cyc12 0.869 0.046 0.086 0.046 0.23 0.474
399-80-46 0.469 0.486 0.046 0.869 0.44 0.847
Mean 0.115 0.32 0.598
SD 0.200 0.14 0.239

SD — standard deviation
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Table 3. Gene diversity (H) with standard deviation values and number of accessions for different types of pea and
groups (1 = x-1961, 2 = 1962-1980, 3 = 1981-2004) for SSR and RBIP markers

Type Group H* (SSR) H* (RBIP) Number of accessions
1-3 0.592 + 0.235 0.218 £ 0.231 115
1 0.566 + 0.195 0.229 + 0.236 43
Dry seed
2 0.589 + 0.259 0.220 + 0.239 30
3 0.538 + 0.272 0.177 £ 0.213 42
1-3 0.626 + 0.196 0.214 £ 0.216 60
1 0.612 + 0.224 0.226 + 0.229 27
Fodder
2 0.593 + 0.199 0.199 + 0.209 16
3 0.603 + 0.134 0.187 £ 0.216 17
1-3 0.625* + 0.222 0.220 £ 0.226 175
0.617 + 0.220 0.234 + 0.237 70
Dry seed + fodder
0.606 + 0.238 0.219 +0.228 46
3 0.592 + 0.222 0.187 + 0.206 59

*differences in allele frequencies between categories resulted in higher H for total rather than individual categories

genetic diversity analysed separately by SSR versus
RBIP markers. Although both marker types are de-
rived from repetitive sequences, they clearly sample
different proportions of the large pea genome, as

(A) Group 1
Group 2
Group 3

the pairwise genetic distances were different (not
shown). On the other hand, both marker types
were comparably effective in revealing the genetic
diversity, with a high correlation (r = 0.81).
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Figure 1. Changes in allele frequency at microsatellite loci; allele sizes (bp) are indicated with different bar colour
and pattern; (A) locus A-9, (B) locus B-14, (C) locus AA-278, (D) locus AB-65
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Figure 2. Changes in allele frequency at microsatellite loci; allele sizes (bp) are indicated with different bar colour
and pattern; (A) locus AA-270, (B) locus AA-237, (C) locus AD-141

Temporal changes in genetic diversity

Within groups

The comparisons of gene diversity (H) values
within groups (Table 3) revealed a decrease from
the first to the third group both for microsatel-
lite and retrotransposon markers. The changes
in gene diversity in time could be detected also
as changes in allele frequencies over time, which
showed even the loss of some alleles in the case
of AA-278, AB-65 and AD-270 loci (Figures 1-4).

Average observed heterozygosity/heterogeneity
was 0.06 for accessions in the first group, 0.08
in the second group and 0.04 in the third group.
The analysis of individual plants revealed that it
was really the result of heterogeneity and not true
heterozygosity. The maximum observed heteroge-
neity was 0.17 (first group), 0.28 (second group)
and 0.12 (third group) for the AD-141 locus.

Between groups

Based on paired comparison of the amount of
genetic differentiation (F;) assessed separately by

Table 4. Pairwise comparison of genetic differentiation (F,;) and Nei’s unbiased measure of genetic distance (D)

for SSR, RBIP and combined analysis

Analysis Compared groups Fg, Unbiased D¢
1 «»2 0.026 0.064
SSR 1«»3 0.060 0.122
2«3 0.016™° 0.045
1«»2 0.022 0.010
RBIP 1«»3 0.032 0.012
2«» 3 0.044 0.016
1«»2 0.023 0.015
Combined SSR + RBIP 1«»3 0.044 0.022
2«» 3 0.036 0.018

NSnot significant

66



Czech |. Genet. Plant Breed., 48, 2012 (2): 61-73

@ v i I
5
L4
x 3 -
— ”?‘x * by *
< x o
8 * 23 B L
u Ky
e 5 4 p3 ) ig®| W .2. LI
m [k B , "
# m, ! [ ]
x x ‘ fL]
| | ..
" 3
1 4 1l
PCoA 2
C g
© v y |
5
v T4
* 3 Com
n
- om 2m m
'g x ?ﬁ - I.¥
u : | |
S <E A
e -5 A gl ’-‘.QX 1 12 %.- 4
E 1 u
. . } [ - . =I
2 o
SN |
I _,4 Il
PCoA 2

(b)

PCoA 1

PCoA 1

Figure 3. Principal Coordinate Analysis (PcoA) axis 1 and 2 of microsatellite data; (a) first group (blue), (b) second
group (green), (c) third group (red), (d) all 175 accessions; dry seed peas are symbolized with square, fodder peas
with cross symbols; ellipses represent dry seed pea and fodder pea accessions respectively

microsatellite or retrotransposon markers, acces-
sions between the first and the third group had
the highest F¢.index of 0.060 for SSRs (0.044 for
RBIPs), between the first and the second group
the value of this index was 0.026 (0.022 for RBIPs),
while between the second and the third group the
index had the lowest value (0.016 for SSRs, 0.032
for RBIPs). Similarly, Nei’s unbiased measures
of genetic distance (D) were highest between
the first and the third group (0.122 and 0.016,
respectively), followed by 0.035 (0.010 for RBIPs)
between the first and the second group and they
were lowest between the second and the third
group (0.045) (Table 4). Similarly, the observed
number of alleles (N,) and effective number (N)
of alleles per SSR locus and Shannon information
index changed among the groups (Table 5). In the
case of three SSR loci (AD-270, A-278 and AB-65)
a decrease in allele number was found, while
Shannon information index was a more sensitive

measure and showed a decrease for all but one
(B-14) loci (Table 5). Heterogeneity detected by
retrotransposon markers decreased from 0.074 to
0.056 for accessions in the respective groups. The
combination of both molecular markers showed
similar results of group differentiation (Table 4).
The first group compared to the third had the
highest F, index and Nei’s measures of genetic
distance (D) (0.044 and 0.022, respectively), the
second group compared to the third had the re-
spective values 0.036 and 0.018, and accessions in
the first group compared to the second had the
shortest distance (0.023 and 0.015, respectively).

Among accessions

To reveal another structural level of the studied
groups of accessions, the dissimilarity matrix cal-
culated from both SSR and RBIP data was used in
the factorial analysis performed by the DARwin
software and also for generating the PCoA plots
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Table 5. Observed number of alleles (N,), effective number of alleles per locus (N,) and Shannon information

index (I) for all SSR loci
N, N, I

SSR Locus

period 1 period 2 period3 period1 period 2 period 3 period1l period?2 period3 mean
AD-270* 7 6 5 4.55 3.95 3.94 1.637 1.477 1.461 1.522
A-9 3 3 3 2.93 2.87 2.83 1.086 1.076 1.070 1.077
B-14 4 4 4 2.08 3.03 3.85 0.940 1.245 1.368 1.184
AD-237 7 7 7 4.30 3.89 3.67 1.628 1.536 1.495 1.553
A-278* 5 4 4 2.95 1.87 1.74 1.198 0.846 0.775 0.940
AD-141 7 7 7 3.87 4.90 3.01 1.543 1.732 1.340 1.538
AB-65* 3 3 2 1.19 1.14 1.18 0.347 0.283 0.290 0.307
Mean 5.1 4.9 4.6 3.12 3.09 2.89 1.196 1.170 1.114
SD 1.9 1.8 1.9 1.22 1.29 1.07 0.464 0.492 0.443

*decrease in the observed allele number; SD — standard deviation

(Figures 3a—c). The first five coordinates (PCoA
axes) accounted for 36.63% of the observed varia-
tion in the case of microsatellites or for 40.08% in
retrotransposons. The first component explained
11.5% and the second component 6.8% of the vari-
ation (11.6% and 9.78% in retrotransposons). The
dry seed pea accessions formed more compact
clusters (Figures 3a—c) in different quadrants of
the plot in each of the three groups, in contrast
to the fodder pea accessions which were more
dispersed. The accession distribution as shown by

1.000 - B Period 1 O

0.900 4
0.800 4
0.700 -
0.600 +
0.500 4
0.400 4
0.300 +
0.200 +

0.100 1

0.000 - T T

both marker types suggests that similarly diverse
sets of accessions are present in all three groups
(Figures 5a—d). There is no clear narrowing or
clustering of accessions in any time period, only
small genetic shifts over the four plot quadrants
(Figure 5d). When both SSR and RBIP data were
combined, the first five coordinates (PCoA axes)
accounted for 30.7% of the observed variation.
Neither did this analysis reveal any narrowing or
clustering of accessions in any time period, only
small shifts over the four plot quadrants.

Period 2 O Period 3

Figure 4. Frequencies of RBIP loci occupied site in accessions
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DISCUSSION

This study investigated changes in the genetic
diversity of pea genetic resources over the period
of 70 years by the analysis of microsatellite (SSR)
and retrotransposon (RBIP) markers, while in our
previous study we examined the genetic erosion in
ex situ collections, as a result of regeneration and
storage practices (CIESLAROVA et al. 2011a). We
focused on pea genetic resources, where there is a
limited possibility of in situ conservation and thus
only ex situ germplasm collections are the essential
reservoir for pea genetic diversity. We have chosen
175 accessions of Czech/Czechoslovak origin from
the Czech national pea germplasm collection as
this subset has the most comprehensive passport
data. This set contains all 164 accessions analysed
by SMYKAL et al. (2008); however, in this study we

did not focus on the population structure, but the
set was divided into three groups to investigate pos-
sible changes over time. In addition, this dataset was
analysed within the Bioversity International project,
aimed at the establishment of core collection meth-
odology, with available molecular and phenotypic
data (SMYKAL et al. 2010). The first group consist-
ing of older cultivars and landraces included in the
collection before 1961 represents very old varieties
and landraces grown in former Czechoslovakia back
in the 1940’s and even earlier. The second group in-
cluded accessions bred from 1962 to 1980, and the
third group contained modern cultivars registered
from 1981 to 2004. This division reflected changing
priorities in pea breeding, which emphasized the
tall plant habit in its early stages, then short pea
cultivars and most recently intermediate-type pea
cultivars are demanded in the market.
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Breeding and genetic diversity

Three different approaches to methods to quantify
genetic erosion have been recognized: (i) an absolute
loss of a crop, variety or allele, which ignores the
dynamic nature of population genetic processes,
(if) genetic erosion as a reduction in richness (i.e.
a reduction in the total number of crops, varieties
or alleles), and (iif) genetic erosion as a reduction
in evenness. The last approach is based on diversity
indices used in vegetation ecology and population
genetics (VAN DE Wouw et al. 2010) and uses the fre-
quencies of alleles within a group of genotypes. In this
study we have used this approach to study diversity
trends in pea breeding using molecular techniques.
Results from published studies vary considerably.
Some studies showed a decrease in diversity over
time (RUSSELL et al. 2000; Fu et al. 2003; REIF ef al.
2005; FigLIuOLO et al. 2007; MALYSHEVA-OTTO et
al. 2007,), while others observed increases (Fu 2006;
WHITE et al. 2008) or a decrease in the diversity levels
after which an increase occurred (ROUSSEL et al. 2004
Q1 et al. 2006). Our findings are consistent with the
work of LE CLERC et al. (2006) analysing changes
in the pea germplasm genetic diversity through
time. After analysing 587 pea lines from the last
50 years by morphological and isozyme, selectively
neutral markers, they did not observe any significant
changes in genetic diversity over time, only slight
genetic differentiation between the five decades. A
meta-analysis aimed at 48 papers on the diversity
trends (including SMYKAL et al. 2008) showed no
substantial reduction in diversity (VAN DE Wouw
et al. 2010). A reduction in genetic diversity was
observed in the 1960s, but even there the observed
reduction in diversity was only 5%. Later recovery
of diversity likely reflects the greater use of exotic
germplasm and crop wild relatives in the breeding
process (VAN DE Wouw et al. 2009, 2010). It has
to be noted that most of these studies focused on
the diversity released by breeders during a certain
period, with the assumption that what is released
by breeding programmes is a reflection of what is
grown by farmers. However, breeding programmes
are not always able to meet the requirements of
farmers. On the other hand, a successful cultivar
may be grown for many years. Consequently, in crops
with a high turnover of cultivars and good accept-
ance by farmers, the time of cultivar release would
better reflect diversity trends than in crops where
cultivars are grown for many years and farmers and
breeders are not very innovative, unless the time
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groups compared are very long (VAN DE Wouw et
al. 2009). Moreover, little diversity will be released
during groups with little breeding activity.

Molecular data analysis

The development of molecular techniques in the last
decades has made it possible to study genetic erosion
at the level of alleles. Allelic richness is important
from evolutionary as well as breeders’ aspects as a
basis for the continuous improvement and adapta-
tion of the crop (vAN DE Wouw et al. 2010). The
molecular markers used in our study derive from
multiple dispersed loci in the large Pisum genome
and represent the spectrum of genetic distances be-
tween orthologous genomic regions in the germplasm
(SMYKAL et al. 2008, 2011), whereas the morphologi-
cal traits are controlled by multiple genes, some of
which have probably been subjected to strong direct
or indirect selection during the breeding process. As a
result, the molecular markers display much less of the
total variance in the first axes of ordination analysis
(such as PCoA) than do morphological traits, unless
highly distinct accessions are analysed (SMYKAL et al.
2008, 2011). Consequently, such analysis might not
be expected to separate the germplasm into clearly
separated groups, as shown in this study and in the
previous one (SMYKAL et al. 2008). Of the selected
microsatellite and retrotransposon markers, 7 SSR
and 18 RBIP were shown to be polymorphic and in-
formative for the given set. It has to be noted that in
order to reveal possible heterogeneity of accessions,
10 morphologically assessed plants per accession
were used to form a bulk sample for DNA analysis.
In comparison with single plant sampling, this as-
sures adequate representation of the total diversity in
an accession, reduces the possibility of mis-scoring
and reveals heterogeneity within accessions (CIE-
SLAROVA et al. 2011a, b). Based on our previous
studies (SMYKAL et al. 2008, 2011; CIESLAROVA et
al. 2011a, b), we estimated that about 10% of the ac-
cessions of the entire collection are heterogeneous,
and in the selected 175 accessions of this study this
figure was approaching 15% (29 out of 175 acces-
sions). The simplicity and unequivocal scoring of
RBIP markers were previously demonstrated, while
multiallelic SSR markers might be less accurate (CIE-
SLAROVA et al. 2011a, b). We applied both markers
derived from repetitive sequences and routinely used
them in germplasm description (KALENDAR et al.
2011, SMYKAL et al. 2011). SSR markers showed a
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higher polymorphism per locus (average PIC= 0.60,
Table 1), since their polymorphism is based on vari-
ous lengths (alleles) of the amplified fragment from
the given locus, while for retrotransposon insertion
markers the information is of only one of three pos-
sible types (average PIC= 0.32, Table 5). Our results
showed a high correlation between the values of
gene diversity obtained by SSR and RBIP analysis
(r = 0.81), although the pairwise genetic distances
of each marker type differed (SMYKAL et al. 2011).
As recently shown by ELL1s (2011), we observed no
significant correlation between the values of genetic
distances derived from SSR and RBIP marker data,
indicating that these two marker types sample differ-
ent fractions of genetic diversity in this germplasm.
We therefore suggest that combining various data
types provides the better representation of diversity
than using just one alone (parallel to more plants
analysed per accession).

Changes in genetic diversity over time

When studying trends of allelic richness, equal
sample numbers or methods to correct for unequal
sample numbers have been used. Although methods
to correct for different sample sizes of large popula-
tions are commonly used in ecology, such methods
are less appropriate in the study reported here (van
DE Wouw et al. 2010). LE CLERC et al. (2006), who
were able to study all cultivars that were available in
a certain period, found an increased total number
of alleles for both peas and maize over time, while
the allelic richness showed a small (not significant)
decrease. However, this decrease was more than
compensated for by a larger number of cultivars in
the variety lists in the more recent period. In our
study, the estimates of gene diversity and changes
in allele frequencies across three time groups in
total indicate that plant breeding has not led to any
substantial changes in the total genetic diversity
of Czech/Czechoslovak pea genetic resources. We
detected only not a significant decrease of gene diver-
sity (H) over time in the investigated 175 accessions
both by SSR and RBIP markers (Table 3). The first
group consists of the oldest accessions, bred before
1960, and includes more landraces and heterogene-
ous material, which is consistent with higher gene
diversity as well as with higher RBIP heterozygosity
(heterogeneity) than in accessions of both more re-
cent groups. Our results are consistent with findings
of VAN DE Wouw et al. (2010) and HYSING et al.

(2008), who stated that since the 1960s and 1970s,
breeders have been able to increase the diversity
in released varieties by using more exotic parental
accessions. We could not objectively evaluate the
changes in genetic diversity in the period from the
1920s to the 1950s. Although the material from that
period is included in the collection, it is not dated
properly, since the collection was established in the
late 1950s and all initial material had a similar year
of including to the collection. Our investigated set
of accessions was subdivided into three time groups,
in correspondence with different breeding strategies.
Although a new gene introduced into a crop should
increase its overall richness, it might actually be
counterproductive if it becomes very popular and
all farmers switch to the cultivars with this new
gene (e.g. currently the case of semi-leafless types/
afila mutation of pea). Eventually, this might lead to
the narrowing of genetic diversity as happened in
the past in maize harbouring a specific type of male
sterility. The genetic associations of the 175 acces-
sions revealed by the principal coordinate analysis
(Figures 3 and 5) were largely consistent with the
genetic relationships described above, although the
first two principal coordinate axes accounted only for
18.35% (SSR), 21.22% (RBIP) and 15.90% (combined)
of the total variation. These accessions representing
different breeding programs (tall, short and inter-
mediate plant habit) and groups were widely spread
over the plot and no clear narrowing or clustering of
accessions was found in any time period, only small
genetic shifts over the four plot quadrants. Although
no substantial loss in genetic diversity was observed,
the allelic frequencies of microsatellite loci changed
and a small portion of alleles was not detected in
most recent accessions. The results demonstrate
the importance of monitoring the genetic diversity,
and a vital role of germplasm collections for crop
diversity conservation.
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