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Abstract

The genetic diversity of nine wild Secale strictum accessions was studied using
seed storage protein profiles and phenotypic traits. Offsprings and phenotypically
superior offsprings of the nine wild accessions were also evaluated and compared
with their parental accessions to assess their genetic variability based on seed storage
proteins and seed germination parameters. High genetic variation was observed for
both seed storage protein profiles and phenotypic traits. The protein banding data
were investigated in relation to phenotypic traits and indicated no influence of
polymorphic bands on quantitative traits. Seeds of superior offsprings showed less
genetic variability than both wild and offsprings of S. strictum accessions suggesting
that more intensive breeding practices may have resulted in a further erosion of
genetic variability. Neighbor-joining cluster analysis showed that wild populations,
offspring and phenotypically superior offspring accessions were separated into three
groups. This suggests that founder effects and subsequent selection have had more
effect on the genetic differentiation among these accessions than geographical
separation. The results demonstrated that the study of genetic diversity and
differentiation between the parents and their offspring using seed storage protein
profiles provides important information for the breeding and conservation of S.
strictum germplasm.
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(Secale cereale L.) and several wild species [44]. Secale
strictum C. Presl (mountain rye) is a wild perennial,
diploid and outbreeding species. It is believed to have
been the ancestor of annual cultivated ryes. S. strictum
is found in dry mountainous areas, roadsides and

Introduction
Secale is a member of the Triticeae tribe in the grass
family, Poaceae (syn. Gramineae). Secale is a small but
important cereal genus that includes cultivated rye
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cultivated field margins. Its range spans from southern
Spain in the west to the Caspian Sea in the east. S.
strictum is one of the important perennial grasses that
naturally grows in arid to semiarid pastures and
rangelands, with a typical Mediterranean climate, in
northern and western Iran at altitudes of 800-2900 m. It
is used for grazing and hay production as well as
revegetating overgrazed sub-steppic rangelands [34].
Because of its dense network of roots, S. strictum is
recommended as a part of a seed mix for erosion control
[3, 4. A few studies have been conducted on S.
strictum 1in different ecological conditions of Iran and
revealed that there was considerable variation in
herbage yield, seed yield and crude protein content [35].
Although S. strictum described as a palatable, leafy,
short-lived, tufted perennial, which can provide winter
grazing in subtropical areas with fair winter rainfall
[35], it has some troublesome characteristics including
small seed size, shattering and pre-harvest sprouting
[16].

The wild and weedy rye species (Secale spp.)
constitute a reserve of genetic diversity that has been
underutilized for crop improvement. The most frequent
breeding methods applied to crop species involve
different forms of mass selection, recurrent phenotypic
selection and development of synthetic populations.
Information  about  germplasm  diversity  and
relationships among elite breeding materials is of
fundamental importance in plant breeding [21, 37]. This
is especially true for species like S. strictum which
suffers severe inbreeding depression [44]. However,
there is neither information on the genetic quality of
wild S. strictum accessions nor the progeny may be used
in breeding programs. Reports of studies based on
different plant species provide conflicting results on the
impact of domestication on the genetic diversity of
populations [19, 29, 31, 49]. The impact of
domestication on the genetic diversity of progeny
populations is also poorly understood [19, 43]. Such
studies on genetic diversity of initial selection materials
are essential for successful breeding and creation of new
cultivars.

Knowledge of genetic variability and relationships
among traits are necessary for facilitating the transfer of
useful genes and maximizing the use of available
germplasm resources. The extent of genetic diversity in
germplasm can be assessed through morphological
characterization and genetic markers. The characterized
material then helps the plant breeders to select the
accessions to be utilized in hybridization program [15].
Variations in S. strictum has been studied
morphologically [6, 19, 44, 49], cytologically [2, 22, 38,
41] and through isozymes [47, 48], and DNA based
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markers [9, 20, 36]. The genetic structure of the Iranian
S. strictum accessions, however, still remains unclear
despite its usefulness as a genetic resource.

Electrophoresis (SDS-PAGE) is widely used to
describe seed storage protein diversity of crop
germplasm [8]. This method can also be used as a
promising tool for distinguishing cultivars of particular
crop species. However, a few studies indicated that
SDS-PAGE method was not efficient for cultivar
identification [51]. To our knowledge, no studies have
yet been made in Iran on the diversity of S. strictum
germplasm  based on seed storage protein
electrophoresis, and its association with phenotypic
traits. So the present study aimed to evaluate and
compare the genetic structure of nine wild accessions of
S. strictum, using neutral and potentially selective
markers. It is generally much easier to characterize
differences among accessions for molecular markers
than for agronomical important traits. Because
molecular markers are considered, a priori, neutral,
while agronomic traits are most likely to be under
selection even in natural populations, it is interesting to
compare the inferences one can make from observations
on these two kinds of traits.

In this study, we tried to i) estimate genetic variation
in wild accessions of S. strictum; ii) study the pattern of
differentiation among wild, offspring and phentypically
superior offspring accessions based on total protein
profiles; and iii) analyze seven quantitative traits in
order to compare neutral and quantitative variation and
thus evaluate the role of natural selection in the
maintenance of morphological integrity in wild
accessions.

Materials and Methods

Seed Material Experiment Layout

Seed material of nine wild accessions of Secale
strictum from different regions of Iran, provided from
Iranian Natural Resources Gene Bank, Research
Institute of Forests and Ranglands (RIFR), was used in
the present study. The research was conducted on the
experimental field at the RIFR. A total of 30 seedlings
of each wild accession were grown in jiffy pots for forty
days before transplanting into a field in October 2008.
The field trial was arranged in a randomized complete
block with three replications. Each plot included 36
spaced plants (0.40 x 0.40 m). Fertilizer application
rates were 100 kg/h phosphorus (P) at sowing. The field
was irrigated once a week during summer. No
measurements were taken in the establishment year.

During the two-year investigation (2009 and 2010),
seven phenotypic traits were observed in this research.
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The data were collected and analyzed for the following
seven phenotypic traits: harvesting index, stem number,
grain yield (kgh™), dry matter yield (th™"), plant height
(cm), day to pollination and day to heading. The data
presented here are average values over two years.

The seeds of 27 S. strictum accessions (the nine wild
parent, nine offspring and nine phonotypically superior
offspring accessions) were tested for germination
characteristics. The normal ISTA (1993) laboratory
germination test procedure was used with three
replications. Seeds (150) of each accession were
sterilized with 70% ethyl alcohol for five minutes, and
then washed with distilled water. Three replicates (50
seeds per replicate) of sterilized seed were placed in
Petri dishes on double Whatman papers (TP). For
protection against moulds, the water used to moisten the
seed samples and substrata contained 0.002% Benomyl
fungicide. The samples were transferred into a
germinator at (20+4°C) with 1000 lux light for 15 days.
The percentage and speed of germination were recorded
at3,6,9, 12 and 15 days. The length of roots and shoots
(mm) of 10 randomly-selected seedlings (15-day old)
from each replicate were measured. After measuring
shoot and root lengths, the caryopses were cut from the
seedlings and fresh seedling weights of each replicate
were recorded. The seedlings were then placed in an
oven at 80°C for 24 hours, after which the dry weight of
each replicate was recorded as a percentage of the fresh
weight. Seed vigour index was calculated by
multiplying germination (%) and seedling length [1].

Seed Storage Protein Analysis

In this study the extent of genetic variant was based
on SDS-PAGE markers. A total of 560 Secale strictum
genotypes were analysed: 180 seeds from nine wild S.
strictum accessions (each accession 20 seeds); 180
seeds from offsprings of the nine wild accessions (each
accession 20 seeds), and 180 seeds from superior
offsprings of the nine wild accessions (each accession
20 seeds). Preliminary experiments (data not shown)
indicated that a larger sample (30 plants for each
accession) did not modify the results substantially
regarding the amount or the structure of polymorphism.
Seed storage proteins were extracted from seeds using
protein extraction 0.05M Tris-HCL pH=8, 0.2% SDS,
5M urea, 1% B-mercaptoethanol. Electrophoresis was
carried out in  the  discontinuous  Sodium
dodecylsulphate polyacrylamide gel electrophoresis
(SDS-PAGE) system of Laemmli [23] using 12% (w/v)
separating gel and 5% (w/v) stacking gel. The molecular
weights of the dissociated protein were estimated by
using molecular weight standard proteins “MW-SDS-70
Kit”. Gels were gently shaken until the background of
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the gel became clear and polypeptide bands were clearly
visible.

Data Analysis

Analysis of variance was computed on collected data
for each trait for phenotypic traits. The descriptive
statistics and phenotypic correlation coefficients
between traits were estimated using the SAS9.1
software. Seven classification variants had significant
(P £ 0.01) variation among accessions and were
subsequently used for multivariate analysis. The
Euclidean distances of accessions were computed on
phenotypic traits and then used for the UPGMA cluster
analysis method using NTSYS-PC software [39].

For protein profile data, to avoid taxonomic
weighting, the intensity of bands was not taken into
consideration, only the presence of bands was taken as
indicative. The scores were 1 for the presence and 0 for
the absence of a band. The indices of genetic diversity,
such as the percentage of polymorphic loci (PPL) and
expected heterozygosity (He), were calculated using
POPGENE 32 software [55] on the basis of gene
frequencies. At the same time, the genetic structure
within and among accessions were detected using the
software AMOVA-PREP1.01 [30] and WINAMOVA
[10] in order to partition the genetic variation among
local and exotic groups, among accessions within
groups and among individuals within accessions. The
significance of each variance component was tested
with permutation tests [11]. Genetic distances were
estimated according to Nei [32] and the resulting
similarity matrix was subjected to principal component
analysis (PCA), UPGMA algorithm using NTSYS-pc
2.01 [39], and neighbor-joining (NJ) analysis using
MEGA4 software [45]. Wright’s Fst was used to
estimate three datasets differentiation [52, 53]. A 999
random permutation Mantel test [17] was used to assess
the correlation between the calculated distance matrices
(using phenotypic and total protein profile data). The
Pearson correlation among the genetic index within
accession, phenotypic traits and ecological factors was
analyzed using the SPSS 11.0 software.

Results

Genetic Diversity among Wild Accessions

ANOVA suggested significant differences among
nine wild accessions of S. strictum for all the seven
phenotypic traits. High CV values were obtained for
grain yield and harvesting index (Table 1). Pearson
correlation showed a positive relationship between day
to pollination with day to flowering and stem number;
and a negative correlation with plant height, grain yield
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Table 1. Evaluation of data on seven phenotypic traits and genetic parameters in nine wild parent populations of S. strictum

Phenotypic traits Genetic parameters
Day to Day to Plant Stem Grain Dry matter Harvesting Na  PPL He
pollination  heading height number yield yield (th™) index
(cm) (kg

Zanjanl 73.27ab 61.3a 55.53¢ 4431b 250.67b 7.14cde 4.16bc 32 87.50 0.332
Zanjan2 75.58a 63.19a 62.47d 55.10a 265.00b 8.19b 3.73¢c 32 5938 0.256
Zanjan3 70.07b 57.933b 64.09¢cd 58.4la 187.33bc 7.58cb 3.00cd 27 18.75 0.079
Zanjan4 76.43a 64.09a 54.03e 53.89a 120.67¢ 7.40bcd 1.81d 32 7188 0319
Bojnurd 63.04c 51.508¢ 72.98a 56.40a 547.00a 10.42a 5.74b 31 8125 0.345
Karaj3 60.18¢c 48.405d 69.02b 45.39b 617.00a 7.98b 8.75a 31 6250 0.250
Karajl 52.91d 35.15¢ 66.15bc 35.25¢ 581.00a 6.14f 9.17a 31 7813 0.293
Karaj2 53.00d 34.517e 67.46b 31.22¢ 252.17b 6.72def 4.71bc 32 46.88 0.181
Esfehan 70.61b 53.318¢ 66.41bc 51.17ab 249.83b 6.55¢ef 4.21bc 32 5625 0.222

CV 4.11 4.74 3.83 11.70 26.01 8.08 29.13

Table 2. Pearson correlation analysis for the relationships between phenotypic parameters of nine wild parent populations of S.

strictum
Day to Day to Plant height Stem Grain yield Dry matter
pollinatin heading number yield
Day to heading 0.977
p value 0.0001
Plant height -0.661 -0.606
p value 0.052 0.084
Stem number 0.758 0.811 -0.112
p value 0.018 0.008 0.775
Grain yield -0.652 -0.538 0.687 -0.276
p value 0.057 0.135 0.041 0.473
Dry matter yield 0.166 0.317 0.381 0.591 0.294
p value 0.67 0.406 0.312 0.094 0.442
Harvesting index -0.759 -0.689 0.593 -0.524 0.937 -0.047
p value 0.018 0.04 0.093 0.148 0.0001 0.905

and harvesting index. Day to heading positively
correlated with stem number, while a negative value
was obtained between day to heading and harvesting
index. Grain yield positively correlated with both plant
height and harvesting index (Table 2).

Genetic distance among nine wild S. strictum entries
was also estimated using data on seven phenotypic traits
using Euclidean distances, which ranged from 1.306
(between Karajl and Karaj3) to 7.60 (between Karaj2
and Bojnurd) with an average value of 3.58 (Table 3).
The Euclidean distances matrix was subjected to
agglomerative hierarchical clustering utilizing UPGMA
method to construct a dendrogram (Fig. la). Nine
entries of S. strictum were classified into two groups
(Fig. 2a), suggesting no relationship between
phenotypic traits and the origin of these S. strictum
accessions.

On the basis of the relative mobility of seed storage

proteins on the gel, 32 polypeptide bands of different
sizes ranging from 6.606 to 269.153 kDa, from nine
accessions of S. strictum, were identified. The
percentages of polymorphic bands over the total bands
detected ranged from 18.75% (Zanjan3) to 87.50%
(Zanjanl) with an average of 62.50% (Table 4).
Assuming Hardy-Weinberg equilibrium, the value of
Nei’s genetic diversity (He) ranged from 0.079
(Zanjan3) to 0.345 (Bojnurd) (Table 1). High
polymorphism was found within accessions and the
probability that two randomly sampled polypeptides in a
given accessions are different was 25.3% (He = 0.253).
The pairwise values for Nei’s genetic distances between
the analysed accessions ranged from 0.041 (between
Zanjan2 and Zanjan4) to 0.398 (between Zanjanl and
Zanjan3), with an average of 0.201 (Table 3). To
elucidate the genetic relationships among S. strictum
accessions, an emphasized UPGMA dendrogram was
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Table 3. Pair-wise values for squared Euclidean distances (below diagonal) and Nei’s genetic distances (above diagonal) of nine

wild parent populations of S. strictum

Zanjanl Zanjan2 Zanjan3 Zanjan4 Bojnurd Karaj3 Karaj1 Karaj2 Esfehan

Zanjanl 0 0.175 0.398 0.126 0.096 0.104 0.275 0.224 0.186
Zanjan2 3.743 0 0.334 0.041 0.077 0.087 0.287 0.066 0.156
Zanjan3 3.916 2.242 0 0.302 0.364 0.370 0.213 0.329 0.321
Zanjan4 2.286 2.439 2.836 0 0.097 0.074 0.257 0.092 0.153
Bojnurd 4.768 1.983 3.547 4.006 0 0.104 0.251 0.108 0.142
Karaj3 3.644 3.145 3.644 1.789 4.518 0 0.280 0.173 0.186
Karajl 4.505 2.072 3.047 2.69 2.231 1.306 0 0.320 0.266
Karaj2 4.948 6.162 6.095 4.172 7.596 3.286 2.164 0 0.197
Esfehan 2.959 4.802 4.48 2.511 6.211 2.758 3.449 3.073 0

produced using Nei’s genetic distances (Fig. 1b). The
nine wild accessions were grouped into two clusters.
This clustering pattern, made on the basis of SDS-
PAGE, grouped the accessions differently and gave no
clear indication of phenotypic performance or
origin/source (Fig. 1b). In agreement with these results,

a Karaj3
Karaj1
Zanjan4
Esfahan

Karaj2

Zanjan1
2.0 15 1.0 0.5 0.0

Zanjan3
Zanjan2
Bojnurd

AMOVA showed that most of the genetic variation was
found within accessions (69%).

Correlation coefficients among pairwise genetic and
phenotypic distance matrices were calculated using
Mantel's test. Regression and correlation analysis
between genetic and phenotypic distances showed no

b Zanjan2
Zanjan4
Karaj2
Bojnurd

Zanjan1
— a3
— Esfahan
Zanjan3
Karaj1
0.;5 o.;o 0.:)5 0.:)0

Figure 1. Phenogram of nine wild populations of S. strictum based on phenotypic traits (a) and total protein profiles (b), produced

by the UPGMA clustering method.
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Figure 2. Seed storage protein band frequencies of the wild parent, offspring and superior offspring samples of S. strictum.
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significant correlation (p > 0.05).

Genetic Differentiation between Wild Accessions and
Their Offsprings

ANOVA suggested significant differences among
seeds of 27 S. strictum accessions (the nine wild
parents, offspring and superior offspring accessions,
which were pooled as three distinct groups) for all the
10 germination parameters (Table 4). The mean values
for the parental, offsprings and superior offspring
accessions showed a wide variation for almost all the
traits (Table 4). Apart from five (out of nine accessions)
superior offspring accessions that did not germinate,
almost all the germination parameters had higher mean
values for the wild parent accessions.

Seed storage proteins profiling in the 27 S. strictum
accessions (the nine wild parents, offspring and superior
offspring accessions) were indicated 32 polypeptide
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bands of different sizes ranging from 6.606 to 269.153
kDa. Results showed quite different band frequency
distributions among wild parent, offspring and superior
offspring genotypes (Fig. 2). A summary of genetic
variability measures for the analyzed accessions is
shown in Table 4. The PPL and He ranged from 18.75%
and 0.07, respectively, (for parental accession from
Zanjan3, P-Zanjan3) to 100% and 0.439, respectively,
(for offspring accession from Zanjan2, O-Zanjan2). In
seven out of nine source regions, wild parent accessions
showed higher levels of genetic diversity than superior
offspring accessions with respect to PPL and He.
However, most of the parent accessions (six out of nine)
recorded lower values with respect both PPL and He
compared to their respective offspring accessions. The
observed number of bands (Na) in all superior offspring
accessions ranging from 22 to 29 were lower than all
parental (ranging from 27 to 32) and offspring

Table 4. Germination traits and genetic diversity parameters of wild parent (with P prefix), offspring (with O prefix) and superior
offspring (with So prefix) accessions of S. strictum (as separate datasets)

pop Germination traits Genetic parameters
Germination ~ Growth Root Shoot  Seedling Root  Vigor  Seedling Seedling Dry Na PPL He
% speed length length length /shoot  Index fresh dry /fresh
(mm) (mm) (mm) length weight weight  weight
® (@
Parent
P- 98.00 21.50 60.50 69.00 129.50 0.75 32.00 0.34 0.04 0.13 32 87.50  0.332
P- 98.00 24.50 143.50 109.50 253.00 1.25 61.90 1.30 0.09 0.07 32 59.38  0.256
P- 98.00 24.50 109.50 143.00 252.50 0.75 61.90 1.33 0.11 0.08 27 18.75  0.079
P- 100.00 24.25 112.00 100.00 212.00 1.10 53.00 1.50 0.09 0.06 32 71.88  0.319
P- 96.00 24.00 130.50 119.00 249.50 1.20 59.70 1.41 0.09 0.07 31 81.25  0.345
P-Karaj3 98.00 24.13 134.00 121.00 255.00 1.05 62.45 1.45 0.10 0.07 31 62.50  0.250
P-Karajl 84.00 19.00 161.50 113.00 282.50 1.60 61.85 1.52 0.11 0.07 31 78.13  0.293
P-Karaj2 96.00 23.25 109.00 106.50 215.50 0.95 52.30 1.40 0.10 0.07 32 46.88  0.181
P- 88.00 20.13 73.00 109.00 182.00 0.60 40.05 0.83 0.06 0.07 32 56.25 0.222
Mean 95.11a 22.81a 114.83a 110.00a 225.72a  1.03a 539la 1.23a 0.09a 0.08b  31.11 62.5 0.243
Superior
So- - - - - - - - - - - 25 68.75 0311
So- - - - - - - - - - - 29 68.75  0.274
So- - - - - - - - - - - 25 50.00  0.217
So- 62.00 15.13 43.00 70.00 113.00 0.55 17.60 0.21 0.03 0.08 29 68.75  0.285
So- 62.00 15.13 68.00 87.50 155.50 0.55 31.80 0.92 0.07 0.07 26 46.88  0.190
So- 88.00 21.63 104.50 135.00 239.50 0.81 52.85 1.65 0.11 0.07 27 37.50  0.163
So- - - - - - - - - - - 29 71.88  0.265
So- 76.00 18.25 116.00 112.00 228.00 1.00 43.25 1.07 0.11 0.10 22 4375  0.116
So- - - - - - - - - - - 27 50.00  0.166
Mean 72.00b 16.1b 93b 93.50b  162.25b  0.63b  30.10b 0.82b 0.07b 0.08b 26.55 5625 0.221
Offspring
O- 8.00 6.50 9.00 27.50 36.50 0.25 2.60 0.14 0.02 0.14 31 62.50  0.279
O- 84.00 20.63 65.50 66.50 132.00 0.95 27.65 0.40 0.05 0.11 32 100.00  0.439
O- 40.00 10.00 20.50 37.50 58.00 0.55 6.25 0.33 0.02 0.04 32 65.63  0.198
O- 36.00 9.00 17.50 38.50 56.00 0.40 5.25 0.18 0.03 0.14 30 93.75  0.406
O- 78.00 19.13 29.50 51.50 81.00 0.50 15.80 0.34 0.05 0.15 31 37.50  0.171
O-Karaj3 82.00 20.13 56.00 70.00 126.00 0.75 24.20 0.31 0.04 0.12 31 63.50  0.277
O-Karajl 72.00 17.63 37.50 47.50 85.00 0.78 15.20 0.22 0.03 0.14 31 50.00 0.176
O-Karaj2 48.00 10.88 41.00 70.50 111.50 0.55 13.35 0.42 0.06 0.13 32 68.75  0.298
O- 76.00 19.00 28.00 61.50 89.50 0.40 16.90 0.40 0.05 0.12 32 71.88  0.264
Mean 58.22¢ 14.76b__ 33.83c  52.33c 86.17¢c 0.57b__ 14.13c 0.30c 0.04¢c 0.12a 3133 68.06  0.276

The seed sources are abbreviated as follows: P parent, wild populations; So superior offspring of wild populations; and O offspring of wild

populations. *: The seed sources were not germinated.
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Figure 3. Dendrogram of wild parent (with P prefix), offspring (with O prefix) and superior offspring (with So prefix) accessions
of S. strictum based on seed storage protein profiles, produced by the UPGMA clustering method.

accessions (ranging from 30 to 32). In all wild
accessions and their offsprings, two locally common
bands (with frequency < 25%) were observed, which
were absent in superior offsprings. We further compared
the mean genetic parameters of three S. strictum
datasets. The highest values were found in the
offsprings, whereas the superior offsprings showed the

least values (Table 4). Comparing three S. strictum
datasets, the coefficient of genetic differentiation (Fsf)
between superior offspring genotypes with both wild
parent and offspring genotypes was considerable (0.222
and 0.233, respectively), whereas, the value between
wild parent and offspring genotypes was much lower
(Fst=0.119).
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Figure 4. Two-dimensional graph based on the ordination scores of the principal coordinate analysis of wild parent (with P prefix),
offspring (with O prefix) and superior offspring (with So prefix) accessions of S. strictum based on seed storage protein profiles.
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Figure 5. Dendrogram of wild parent (with P prefix), offspring (with O prefix) and superior offspring (with So prefix) accessions

of S. strictum based on seed storage protein profiles, produced by the NJ clustering method.

To elucidate the genetic relationships among three S.
strictum datasets (the wild parents, offsprings and
superior offsprings) an UPGMA dendrogram was
produced using Nei’s genetic distances (Fig. 3). The 27
accessions from three S. strictom datasets were
relatively separated from each other. The seed storage
protein data were also used for conducting principal
component analysis (PCA) to further study the genetic
diversity among the 27 S. strictom accessions (Fig. 4).
The results of the PCA showed that the three accessions
of S. strictom datasets are clearly separated from each
other (Fig. 4). The first three principal coordinates
accounted for 80% of the total variation among the
accessions or datasets. The first principal coordinate,
which accounted for 44% of the total variation, clearly
separated the parental and offspring accessions from the
superior offspring accessions. The parental accessions

were separated from the offspring accessions along the
second principal coordinate, which explained 20% of
the total variation (Fig. 4). The only exception among
offspring accessions was O-Bojnurd, which clustered
with parental accessions. Overall patterns of genetic
differentiation were also examined using NJ analysis
(Fig. 5). The resulting tree had long terminal branches,
which suggested that the accessions and datasets were
well differentiated.

AMOVA using seed storage proteins revealed that
variation among datasets accounted for 17% of the total
variance, among accessions within dataset and within
accessions for 27% and 58% of the total variation,
respectively (Table 5). An important observation in this
research is that selection of phenotypically superior
offsprings has resulted in higher between-accession
variation among superior offspring accessions compared

Table 5. Analysis of molecular variance (AMOVA) for wild parent, offspring and superior offspring (with So prefix)

accessions of S. strictum (as separate datasets).

Source df SS MS Est. Var. % Total Prob
Among datasets 2 250.974 125.487 1.115 17% 0.010
Among Pops/datasets 25 538.930 21.557 1.762 27% 0.010
Within Pops 252 992.300 3.938 3.938 56% 0.010
Total 279 1782.204 150.982 6.815
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Table 6. Analysis of molecular variance (AMOVA) for wild parent, offspring and superior offspring accessions of S. strictum.

Dataset Among population (%) Within population (%) p

parent 31 69 0.01
Superior offspring 38 62 0.01
Offspring 26 74 0.01

to parental and offspring accessions implying greater
differentiation among them (different bands lost)
following selective retention of phenotypically superior
offsprings (Table 6).

Discussion

The present survey examined nine wild accessions of
S. strictum from Iran. High genetic variation was
observed in total protein profiles and phenotypic traits.
Parallel to our findings, significant variation was
observed with respect to morphological, phonological,
biological and molecular properties among populations
in previous studies [9, 13, 20, 22, 33, 35, 38, 41, 42].
The reason for this variation detected within accessions
may be related to genetic structure, which is probably
due to the heterozygosity of cross-pollination of S.
strictum [27]. The cross-pollination mechanism, sexual
reproduction, high seed ratio and incompatibility to
produce offspring of the Secale species could have
resulted in accumulation of abundant genetic variation
during the long evolutionary history [5]. This indicated
that improvement through simple selection for these
traits is possible. However, broadening the genetic base
from diverse sources is recommended to include most of
the genetic determinants of these traits [15].

Seed storage protein profiles variation revealed that
wild accessions of S. strictum held more genetic
variation within rather than among accessions (69%,
31%, respectively). According to Hamrick and Godt
[18], reproductive biology is the most important factor
in determining the genetic structure of plant
populations. They showed that out-crossing plant
species tend to exhibit between 10% and 20% genetic
variation among populations, while self-pollination
species exhibit on average 50% variation among
populations. Therefore, the 31% genetic variation
among studied accessions can be explained by partial
inbreeding. Although studies on the biology of
flowering and pollination indicate it as an out-crosser, S.
strictum shows partial self-compatibility [46].

AMOVA analysis showed that, although the
majority of the genetic variation resided within wild
accessions (69.0%), a relatively high degree of genetic
variation resulted from differentiation among accessions
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(31.0%). Jenabi et al. [20] confirmed the presence of a
much more pronounced and significant differentiation
among 19 S. strictum populations from Iran using
nuclear SSRs (based on AMOVA, differences among
populations account for 62% of the total nSSR
variance). In agreement with other studies in Secale
species [9, 20, 36, 42] the results of this work implied
that the genetic diversity of S. strictum was not the
result of the joint effects of one or several ecological
factors, i.e., the ecological factors do not play an
important role in influencing the protein profiles
polymorphism of S. strictum. This study provides
evidence that seed storage protein marker
polymorphisms are an informative and suitable
approach to evaluate the polygenic relationships in wild
accessions of S. strictum.

Comparison of seed storage protein profiles revealed
considerable differences between wild parent accessions
of S. strictom and their offspring. Unfortunately, our
understanding of the relationship between level of
genetic diversity in parental populations and their
offspring among Secale species is limited. In our study,
interestingly, progenies of wild populations were
genetically more diverse on account of higher values of
percent polymorphic loci as well as heterozygosity
compared to their parent populations. This may suggest
the influence of out crossing from larger distances in
these samples, as produces offspring by the fusion of
gametes, resulting in offspring genetically different
from the parent or parents.

Loss of genetic diversity and increased population
differentiation from source populations are common
problems associated with breeding programs established
from a small number of founders. Like many other
studied plant species where cultivars have lower genetic
diversity than their wild relatives [14, 29, 40, 54, 57],
the superior offsprings of different S. strictum
accessions maintain lower levels of genetic diversity as
their parents (mean He value for wild parent accessions
was significantly higher than their superior offsprings).
The heterozygosity of offspring samples was higher
than all wild parent or superior offspring accessions.
Despite the retention of genetic diversity in offsprings, a
detectable shift in gene frequency was revealed by the
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distribution of band frequencies. These results
demonstrates that artificial breeding practices result in a
decrease in genetic variability in terms of band
diversity, which is not necessarily detectable from levels
of heterozygosity.

Selective breeding often produces an improvement in
phenotype. Artificial selection can separate adult
individuals from a parent generation into two groups,
those selected and those to be discarded, based on the
characteristics that are determined by the changes in the
gene frequency [26]. This has been confirmed in many
species, such as Bluebunch Wheatgrass [24], maze [58],
Cassava [28] and rice [50]. In the present study
significant genetic differentiation among the wild parent
accessions and their superior offsprings is also due to
band frequency alterations. The most striking change in
band frequencies is the loss of low frequency bands,
which is proved to be a common phenomenon in
cultivars as a consequence of small population size,
genetic drift, and selection [25, 56]. The major reason
for the genetic differentiation between the wild parent
accessions and their superior offsprings in this study
appears to be artificial selection as the superior
offsprings have been extensively selected. This
investigation further demonstrates that gene frequency
change is the genetic basis of character improvement in
selective breeding.

Genetic diversity is always changing, but the report
on the state of the worlds plant genetic resources [12],
points out that while loss of genes is of particular
concern, loss of gene complexes and unique
combinations of genes (as in different landraces) can
also have important consequences. Genetic erosion may
thus be defined as a permanent reduction in richness or
evenness of common localized alleles or the loss of
combination of alleles over time in a defined area. This
definition recognizes that diversity has two distinct
components in (i) the number of different entities and
(i1) their relative frequencies. It also suggests that it is
specifically loss of locally adapted alleles that is most
significant. Two locally common bands were detected in
almost all wild parent populations, a very important part
of genetic diversity which have been missed in superior
progenies. This process considered as genetic diversity
erosion. Genetic erosion will be detrimental to the short-
term viability of individuals and populations, the
evolutionary potential of populations and species, and
the direct use of genetic resources [6]. Recent genetic
erosion and/or the risk of imminent genetic erosion are
key factors in determining the priority given to different
areas for conservation interventions whether ex situ, in
situ or a combination of both.

This study demonstrates the of

high levels
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polymorphism detectable with seed storage proteins
even within superior offsprings of S. strictum. A
relatively high degree of genetic differentiation among
wild populations (31%) indicates that comprehensive
germplasm collection in major geographic regions is
required to broaden the genetic base and sample the full
extent of the available wvariation. The results
demonstrate that the divergence of microenvironments
have no obvious effect on the genetic diversity and
genetic structure of S. strictum. Consequently, major
attention should be paid to the sustainable conservation
of the wild populations of S. strictum at different
populations, when strategies for breeding and
germplasm conservation are being implemented in
future programs. Breeding strategies need to exploit the
existing variation within the wild S. strictum
germplasm. The study confirmed that genetic and
morphological diversity work in different ways to
determine the relationships among populations. To
effectively exploit germplasms, we should utilize both
methods in breeding work. Further studies are required
to reveal whether there are other factors that cause
genetic variation in S. strictum. Although S. strictum
had not been listed as a species of conservation concern
for Iran, it is an important economic species endemic to
Iran. Therefore, the conservation and further reasonable
utilization of the germplasm resources of this species is
an urgent task.

This technology (SDS-PAGE) has the potential to be
of great use in monitoring levels of genetic variation
within wild populations as well as for parentage and
relatedness purposes. Between wild parent accessions
and their superior offspring significant differences were
observed in expected heterozygosity suggesting that
more intensive breeding practices may have resulted in
a further erosion of genetic variability. These results
also show that allelic diversity is a more sensitive
measure of differences in genetic variation between
wild and progeny populations than overall
heterozygosity. These results provide highly support for
the hypothesis that neutral genetic diversity has been
reduced or inadvertently lost via artificial selection.
Neighbor-joining cluster analysis showed that wild,
offspring and phenotypically superior offspring
accessions were separated into three groups. This
suggests that founder effects and subsequent selection
have had more effect on the genetic differentiation
among these accessions than geographical separation.
Differences in genetic variation observed among
superior progenies may be a result of geographical
separation of their parent populations. This technology
has great potential for use in breeding programs.
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Conclusion

From the present study it can be concluded that there
was a high genetic variation among S. strictum wild
populations for both seed storage protein profiles and
phenotypic traits. The results demonstrate that the
divergence of microenvironments have no obvious
effect on the genetic diversity and genetic structure of
alfalfa. Consequently, major attention should be paid to
the sustainable conservation of the wild populations of
alfalfa at different populations, when strategies for
breeding and germplasm conservation are being
implemented in future programs.

The results showed the existence of genetic
variability for each progeny and wild population, dem-
onstrating differences in the progeny performance
across locations. Besides, seeds of superior offsprings
showed less genetic variability than both wild and
offsprings of S. strictum accessions suggesting that
more intensive breeding practices may have resulted in
a further erosion of genetic variability. Separation of
wild populations, offspring and phenotypically superior
offspring accessions into three groups, suggests that
founder effects and subsequent selection have had more
effect on the genetic differentiation among these
accessions than geographical separation. The results
demonstrated that the study of genetic diversity and
differentiation between the parents and their offspring
using seed storage protein profiles provides important
information for the breeding and conservation of
germplasm. However, this study represents a first step
in studying the impact of domestication on the genetic
diversity of S. strictum accessions in Iran, and still
needs to be supported with additional work at different
markers.

References

1. Abdul-Baki A.A. and Anderson J.D. Vigour
determination in soybean seed by multiple criteria. Crop
Sci. 13: 630-633 (1973).

2. Akgun D., Tosun M., Haldloglu K. and Aydin M.
Development of autotetraploid perennial rye (Secale
montanum Guss.) and selection for seed set. Turk. J.
Field Crops. 16: 23-28 (2011).

3. Andersen M.R., Deputt E.J., Abernethy R.H. and
Kleinman L.H. Value of mountain rye for suppression of
annual brome grasses on semiarid mined lands. J. Range
Manage. 45: 345-351 (1992).

4. Anderson E.W. and Brooks L.E. Reducing erosion
hazard on a burned forest in Oregon by seeding. J.
Range Manage. 28: 394-398 (1975).

5. Asay K.H., Jensen K.B., Hsiao C. and Dewey D.R.
Probable origin of standard crested wheatgrass,
Agropyron desertorum Fisch ex Link, Schultes. Can. J.
Plant Sci. 72: 763-772 (1992).

6. Brown A., Young A., Burdon J., Christides L., Clarke

319

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

G., Coates D. and Sherwin W. Genetic indicators for
state of the environment reporting. Australia State of the
Environment Technical Paper Series (Environmental
Indicators), Department of Environment, Sport and
Territories, Canberra (1997).

Buman R.A. and Abemethy R.H. Temperature
requirements for mountain rye, Hycrest crested
wheatgrass and downy brome germination. J. Range
Manage. 41: 35-39 (1988).

Das S. and Mukharjee K.K. Comparative study on seed
proteins of Ipomoea. Seed Sci. Tech. 23: 501-509
(1995).

De Bustos A. and Jouve N. Phylogenetic relationshios of
the genus Secale based on the characterization of rDNA
ITS sequences. Plant Syst. Evol. 235: 147-154 (2002).
Excoffier L. AMOVA 1.55 (Analysis of Molecular
Variance). University of Geneva, Switzerland, Genetics
and Biometry Laboratory (1995).

Excoffier L., Smouse P. and Quattro J. Analysis of
molecular Variances among DNA restriction data.
Genetics 131: 479-491 (1992).

FAO. Report on the state of the world’s plant genetic
resources for food and agriculture. FAO, Rome, 75 pp.
(1996).

Frederiksen S. and Peterson G. A taxonomy revision of
Secale (Triticeae, Poceae). Nordic J. Bot. 18: 399-420
(1998).

Gepts P. Crop domestication as a long-term selection
experiment. Plant Breed. Rev. 24: 1-44 (2004).

Ghafoor A., Ahmad Z., Qureshi A.S. and Bashir M.
Genetic relationship in Vigna mungo (L.) Hepper and V.
radiate (L.) R. Wilczek based on morphological traits
and SDS-PAGE. Euphytica 123: 367-378 (2002).
Ghazanchian A. Factors affecting seed shattering in
Secale montanum and improvement of management in
seed production sites. Final Technical Report of
Research Institute of Forests and Rangelands No. 6327,
54 p. (2006).

Gower J.C. Some distance properties of latent root and
vector methods used in multivariate analysis. Biometrika
53:325-338 (1966).

Hamrick J.L. and Godt M.J.W. Effects of the history
traits on genetic diversity in plants. Philosophical
Transactions B. 351: 1291-1298 (1996).

Icgen Y., Kaya Z., Cengel B., Velioglua E., Ozturka H.
and Onde S. Potential impact of forest management and
tree improvement on genetic diversity of Turkish red
pine (Pinus brutia Ten.) plantations in Turkey. For.
Ecol. Manage. 225: 328-336 (2006).

Jenabi T., Sajedi H. and Rahiminejad M.R. Biodiversity
of Secale strictum in Iran measured using microsatelites.
Genet. Resour. Crop Evol. 58: 497-505 (2011).

Jiang Q., Li O., Yu H. and Kong L.F. Genetic and
epigenetic variation in mass selection populations of
Pacific oyster Crassostrea gigas. Genes Genom. DOI
10.1007/s13258-013-0114-4 (2013).

Katsumasa N., Shoji O. and Sadao S. B
chromosomes of Secale cereale L. and S.
montanun G. lkushugaku zasshi 40: 147-152
(1990).

Laemmli U.K. Cleavage of structural proteins during the



Vol. 25 No. 4 Autumn 2014

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

assembly of the head of bacteriophage T4. Nature 227:
680-685 (1970).

Larson S.R., Jones T.A., Hu Z.M., McCracken C.L. and
Palazzo A. Genetic diversity of bluebunch wheatgrass
cultivars and a multiple-origin polycross. Crop Sci. 40:
1142-1147 (2000).

Launey S., Barre M., Gerard A. and Naciri-Graven Y.
Population bottleneck and effective size in Bonamia
ostreae-resistant populations of Ostrea edulis as inferred
by microsatellite markers. Genet. Res. 78: 259-270
(2001).

Li H.D., Liang Y.Z., Xu Q.S. and Cao D.S. Model
population analysis for variable selection. J.
Chemometrics 24: 418-423. 418 (2010).

Love A. Conspectus of the Triticeae.
Repertorium 95: 425-521 (1984).
Manu-Aduening J.A., Peprah P.P. and Agyeman A.
Genetic variability of cassava progenies developed
through introgression of cassava mosaic disease
resistance into Ghanaian landraces. J. Crop Sci. Biotech.
16: 23-28 (2013).

Miller A.J. and Schaal B.A. Domestication and the
distribution of genetic variation in wild and cultivated
populations of the Mesoamerican fruit tree Spondias
purpurea L. (Anacardiaceae). Mol. Ecol. 15: 1467-1480
(2006).

Miller M.P. AMOVA-PREP, a program for the
preparation of AMOVA input files for use with
WINAMOVA. Department of Biological Sciences,
Northern Arizona University, Flagstaff, AZ (1997).
Moran G.F., Butcher P.A. and Glaubitz J.C. Application
of genetic markers in domestication conservation and
utilization of genetic resources of Australasian tree
species. Aust. J. Bot. 48: 313-320 (2000).

Nei M. Estimation of average heterozygosity and genetic
distance from a small number of individuals. Genetics
89: 583-590 (1978).

Oram R.N. Secale montanum: a wider role in
Australasia? New Zealand J. Agri. Res. 39: 629-633
(2013).

Peymani-Fard B. A study on the promising ecotypes of
Secale montanum Guss. Proceedings of the XVII
International Grasssland Congress, P. 199-200 (1993).
Rahmani E., Jafari A.A. and Hedaiati P. Evaluation of
seed yield, forage yield and their components in
mountain rye (Secal Montanum Guss.) through
correlation, regression and path analysis. Iranian J.
Rangelands For. Plant Breeding Genet. Res. 10: 2-12
(2002).

Reddy P., Appels R. and Baum B.R. Ribosomal DNA
spacer-length variation in Secale spp. (Poaceae). Plant
Syst. Evol. 171: 203-220 (1990).

Reimann-Philipp R. Breeding perennial rye. Plant
Breeding Rev. 13: 265-292 (1995).

Riley R. The cytogenetics of the differences between
some Secale species. J. Agri. Sci. 46: 377-383 (1955).
Rohlf JF. NTSYS-pc: Numerical taxonomy and
multivariate analysis system. Version 2.11., Exeter,
Setauket, NY (2004).

Salehi Shanjani P., Jafari A.A. and Calagari M. Genetic
variation among wild and cultivated Agropyron

Feddes

320

P. Salehi Shanjani, et al.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

J. Sci. . R. Iran

desertorum populations based on total protein profiles
and phenotypic traits. New Zealand J. Crop Horti. Sci.
41: 117-134 (2013).

Sheidai M. Comparative cytogenetic study of some grass
genera of the subfamily Pooideaec in Iran. Polish
Botanical J. 53: 15-28 (2008).

Skuza L., Rogalska S.M. and Bocianowski J. RFLP
analysis of mitochondrial DNA in the genus Secale.
Acta Biol. Cracoviensi Bot. 49: 77-87 (2007).

Stoehr M.U. and El-Kassaby Y.A. Levels of genetic
diversity at different stages of the domestication cycle of
interior spruce in British Columbia. Theor. Appl. Genet.
94: 83-90 (1997).

Stutz H.C. On the origin of cultivated rye. Amer. J. Bot.
59:59-70 (1972).

Tamura K., Dudley J., Nei M. and kumar S. MEGA 4:
Molecular evolutionary genetics analysis software,
version 4.0. Mol. Biol. Evol. 24: 1596-1599 (2007).
Thorogood D., Kaiser W.J., Jones J.G. and
Armstead I.P.  Self incompatibility in ryegrass 12.
Genotyping and mapping the S and Z loci. Heredity 88:
385-390 (2002).

Vences F.J., Vaquero F. and Perez de la Vega M.
Phlogenetic relationships in Secale: An isozymatic
study. Plant Syst. Evol. 157: 33-47 (1987a).

Vences F.J., Vaquero F., Garcia P. and Perez de la Vega
M. Further studies on phylogenetic relationships in
Secale, on the origin of its species. Plant Breed. 98: 281-
291 (1987b).

Verardi C.K., Vilela de Resende M.D., Brito da Costa R.
and Gongalves P.S. Estimation of genetic parameters in
rubber progenies. Crop Breed. Appl. Biotechnol. 12:
185-190 (2012).

Virk D.S., Singh D.N., Prasad S.C., Gangwar J.S. and
Witcombe J.R. Collaborative and consultative
participatory plant breeding of rice for the rainfed
uplands of eastern India. Euphytica 132: 95-108 (2003).
Vries I.M. Characterization and identification of Lactuca
sativa cultivars and wild relatives with SDS—
electrophoresis (Lactuca sect. Lactuca, Compositae).
Genet. Res. Crop Evol. 43: 193-202 (1996).

Wright S. Evolution in Mendelian populations. Genetics
16: 97-159 (1931).

Wright S. The genetical structure of populations. Annal
Eugentics 15: 323-353 (1951).

Wu HF., Li ZZ. and Huang H.W. Genetic
differentiation among natural populations of Gastrodia
elata (Orchidaceae) in Hubei and germplasm assessment
of the cultivated populations. Biodiver. Sci. 14: 315-326
(2006).

Yeh F.C., Yang R.C. and Boyle T. POPGENE, version
1.32, Microsoft window base software for population
genetic analysis: A quick user's guide. University of
Alberta, Center for International Forestry Research,
Alberta, Canada (1999).

Zhang Q.Q., Xu X.F., Qi J., Wang X.L. and Bao Z.M.
The genetic diversity of wild and farmed Japanese
flounder populations. Periodical Ocean Univer. China
34: 816-820 (2004).

Zhou Y.Q., Jing J.Z., Li Z.Y., Zhang B.H., Wang T.L.
and Jia J.F. ISSR identification of genetic diversity of



Genetic Diversity and Differentiation of Secale strictum Accessions...

Rehmannia glutinosa in Huai zone. Chinese Traditional Effects of improvement by mass selection on the
Herbal Drugs 36: 257-262 (2005). different maize synthetic populations. ACTA
58. ZouC.Y., LiLJ., Yang K.C., Pan G.T. and Ring T.Z. Agronomica Sinica 36: 76-84 (2010).

321



