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ABSTRACT. Dactylis glomerata L. is an important forage species in the
Mediterranean region, and in other regions with a similar climate. Genetic
material from 3 locations innorth, central, and south Greece was studied, using
morphological traits, SSR, and ISSR molecular markers. Morphological
analysis revealed differences among the geographic locations studied for all
morphological traits, except the number of reproductive tillers. Moreover,
the highest phenotypic variation was observed on the accessions from south,
while the lowest was observed on the accessions from the north. Although
the results of the molecular marker analysis are indicative, a high level of
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genetic diversity at the species level was revealed by ISSRs (G, = 0.291)
and SSRs (.= 0.186). Analysis of molecular variance showed that a high
level of genetic diversity existed for ISSRs and SSRs within populations
(62 and 83%, respectively), rather than among populations (38 and 17%,
respectively). Cluster analysis divided the 3 populations in 2 groups,
with the population originating from the island of Crete forming 1 group,
while the populations from north Greece (Taxiarchis) and central Greece
(Pertouli) were clustered in a 2nd group. In general, the results indicate that
SSRs are more informative compared to ISSRs about the genetic variation
within a population, whereas the ISSRs were more informative about the
genetic diversity among populations However, a similar trend in diversity
(genotypic and phenotypic) was observed in the morphological traits and
microsatellite-based (SSR/ISSR) markers at the locations studied.

Key words: Cocksfoot; Fodder crop; Genotypic variation;
Molecular markers; Phenotypic variation

INTRODUCTION

Dactylis glomerata L. (Orchardgrass, Cocksfoot, or Cocksfoot Grass), is a widespread,
highly cross-pollinated, cool-season perennial grass, that is naturally distributed throughout
Europe, including the Mediterranean basin, West and Central Asia, and north Africa. It is an
important fodder crop of high agronomic value for the Mediterranean region and for other
regions with a Mediterranean-like climate. D. glomerata is a very diverse, complex species
that is spread over a wide range of habitats (Lumaret, 1997) with varying water availability,
temperature, and physiogeographic conditions.

Germplasm collections from natural populations of agriculturally important plant spe-
cies have been widely used for the development of improved varieties. Morphological traits and
molecular markers may be used for the evaluation of genetic resources, and for the study of pre-
breeding and breeding germplasms. Morphological traits assess phenotypic variation in grow-
ing environments, and are used as tools for the indirect analysis of genetic diversity. In com-
parison, molecular markers are used for the direct analysis of genetic diversity, because they are
reproducible, reliable, and independent from (i.e., not influenced by) environmental conditions.
The genetic diversity of D. glomerata populations has been studied using morphological traits
(Borrill, 1978), allozymes (Garcia and Lindner, 1998), chloroplast DNA (Sahuquillo and Lu-
maret, 1999), RAPD markers (Metin et al., 2004), and AFLP markers (Peng et al., 2008).

SSRs, or microsatellites, are routinely used for studies focused on population genetics, be-
cause they are easy to use and are highly reproducible, in addition to exhibiting co-dominant inheri-
tance and high polymorphism (Diaz et al., 2006). Recently, a microsatellite-based method has been
developed, Inter Simple Sequence Repeats (ISSRs), which involves the PCR amplification of DNA
by a single 16-18-bp-long primer composed of a repeated sequence. This approach is highly repro-
ducible and has relatively low cost (Bornet and Branchard, 2001). ISSR analysis has been used to as-
sess the genetic diversity of alarge number of plantspecies, including Lolium spp (Dinellietal.,2004)
and Cynodon dactylon (Wang et al., 2013). Both SSRs and ISSRs are powerful and useful tools
for genetic studies and have been used in several plant species; however, at present, reports remain
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limited about their use in studies of D. glomerata populations (Litrico et al., 2009; Xie et al., 2010,
2012).

D. glomerata is widespread from low elevation dry grasslands to high elevation pseu-
doalpine grasslands in Greece. Nevertheless, there is a complete lack of information about the
diversity and structure of the Greek populations of this species. This study aimed to assess
morphological differences among and within natural populations of D. glomerata growing in
contrasting environments. In addition, the comparative effectiveness of SSR and ISSR mo-
lecular markers in the genetic study of natural D. glomerata populations was evaluated.

MATERIAL AND METHODS
Plant material and morphological traits

Three natural populations were sampled from 3 geographically separate locations in
north, central, and south Greece (Table 1). At each location, seeds were randomly collected

from 72 plants of D. glomerata from 3 sites (accessions) separated by a distance of approxi-
mately 2 km (i.e. 24 plants from each site) (Table 1).

Table 1. Geographic locality and ecological description of collecting sites of Dactylis glomerata accessions.

Code  Geographic localities Geographic data Climatic data Collection sites Sample size

Latitude Longitude Temperature (°C)  Precipitation Altitude ~ Habitat ~ Management Morphological Molecular

mean annual mean annual (m) grazing traits analysis
(mm)
Max Min
Tax Taxiarchis North Gr. ~ 40°23' 23°28' 15 5 800 1 800 OF! Low 24 10
2 750 OF Moderate 24
3 650 OF Moderate 24
Per Pertouli Central Gr. 39°35' 21°32' 13 3 1300 1 1600 PG? Moderate 24 12
2 1300 FF? Low 24
3 1100 G* Heavy 24
Cre Crete South Gr. 3598 25°30 28 5 800 1 1300 Ph’ Heavy 24 8
2 1200 Ph Heavy 24
3 1000 Ph Heavy 24

'0ak forest (Quercus fiainetto), Dactylis glomerata L., Brahypodium sylvaticum (Hudso) P. Beauv., Carex sp;
Pseudoalpine grassland, Lotus corniculatus L., Dactylis glomerata L., Phleum montanum (L.) K. Koch; *Fir forest (4bies
borisi regis), Dactylis glomerata L., Trifolium sp., Brahypodium sp; *Grassland, Lolium perenne (L.), Platango lagopus (L),
Trifolium repens (L.); *Phryganic intermixed with herbaceous species, Sarcopoterium spinosum (L.) Spach., Euphorbia
acanthothamnos, Heldr. Sart ex Boiss, Dactylis glomerata L., Hordeum bulbosum L., Cynodon dactylon (L.) Pers.

The field experiment for the morphological study was carried out on the farm of Ar-
istotle University of Thessaloniki, north Greece (40°32'N, 22°59'E), at an elevation of about
10 m above sea level (a.s.l.). The seeds collected from the 72 plants from each location were
planted in separate plastic pots that had been filled with a commercial growing medium (TKS
2: Floragard, Oldenburg, Germany: pH 5.2 - 6.0, N 18 - 280 mgl", P,O, 210 - 350 mgl'and
K,0 280 - 460 mgl ™). The pots were placed in a greenhouse for 2 months. The seedlings were
transplanted to a 6 plant row plots in the field of the research station. Plots were arranged in
a randomized complete-block design (block to the locations) with 4 replications, i.e., 6 plants
per row x 4 replications x 3 sites per location, a total of 72 plants per geographic location.

The number of reproductive tillers was measured for each plant. Three reproductive
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tillers for each plant that were heading at the same time were randomly selected. Each tiller
was scored for the following morphological traits: height (cm), tiller and flag leaf blade width
(visually on a scale 1 narrow to 3 broad), length of the panicle (cm), length of first panicle’s
internode (cm), second branch length (glomerulus + pedicel) (cm), and second pedicel length
(cm). The mean of the 3 measurements were calculated for each plant. One-way analysis
of variance (ANOVA) of the data and principal component analysis (PCA) was performed
using the PASW Statistics 18 software (SPSS Inc., Chicago, IL, USA), to determine differ-
ences among the locations and accessions at each location. The LSD at the 0.05 probability
level was used to detect the differences among means (Steel and Torrie, 1980). The data were
also used to generate eigenvalues, the percentage of variation accumulated by PCA, and the
load coefficient values between the original characteristics and respective PCA. The first 2
principal components, which accounted for the highest variation, were used to plot the 2-di-
mensional dispersion of the accessions.

Molecular markers
DNA extraction and PCR

A sample, of 8-12 individual plants was randomly collected from each geographic
location, and was subjected to further microsatellite (SSR/ISSR) analysis (Table 1). Total ge-
nomic DNA was isolated using the procedure described by Doyle and Doyle (1987). The
amount of DNA was quantified by a UV-spectrophotometer (Eppendorf Biophotometer, Ham-
burg, Germany). Samples were then diluted to a 20 ng/pL working concentration.

Polymerase chain reactions (PCR) for SSR and ISSR analysis were performed in a
total volume of 25 pL, containing 20 ng total cellular DNA, 200 mM of each dNTP, 2 mM
MgCl,, 40 pmol of primers, 2.5 uL. 10xTaq DNA polymerase buffer, and 1U DyNAzyme II
DNA polymerase (Finnzymes, Espoo, Finland) or KAPA Taq DNA polymerase.

SSR amplification and ISSR amplification

Seven primer pairs were used for the SSR analysis, following the method of Litrico
et al. (2009). PCR amplifications were performed in a PTC 200 PTC 200 (MJ Research Inc,
MA, USA) as follows: initial denaturation of 3 min at 94°C followed by 40 cycles of 30 s at
94°C, annealing at 45°C for 45 s, and extension at 72°C for 30 s. A 7 min step at 72°C was
programmed as a final extension. PCR products were electrophoresed on metaphor 2% + 2%
agarose gels in 1X TBE buffer at 8°C in a cold room, and visualized using a transilluminator.

Selected ISSR primers (University of British Columbia, primer set wo. 9, Vancouver,
BC, Canada) were used for PCR amplification. Binary data points denote the presence/absence
of each distinguishable band across all samples for the same primer, in both replicate sets of
amplifications. PCR amplifications were performed in a PTC 200 (MJ Research Inc) as follows:
an initial step of 5 min at 94°C, followed by 35 cycles of 30 s at 94°C, for denaturation, 90 s
at 45-60°C (depending on the primer used) for annealing, and 90 s at 72°C, for elongation. A
5 min step at 72°C was programmed as the final extension. Amplification products were sepa-
rated by electrophoresis on 1.5% agarose gel, and stained with ethidium bromide. A 100-bp
or 1-Kb DNA ladder (Invitrogen, Carlsbad, CA, USA) was used as a size marker. Gel images
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were placed in a UVItec Transilluminator (UVItec Limited, Cambridge, United Kingdom) and
analyzed using UVIDoc software UVIDocMw version 99.04 (UVltec, Limited).

Data analysis

The percentage of polymorphic loci (P), effective numbers of alleles (NV,), gene
diversity (expected heterozygosity, H,), Shannon’s diversity index (I), gene differentiation
coefficients (G, for ISSR and F, for SSR), and unbiased genetic distances according to
(Nei, 1978) were calculated using PopGene32 (Yeh et al., 1999) for both markers. ISSRs
are dominant markers, with each band representing the phenotype at a single biallelic locus.
Only bands that could be unambiguously scored were used in the analysis. ISSR amplified
bands were scored for band presence (1) or absence (0), and a binary qualitative data matrix
was formed. In addition, allelic richness (A), private allelic richness (p ,,) alleles (which are
unique to a particular population), and the inbreeding coefficient (F ) within and among
populations was calculated from the SSR data, using the hierarchical rarefaction method
available in HP-RARE (Kalinowski, 2005). As null alleles were suspected to be present
at some loci, allelic frequency estimation and comparison between observed and Hardy-
Weinberg expected heterozygote frequencies were computed by the maximum likelihood
method (Kalinowski and Taper, 2006).

The FSTAT program was used to calculate the F', (Cockerham and Weir, 1984) of
SSR markers across all populations. Pairwise population differentiation was evaluated by F,
using FSTAT (Goodman, 1997). Statistical significance of the estimates was determined with
1000 randomizations. Means and significant values over loci, populations, and subdivisions
were obtained by jackknifing. GENEPOP (Raymond and Rousset, 1995) online version (http://
genepop.curtin.edu.au/) was used to calculate the inbreeding coefficient (F) for each locus in
each population, and to test for linkage disequilibrium between all pairs of loci. Conformance
to Hardy-Weinberg equilibrium was determined by assessing the significance of the F values
by Fisher’s exact tests implemented in GENEPOP, with specified Markov chain parameters
of 5000 dememorization steps, followed by 1000 batches of 5000 iterations per batch. The
sequential Bonferroni’s correction was applied to obtain critical confidence limits for multiple
comparisons, with an initial probability of P = 0.05.

The hierarchical distribution of genetic variation among and within populations was
also characterized by analysis of molecular variance (AMOVA) (Excoffier et al., 1992; Micha-
lakis and Excoffier, 1996) using the GENALEX 6 software (Peakall and Smouse, 2006), with
variation being examined among and within populations. The tests were implemented using
estimates of ®@_, based on distances calculated from allelic data. Tests of significance were

ST
performed using 9999 permutations within the total dataset.

Clustering and assignment methods

An unweighted pair group method with arithmetic mean (UPGMA) dendrogram
based on Nei’s (1978) unbiased genetic distances was constructed for both SSR and ISSR
markers, to illustrate relationships among populations (Nei, 1973). Principal coordinate
analysis (PCO) was used to visualize the genetic structure of each dataset. The analyses
of the SSR and ISSR data sets were executed in GENALEX (Peakall and Smouse, 2006).
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RESULTS
Morphological analysis

Analysis of variance (ANOVA) revealed significant variation among the studied geo-
graphic locations (P < 0.05) for 7 of the 8 morphological traits. The number of reproductive til-
lers per plant was not significantly different among the populations. Taxiarchis had significantly
higher values for plant height, leaf and stem width, length of panicle, and length of panicle’s first
internode compared to the other regions. In comparison, all parameters at Crete were significant-
ly lower compared to the other 2 locations. Similarly, the second branch and second pedicel of
panicles was significantly longer at Taxiarchis compared to the other 2 locations, whereas there
were not significant differences between Pertouli and Crete for these 2 parameters (Table 2).

Table 2. Mean for morphological traits (means = SE), F-values and significance for geographic locations and
for the Dactylis glomerata accessions in each location.

Morphological traits Location Accessions Mean CV (%) F values/Sig.

1 2 3 Locations Accession/location

Vegetative traits

Height (cm) Tax 35 33 34 34+0.5° 12 464.35 o 0.871 NS
Per 29 32 32 31+0.5° 13 4.838 ok
Cre 18 17 15 17+0.3¢ 15 10.609 ok
Leaf width Tax 33 33 3.1 3.3+0.07 18 173.17 o 1.533 NS
Per 23 3.0 29  2.7+0.09 30 5.039 ok
Cre 1.4 1.3 1.3 1.3 +£0.06° 36 0.416 NS
Stem width Tax 32 3.6 2.9 3.2+0.08 20 153.43 o 9.659 o
Per 22 2.5 2.6 2.5+0.09 30 2.265 NS
Cre 1.5 1.5 1.2 1.4+ 0.06° 35 2.589 NS
Reproductive traits
NoRT plant™! Tax 15 14 11 13+0.6 39 1.15 NS 3.328 NS
Per 12 15 17 14+0.8 48 2.339 NS
Cre 14 13 13 13+£0.7 44 0.556 NS
PL (cm) Tax 7.0 8.1 7.3 7.5+0.2° 20 99.26 o 4.157 ok
Per 3.6 5.6 5.5 48+0.2° 28 24.465 ok
Cre 53 5.1 29  45+02° 29 79.270 E
LFI (panicle) (cm) Tax 2.6 2.8 2.8 2.7+0.07* 22 88.15 o 0.802 NS
Per 1.2 1.9 1.7 1.8+£0.07° 37 10.670 ok
Cre 1.8 1.8 0.8 1.540.08° 44 38.061 E
SBL (cm) Tax 35 3.7 3.7 3.6+0.10° 24 139.5 o 0.679 NS
Per 1.5 24 20  2.0+0.07 32 16.809 ok
Cre 22 2.0 1.1 1.8+0.08 37 34.130 o
SPL (cm) Tax 1.6 1.8 1.9 1.8+£0.07* 35 152.7 o 1.854 NS
Per 0.4 0.8 0.5 0.6 +0.05° 67 10.005 ok
Cre 0.8 0.7 0.2 0.6+ 0.06" 70 23.043 o

NoRT = number of reproductive tillers; PL = panicle length; LFI (panicle) = length of first internode; SBL = second
branch length; SPL = second pedicel length; CV = coefficient of variation significance at ANOVA and means
**P <0.05; NS = not significant at ANOVA. Means followed by different letters for the same morphological trait
significantly differ (P < 0.05).

High differentiation among the accessions was observed at Pertouli and Crete, where
there were significant differences among accessions for 7 and 5 of the 8 morphological traits,
respectively (Table 2). Compared to the other accessions, accession 1 in Pertouli and 3 in Crete
(located at higher and lower elevations, respectively) had consistently lower values for all
morphological traits. The lowest differentiation was observed in Taxiarchis, where there were
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significant differences among the accessions for just 2 of the 8 morphological traits (Table 2),
namely stem width and panicle length.

The reproductive morphological traits generally revealed higher variability for the
coefficient of variation (CV) estimation compared to vegetative morphological traits (Table
2). In particular, the CV for reproductive traits ranged from 70% to 20%, whereas the CV for
vegetative traits ranged from 36% to 12%. Among the populations studied, Crete had the high-
est CV values for all morphological traits, while Taxiarchis had the lowest. The only exception
was the number of reproductive tillers, for which Pertouli had the highest CV values.

The first 3 principal components (PCs) with Eigen values >1.0 cumulatively contributed
about 99% of the total variation among the accessions for the 8 morphological traits (Table 3).
The PC1, PC2, and PC3 accounted for 50%, 36%, and 13%, respectively, of the total variation.
The variation in PC1 was mainly associated with reproductive traits, i.e., the panicle and the
panicle’s first internode length, the second branch, and the second pedicel of the panicle. The
predominant traits in PC2 were the vegetative traits, i.e., plant height and leaf and stem width.
The predominant traits in PC3 were the number of reproductive tillers per plant. The length of
panicle’s first internode for the PC1 and the plant height for the PC2 were more representative
compared to the other morphological traits, because they were less correlated with the other 2
components. According to the scatter diagram of the first 2 principal components (Figure 1), ac-
cessions of Taxiarchis and Pertouli were located on the positive side of PC1, while accessions of
Crete were located on the negative side. However, the accessions of Taxiarchis were distributed
on the positive side of PC2, while the accessions of Pertouli were distributed on the negative
side, and the accessions of Crete were distributed between the other two locations.

Table 3. Percentage, cumulative variances and Eigen-vectors on the eight principal components for each
morphological trait in accessions of Dactylis glomerata.

1 2 3 4 5 6 7 8
Height 0.348 0.928 0.099 -0.066 -0.012 -0.062 -0.006 0.000
Leaf width 0.422 0.889 0.159 -0.004 0.016 0.076 0.008 0.000
Stem width 0.568 0.789 0.115 0.204 -0.002 0.003 0.002 0.000
No panicles -0.050 0.150 0.987 0.003 -0.004 0.000 0.000 0.000
Length panicle 0.913 0.371 0.124 0.044 -0.102 0.005 0.010 -0.004
Length first internode 0.930 0.360 -0.001 -0.029 -0.041 -0.039 0.043 -0.003
Second branch length 0.909 0.409 -0.045 0.000 0.061 0.016 0.009 0.015
Second pedicel length 0.911 0.355 -0.182 0.036 0.091 0.032 0.030 -0.007
Eigenvalue 3.979 2.857 1.074 0.050 0.025 0.013 0.003 0.000
% variance 49.733 35.716 13.421 0.624 0.307 0.157 0.038 0.004
Cumulative % 49.733 85.449 98.870 99.493 99.801 99.958 99.996 100.000

Rotation component matrix = Varimax with kaiser normalization.

Microsatellite-based (SSR/ISSR) markers analysis
SSR and ISSR analysis

The selected SSR primers generated an average of 6 alleles per locus, ranging from 2
(NFFA036) to 10 (NFFA045). The genetic differentiation among F. population parameters also
varied among loci, ranging from 0.014 (NFFA045) to 0.432 (NDPK) (Table 4). In comparison, a
total of 105 bands were obtained from the 6 selected ISSR primers. The number of bands ranged
from 15 bands (816 and 827) to 21 bands (841), with an average of 17.5 bands per primer (Table 5).

Genetics and Molecular Research 13 (2): 4226-4240 (2014) ©FUNPEC-RP www.funpecrp.com.br



Morphological and genetic diversity of Dactylis glomerata 4233

2—
PER1
" A PER2 TAX1
A TAX3
- ol ™
_ PER3
=2
2 TAX2
[M¢]
o0
(2]
[&]
o
CRE3
1 @
CRE2
L L)
CRE1
2=
) T ] ]
-2 e 0 1 2
PC1 (49.7%)

Figure 1. Scatter plot of the first and second principal components based on the morphological traits of Dactylis
glomerata accessions from Taxiarchis (Tax), Pertouli (Per), and Crete (Cre).

In general, relatively high levels of genetic variation were observed at both the species
level (P = 100%, I =0.657, H, = 1.360) and at the location level (P = 95.24%, I = 0.985, H_
= (0.538) based on SSRs (Table 6). Among the locations studied, Crete and Pertouli exhibited
the highest level of polymorphism (P = 100%) and Taxiarchis the lowest (P = 85.71%). In
addition, Crete showed slightly higher levels of genetic variation for the Shannon’s informa-
tion index, and had a higher number of private alleles (36.36%) compared to Pertouli and
Taxiarchis (Table 6). Genetic variation based on ISSR markers was also relatively high at both
the species (P = 100%, N, = 1.423,1=0.402, H_ = 0.257) and location level (P = 61.33, N, =
1.307, 1= 0.282, H_ = 0.183) (Table 6). Among the locations studied, Pertouli exhibited the
highest level of polymorphism (P = 72%) and Taxiarchis the lowest (P = 54%). The Pertouli
location had the highest level of genetic variation for the Shannon’s information index, while
Taxiarchis the lowest (Table 6).
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Table 5. Genetic diversity at locus level in Dactylis glomerata using ISSR markers.

Primer (UBC) Annealing temperature Fragment size Fraction polymorphic Percentage polymorphism
(°C) range fragments (%)

811 52 500-2400 17/17 100

816 55 800-3100 15/17 88.2

827 55 500-2200 15/15 100

834 55 500-2600 16/16 100

841 52 600-3850 21/23 91.3

860 52 600-2600 17/17 100

Mean - - 96.5

Table 6. Genetic diversity at population and species level in Dactylis glomerata.

SSR F, Fy, N, ISSR

Populations N, I H  P%) A PA I H,  P®%) PB G
Crete 3287 1235 0.624 100.00 3.158 12 0.517 1313 0278% 0183 5800 11
Taxiarchis 2202 0.850 0496 8571 3.143 2 0742 1230 0223* 0.141 5400 7

Pertouli 2346 0872 0494 100.00 4.635 4  0.688 1379 0346* 0226 7200 12

Mean 2612 0985 0538 9524 3645 6  0.649 0.186 1307 0282 0.183 6133 10 0291
Species level 1,787 0.657 1360 100 0.637 1423 0402 0257 100

P = percentage of polymorphic loci; H,, = expected heterozygosity; I = Shannon’s index; F . = gene differentiation
coefficient (SSR); G = gene differentiation coefficient (ISSR); F; = inbreeding coefficient; N: effective number
of alleles; A = allelic richness; PrB = private bands; PrA = private alleles. Significant deviations from zero are
indicated by asterisks (*P < 0.05).

Genetic variability of D. glomerata mainly existed within rather than among the tested
locations (F, = 0.186, G, = 0.291) (Table 6). Supporting this result, AMOVA analysis (Table
7) revealed that a higher percentage of variation was observed within (83%) compared to
among (17%) locations for SSRs. Similarly, based on ISSRs, 38% of the total genetic variation
was attributed to differences among locations, and the rest (62%) was attributed to differences
within locations (Table 7).

Table 7. Analysis of molecular variance (AMOVA) results of three populations based on ISSR and SSR markers.

Source of variation d.f. SSD Variance component Total variance (%) @-Statistics Pvalue
SSR Among populations 2 44.542 1.509 17
Within populations 27 199.292 7.381 83 @ =0.170 <0.001
Total 29 243.833 8.890 100
ISSR Among populations 2 151.950 6.616 38
Within populations 27 288.850 10.698 62 O =0.382 <0.001
Total 29 440.800 17.314 100

The UPGMA tree based on Nei’s (1978) unbiased genetic identity for all populations
using the SSR markers revealed 2 distinct clusters (Figure 2A), with Pertouli in 1 cluster,
while Crete and Taxiarchis were grouped in the second cluster. The UPGMA tree based on
Nei’s (1978) unbiased genetic identity for all locations using ISSR markers also revealed 2
distinct groups (Figure 2B); however, in this instance, Crete was in | cluster, while Pertouli
and Taxiarchis were in the other cluster.
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Figure 2. UPGMA dendrogram, derived from Nei’s (1978) unbiased genetic distances, showing the relationships
among five examined populations of Dactylis glomerata using SSR A. and ISSR B. data sets. Branch lengths are

proportional to genetic distances.

The PCA scatter plot based on SSR markers showed much more vague borders among
the 3 regions (Figure 3A), with individuals from all three locations being mixed. In compari-
son, the PCA scatter plot based on ISSR markers generated 3 major clusters (Figure 3B), in

which the 3 locations were clearly separated.

uT
AP

A“‘ A

A

Figure 3. Scatter plots of the first and second principal components based on the molecular variation of both
SSR and ISSR markers for 30 individuals of Dactylis glomerata: A. SSR data components 1 and 2 B. ISSR data

components 1 and 2. Crete = ¢ (C), Taxiarchis = m (T), Pertouli = A (P).
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DISCUSSION
Morphological analysis

Morphological analysis clearly separated the accessions of D. glomerata collected
from north, central, and south Greece. Individuals from the north (Taxiarchis) were taller with
broader leaves and stems and longer panicles compared to individuals from the central and
south. In comparison, the accessions from the south (Crete Island) had the shortest plants with
the narrowest leaves and stems and the shortest panicles.

This differentiation might be attributed to the species mating system, gene flow, ge-
netic drift, long term evolutionary history (Hogbin and Peakall, 1999), habitat differentiation,
or management (Peter-Schmid et al., 2008). In particular, the morphological characteristics of
Crete’s accessions might reflect adaptation to the dry conditions of the area, particularly dur-
ing the growing season, or adaptation to the long-term overgrazing of the area (Papanastasis
et al., 2002). In general, heavily grazed populations of forage grasses tend to have smaller and
more prostrate plants compared to moderately grazed plants (Painter et al., 1993). In compari-
son, the morphological characteristics of individuals from Taxiarchis and Pertouli appeared to
represent forage of higher production and nutritive value compared to individuals from Crete.
Indeed, Crete’s accessions had the lowest forage production and nutritive value (Parissi et al.,
2007) compared to Taxiarchis and Perouli.

The highest phenotypic variation was observed for the accessions from Crete, which
might also be considered as a peripheral population of the species, while the lowest phenotyp-
ic variation was observed for the accessions from Taxiarchis. Similar results were reported by
Volis et al. (1998) for peripheral populations of Hordeum spontaneum, whereas the opposite
result was reported by Abebe et al. (2010) for Ethiopian Hordeum vulgare. High phenotypic
variation was also detected for the accessions from Pertouli, probably because this area con-
tains a wide variety of habitats, which creates different micro-climatic conditions.

The phenotypic variation of reproductive morphological traits seemed to be higher
compared to the vegetative ones. A similar trend was observed in the morphological study of
39 accessions from various geographic locations around the world, although the corresponding
CV values were lower compared to those obtained in the present study (Agriculture Science,
2012). Similarly, the high variance of the first 3 PCs indicates a high degree of phenotypic
variation among both vegetative and reproductive traits. However, among the morphological
traits studied, the panicle’s first internode and plant height seemed to be better descriptors for
this D. glomerata germplasm.

Molecular analysis

Microsatellite SSR and ISSR markers were used to provide an indication of genetic
variation of D. glomerata from geographic locations in north, central, and south Greece. The
results indicated that all 3 locations had relatively high level of genetic variation for polymor-
phic rates (P = 100%) based on both SSR and ISSR markers. Polymorphism in the present
study was higher compared to previous reports on SSR variation (P = 84.63) (Xie et al., 2010),
ISSR variation (P = 86.3) (Xie et al., 2010), and AFLP variation (P = 84%) (Peng et al., 2008).

The north location (Taxiarchis), which scored the lowest phenotypic variation, also
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exhibited the lowest level of genetic variation based on both SSR and ISSR markers. In com-
parison, the highest levels of genetic variation were observed at the south location (Crete
Island) based on SSRs and at the central location (Pertouli) based on ISSRs. It seems that
stressful environments, such as Crete, have higher phenotypic and genetic variation (Badyaev,
2005) compared to favorable environments for the species growing. The similar phenotypic
and genetic variation at Pertouli might also be attributed to the variety of habitats in the area.
In addition, a higher number of private alleles were detected at Crete compared to the other 2
locations, probably because of geographic isolation facilitating greater differentiation (Wolf et
al., 2000). Genetic variability mainly existed within rather than among the tested locations, as
shown by AMOVA, based on both SSRs and ISSRs. Similarly, analysis of molecular variation
(AMOVA) based on SSRs revealed larger genetic variation within accessions (65.75%) and
geographical regions (75.58%), rather than between them, in the analysis of 16 D. glomerata
accessions collected from China, Russia, Kazakhstan, India, and Japan (Xie et al., 2010). In
addition, Kolliker et al. (1999) obtained 85% variability within 3 cultivars of D. glomerata.

The SSR and ISSR data analysis resulted in different relatedness of the locations stud-
ied. Based on the SSRs, the 3 locations were clustered into 2 groups, with 1 cluster contain-
ing Pertouli, while the other cluster contained Crete with Taxiarchis. However, based on the
ISSRs, 1 cluster contained Taxiarchis and Pertouli, while the other cluster contained Crete. It
seems that the grouping based on ISSR markers is more reasonable compared to that based on
SSRs, as it also corresponds to the morphological analysis.

Higher levels of genetic variation were detected within the 3 locations based on the
SSRs, rather than the ISSRs. In comparison, higher differentiation was detected among the
populations based on the ISSRs, rather than the SSRs. These results support Davierwala et al.
(2000) who reported higher genetic variation within Indian rice varieties for SSRs, in compari-
son to RAPDs and ISSRs. Furthermore, Huang et al. (2009) also reported low levels of genetic
variation within Omphalogramma souliei populations, and remarkable differentiation among
populations, based on ISSRs.

The results based on molecular markers are indicative, particularly as the sample size
of 10 individuals per location used in this study is considered to be relatively small for detect-
ing the genetic diversity of allogamous species, such as D. glomerata. However, based on Xie
et al. (2010), the minimum number of 10 individuals per population proved to be representa-
tive because of the high degree of genetic variation in D. glomerata germplasm at the species
level. Nevertheless, further study with more individuals from each location, particularly in
areas where habitat variation exists, might prove to be beneficial.

Breeding implications

The introduction of new genetic material is necessary for new releases of cultivars
to meet specific cultivation conditions, and to respond to environmental conditions that arise
from climate changes. Hence, breeding practices must exploit the genetic variation of the
species, with natural populations potentially serving as an important source. The stressful en-
vironments and variable habitats occupied by D. glomerata populations in this study revealed
the highest levels of phenotypic and genotypic variation. This trend was identified by both
morphological and microsatellite-based (SSR/ISSR) markers. Furthermore, it seems that D.
glomerata grown in stressful environments might provide a useful gene pool for adaptation
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traits, whereas more favorable environments might provide a useful gene pool for qualita-
tive traits. However, the high differentiation of the locations indicates that the collection and
evaluation of D. glomerata s germplasm from different eco-geographical regions that has been
subject to different management practices is necessary to maintain high genetic variation for
the conservation and breeding of this species. The microsatellite-based (SSR/ISSR) markers
were informative and effective in the genetic study of natural D. glomerata populations. In
conclusion, it seems that genetic variation in D. glomerata populations within and between
geographic locations is better described by SSRs and ISSRs, respectively.
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