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ABSTRACT

Fragmented distribution, the breeding system and effects of genetic drift in small-size populations occurring at
edge of the species’ range play an important role in shaping genetic diversity of such a species. Melica transsilva-
nica is a plant rare in the flora of Poland, where it reaches the northern limit of its continuous range. Amplified
Fragment Length Polymorphism (AFLP) DNA profiling method was applied to measure genetic diversity among
and within populations of M. transsilvanica. Additionally, genetic relationships between M. transsilvanica and
Melica ciliata, two closely related species, were explored. A total of 68 plants from 7 populations of M. transsil-
vanica and 24 plants from 2 populations of M. ciliata, collected in Poland and outside it, were analyzed. Using
294 AFLP fragments from 3 primer combinations, accessions were grouped into two major clusters associating
with M. ciliata and M. transsilvanica, respectively. Further, two subclusters, corresponding to the samples collec-
ted from the Pieniny Mts and from the Krakéw—Czestochowa Upland were clearly distinguished within the
M. transsilvanica group. The hierarchical AMOVA exhibited significant genetic distinction between these geo-
graphic regions (60.89%, p<0.001). The obtained results showed that the most genetic diversity resided between
the populations of M. transsilvanica (86.03%) while considerably lower genetic variation was found within the
populations (13.97%), which is consistent with the results reported for self-plants. The low level of AFLP genetic
variation of M. transsilvanica can be caused by the geographic isolation of populations, which preserves the do-
minant self-mating breeding system of the species. Individual populations of M. transsilvanica are characterized
by isolated gene pools differing by a small number of loci.

KEY WORDS: Melica transsilvanica, Melica ciliata, AFLP, genetic diversity, habitat fragmentation,
nonrandom mating.
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INTRODUCTION

Melica L. is the only genus of Poaceae that comprises
exclusively diploid species. Stebbins (1950) believes that, in
contrast to most other grass genera, the genus Melica consists
of the most homogenous or only slightly variable species
that are clearly separated by genetic isolation barriers. Both
rare species, characterized by limited occurrence ranges and
small populations, as well as widely distributed species be-
long to this genus (Hempel 1970, 1971; Hultén and Fries
1986; Talavera 1986; Sallés and Marchi 2005). In taxono-
mic treatments of the genus Melica, sections or subgenera
have been recognised mostly on the basis of morphological
characters (Papp 1933; Hempel 1970, 1971; Tsvelev 1976;
Tutin 1980; Clayton and Renvoize 1986).

Melica ciliata L. was described by Linnaeus (1753) as
a species that occurs in rocky and infertile hills of Europe.

Its lectotype was designated by Cope (Cafferty et al. 2000)
but the exact place of its collection in Europe by Linnaeus
in unknown. Melica transsilvanica Schur was described
and distinguished from M. ciliata by Schur (1866) from the
vicinity of the town of Sibiu in upland Transylvania in Ro-
mania. Its lectotype was designated by Hempel (2004).

Melica transsilvanica is characterized by a great morpholo-
gical variability, especially the pigmentation and the degree
of convolution of the leaf, distribution and length of hairs on
the vegetative parts of the plant, height and number of nodes
of the culm, and the width, density and degree of branching
of the panicle. M. transsilvanica has sometimes been treated
as a subspecies or as a variety of M. ciliata in European
floras (Zapatowicz 1906; Beldie 1979) whereas these taxa
have mostly been recognized as two species with minor sub-
specific taxonomic units elsewhere (Szafer et al. 1953; Hem-
pel 1970; Tsvelev 1976; Tutin 1980; Conert 1998).
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Preliminary phenetic and cladistic analyses within the
Meliceae tribe, based on morphological and anatomical sur-
veys, show two recognizable groups within the genus Meli-
ca. The first group comprises North American Melica spe-
cies combined with some Euroasian species which share
characters such as rachilla disarticulation above the glu-
mes, the lemma shorter than the glumes and large spikelets
with several florets. The second group comprises widely
distributed Melica species, including M. transsilvanica and
M. ciliata, which share characters such as rachilla disarti-
culation below the glumes and the spikelets being reduced
in both the size and the number of florets (1-3 florets) (Me-
jia-Saulés and Bisby 2000).

Relatively few molecular studies have been performed
on Melica species. Analyses of allozyme variation within
Melica nutans L. show that this species exhibits a level of
genetic differentiation lower than expected despite its wide
boreo-nemoreal range (Tyler 2002a). M. ciliata and
M. transsilvanica were found to be two most genetically si-
milar species in the group of the studied Melica species.
M. transsilvanica showed no unique alleles, and the grea-
test number of shared alleles in the study material was re-
corded between M. ciliata and M. transsilvanica. This fin-
ding is consistent with the general belief that these two
species are closely related (Tyler 2002a). The analysis of
genetic variation of putative M. ciliata from Poland indica-
ted the lack of any shared AFLP markers with M. ciliata
individuals from the European centre of range. Hence, the
occurrence of ‘pure’ specimens of M. ciliata is problematic
in Poland (Szczepaniak and Cieslak 2006).

Recent studies prove that Melica ciliata s. lato, including
M. transsilvanica and other related taxa, is allozymatically
highly variable, with a peculiar mode of inheritance (Tyler
2004). Tyler recognizes three main geographic groups: the
first is distributed mainly in Siberia and Eastern Europe,
the second in Iberia, and the third in France and Germany.
Two or three additional genetic groups containing popula-
tions from the Baltic basin, central Europe and south-eas-
tern Europe may be recognized but it is suggestive that these
are partly or exclusively formed by introgression between
the three previous groups. However, these groups only par-
tly correspond well to the pattern of morphological varia-
tion and distribution of particular taxa described by Hem-
pel (1970) and Tutin (1980).

Melica transsilvanica represents the Irano-Turanian geo-
graphical element, and its distribution ranges from central
Asia, the Middle East, central Europe to Western Europe
(Hultén and Fries 1986). The species is rare in the Polish
flora, where it reaches the northern limit of its continuous
range (Hultén and Fries 1986). It occurs in southern Po-
land, mostly in the Sudeten Mts, in the Pieniny Mts and in
the Krakow—Czestochowa Upland (Szczegsniak 2001; Zajac
and Zajac 2001). M. transsilvanica is characterized by
a broader range of ecological tolerance than M. ciliata. It
grows in grasslands belonging to the Festuco-Brometea
class, both on dry, exposed outcrops in pioneer rupicolous
grasslands belonging to the Seslerio-Festucion duriusculae
alliance, where it is a character species (in the Festucetum
pallentis association) and in xerothermic grasslands with
a high participation of dicotyledonous perennials of the
Cirsio-Brachypodion pinnati alliance (in the Origano-Bra-
chypodietum pinnati association). M. transsilvanica is also
found in xerothermophilous formations of the Berberidion
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alliance, on basic or neutral soils, formed on shale or lime-
stone, sometimes rich in nitrogen compounds (Oberdorfer
2001). In Poland, M. transsilvanica occurs only at 11 loca-
lities in the Sudetes Mts (Szczesniak 2001) while it is a lo-
cally frequent species in the Pieniny Mts and the Kra-
kéw—Czestochowa Upland (own observations). The num-
ber of tufts in individual populations varies greatly: from
a few in mountainous localities on rocky ledges to a few
thousand at lower altitudes.

Melica transsilvanica is a diploid with 2n=18 (x=9). This
chromosome number is very consistent and has been esta-
blished from different parts of the species’ distribution (Fe-
dorov 1969; Moore 1982). Diploids have also been confir-
med in the Pieniny Mts in Poland (Frey 1971). There are
no empirical investigations concerning the biology of this
species, and in particular its mating system. Allozyme stu-
dies on M. transsilvanica and related species have revealed
significant deviations from Hardy-Weinberg equilibrium
indicating selfing with high probability (Tyler 2004).

Phylogenetic and taxonomic relationships between Meli-
ca ciliata and M. transsilvanica have not been satisfactorily
explained and established (Hempel 1970; Tutin 1980; Ty-
ler 2004). 1t is still disputed whether M. transsilvanica should
be treated as a separate species or as a subspecies within
M. ciliata. Distribution ranges of the species overlap in
Europe (Meusel et al. 1965; Hultén and Fries 1986), and
both occur in similar habitats: on screes, exposed outcrops,
and in steppe communities. Great variability of diagnostic
morphological characters, such as the ratio of the length of
glumes and the hairiness of the lower sheaths, and, at the
same time, the formation of the hybrid taxon M. Xthurin-
giaca Rauschert (Rauschert 1963), make identification of
the species within the M. ciliata — M. transsilvanica com-
plex difficult. Detailed taxonomic studies, based on com-
mon analyses of genetic variability, morphological and
phylogenetic relationships, are required to determine the
ranks of taxa within the complex.

The main goal of this study was to investigate the level
of inter- and intrapopulation genetic variation of Melica
transsilvanica. The following factors were analyzed: (1)
degree of isolation of neighbouring populations (microgeo-
graphic isolation) that additionally occur at the edge of the
distribution range of the species, and (2) the nonrandom
mating system of this species, predominantly selfing. Fur-
thermore, a preliminary assessment of interspecific distinc-
tion between M. ciliata and M. transsilvanica is given. The
study is the first part of a project investigating the level and
structure of genetic and morphological differentiation of
M. transsilvanica and M. ciliata in Poland with regard to
representatives of these species as well as related species
growing in the centre of their European distribution.

In the present study, genetic variation and population struc-
ture were assessed using the Amplified Fragment Length Po-
lymorphism (AFLP) method (Vos et al. 1995). AFLP analy-
sis has been used as a reliable method in drawing taxonomic
relationships at specific and population levels in many plant
groups, particularly with fragmented habitats (Juan et al.
2004). AFLP markers were found useful in estimating micro-
geographic isolation by distance between populations (Hardy
2003). It is a very effective method of investigating closely
related taxa characterized by a low level of genetic diversity
(O’Hanlon et al. 2000), and has also been used to elucidate
the mode of reproduction (Larson et al. 2001).
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MATERIAL AND METHODS

Material
Sample collection

Leaves were sampled from 2 to 12 randomly chosen in-
dividuals (a total of 68) from tufts situated approximately
5-6 m from one another in five Polish (the Pieniny Mts and
the Krakow—Czestochowa Upland) and two other central
European (Austria and Slovakia) natural populations of
Melica transsilvanica (Table 1). Specimens from two po-
pulations of Melica ciliata collected in Croatia and Slove-
nia (a total of 24) were also analyzed to establish initially
taxonomic relationships between M. transsilvanica and
M. ciliata. Harvested leaves were immediately dried in po-
lyethylene bags with silica gel upon collection in the field
and stored prior to DNA extraction. Voucher specimens
are deposited in the herbarium of the W. Szafer Institute of
Botany, Polish Academy of Sciences, in Cracow (KRAM).

Methods
DNA extraction and AFLP fingerprinting

Genomic DNA was extracted with the DNeasy Plant Mini
Kit (Qiagen) according to the manufacturer’s protocol
using about 20 mg of dry leaf tissue. DNA integrity was
estimated on 1.5% agarose gels, and DNA concentration
was determined spectrophotometrically using a Gene Qu-
ant RNA/DNA calculator (Pharmacia, Uppsala, Sweden).

AFLP analysis was performed according to the procedu-
re described by Vos et al. (1995) with some modifications.
Genomic DNA was digested with two restriction enzymes:
EcoRI and Msel (New England Biolabs, Inc.). The resul-
ting fragments were ligated to end-specific EcoRI and
Msel with double standard adaptors.

The PCR amplification was carried out in two steps: pre-
selective and selective amplification. The PCR preselective
amplification was performed using primers with a single
selective nucleotide: EcoRI+A and Msel+C, and products
were verified on 1.5% agarose gels. Twelve selective am-
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plification PCR primer pair combinations were tested.
Then, the selection of combinations was based on the num-
ber of polymorphic and reproducible fragments and the va-
lue of genotyping error (< or = 2%). Several samples were
used in double copies as controls for each analysis to check
genotypic error, and independent AFLP reactions were per-
formed in every gel run (Bonin et al. 2004; Meudt and
Clarke 2007). Primer screening on three individuals of eve-
ry species was conducted in the preliminary experiment.
The final selective amplification was performed using Eco-
RI and Msel primers with three selective nucleotides: EA-
AT-MCAC, EATC-MCAT and EAGA-MCGT which re-
vealed the greatest number of polymorphic, well-separated
and reproducible bands. EcoRI primers were fluorescence-
-labelled with FAM-6 in this reaction. The AFLP products
were separated electrophoretically using an ABI Prism
3100-Avant automated sequencer with the internal size
standard GeneScan 500 Rox (Applied Biosystems).

Raw data were collected and aligned with the size stan-
dard using the GeneScan Analysis software (ver. 3.7, Ap-
plied Biosystem) and further examined using Genographer
software (ver. 1.6.0, Benham 2001). AFLP fragments
(bands) were scored in the range between 50-500 bp and
assembled as a binary present (1) and absent (0) matrix for
further data analysis.

Data analysis

AFLP data were analyzed using the phenotypic approach
that does not assume Hardy-Weinberg equilibrium, not
expected for the probably selfing or mixed-mating
Melica transsilvanica (Tyler 2004).

Genetic differentiation within populations

Genetic diversity within each population was evaluated
as the number of polymorphic loci, percentage of polymor-
phic loci (P), number of AFLP phenotypes, average gene
diversity over loci (= gene diversity in a population), gene-
tic similarities (GS) between individuals within a popula-

TABLE 1. Locations of Melica transsilvanica and M. ciliata accessions analyzed for AFLP.

Species Abbreviation Locations Position Altitude a.s.l.
M. transsilvanica T-1 Poland, Krakéw—Czg¢stochowa Upland, Dolina Bolechowicka reserve, Wawéz ~ N50°07° E19°46° 400-450 m
Bolechowicki ravine, Brama Bolechowska and Rysa Walisza rocks, S part

T-2 Poland, Krakéw—Czgstochowa Upland, Dolina Szklarki reserve, Szklary, N50°11" E19°43° 400-450 m
Stoneczne Skaty rocks, S part

T-3 Poland, Pieniny Mts, Pienifiski Pas Skatkowy (Pieniny klippen belt), mount N49°25* E20°07° 670 m
Obtazowa

T-4 Poland, Pieniny Mts, Mate Pieniny range, Biata Woda reserve N49°23” E20°35” 800-850 m

T-5 Poland, Pieniny Mts, Mate Pieniny range, Szczawnica, mount Géra N49°25* E20°28° 743 m
Szafranéwka

TSK Slovakia, Pieniny Mts, éerven}'f Klastor, on the Dunajec river N49°23’ E20°25° 500-550 m

TAU Austria, Niederosterreich, Waldviertel, Umlaufberg hill N48°43” E15°50° 330-370 m

M. ciliata CSL-1 Slovenia, Ljubljana, Topol, mount Polhograjska Grmada N46°05* E14°20° 898 m
CHR-1 Croatia, the Krk island, Silo N45°12’ E14°35°
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TABLE 2. Population genetic variation of Melica transsilvanica and M. ciliata. Population labels correspond to abbreviations given in Table 1.

Population Sample No. of % of No. of AFLP Average gene Shannon Range of
size polymorphic  polymorphic phenotypes diversity over loci diversity index =~ Nei & Li’s (1979)
(N) loci loci (P) (xSD) (H £ SD) genetic similarities (GS)
M. transsilvanica

T-1 12 32 10.88 11 0.0359 0.0579 0.9290 — 0.9980
(£0.0198) (£0.1757)

T-2 10 3 1.02 3 0.0029 0.0066 0.9910-1
(£0.0025) (£0.0651)

T-3 12 2 0.68 3 0.0011 0.0026 0.9950 -1
(£0.0014) (£0.0365)

T-4 12 4 1.36 5 0.0032 0.0061 0.9950 -1
(£0.0026) (£0.0550)

T-5 10 10 3.40 7 0.0106 0.0162 0.9760 -1
(£0.0068) (£0.0932)

TSK 2 12 4.08 2 0.0408 0.0247 0.9700
(£0.0425) (£0.1199)

TAU 10 13 4.42 7 0.0106 0.0179 0.9670 -1
(£0.0068) (£0.0938)

Mean 10.86 3.69 543 0.0150 0.0189 —-H 0.9418

for population (£0.0164) (£0.0189)

Total for species 68 76 25.85 0.0751 0.1208 - H,
(£0.0372) (£0.2235)

M. ciliata

CSL-1 12 2 0.68 3 0.0016 0.0043 0.9950 -1
(£0.0017) (£0.0527)

CHR-1 12 48 16.33 11 0.0681 0.0905 0.9040 - 1
(£0.0365) (£0.2109)

Mean 25.00 8.50 7.00 0.0349 0.0474 -Hg 0.9439

for population (£0.0470) (£0.0610)

Total for species 24 50 17.01 0.0761 0.1161 -H,
(£0.0387) (£0.2394)

tion (Nei and Li 1979), and Shannon’s diversity index (H)
(Table 2). Shannon’s diversity index was calculated as:

H=- 2 p;log,p;;

where 7 is the total number of AFLP fragments, and p; is
the frequency of the ith AFLP fragment (Lewontin 1972).
H was calculated for two levels: average diversity within
populations (Hg) and total diversity within the species
(H). Polymorphic loci, average gene diversity and the
number of AFLP phenotypes were obtained with Arlequin
2.0 (Schneider et al. 2000), genetic similarities were calcu-
lated with MVSP ver. 3.1 (Kovach 1999), and Shan-
non’s indices were estimated with Popgene ver. 1.31 (Yeh
et al. 1997).

Genetic differentiation between populations

Species-specific AFLP fragments of Melica transsilvani-
ca and M. ciliata as well as microgeographic region-speci-
fic AFLP fragments of M. transsilvanica were searched.

All pairs of AFLP phenotypes were analysed using the
neighbour-joining (NJ) clustering method based on the Nei
and Li similarity coefficients (GS) (Nei and Li 1979). Prin-
cipal coordinates analysis (PCoA) was done on the Eucli-
dean distances matrix of AFLP data (Gower 1966). NJ and

PCoA were performed with MVSP ver. 3.1 software (Ko-
vach 1999) and were applied to resolve patterns of intra-
specific genetic variation and relationships among the stu-
died species.

Genetic variance components and their significance le-
vels were estimated by Analysis of Molecular Variance
(AMOVA; Excoffier et al. 1992) and calculated for varia-
tions: 1) among species (M. transsilvanica vs. M. ciliata);
2) among microgeographic regions of the occurrence of
M. transsilvanica (the Pieniny Mts vs. the Krakéw—Czgsto-
chowa Upland), and 3) among all populations of M. trans-
silvanica. Variance components were also used to calculate
fixation indices (phi-statistics: @y, O and Dy-) and their
significance at each level of the hierarchical genetic struc-
ture. AMOVA is based on the nonparametric permutation
approach and on pairwise squared Euclidean distances be-
tween AFLP phenotypes (Excoffier et al. 1992), and was
performed using Arlequin 2.0 (Schneider et al. 2000).

RESULTS

Genetic distinction between species

Three useful primer combinations gave a total of 294
clearly identifiable and reproducible bands of which 90
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TABLE 3. Distribution of species-specific and microgeographic region-specific AFLP fragments for three primer pairs for Melica transsilvanica and M.
ciliata, and for subpopulations of M. transsilvanica from Poland; K. Cz. U. — the Krakéw—Czgstochowa Upland, P. Mts — the Pieniny Mts

Species-specific

Region-specific

Pri Overall number AFLP fragments of AFLP fragments of
rimer of
combination AFLP fragments M. transsilvanica M. ciliata M. transsilvanica M. transsilvanica
’ ’ from K. Cz. U. from P. Mts
EAAT-MCAC 108 17 9 3 2
EATC-MCAT 132 21 22 2 2
EAGA-MCGT 54 12 9 0 1
Total 294 50 40 5 5
(17.00%) (13.61%) (1.70%) (1.70%)
Mean 98.00 16.67 13.33 1.67 1.67
SD 39.95 4.51 7.51 1.53 0.58

(30.61%) were polymorphic between 92 individuals of Me-
lica transsilvanica and M. ciliata. M. transsilvanica is cha-
racterized by 50 (17.00%) and M. ciliata by 40 (13.61%)
unique, species-specific AFLP fragments (Tables 2 and 3).

Phenetic relationships among Melica ciliata and
M. transsilvanica samples based on the Nei and Li similari-
ty matrix showed the NJ grouping of almost all individuals
within their own populations and the clustering of the po-
pulations within the species (Fig. 1). A few individuals
which do not join within their populations were grouped,
however, within subclusters corresponding to the microgeo-
graphic regions of Poland: the Krakéw—Czegstochowa
Upland and the Pieniny Mts (Fig. 1).

The genetic division between the species along the first
axis was also clearly reflected in the PCoA of the genetic
data set (Fig. 2). The first and second principal coordinates
explained the 70.36% and 10.06%, respectively, of total
genetic variation within the study material.

AMOVA confirmed the significance of genetic differences
between Melica transsilvanica and M. ciliata (82.21%,
p<0.029; Table 4) and the grouping of their populations in NJ.

M. ciliata

Genetic differentiation within and between populations
of Melica transsilvanica

Low levels of genetic diversity were found within popu-
lations of Melica transsilvanica. However, genetic varia-
tion was different in individual populations. Therefore, the
greatest number and the highest percentage of polymorphic
AFLP loci (32 and 10.88%, respectively) were found in
population T-1 of M. transsilvanica, and they were the lo-
west (2 and 0.68%) in population T-3 (Table 2). On avera-
ge, 10.86 polymorphic AFLP loci and 3.69% of polymor-
phic loci were detected per population.

Melica transsilvanica populations also differ by the num-
ber of the determined AFLP phenotypes in relation to the
number of plants studied in each population. Almost all
specimens presented a unique AFLP phenotypes in popula-
tion T-1 (11 AFLP phenotypes within 12 individuals),
whereas only 3 AFLP phenotypes were detected in popula-
tions T-2 and T-3 within 10 and 12 individuals, respective-
ly (Table 2). On average, 5.43 AFLP phenotypes were
found within populations of M. transsilvanica.

| Croatia (CHR-1)

@ Pieniny Mts

M. transsilvanica

Slovenia (CSL-1)

ERIe000e000
RN e s
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Fig. 1. Neighbour-joining (NJ) tree constructed for 7 populations (68 specimens) of Melica transsilvanica and 2 populations (24 specimens) of M. ciliata,
using the genetic similarities of Nei and Li (1979), based on 294 AFLP fragments. Individuals from geographic regions of Poland are referenced by diffe-
rent symbols: A — the Krakéw—Czestochowa Upland, @ — the Pieniny Mts; PL — Poland. Population labels correspond to abbreviations given in Table 1.
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AFLP data. For abbreviations of particular
populations see Table 1.

TABLE 4. Results of the analysis of molecular variance (AMOVA). Plants represented 7 populations of Melica transsilvanica and 2 populations of M. ci-
liata. The analysis is based on AFLP phenotypes consisting of 294 band states. Levels of significance are based on 1023 iteration steps.

Level of variation d.f. Variance Percentage Fixation P
components  of variation index

A) M. transsilvanica versus M. ciliata

Among species 1 62.997 82.21 D =0.822 <0.029

Among populations within species 7 11.039 14.40 ®y=0.809 <0.001

Within populations 83 2.597 3.39 Dy =0.966 >0.05 NS

Total 91 76.633 100

B) M. transsilvanica: Krakow—Czestochowa Upland versus Pieniny Mts

Among regions 1 10.304 60.89 D =0.609 <0.001

Among populations within regions 4 4.910 29.01 Dy=0.742 <0.001

Within populations 52 1.710 10.10 DOy =0.899 >0.05 NS

Total 57 16.923 100

C) M. transsilvanica: all populations together

Among populations 6 10.957 86.03 Dy =0.860 <0.001

Within populations 61 6.179 13.97

Total 67 17.136 100

Genetic similarities (GS) between individuals in Melica
transsilvanica populations were very high and ranged from
0.9290 (in population T-1) to 1 (in other populations).
When GS = 1, the individuals are genetically identical,
which was found in all the studied populations except T-1
(Table 2). Generally, populations of M. transsilvanica were
similar at the level of 0.9418.

Shannon’s index of diversity calculates population diffe-
rentiation similarly to Nei’s Ggp and Wright’s Fy (Wei-
sing et al. 2005). Shannon’s indices calculated over indivi-
dual loci in the populations were very low and ranged from
0.0026 in population T-3 to 0.0579 in population T-1. On
average Hy=0.0189 for populations and H;=0.1208 for the
species, which indicates limited genetic variation of Meli-
ca transsilvanica (Table 2).

Non-grouped AMOVAs showed a significant and high
level of differentiation among Melica transsilvanica popu-
lations: 86.03% (p<0.001), with the overall value ®¢ equ-
al 0.860. The remaining part of the genetic variation

(13.97%) was resided among individuals within popula-
tions (Table 4). @ values were significant at p<0.001 for
all pairwise population comparisons, except gy pairwise
between populations T-1 and T-2 collected in the Kra-
kéw—Czestochowa Upland and between populations T-3
and T-4 collected in the Obtazowa Mt and the Biata Woda
reserve, both in the Pieniny Mts, suggesting that popula-
tions from the same microgeographic region were not ge-
netically distinct (results not shown).

The analysis of the genetic structure of the populations
using grouped AMOVA analysis, based on the grouping of
populations obtained in the cluster analysis (Fig. 1), sho-
wed genetic distinction on a small spatial geographic scale
between M. transsilvanica populations from the Kra-
kéw—Czestochowa Upland and the Pieniny Mts (60.89%,
p<0.001; Table 4). Populations from both the Kra-
kéw—Czestochowa Upland and the Pieniny Mts have 5 uni-
que, microgeographic region-specific AFLP fragments
(Table 3). The second principal coordinate separated popu-
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lations from the Krakow-Czetochowa Upland and the Pie-
niny Mts on the PCoA plot, and showed low within-popu-
lation variation of the AFLP data (Fig. 2).

DISCUSSION

The obtained results show significant genetic differences
between Melica transsilvanica and M. ciliata that were also
demonstrated in previous analyses (Szczepaniak and Cies-
lak 2006). These preliminary data allow the taxa to be trea-
ted as separate species, and such taxonomic treatment cor-
responds to various floras (Szafer et al. 1953; Hempel
1970; Tsvelev 1976; Tutin 1980; Conert 1998).

Level of AFLP variation: implications
for the breeding system of Melica transsilvanica

The level of intraspecific genetic variation is mostly con-
ditioned by the breeding system (Hamrick and Godt 1996).
Outcrossers are usually characterized by greater total gene-
tic variation and smaller interpopulation differentiation
than selfers and clonal species (Hamrick and Godt 1990).
Each population is different from but similar to the neigh-
bouring population in outcrossing species as a result of the
genetic exchange between such populations. Self-pollina-
tors, on the other hand, tend to form homogenous popula-
tions that, however, greatly differ from one another, even
for very small distances, as the genetic exchange between
them is very low or entirely absent (Stace 1989). An inter-
mediate situation may also occur, and simultaneous or in-
terchangeable cross-fertilization and/or self-fertility may be
observed within one population in some species (Campbell
et al. 1983; Durand et al. 2000).

The studied populations of Melica transsilvanica are ge-
nerally characterized by a low level of AFLP genetic varia-
tion, with average genetic similarity between individuals
close to 1, which indicates nearly total genetic homogenei-
ty of its populations. Low values of average gene diversity
over loci and the Shannon index also support limited intra-
specific genetic diversity within M. transsilvanica. The va-
lues of these genetic parameters confirm and expand re-
sults reported earlier by Tyler (2004), who studied allozy-
me variation within the Melica ciliata complex, including
M. transsilvanica. The AFLP analysis in the present study
resulted in average 5.43 multilocus phenotypes per popula-
tion and 86.03% of total genetic diversity resided between
populations, whereas the survey of Tyler (2004) gave 3.30
as the mean number of allozyme multilocus genotypes wi-
thin the populations and 53.00% of genetic diversity be-
tween the populations. It should be noted that if values of
allozyme variation and AFLP variation are compared, the
latter is slightly higher, which is caused by the efficiency of
AFLP method. AFLP technique requires small quantities of
DNA and permits on relatively precise estimates the rela-
tedness between individuals on the base on a large number
of polymorphic loci, that could compensate for them being
individually less informative than codominant markers
(Hardy 2003). However, a similar partitioning of inter- and
intrapopulation genetic variation of M. transsilvanica with
the use of different markers should be emphasized.

A low level of intraspecific genetic variation can be cau-
sed by the nonrandom mating system of species and results
in the occurrence of inbreeding in populations. Keller and
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Waller (2002) notice that there exists a number of defini-
tions of inbreeding. The term “inbreeding” is used to de-
scribe various related phenomena; they all, however, refer
to mating which occurs among relatives and to an increase
in homozygosity associated with such mating (Weising et
al. 2005). The present results indicate a high level of inbree-
ding in the populations of Melica transsilvanica which can
be related to two phenomena. Firstly, it can be associated
with nonrandom mating where an individual is considered
inbred if its parents were related more closely than two
randomly chosen individuals. Secondly, inbreeding can be
caused by population subdivision where subpopulations are
more or less isolated groups with restricted size in which
genetic drift results can be observed (Keller and Waller
2002). In M. transsilvanica nonrandom mating can be
achieved through two modes: self-fertility and/or apomi-
xes, as suggested in results of previous studies (Tyler
2004). The data obtained in our study indicate that the in-
trapopulation genetic diversity of M. transsilvanica was lo-
wer than the mean value for other self-fertilizing plant spe-
cies. On average, M. transsilvanica populations contained
3.69% polymorphic loci (P) and genetic diversity was
0.0189 (Hg), whereas a review by Hamrick and Godt
(1990) shows that 20% of loci were polymorphic and mean
genetic diversity was 0.074 within the average population
for selfing species.

Large reductions in genetic variability within populations
and increased differentiation among populations have also
been observed in other self-fertilizing grasses (Price et al.
1984; Larson et al. 2001). Genetic diversity of Melica
transsilvanica is lower than that found in other facultative
self-pollinating grass species, e.g. Elymus caninus (Diaz et
al. 1999) or Elymus alaskanus (Sun et al. 2002), but com-
parable with the level of genetic variation found in obligate
self-pollinators, e.g. Bromus tectorum (Bartlett et al. 2002;
Ramakrishnan et al. 2004) or in the self-compatible Cala-
magrostis porteri subsp. insperata (Esselman et al. 1999).

Most studies do not use direct estimates of selfing rates
for each taxon (Takebayashi and Morrell 2001). There are
no experimental data available on the breeding system of
Melica transsilvanica, instead, however, indirect data such
as more or less cleistogamic spikelets, diploid number of
chromosomes or the level of genetic variation indicative of
the mating system can be used. M. transsilvanica is a pe-
rennial species, with short rhizomes and panicle inflore-
scence, with spikelets comprising 1 fertile (hermaphrodi-
tic) floret and 2-3 diminished florets at the apex. The featu-
res of floral structures of M. transsilvanica, e.g. small an-
thers and relatively closed flowers, may indicate that it is
a highly self-pollinated species, similarly to another grass,
Elymus alaskanus (Sun et al. 2002). In their review of cleisto-
gamy in grasses, Campbell et al. (1983) emphasize that the
majority of cleistogamic species are perennial as well as
tufted, and that about 55% of these perennials are conside-
red to be plants of early successional habitats. Selective
pressures of such habitats can lead to the development of
cleistogamy. M. transsilvanica typically occurs on shallow
soil, in xerothermic grasslands where the moisture-holding
capacity is low, and it is resistant to summer droughts (Ty-
ler 2004). In such species, cleistogamy is often facultative,
appearing to be a secondary form of seed setting that
occurs in disadvantageous conditions during inflorescence
development (Campbell et al. 1983).
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The present results show that a high level of self-fertili-
zation rather than apomixes occurs in Melica transsilvani-
ca, or the co-occurrence of both these processes, with do-
minant selfing and even occasional outcrossing, is proba-
ble. On the other hand, facultative apomixes in Melica ci-
liata s. lato (including M. transsilvanica), also suggested
by Tyler (2004) as a possible mode of seed formation, is
not congruent with the high number of allozymatic multilo-
cus genotypes, differing in the number and combination of
a relatively limited number of alleles, observed by him.
Tyler (2004) notices that “if apomixis is only facultative,
and/or recombination among loci occurs by some process
other than sexual reproduction, patterns similar to those
observed in Melica ciliata s. lato might be expected”. Self-
fertilization is not a frequent phenomenon in nature, and
only 20-25% of plant taxa are predominantly selfing (Bar-
rett and Eckert 1990). However, selfing is more common
in Poaceae than in any other angiosperm families (Sanders
and Hamrick 1980; Campbell et al. 1983; Diaz et al. 1999).
At the same time, some contribution of outcrossing has been
observed in various self-pollinating grass species, even in
predominantly autogamous ones, e.g. Elymus caninus
(Diaz et al. 1999), Elymus canadensis (Sanders and Ham-
rick 1980), which is shown by the florets open during an-
thesis. Furthermore, three origins of seeds have been con-
firmed in other species, e.g. Hyparrhenia diplandra, savan-
na grass, in which apomixis is dominant but some seeds
originate from self-fertilization and from outcrossing (Du-
rand et al. 2000).

Geographic patterns of genetic variation
of Melica transsilvanica in Poland

In Poland, Melica transsilvanica occurs mainly in com-
munities of the Festuco-Brometea class and belongs to spe-
cies occurring on soils rich in calcium carbonate. It grows
on relatively shallow rendzina soils derived from calcareo-
us or limestone rocks and considerably less frequently on
soils derived from igneous rocks. Thus, suitable habitats
for this species are strongly fragmented, and microgeogra-
phic isolation is noticeable between populations from the
Pieniny Mts, the southern part of the Krakéw—Czgstocho-
wa Upland and the Sudeten Mts. Due to habitat require-
ments, M. transsilvanica also owns scattered locations in
the northern and western parts of its distribution in Europe,
where it mainly occurs in rocky habitats, on outcrops of li-
mestone or ultrabasic bedrock or screes. M. transsilvanica
is also a component of steppe communities in the eastern
part of its distributions range.

A distribution-dependent level of genetic variability has
been analyzed for many species. It was observed that popu-
lations occured in small, isolated habitats are characterized
by levels of variation lower than those populations that
occur in relatively continuous habitats (Tyler 2002b). The-
refore population fragmentation, even in common species,
caused a reduction in gene flow and a decrease in interpo-
pulation genetic differentiation. The isolation by distance in
connection with fragmented habitats is in particular signifi-
cantly responsible for the distribution of genetic variation
within narrowly endemic species (Jiménez et al. 2005).

The magnitude and the pattern of gene flow is an impor-
tant factor that influences the resulting size and genetic
structure of populations. Gene flow between populations
can be realized by pollen and/or seed migrants. Seeds per-
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form an important role in the colonization of new areas.
Pollen is an effective mode of gene spreading in areas that
have already become colonized (Avise 1994; McCauley
1997). The finding that few AFLP phenotypes were shared
only between neighbouring populations of Melica transsi-
Ivanica in a small geographic scale (populations T-1 and
T-2 shared only 3 AFLP phenotypes, and populations T-3
and T-4 had 11 common AFLP phenotypes), strongly sug-
gests that gene flow between all the populations is very li-
mited or totally lacking. The level of genetic distinction de-
tected among populations of M. transsilvanica is unexpec-
tedly high, especially considering that seeds of M. transsi-
Ivanica are enclosed in specialized dispersal structures
such as dense, long hairy lemmas, which facilitates sprea-
ding by wind. Results of experimental and structural inve-
stigations on various anemochorous species show that
M. ciliata is the best flier due to their hairy lemmas (very
similar to M. transsilvanica in this respect) that are effi-
cient for wind dispersal (Hensen and Miiller 1997). On the
other hand, the wind dispersal potential of species not only
depends on the morphology of its diaspores but is the most
sensitive to weather conditions and falling velocity. The
better species-specific anemochorous traits of diaspores,
such as lower height and low falling velocity, the greater
the increase in the wind dispersal potential (Tackenberg et
al. 2003). Fragmentation of M. transsilvanica habitats in
Europe may reduce pollen and seed migrations and thus in-
crease levels of selfing in populations of self-compatible
species, and finally lead to an extremely low level of gene-
tic diversity in some populations of M. transsilvanica.

AMOVA confirmed the significance of genetic differen-
ces between the populations of Melica transsilvanica col-
lected in the Krakéw—Czestochowa Upland and in the Pie-
niny Mts (including specimens collected in the Slovak Pie-
niny Mts). Independent mutations that are randomly fixed
for a similar pressure of habitat factors in both geographic
regions may occur in such subpopulations of M. transsilva-
nica. Subpopulations of M. transsilvanica are genetically
similar but not identical and differ by changes in a small
number of loci. Additionally, the influence of genetic drift
increases in small-size, isolated populations, and in effect
random phenomena can occur. Change fixation may also
be caused by the founder effect, particularly in unstable
and changing habitat conditions where a limited initial ge-
nepool, including subpopulation isolation, causes certain
interspecific genetic differences (Sherman-Broyles et al.
1992). Tyler (2004) notices that high proportions of betwe-
en-population variation of Melica ciliata s. lato may also
be due to cryptic speciation or to the presence of several
partially isolated gene pools.

The analysis of genetic variation of Melica transsilvani-
ca at the metapopulation level, assuming a model without
extinctions, showed that a metapopulation can maintain
large amounts of genetic variation that is sometimes grea-
ter than in outcrossing species, which supports models of
metapopulation dynamics and empirical studies (Poschlod
et al. 1998; Pannell and Charlesworth 2000; Ingvarsson
2002). This is due to the fact that as selfing increases, po-
llen migration is reduced and levels of genetic differentia-
tion among local populations are increased. Ingvarsson
(2002) finds that metapopulation processes should be vie-
wed as a viable alternative explanation for a large reduc-
tion in genetic variation seen in highly selfing species.
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CONCLUSIONS

Preliminary results of the present study indicate genetic
distinction between Melica transsilvanica and M. ciliata.
The low level of genetic variability in the populations of
M. transsilvanica collected in Poland can be caused by:

— reproduction mode, i.e. likely occurrence of dominant
facultative self-fertilization (more probable than prevailing
facultative apomixes) with sporadic outcrossing,

— geographic isolation of local populations, connected
with fragmented habitats of the species, which limits gene
flow among populations,

— geographic location of the Polish populations of M.
transsilvanica at the edge of the continuous distribution
range of the species, i.e. border effects.

The present results suggest that selection and mating mo-
de influenced the partitioning of AFLP variation and quan-
titative morphological differences among natural popula-
tions of Melica transsilvanica. A hierarchical geographic
analysis of genetic differences using allozymatic markers
was recently performed but it did not provide a clear pat-
tern of taxonomic relationships within the M. ciliata —
M. transsilvanica complex (Tyler 2004). The examination
of population genetic variation of Melica transsilvanica in
the microgeographic scale of Poland, conducted in the pre-
sent paper, serves as the starting point for such an analysis
in a macrogeographic scale comprising the European range
of the species. It is necessary to combine both present and
previous results with a detailed analysis of morphological
and cytological variation, especially to ascertain the exis-
tence of a hybrid between M. ciliata and M. transsilvanica.
This will permit us to define the range of species variation
and will also confirm its mode of reproduction.
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