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ABSTRACT
The genetic relatedness of individuals can give a population finer scale spatial
pedigree structure. The relation of genetic similarity and spatial distance refers
to the dispersal characters and reproductive relations existing among
individuals. Our main purpose here was to obtain information on the genetic
spatial pattern before a more profound spatial autocorrelation analysis of
Asplenium ceterach individuals. Three physically isolated subpopulation
patches of the tetraploid A. ceterach subs. ceterach were identified on the
southern rocky faces of the St. György Hill in Hungary. The genetic properties
were scored and cluster analysis, UPGMA, was carried out in three steps using
progressively larger samples: 42, 85 and 320 individuals were chosen. Cluster
analysis revealed a minimum of 70% genetic similarities among individuals
indicating intensive gene flow between subpopulations, but there was also
detectable correspondence between individual genetic similarities and spatial
position. 

INTRODUCTION
The homosporous, autotetraploid, xerophytic rock fern, Asplenium ceterach L. subsp.
ceterach is one of three cytotypes of the species Asplenium ceterach (Reichstein 1981,
Vida 1965, 1973). Asplenium ceterach and related taxa are circumscribed by special
morphological characters within Asplenium. The taxonomic treatment of these ferns
have been the subject of debate; some authors have recognised Ceterach as a separate
genus within Aspleniaceae (Reichsten, 1981), but others consider it as a clade or
subgenus within the genus Asplenium (Pintér et al. 2002, Viane et al. 1993). 

The study of geographical distribution and patterns of genetic diversity within
Asplenium cetercah has revealed its postglacial colonisation (Trewick et al. 2002).  The
European pteridophyte flora has an ancient origin with the Mediterranean areas having
a major role as refugia during the glaciation periods (Vogel et al. 1999). Several
experimental studies demonstrate that autopolyploids are derived from diploids
(Manton, 1950; Reichstein, 1981; Vida, 1973). Although the ancestral (diploid) and
derived (polyploid) taxa have the same substrate preference, they have distinct
geographical distributions. During the glaciation periods the Balkans and Italy acted as
refugia for Asplenium ceterach. The diploids are mostly restricted to the Mediterranean
basin (Pintér et al. 2002.), whereas the tetraploids occupy areas further north in Europe.
The wide occurrence of the tetraploid Asplenium ceterach subsp. ceterach across
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Europe can be explained by its better dispersal capacity owing to single spore
colonisation in this taxon (Vogel et al. 1999). Analysing the haplotype patterns of
European Asplenium ceterach has elucidated recurrent polyploid formation and
colonisation from different population sources throughout Europe (Trewick et al.
2002). The tetraploid subspecies, Asplenium ceterach subsp. ceterach, is common and
widespread in Europe bit in Hungary, diploid Asplenium ceterach subsp. bivalens
predominates in natural habitats and the occurrence of tetraploid populations has been
reported only from the St. György Hill and the Buda Hills parts of the Transdanubian
Mountains (Vida 1973, Vida 1965). On the bases of chloroplast DNA analyses two
different haplotype sequences were identified in Hungary (‘red’ and ‘green’ according
to Trewick et al. 2002.). The haplotype sequence ‘red’ is found both in diploids and
tetraploids, whereas the ‘green’ haplotype is found only in tetraploids. Diploid
populations with the ‘red’ haplotype are described mainly from the Balkans, while
tetraploid populations of ‘red’ and ‘green’ haplotypes are rather frequent in South-
Western Europe (Trewick et al. 2002). The tetraploid Asplenium ceterach populations
on the St. György Hill studied by us have the ‘green’ haplotype (Morgan-Richards,
Vogel unpublished). While the volcanic soil of the hill has been utilized for vine-
growing, the steep rocky slopes are natural habitats. These dry rocks may have
colonized after the last glaciation. Here, six physically isolated subpopulation patches
of A. ceterach subsp. ceterach were identified on the southern rocky faces of the hill
(Figure 1).

The genetic relatedness of individuals can reveal a fine-scale spatial pedigree
structure in a population (Vekemans & Hardy 2004). The relationship of genetic
similarity and spatial distance reflects the dispersal characters and reproductive
relationships among individuals (Hardy 2003). The aim of this study was to examine
the genetic constitution of this particular tetraploid population in the context of the past
colonisation events before a more profound spatial autocorrelation analysis. The
analysis of the population’s genetic constitution and its spatial structure as revealed by
molecular markers can provide information about microevolutionary processes
occurring when the individuals are linked by bonds of mating and parenthood (Hardy
& Vekemans 2002). 

Genetic data derived from allozyme studies indicate that tetraploid Asplenium
ceterach shows high genetic variation between populations and low within population
variation, unlike diploids (Vogel et al. 1999). Genetic differences between diploid and
tetraploid populations result from differences in their breeding systems. The high
degree of population differentiation in the tetraploid taxon is caused by low level of
outcrossing. (Vogel, pers. com.). There was no evidence of vegetative propagation
among our cultivated individuals, nor are there any reported cases in the literature. 

MATERIAL AND METHODS
In this study we present detailed information about the genetic relatedness of
individuals in a tetraploid population. For measuring spatial distances the exact position
of individuals was mapped (see below). This provides a 3D coordinate system for the
finer scale spatial analysis that follows. Use of a large number of RAPD products gives
a powerful tool for documenting offspring-parent relationships and dispersal distances
(Levitan and Grosberg 1993, Hadrys 1992) especially at lower taxonomic levels
(Rodrigues et al. 2002.). 
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Sampling strategy
Individuals of Asplenium ceterach were collected from the southern rocky faces of St.
György Hill near Lake Balaton in Hungary. Here, six physically isolated subpopulation
patches were identified from where we collected 440 leaf samples (1 leaf per
individual). To obtain information on the genetic spatial pattern we surveyed three out
of six patches with progressively larger samples. The sample size was increased by
adding new individuals to the previously selected ones. These samples included 42, 85
and 320 individuals. 

Constructing the spatial position map of the individuals
The task was to score the genetic properties of individuals and to give their exact
position in space in order to construct the 3-dimensional population genetic structure
before embarking on the fine scale analysis. For describing individual plants’ location
on the hill, GPS localized reference points were used. The WGS84 GPS-based
coordinates were converted to the Hungarian National Grid (EOV) (Timár et al. 2002,
Molnár & Timár 2002, Timár & Molnár 2002) (Figure 2). Reference coordinates were
the starting points of a grid, and before calculating the coordinates of each individual in
3D space. This coordinate system can be matched to a geographical map. The positional
data formed the basis for the future analysis of the genealogical connections.
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Figure 1. St. György Hill and the subpopulation patches of A. ceterach subsp. ceterach
(1a, 1b, 2)  on the southern rocky faces of the hill.
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Genetic studies
Genetic studies on the reliability of RAPD markers prove that this method is as suitable
for determinating genetic identity as the AFLP techniques (Albert et al. 2003). Bias of
polymorphic band selection is the weak point of this method. Many polymorphic bands
can be generated by only a few RAPD primers (Stewart & Porter 1995), but a few are
reliable. The applied bands have to be selected carefully. In our case, the decreased
amount of primers might influence precise indication. However, polymorphic bands
obtained from several primers give a more reliable result.

For total plant DNA isolation we used DNeasy Plant Mini Kit (Qiagen). The
extraction protocol was slightly modified for pteridophyte material. A dry mass of
leaves, 100mg of tissue was ground in liquid nitrogen the presence of Polyclar AT. A
volume of 600µl extraction buffer and 6-8µl Rnase (100mg/ml), and 16-17µl
β-mercaptoethanol were added. This suspension was homogenized and incubated at
65ºC for more than 1 hour with frequent and careful mixing. After adding 195-200µl
precipitation buffer, the mixing was repeated. This was followed by 10 minutes
incubation on ice and centrifugation at 12,000 rpm for 5-8 mins. The supernatant was
removed and applied to the QIAshredder column, combined in a 2ml eppendorf and
was centrifuged at 8000 rpm for 2 mins. Taking 1.5:1 proportion of the AP3/E and the
liquid that came down the column and it was mixed carefully again. This suspension
was centrifuged through the DNeasy mini column at 8000rpm for 1 min. Next a
washing buffer was added, followed by centrifugation at 8000rpm for 1min. This
process was repeated and an additional centrifugation step was applied for 3 mins.
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Figure 2. To describe the location of individual plants on the hill, GPS localized
reference points were used. The WGS84 GPS-based coordinates were converted to the
Hungarian National Grid (EOV) (Timár et al. 2002, Molnár & Timár 2002, Timár &
Molnár 2002).

The converted EOV coordinates of the subpopulational patches
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Finally the DNS was eluted twice in 100µl and 50µl. The DNA samples were then
either stored at +4ºC for immediate use or stored at -20ºC.

For the DNA concentration quantification a self-made DNA standard was used. Its
concentration was measured by lambda 35 spectrophotometer and UV winlab program.
The DNA samples were diluted to 1ng/ µl.

RAPD procedure
For genetic identification the multilocus genotype (phenotype) of RAPD polymorphic
loci was used. The RAPD method uses a large set of oligonucleotide primers annealing
with various parts of the genome. RAPD markers produce good Mendelian characters,
typically, but not always dominant (Hillis et al. 1996). For the generation of genetic
data 60 oligonucleotid primers 10 basepairs long were screened. The best 8 were: OPA-
7, OPA-19, OPB-18, OPK-9, OPK-19, OPP-4, OPP-5, OPP-14. These primers
generated strong, clear and repeatable polymorphic bands. 

For PCR reaction we applied 5µl (1ng/ µl) DNA template. The PCR reactions were
carried out in a PerkinElmer thermocycler. The amplification cycles ran: 60 sec at 94°C,
two cycle of 30 sec at 94°C, 30 sec at 41°C, 120 sec at 72°C, 20 cycles of 30 sec at
94°C, 15 sec at 39°C, 15 sec at 45°C, 90 sec at 72°C, 18 cycles of 30 sec at 94°C, 15
sec at 39°C, 15 sec at 45°C, 120 sec at 72°C and the final cycle 72°C 5min (Schneller
1998.).

A 4-5 hour long electrophoresis at 180-200V was used for the separation of the
fragments.

Data Analysis
The polymorphic bands of RAPD markers were scored 1 for presence and 0 for
absence. We applied simple matching coefficient for the dissimilarity matrix (Sokal &
Michener 1958). SM=a+d / a+b+c+d; (a, d: the numbers of the binaric variable
coincide, b, c: the numbers of the binaric variable do not coincide.) 

For cluster analysis the UPGMA (unweighted pair group method with arithmetic
mean) method was used. The complete multivariate analysis and its presentation were
managed with the NTSYS-pc program Version 2. (Rohlf 2000, Podani 1997). The
results were illustrated with dendrograms reflecting the genotypic (phenotypic)
similarity between the objects. 

The programmes SAHN module offers two options to deal with ties. The FIND
option constructed each alternative clustering. As there were several ties in the
dissimilarity matrix we had maximum 50 output trees. It was possible to compute their
cophenetic correlation to check how well the different tied trees represent the original
distance matrix (Rogrigues et al. 2002.). First the COPH module computed a
cophenetic (ultrametric) value matrix from each dendrogram. These matrices are used
to test the goodness of fit of clustering analysis by using MXCOMP module (Rohlf and
Sokal 1981).  The module evaluates the cophenetic correlation (product moment
correlation: r) between the cophenetic value and the original distance matrices.  We
selected trees with the highest evaluated correlation coefficient from among the tied
tries. The normalized Mantel test was also performed. The Mantel test statistic Z is
frequently used to measure the correspondence between matrices (Mantel 1967, Podani
1997). 
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RESULTS
Our main purpose was to obtain information on the genetic spatial pattern before a more
profound spatial autocorrelation analysis of 440 positioned Asplenium ceterach
individuals. Based on the scored genetic properties and their spatial position the
individuals were clustered in three steps using progressively larger samples: 42, 85 and
320 individuals were chosen. The progressive increase of the size of the samples may
indicate the sensitivity of the spatial pattern analysis to the sample size. 
The multivariate analysis of RAPD data revealed a high level of genetic relatedness
among either individuals or subpopulations. In all samples the assessment of the
minimum genetic similarity between individuals was approximately 70%, and at least
half of the plants showed 80-90% genetic similarity. The high level of genetic
relatedness between individuals either from the same or different subpopulations
suggested a high level of gene flow between the different subpopulations. Since
individuals show close genetic relatedness the UPGMA produced several alternative
clusters. The cophenetic correlations did not detect important difference in goodness of
fit among the dendrograms. Similar moderate correlation coefficient values were
computed for each alternative dendrogram. The matrix correlations (= normalized
Mantel stat Z) for different dendrograms were between r=0.62 –0.65 for 42 individuals,
r=0.71–0.73 for 85 individuals and r=0.618-0.625 for 320 individuals. The Mantel test
gave p (probability random Z< observed Z) = 1 for 1000 permutations for each tested
dendrogram. We selected one tree with the highest evaluated cophenetic correlation
coefficient (product moment correlation: r) (Rohlf and Sokal 1981) (Figures 3 & 4).

The first two sample sets (42, 85) showed a similar range of SM values for the
clusters (Figures 3, 4). The SM index varied from 70% up to 100%. In half of the
sampled individuals a similarity of more than 90% was detected. The genetic similarity
of the common individuals in the first two sample set was practically the same. Among
the first 42 individuals two homogenous subclusters were recognizable with 80-83%
similarity level (‘subpopulations 1a2’ and ‘2’). In the sample of 85 individuals another
homogenous ‘subpopulation 2’ cluster appeared with approximately 80% similarity.
The individuals of these two ‘subpopulation 1a2’ and ‘2’ also displayed their
cohesiveness )Figure 5). The rest of the dendrogram did not show any distinguishable
cluster. 

The first two samples with 42 and 85 individuals were relatively small compared
with the total number of individuals. The doubling of the sample size did not alter the
intrapopulational spatial genetic pattern. The next step was the analysis of 320
individuals. The dendrogram constructed with 320 individuals showed not only
quantitative but also qualitative change in the picture of the spatial pattern. Increasing
the sample size gave a more detailed spatial pedigree structure along the dendrogram.
Subpopulations appeared as slightly separated subclusters of the tree. The minimum
similarity value for these characterized subclusters was around 77-80% (The minimum
genetic similarity between any two individuals is 70%). These distinguishable
substructures may demonstrate a significant number of non-random events in the
reproductive processes and propagation. This tree represents pedigree structure of these
ferns, and it differs from random. Large number of individuals appear to be outside their
characteristic subpopulational clusters scattered along the dendrogram. 

The cluster analysis revealed minimum 70% genetic similarities among individuals.
The spatial genetic pattern indicates intensive gene flow between subpopulations, but
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also there was detectable correspondence between genetic similarities and spatial
position. This dual spatial pattern can be derived from the two step process of
pteridophyte reproductive biology and haploid-diploid life cycle, as the spores and
gametes have different dispersal capacities. 

DISCUSSION
Asplenium ceterach is a homosporous fern with hermaphroditic gametophytes. The
spatial pattern of the genetically related individuals within the population is influenced
by both reproductive biology and dispersal characteristics. According to Klekowski’s
terminology two different kinds of mating types might produce different levels of
heterozygosity: intragametophytic selfing, yielding completely homozygotic
sporophytes (with the theoretical possibility of homeologous heterozygosity), and
intergametophytic mating between two sib or non-sib gametophytes resulting in
varying degree of heterozygosity (Klekowski 1979). The tetraploid Asplenium ceterach
is reported as a highly successful in-breeder infered from allozyme data (Trewick et al.
2002.).

The alternating haploid-diploid life-cycle is an important characteristic of ferns
(Page 2002). Spores and gametes have different dispersal capacity. The distance
between two gametophytes accomplishing mating is very much limited in space (Suter
2000). However, the distance over which spores travel is in comparatively unlimited.
This kind of haplotype transport can reorganize the population structure. Yet some
authers propose that 95% of the spore dispersal is within 1-10m from the parent plant
(Vogel et al. 1999.) The question is how the mating system and spore dispersal affect
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Figure 3. Cluster analysis of 42 fern individuals. The individuals in the dendrogram are
labelled according to their subpopulational (1a, 1b, 2) and intra-subpopulational (1a1,
1a2, 1b1, 1b2, 1b3, 1b4, 1b5, 21, 22, 23, 24, 25) positions: 
Subpopulations and their symbols:
1a1: 1a2: 1b1: 1b2: 1b3: 1b4: 1b5: 21: 22: 23: 24: 25:
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intrapopulation genetic pattern. The genetic similarity of neighbouring individuals may
help elucidate the nature of breeding system. Cluster analysis of the RAPD multilocus
phenotype suggests high levels of gene flow between these distant subpopulations and,
likewise, a correspondence between individual genetic similarities and spatial position.
Since the subpopulations are further than 10m apart, this suggests that spore dispersal
should exceed 10 m. But cluster analysis is not reliably informative to dissect the
influence of spore travel from the influence of mating type in the determination of
individuals genetic relatedness. This can be carried out by further, more profound
spatial autocorrelation analysis.
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Figure. 4. Cluster analysis of 85 fern individuals. The individuals in the dendrogram
are labelled according to their subpopulational (1a, 1b, 2) and intra-subpopulational
(1a1, 1a2, 1b1, 1b2, 1b3, 1b4, 1b5, 21, 22, 23, 24, 25) positions: 
Subpopulations and their symbols:
1a1: 1a2: 1b1: 1b2: 1b3: 1b4: 1b5: 21: 22: 23: 24: 25:
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Figure. 5a. Cluster analysis of 320 fern individuals. The individuals in the dendrogram are labelled according to their subpopulational (1a, 1b,
2) and intra-subpopulational (1a1, 1a2, 1b1, 1b2, 1b3, 1b4, 1b5, 21, 22, 23, 24, 25) positions: 
Subpopulations and their symbols:
1a1: 1a2: 1b1: 1b2: 1b3: 1b4: 1b5: 21: 22: 23: 24: 25:
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Figure. 5b. Cluster analysis of 320 fern individuals. The individuals in the dendrogram are labelled according to their subpopulational (1a, 1b,
2) and intra-subpopulational (1a1, 1a2, 1b1, 1b2, 1b3, 1b4, 1b5, 21, 22, 23, 24, 25) positions: 
Subpopulations and their symbols:
1a1: 1a2: 1b1: 1b2: 1b3: 1b4: 1b5: 21: 22: 23: 24: 25:
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