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Abstract In this study, 23 previously identified Men-
delian RAPD markers and 16 polymorphic allozymic
markers were used to assess divergence among two
Greek populations and five Italian populations of
Pinus leucodermis. Confidence intervals of observed
genetic divergence were obtained using bootstrap anal-
ysis. Divergence among Italian populations was found
to be about as large as that between Italian and Greek
populations. Since it is likely that the split of two nuclei
took place more than 10,000 years ago, a larger differ-
entiation between, rather than within, the above nuclei
was expected. If genetic drift was responsible for the
larger divergence of Italian populations, large random-
ly generated disequilibrium between alleles at neutral,
unlinked loci was expected. Indeed, the proportion of
pairs of loci showing a non-random association of
alleles within each of the Italian populations was larger
than what was expected by pure chance (7.95—10.88%).
Effective population size based on randomly generated
disequilibrium was quite small for three out of the five
populations considered (N

e
"17.31$1.88, 16.57$

1.73, and 31.41$7.26, respectively). The implications
of the results with respect to the conservation of endan-
gered species of trees are discussed.
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Introduction

Many forest tree species are characterized by prevalent
allogamous mating and continuous natural distribution
over large areas (Müller-Stark et al. 1992). In such
a situation, genetic divergence among populations by
random genetic drift is expected to be balanced by high
levels of gene flow (Wright 1965). Allozyme studies on
natural populations of forest trees have often reported
low levels of genetic divergence among populations,
accounting on average for only 5% of the total genetic
variation (Godt and Hamrick 1990). On the other
hand, species with extremely small and disjunct geo-
graphic ranges are expected to diverge by a larger
extent due to a lowered interpopulation gene flow and
a larger influence of drift (Lesica and Allendorf 1994).
Small, peripheral populations geographically or eco-
logically isolated from the main range are expected to
show increased probability of losing genetic variation
(Gilpin 1991; Young et al. 1996). Genetically depleted
populations are less likely to face environmental stress
by adaptation to changing environments and may be
more prone to local extinction (Ellstrand 1992).

Loss of genetic variation has been reported to ac-
company a reduction in population size (Van Treuren
et al. 1991; Raijmann et al. 1994; Prober and Brown
1994). Based on theoretical considerations, the rate of
loss is inversely proportional to effective population
size N

e
(Nunney and Elam 1994). Therefore, the conser-

vation of endangered species depends on maintaining
a substantial population size (Carson 1990). In wild
populations of forest trees, long life-cycles and overlap-
ping generations make it unfeasible to directly estimate
the loss of genetic variation through time, and an
estimation of population size is often impractical.

Among forest tree species, puzzling evidence about
the relationship between isolation, divergence and
genetic variation among populations has been reported
for Pinus resinosa (Mosseler et al. 1991; Simon et al.



1986) and Pinus leucodermis (Müller-Stark et al. 1992;
Boscherini et al. 1994a), given their small discontinuous
natural range and the low (or null) levels of genetic
differentiation among populations detected by
isozymes.

Pinus leucodermis is an endangered species with its
main range in the Balkan peninsula and a smaller range
in Southern Italy (Avolio 1984). The Italian range is
restricted to four small and scattered nuclei established
in harsh, mountainous areas partly situated within the
Pollino National park (CS and PZ provinces) that
cover 5,678 ha overall. Several genetic studies have
been already carried out on P. leucodermis using al-
lozymes, with the aim of estimating mating system
parameters (Morgante et al. 1991, 1994) and genetic
relationships among Greek and Italian populations
(Boscherini et al. 1994a). Powell and colleagues (1996),
using paternally inherited chloroplast simple-sequence-
repeat (SSR) variants, reported that Italian populations
are less variable than the Greek populations, with di-
vergence among populations accounting for 22% of the
total variation.

In the study reported here, 23 Mendelian random
amplified polymorphic DNA (RAPD) markers (Bos-
cherini et al. 1994b) and 16 allozyme markers (Mor-
gante et al. 1994) were used to assess genetic divergence
among seven populations of Pinus leucodermis. Link-
age disequilibrium between marker pairs was estimated
within populations, and effective population size for
Italian stands tentatively estimated. Implications of the
results with respect to the conservation of endangered
species of trees are discussed.

Material and methods

Plant material and analysis procedure

Seeds were collected from five Italian populations (¸a Spina: Monte
La Spina — 900 m a.s.l.; Pollino: Cima Pollino — 2,000 m; Pollino A:
Valletorta — 900 m; Pollino B : Val Gaudolino — 1,400 m; Pollino C :
Pollinello — 1,800 m) and two Greek populations (Olimpo — 1,500 m
a.s.l.; Pindo — elevation not available). As for the Italian populations,
seedlots were collected from each of 17—29 trees sampled and kept
apart for further analysis, while for the Greek populations only
bulked seedlots from more than 30 trees were available.

DNA extraction from megagametophytes of individual seeds was
carried out as described in Doyle and Doyle (1987). DNA concentra-
tion of the samples was estimated using a fluorometric assay (Cesar-
one et al. 1979). Polymerase chain reaction (PCR) amplifications
were carried out as previously described (Boscherini et al. 1994b)
using random decamers OPG-02, OPG-06 and OPG-08 from Oper-
on (Operon Technologies, Alameda, Calif.). Primers were selected on
the basis of the largest number of Mendelian markers obtainable:
using the above decamers, 7, 7 and 9 Mendelian markers, respective-
ly, were identified (Boscherini et al. 1994b; G. G. Vendramin, unpub-
lished data).

Allozyme analysis was carried out as previously described (Mor-
gante et al. 1991). A total of 16 polymorphic markers encoded by 11
enzyme systems were used. In summary, 39 loci (23 RAPD and 16
allozymes) were analyzed in this study.

Data collection and analysis

Due to the limited amount to tissue available, two different sets of
megagametophytes were analyzed using allozyme and RAPD
markers. Therefore, cosegregation analysis between both kinds of
markers could not be carried out.

For the Italian populations, genotypes at each locus (RAPD or
allozyme markers) were inferred from the analysis of six mega-
gametophytes per tree (misclassifying probability n"0.5k~1, where
k is the number of megagametophytes per tree; k"6, n"0.03125).
The least common alleles at the allozyme loci were pooled, thereby
obtaining two allelic classes for every multiallelic locus. Allelic
frequencies were calculated from genotypic data. For the Greek
populations, allelic frequencies were computed from haplotypic
data, assuming random sampling of gametes within the gene pool.
Estimations of the population parameters by allozyme markers have
been reported elsewhere (Boscherini et al. 1994a).

Principal Component Analysis (PCA) was carried out on trans
formed genetic data x

i
"arcsinJp

i
, where p

i
is the allelic frequency

of the i-th population. Estimation of F
ST

values was obtained by
calculating the Wahlund variance (Wright 1951):

F
STi

"

»
pi

pN
i · (1!pN

i
)

where »
pi

is the variance among allele frequencies of the populations
analyzed at the i-th locus, and pN

i
is their average allele frequency

weighted on sample size. The significance of the observed population
divergence over all loci was verified by the chi-square test (Weir
1996). Pairwise F

ST
between populations were computed as the

arithmetic average of F
ST

at single loci. Pairwise genetic distances
between populations were estimated following Nei (1973).

Numerical resampling of marker frequencies

In order to obtain confidence intervals for F
ST

estimates, we carried
out bootstrap analyses (Efron 1982). Null distribution of F

ST
by

bootstrapping loci were obtained, preserving the original structure
of the dataset. Allelic frequencies were resampled with replacement,
generating 1,000 new bootstrapped matrices, and F

ST
values esti-

mated from each resampled matrix as described above. The good-
ness-of-fit of the bootstrapped F

ST
values to normal distribution was

verified by the Kolmogorov-Smirnov test (a"0.05), and a 95%
confidence interval was calculated from the middle 95% of the
bootstrapped estimates (Weir 1996). In order to test differences in
the degree of divergence among populations, we compared boot-
strapped F

ST
distributions by the t-test.

Numerical resampling procedures were carried out using an ad-
hoc written computer programme in AWK language (GNU Corp)
running a Sun SparcStation 10/20 (UNIX System). Source codes
are available upon request to the authors. Results of the above
analyses were verified using the GDA Statistical Package (courtesy of
P. Lewis) and GENEPOP Statistical Package (Rousset and Raymond
1995).

Neutrality test of markers

Test of neutrality of the markers was carried out following Lewontin
and Krakauer (1979). The parameter (n!1)FK /FM was estimated for
each marker, where FK is the F

ST
value estimated by each marker, FM is

the mean F
ST

value over all loci, and n is the number of populations
considered. The parameter above has a chi-square distribution with
n!1 df. Goodness-of-fit of the observed distribution to expectation
was verified by the Kolmogorov—Smirnov test. A fit to the expected
distribution was also verified independently for RAPD and allozyme
data.
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Linkage disequilibrium analysis

Linkage disequilibrium analysis was carried out separately on
Italian (diploid data) and Greek populations (haploid data). As for
the latter, gametic disequilibrium was estimated using the following
formula (Nei 1987):

D
ij
"

(n
1 · n4

)!(n
2 · n3

)

n2

where n
1
, n

2
, n

3
and n

4
are the number of observed gametes ‘1/1’,

‘1/0’, ‘0/1’ and ‘0/0’ at i-th and j-th loci, respectively, and n is the total
number of gametes analyzed. Variances and chi-square test for
D

ij
were computed following Weir (1996).

Gametic disequilibria were then tested for homogeneity (s2
H
, with

1df ) and zero disequilibrium among all the populations [s2
D
, with

(m!1)df , where m is the number of populations analyzed] using the
formula reported by Weir (1996).

For the Italian populations, pairwise composite genotypic dis-
equilibria and the relative variance were estimated on genotypic
data using the method proposed by Burrows (Cockerham and Weir
1977).

*
ij
"

4n
1
#2n

2
#2n

3
#n

4
2n

!2p
i · pj

where n
1
, n

2
, n

3
and n

4
are the number of diploid genotypes showing

the di-locus genotye ‘11/11’, ‘11/10’, ‘10/11’, ‘10/10’, respectively, n is
the total number of individuals analyzed and p

i
, p

j
are the allelic

frequencies at the two loci considered. This measure of non-random
association of alleles at different loci is inclusive of within- and
between-gametic disequilibria and therefore does not require distin-
guishing between the two types of double heterozygotes.

Composite genotypic disequilibria were also tested for homogen-
eity (s2

H
, 4df , see above) and zero disequilibrium among all the

populations (s2D , 1d f ) as described above. Marker pairs showing
significant, homogeneous genotypic disequilibrium among the
Italian populations were then discarded from further analysis.

Correlation of alleles between locus pairs were calculated using
the following formula:

r
ij
"

*
ij

J[p
i
(1!p

i
)#D

i
] · [p

j
(1!p

j
)#D

j
]

where *
ij

is the composite genotypic disequilibrium between i-th
and j-th alleles, D

i
and D

j
are the single-locus disequilibria at i and j,

respectively, p
i
and p

j
are the marker frequencies at the loci con-

sidered (Weir 1996).

Estimation of effective population size

Estimates of effective population size (N
e
) were obtained considering

only unlinked, neutral loci using the least square estimator reported
by Laurie-Ahlberg and Weir (1979):

N
e
"

m

3 · +
i
+

j
r2
ij
!(1/n

ij
)

where m is number of pairs of loci considered, r2
ij

is the correlation of
alleles between i-th and j-th loci and n

ij
is the sample size. Confi-

dence intervals for r2
ij

were computed using the following formula
(Bartley et al. 1992):

(1!a)CI"
mrN 2

s2(1!a/2)m

,
mrN 2
s2(a/2)m

where m is the number of pairwise locus comparisons ("df ), rN 2 is
the average squared correlation between alleles and s2 is the
chi-square value with (1!a/2)m and (a/2)m degrees of freedom.

Confidence intervals for r2
ij

were then substituted into the above
equation to obtain confidence intervals for N

e
(Waples 1991).

Results

Population divergence by allozymes and RAPDs

Multivariate analysis (PCA) on allele frequencies
underlined an obvious ordination of the populations
analyzed. Italian and Greek populations were easily
discriminated by the first two PCA axes (36.4% and
22.1% of the total variance explained, respectively).
Overall, Italian populations turned out to be widely
scattered along PCA axes 1 and 2, while Greek popula-
tions were fairly clumped (Fig. 1). No correlations were
observed between elevation and the second PCA axis
(data not shown).

Due to the heterogeneous dataset (including geno-
types and gametes) computations were carried out on
allelic frequencies (Weir 1996). The whole genetic
dataset (both RAPD and allozyme markers) was con-
sidered at first. As expected for marginal populations,
significant differences were detected among the Italian
stands (F

ST
"0.0755; s2[1]"6.587; P(0.05), while no

differences where found between the Greek populations
(F

ST
"0.0406; s2[1]"1.738; P'0.05). Nineteen out of

23 RAPD markers and 6 out of 16 allozyme markers
revealed overall significant differences among popula-
tions by Fisher’s exact test (data not shown). Significant
divergence between the Italian and Greek populations
was also observed (F

ST
"0.0740; s2[1]"9.620;

P(0.01) (Table 1).
In order to verify the ability of the two kinds of mar-

kers to distinguish among populations, interpopulation

Fig. 1 Ordination of the Italian and Greek populations by principal
component analysis of allelic frequencies
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Table 1 Numerical resampling of allozyme and RAPD allele frequencies from Italian and Greek populations (n.s. non-significant)

Observed data Bootstrapped data

F
ST

! s2" Probability Valid N# Mean SD$ SE# C.I.&
null

Lower Higher

RAPD markers
Overall 0.1792 21.856 P(0.001 1,000 0.1783 0.0246 0.0008 0.1295 0.2237
Between I & G 0.1055 12.872 P(0.001 1,000 0.1047 0.0246 0.0008 0.0528 0.1504
Among Greeks 0.0413 1.768 n.s. 1,000 0.0404 0.0058 0.0002 0.0287 0.0509
Among Italians 0.0987 7.813 P(0.01 1,000 0.0985 0.0097 0.0003 0.0800 0.1192

Allozyme markers
Overall 0.0671 8.728 P(0.01 1,000 0.0676 0.0114 0.0004 0.0433 0.0874
Between I & G 0.0289 3.752 n.s. 1,000 0.0290 0.0098 0.0003 0.0121 0.0425
Among Greeks 0.0164 0.702 n.s. 1,000 0.0239 0.0106 0.0003 0.0081 0.0487
Among Italians 0.0410 3.577 n.s. 1,000 0.0414 0.0054 0.0002 0.0304 0.0512

All markers
Overall 0.1341 17.429 P(0.001 1,000 0.1341 0.0161 0.0005 0.1002 0.1655
Between I & G 0.0740 9.620 P(0.01 1,000 0.0740 0.0146 0.0005 0.0440 0.1019
Among Greeks 0.0406 1.738 n.s. 1,000 0.0401 0.0066 0.0002 0.0281 0.0521
Among Italians 0.0755 6.587 P(0.05 1,000 0.0755 0.0071 0.0002 0.0618 0.0894

!Observed genetic divergence
"Chi-square value calculated following Weir (1996)
#Resampling size
$Standard deviation of the null distribution
%Standard errors of the null distribution
&Confidence intervals of the F

ST
estimates obtained by the 2.5-percentil (lower) and 97.5-percentil (higher) of the null distribution

Fig. 2 Bootstrapping analysis of Italian and Greek populations
using RAPD and allozyme markers. F

ST
values were estimated from

1,000 new datasets obtained by resampling with replacement over
loci. Mean values (dotted lines), median values (plain lines), standard
deviations (boxes) and 95% confidence intervals (error bars) of the
bootstrapped distributions are reported for both kinds of markers

divergence was estimated independently by allozymes
and RAPDs, and the results compared (Fig. 2). The
testing of the difference between the two types of
markers can be better carried out comparing

the distribution of null F
ST

values obtained by boot-
strapping loci instead of single observations (Table 1).
In general, RAPD markers highlighted a larger amount
of overall divergence between populations than
allozymes (0.17483 vs. 0.0652, respectively; t"138.3;
P(0.001). The same trend was observed for diver-
gence between the Italian and Greek populations
(0.0972 vs. 0.0281, t"88.94; P(0.001), among Italian
populations (0.0961 vs. 0.0411, t"175.1; P(0.01) and
among Greek populations (0.0426 vs. 0.0173; t"48.49;
P(0.001). Divergence between Italian and Greek
populations was not significantly different from the
divergence observed among Italian populations either
using RAPD (0.1055 vs. 0.0987) or allozymes (0.0289 vs.
0.0410, or both (0.074 vs. 0.075), given their overlapping
confidence intervals obtained by bootstrapping the
dataset (Fig. 2).

A comparison of RAPD and allozyme markers
showed a good agreement between pairwise F

ST
esti-

mates (Fig. 3). The correlation found between F
ST

cal-
culated on RAPD and allozyme markers was fairly
high (Pearson r"0.596; P(0.01). A higher correlation
was found when Nei’s genetic distances were con-
sidered (Pearson r"0.792; P(0.001). The relative
power of RAPD markers with respect to allozymes can
be assessed by considering the slope of the regressed
function between RAPDs and allozymes distances (or
divergences). The sensitivity of RAPD markers to popu-
lation differentiation turned out to be 1/0.124—1/0.129
(7.75—8.03) times greater than that of the allozymes.
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Fig. 3a, b Comparison of
a pairwise Nei’s genetic distances
and b pairwise genetic divergence
among seven populations of
Pinus leucodermis, based on
allozyme (Y axis) and RAPD (X
axis) data. The RAPD markers
are 1/0.124—1/0.129 (7.75—8.03)
times more sensitive to
population differentiation than
the allozymes

Test of neutrality of genetic markers

Distribution of the parameter (n!1)FK /FM did not show
significant difference from the expected chi-square dis-
tribution (df"6) for RAPD markers (KS d"0.2113,
P'0.05), while a significant difference from expecta-
tion was found for allozymes (KS d"0.5214,
P(0.01). Therefore, allozyme markers were discarded
from further analysis.

Linkage disequilibrium analysis

Linkage disequilibrium analysis was carried out inde-
pendently on Italian and Greek populations. Pairwise
gametic (within-gametes) disequilibrium (D

ij
) was esti-

mated on megagametophytes from Greek seedlots.
A non-random association of alleles was detected
for 3 out 253 pairs of loci only (1.2%). Significant
correlation of alleles was observed for marker pairs
OPG08-E/OPG08-I (r

ij
"0.163; s2

H
"4.337, P(0.05;

s2
D
"5.655, P(0.05), OPG08-A/OPG08-H (r

ij
"

0.153; s2
H
"0.022, n.s.; s2

D
"4.412, P(0.05) and

OPG02-D/OPG02-F (r
ij
"0.177; s2

H
"1.237, n.s.;

s2
D
"6.724, P(0.01). Whatever the cause of the signifi-

cant gametic disequilibria detected might be (linkage,
selection, etc.), the above marker pairs showing signifi-
cant, homogeneous gametic disequilibrium in both
populations were discarded from further analysis.

Pairwise composite genotypic disequilibrium (*
ij
)

was computed for each of the five Italian populations.
This measure is inclusive of the within- and between-
gametes non-random association of alleles. When all of
the within-population disequilibria were considered,
significant *

ij
values were detected for 261 out of

2,719 marker pairs (9.59%), a proportion larger than
that expected by pure chance (Table 2). The propor-
tion of significant cases was larger than 5% in all the

populations considered (La Spina: 10.51%; Pollino:
10.88%; Pollino A: 7.95%; Pollino B: 8.47%; Pollino C:
10.00%). Pooling data over all the populations ana-
lyzed, we detected a significant correlation of alleles for
59 out 253 marker pairs, but only 19 values (7.51%)
were homogeneous over the five Italian populations.
Not surprisingly, homogeneous, significant *

ij
was de-

tected over the Italian populations for marker pairs
showing significant D in the Greek populations (see
above). Moreover, marker pairs that turned out to be
tightly associated in a previous study (6PGD-BIPGI-B
rf"0.080; Morgante et al. 1993) showed significant
disequilibrium over all the populations considered
(data not shown). Whatever the reasons causing signifi-
cant, homogeneous disequilibrium across different
populations (linkage, selection etc.) the above 19
markers pairs were discarded from further analyses.

Estimation of effective population size

Estimation of effective population size (N
e
) was carried

out based upon the genetic relationship between ran-
domly generated disequilibrium and N

e
reported by

Hill (1981), Laurie-Ahlberg and Weir (1979) and
Waples (1991). Marker pairs showing some evidence of
linkage based on a previously reported study (Morgan-
te et al. 1993b) were discarded a priori. Moreover,
we discarded marker pairs showing significant within-
gamete (D

ij
) or composite genotypic disequilibrium

(*
ij
) values homogeneous over all the populations

analyzed.
When r

ij
values obtained by RAPD markers only

were used, the effective population size was quite small
for three out of the five populations considered (for La
Spina, Pollino and Pollino B; N

e
"17.31, 16.57 and

31.41, respectively, Table 2). Even when the upper con-
fidence intervals were considered, a surprisingly small
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Table 2 Randomly generated
composite genotypic
disequilibria, estimation of
effective population size and
genetic parameters for five Italian
populations of Pinus leucodermis
using RAPD markers

Population Disequilibria Effective population size Population parameters

Sign. Valid Prop. N
e
" C.I. C.I. H

%91
$ F

IS
%

*
ij
! (lower)# (higher)#

La Spina 60 571 0.1051 17.31 10.91 31.22 0.273 0.053
Pollino 57 524 0.1088 16.57 10.55 29.24 0.174 !0.028
Pollino A 47 591 0.0795 #R 31.39 #R 0.213 0.010
Pollino B 35 413 0.0848 31.41 13.94 647.38 0.251 0.000
Pollino C 62 620 0.1000 #R 46.79 #R 0.251 0.015

Overall 261 2719 0.0960 Average 0.231 0.012

! Composite genotypic disequilibria for marker pairs calculated following Weir (1996)
"Effective population size estimates obtained from randomly generated linkage disequilibrium data as
reported by Lauhrie—Ahlberg and Weir (1979)
# Confidence intervals for N

e
calculated following formulas proposed by Waples (1991)

$Corrected expected heterozygosity (Nei 1987)
% Average fixation index weighted on sample size (Nei 1987)

effective population size was estimated (lower than or
around 30 for the first two populations). For the two
remaining populations (Pollino A and Pollino C), nega-
tive values of N

e
were obtained: as reported by Bartley

et al. (1992), this could be due either to the sampling of
an infinite population (r

2
"0.000, no disequilibrium)

or to sampling error (r
2
(1/S, Hill 1981). In spite of the

small sample size analyzed in this study, we obtained
quite consistent confidence intervals for the other
populations (N

e
larger than zero). Therefore, we inter-

pret the negative values obtained as being due to
a sampling of infinite populations.

No correlations between N
e
and either genetic diver-

sity or the fixation index estimated by RAPD data was
found (Table 2).

Discussion

The comparison of pairwise genetic divergence between
populations using allozyme and RAPD markers
showed a good agreement. Correlation coefficients be-
tween estimates obtained with the two types of markers
were fairly high for both genetic distance and genetic
divergence (0.792 and 0.596, respectively). Thormann
and colleagues (1994) compared cophenetic values ob-
tained for several accessions of cruciferous species using
restriction fragment length polymorphism (RFLP) and
RAPD data, obtaining a correlation of 0.932 for intras-
pecific comparisons and 0.363 for interspecific com-
parisons.

The greater sensitivity of RAPDs to population di-
vergence (about 8 times greater than using allozymes)
may derive from several causes. RAPDs are expected to
originate primarily from non-coding, repetitive DNA
(Williams et al. 1990; Paran et al. 1991; Plomion et al.
1995). It is well-known that the repetitive component of

genomes can evolve rapidly both among and within
species (Dover 1982; Cullis 1987; Charlesworth et al.
1984). Thus, the strong differentiation may result from
the nature of the sequences sampled by random ampli-
fication techniques, whereas allozymes reflect the more
conservative portion of the genome containing ex-
pressed genes. It has also been suggested that allozymes
can be under the influence of balancing selection
(Altukhov 1990, 1991; Karl and Avise 1992), though
only indirect evidence has been reported in forest trees
(Mitton 1994). As a consequence a shorter period of
isolation is probably required for stronger RAPD
differentiation to develop with respect to allozyme
markers.

In this study, the population divergence obtained by
RAPDs was remarkably larger than that generally re-
ported using allozyme markers in forest trees (Godt
and Hamrick 1990; Müller-Starck et al. 1992). RAPDs
and isozymes gave comparable estimates of differenti-
ation when populations of black spruce from a contigu-
ous region were studied (Isabel et al. 1995). On the
other hand, a strong differentiation among populations
by RAPDs has been observed among races of Douglas-
fir, with genetic differentiation revealed by RAPD ex-
ceeding by about 3 times that for allozymes (Aagaard
et al. 1995).

In this investigation, multivariate analysis (PCA)
pointed out an obvious ordination of populations ana-
lyzed. Based on allele frequencies, Italian populations
were much more scattered than Greek populations.
Interesting to note is that the divergence among Italian
populations was about as large as that between Italian
and Greek populations. Since it is likely that the split of
two nuclei took place more than 10,000 years ago, one
would expect a larger differentiation between rather
than within the above nuclei.

According to theory, small populations located at
the margin of a species’ natural range are expected to
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diverge by a larger extent based on the distance from
the main gene pool (situated in Greece), thereby deter-
mining higher F

ST
values. On the other hand, it could

be envisaged that variance in allele frequencies may be
larger for the Italian populations due to a larger sample
size (n"5 vs. n"2 for Italian and Greek populations,
respectively.) Based on our sampling, the above effects
cannot be distinguished: further analyses are needed to
confirm the above evidence.

Nonetheless, if genetic drift is responsible for the
larger divergence of Italian populations, large random-
ly generated linkage disequilibrium can be expected
between neutral, unlinked markers (Ohta and Kimura
1969; Hill 1981). The extent of the statistically signifi-
cant disequilibria detected in this study was larger than
that expected by chance alone and may be related to
the demographical history of the populations con-
sidered (Slatkin 1994). In fact, Italian stands are partly
characterized by low density, and fire represents one of
the main ecological factors. Yang and Yeh (1993) found
an extensive multilocus association of alleles in Pinus
contorta thought to be due to a severe population
bottleneck (reduction of the effective population size)
formerly experienced by the populations as a conse-
quence of fire.

On the other hand, linkage disequilibrium between
pair of loci may stem from other reasons, like tight
linkage (Epperson and Allard 1989; Hastings 1990),
epistasis (Allard et al. 1972; Clegg et al. 1972; Brown
et al. 1977), population subdivision (Prout et al. 1973;
Smouse and Neel 1977) or hitch-hiking (Laurie-
Ahlberg and Weir 1979; Hedrick 1980; Luckett and
Edwards 1986). In our study, the neutrality of the two
class of markers was tested, and marker pairs showing
significant, homogeneous disequilibrium over all the
Italian populations were discarded from the analysis.
Indeed, marker pairs turned out to be tightly associated
in a previous study (6PGD-B/PGI-B rf"0.080 — Mor-
gante et al. 1993) showed large, significant, homogene-
ous disequilibrium over all the populations considered
(data not shown). However, a significant amount of
random disequilibrium between loci was retained with-
in populations. Moreover, previously reported evid-
ence from two out of the five Italian populations
considered in this study seems to reject the existence
of substructuring within the stands (Morgante et al.
1991).

If genetic drift is responsible for the divergence ob-
served, lowered genetic diversity is expected for small
marginal populations, as reported for many forest tree
species (Guries and Ledig 1982; Yeah and Layton 1979;
Furnier and Adams 1986; Cwynar and McDonald
1987; Hamrick et al. 1989; Millar and Marshall 1992).
On the other hand, many studies have failed to detect
reduced genetic variation for peripheral compared to
central populations of forest trees (Tigerstedt 1973;
Yeh and O’Malley 1980; Betancourt et al. 1991). As
for Pinus leucodermis, previously reported studies

carried out using chloroplast SSR markers on the same
populations considered in this investigation revealed
a larger amount of within-population diversity for
Greek stands (H"0.593$0.033) than for the Italian
ones (H"0.205$0.065; Powell et al. 1996). In con-
trast, former allozymic studies on the same populations
revealed an expected genetic diversity of 0.126$0.014
and 0.102$0.025 for Italian and Greek populations,
respectively (Boscherini et al. 1994a). The RAPD
markers considered in this study showed a slightly
larger amount of genetic diversity for Italian
(H

%
"0.231$0.018) than for Greek stands (H

%
"

0.216$0.013). Further analyses based on larger samples
are needed to throw light on the connection between
genetic divergence, geographical isolation and amount
of genetic variability detectable analyzing nuclear and
organelle genomes.

Many genetic methods have been applied to estimate
N
e

in natural populations, most of which include the
estimation of standardized variance of allele frequency
through time (Nei and Tajima 1981; Waples 1990;
Nunney and Elam 1994, and citation therein). A short-
term genetic method for the estimation of N

e
on ran-

domly generated disequiibrium (Laurie-Ahlberg and
Nei 1979) is thought to be less reliable due to a possible
violation to the assumptions in natural populations
(Hill 1981). In spite of that, confidence intervals asso-
ciated with estimates obtained in this study were quite
consistent for two of the five population analyzed.
However, given the above considerations, estimates of
N
e

obtained in this study should be considered with
caution.

Estimation of the effective population size (the ‘‘pan-
mictic unit’’; Wright 1961) is an important genetic para-
meter in conservation genetics and policies (Nunney
and Elam 1994). A reduction in genetic variability
along with a reduction in population size has been
reported in Eucalyptus albens (Prober and Brown
1994). Moreover, the smaller the effective population
size, the larger the expected increase of the level of
inbreeding through generations (Falconer 1989). If the
assumptions underlying the estimation of N

e
in Pinus

leucodermis hold, there is the possibility of losing
genetic variation by drift in the next generations for at
least two out of the five populations analyzed in this
study.

Analysis carried out in this study can also be con-
sidered a helpful tool in conservation genetics of forest
trees in establishing priority to be taken for conserva-
tion policies and management of endangered species.
According to Lesica and Allendorf (1994), the strong
divergence found among Italian populations of Pinus
leucodermis suggests the high conservation value of
these marginal populations.
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