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ABSTRACT
Abies nebrodensis (Lojac.) Mattei (Sicilian fir) is a forest tree species endemic to the mountainous regions of
northern Sicily (the Madonie Range) that is currently represented by just one population of 29 individuals. The
major questions relating to this species are its unknown origin and its uncertain taxonomic position. According
to many authors A. nebrodensis is morphologically intermediate between the neighboring Mediterranean Abies
species: Abies alba (Mill.) (silver fir), Abies numidica (De Lann) (Algerian fir) and Abies ceplzalonica (Loud.)
(Greek fir).
In the present study we analyzed eight enzyme systems in the population of A. nebrodensis and in seven
populations from A. alba, A. cephalonica and A. numidica. The aim was to clarify the taxonomic position and
origin of A. nebrodensis.
High values of expected heterozygosity and number of polymorphic loci were found in A. cephalonica, while
A. alba and A, nebrodensis showed intermediate levels of polymorphism and A. numidica was the least variable
species. All values were similar to those found in other conifers. The relatively high level of diversity found in
A. nebrodensis confirms that despite the extremely small population size, the few individuals left in this species
still retain a considerable amount of the original genetic variation at the nuclear level. Results also showed that
all the species were differentiated from each other, although A. nebrodensis showed a closer affinity to A, alba
and in particular to the population from southern Italy.
Our results, together with results from previous studies provide support for the classification of A.
nebrodensis as a separate taxon and suggest that this species may have originated through a past hybridization
event.
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INTRODUCTION

(Mill.) (Silver fir), A. numidica (De Lann) (Algerian fir)
and A, cephalonica (Loud.) (Greek fir) (NITZELIUS
Abies nebrodensis (Lojac.) Mattei (Sicilian Fir) is a
1969, PIGNATTI1982, BOTTACCIet al. 1990, QUEZEL &
forest tree species endemic to the mountainous regions
BARBERO1990, RAIMONDO
et al. 1990).
of northern Sicily (the Madonie Range) and it is curAbies numidica is also in a state of regression and
rently represented by just one population of 2 9 individuoccur on a restricted area on Mount Babors, in Northern
als. Prior to the eighteenth century, A. nebrodensis was
Algeria. In contrast, the ranges of A. alba and A. cephawidely distributed on the higher mountains of northern
lonica are relatively large. The range of A. alba extends
Sicily, but it has declined in the last 200 years, mainly
from the mountainous regions of Central and Western
due to human activities (MORANDINI
1969, MORANDINI Europe to Calabria (Italy), which marks the southern
et al. 1994). The major questions relating to A.
limit of the species. Abies cephalonica range extends
nebrodensis are its unknown origin and its uncertain
throughout the mainland of Greece across to the islands
of Cephalonia and Evia (Euboea) and according to
taxonomic position. According to several authors A.
nebrodensis is morphologically intermediate between
MATTFELD(1927,1930) only the populations occurring
the neighboring Mediterranean Abies species: A. alba
in southern Greece, as far north as latitude 38" 50' N,
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belong to the species, while in central and northern
Greece a series of intermediate Abies forms occur,
belonging to the putative hybrid species A. borisii-regis
(Mattfeld) of unclear origin. At the northern limit the
hybrid populations mostly resembles A. alba and grow
together with individuals of this species, while at the
southern limit they mostly resemble A. cephalonica, and
grow together with A. cephalonica individuals (MATTFELD 1927, 1930).
The classification of A. nebrodensis is a source of
controversy in the current taxonomy of the genus Abies.
According to many authors (TUTINet al. 1964, LIU
1971, FARJON& RUSHFORTH,1989) this taxon is
considered a separate species, while according to others
(FRANCO1950, NITZELIUS1969, LANDRY1984) it
represents a subspecies of A. alba.
VICARIOet al. (1995) employed allozyme, chloroplast DNA (cpDNA) and RAPD markers, to assess the
genetic relationships among seven Italian populations of
A. alba and the population of A. nebrodensis. Results
from the allozyme and RAPD analyses showed differences between the two species, but the authors did not
detect any differences in the cpDNA region they analyzed. Using restriction fragment analysis of ten different cpDNA regions amplified from ten European Abies
species, PARDUCCI
& SZMIDT
(1999) found that at the
haplotypic level A. nebrodensis shares some affinities
with A. numidica, while it differs from the other Abies
taxa studied. However, the unexpected high level of
variation observed in this study in the Abies cpDNA and
the limited sample size analyzed per species did not
allow the authors to exclude other possible phylogenetic
relationship between A. nebrodensis and the other taxa
investigated.
Recently, PARDUCCI
et al. (2001) used the highly
polymorphic chloroplast microsatellites (cpSSRs) to
investigate the population genetic structure and the
distribution of chloroplast haplotypic variation in A.
nebrodensis as well as in A. alba, A. cephalonica and A.
numidica. The authors found that A. nebrodensis differs
from the other three species, which supported its
classification as an independent taxon. Moreover, the
authors found a lower level of cpDNA variation both in
A. nebrodensis and A. numidica compared to A. alba
and A. cephalonica and a high level of relatedness
among the 19 A. nebrodensis individuals analyzed,
suggesting that the latter species has experienced a
genetic bottleneck at some point in its evolution. The
lower level of variation found by PARDUCCI
et al.
(2001) in the cpDNA of A. nebrodensis however, was
et al. (1995) and
in contrast with results from VICARIO
D u c c ~et al. (1999) who found instead a high degree of
diversity in this species using allozymes. In PARDUCCI
et al. (2001) the authors suggested that the contrasting
results were due to the different evolutionary dynamic
of the chloroplast compared to the nuclear DNA. The

chloroplast DNA is inherited paternally in conifers
(NEALEe t a / . 1986, SZMIDTet al. 1987, WAGNER
eta/.
1989, STINE & KEATHLEY 1990), including Abies
(ZIEGENHAGEN
et a1 1995) and its effective population
size is half of that of the nuclear DNA. Therefore, the
chloroplast DNA is more sensitive to reductions in the
number of individuals in a population (BIRKY1988). In
PARDUCCI
et al. (2001), the authors suggested that, after
the severe reduction in size occurred in A. nebrodensis
in the last century, there were few pollen-donating
parents that successively gave rise to the extant population. Such a reduction in size had a weaker effect on the
level of genetic variation at the nuclear level (allozymes).
In the present study we analyzed eight enzyme
systems in the population of A. nebrodensis and in
seven natural populations of the three neighboring Abies
species A. alba, A. cephalonica and A. numidica. The
aim was to investigate and clarify the taxonomic position and origin of A. nebrodensis.

MATERIALS AND METHODS
Material
The material analyzed included bud samples from 19
individuals from the population of A. nebrodensis and
bud and seed samples from seven natural populations of
A. alba, A. cephalonica, and A. numidica. The names,
provenances and sample sizes of the eight investigated
populations are given in Table 1. When seeds were
used, the embryo tissues were carefully removed from
the endosperm and used for the analysis.
The three A. alba populations ALBA-1, ALBA-2
and ALBA-3, were among the 10 Italian populations
previously analyzed by PARDUCCI
et al. (1996) and
were selected as representative of the species range in
the northern, central and southern parts of the Italian
Peninsula. Among the three Greekpopulations, CEPH-1
and CEPH-2 were collected in northern and central
Greece where the putative hybrid species A. borisiiregis grows (MATTFELD1927, 1930; SCALTSOYIANNES
et al. 1999). The 29 A. numidica individuals were
collected all over the species range and can therefore be
considered representative of the distribution range.
Finally, we collected buds from 19 A. nebrodensis
individuals. The material was sampled from all the three
genetic clusters recently identified in the A. nebrodensis
population by D u c c ~et al. (1999).

METHODS
The method used for the allozyme analysis was according to the procedure described in VILLANIet al. (1991)
modified for conifer seeds and buds (PARDUCCI
unpublished). The following eight enzyme systems, encoded

Table 1. Names, provenances and plant material used for the eight Abies populations analyzed at 12 allozyme loci. (N)
sample sizes, (n) mean number of alleles per locus, (H,, He)average observed and unbiased expected heterozygosities (NEI
1978) (F)inbreeding coefficient and (P) percentage of polymorphic loci.

Taxa

Provenances

ALB A- I
A. alba

Val Canali,
northern Italy

46" 09' N buds from single adult trees
1I050'E

27** 1.8 0.124 0.142 0.127 41.7

ALBA-2
A. alba

Pescolanciano,
central Italy

41" 43' N buds from single adult trees
14" 21' E

27** 1.8 0.103 0.131 0.214 33.3

ALBA-3

Archiforo, Calabria, 38" 33' N buds from single adult trees
southern Italy
16" 19'E

27** 1.9 0.135 0.140 0.037 58.3

A. alba

CoordinatesSample Material

N

Mean

n

H,

He

F

P*

1.8 0.121 0.138 0.126 44.4
41" 06' N bulked seed collection
22" 30' E

60

2.3 0.236 0.254 0.070 58.3

CEPH-2
Agios Dimitrios,
40" 08' N bulked seed collection
A. borisii-regis north-central Greece 22" 14' E

60

2.2 0.161 0.199 0.191 58.3

CEPH-3
Taygetos,
A, cephalonica southern Greece

60

2.3 0.180 0.200 0.100

CEPH-1

Aridea,

A. borisii-regis northern Greece

37" 16' N bulked seed collection
22" 18' E

Mean

75

2.3 0.194 0.228 0.120 63.8

NEBR
Madonie, Sicily
A. nebrodensis southern Italy

37" 51 ' N buds from single adult trees
14" 20' E

19

1.5 0.161 0.150 -0.070 33.3

NUM
A. numidica

36" 30' N seeds from single adult trees
5" 51 ' E

29

1.6 0.098 0.126 0.222 33.3

*
**

M. Babors,
northern Algeria

A locus is considered polymorphic when the frequencies of the most common allele does not exceed 0.95.
Group of populations previously analyzed at 15 loci in PARDUCCI
et al. (1996).

by 12 loci (PARDUCCIet al. 1996) were analyzed:
leucine aminopeptidase (Lap, Enzyme Commission
(E.C.) No. 3.4.1 1.I), glutamate dehydrogenase (GDh,
E.C. 1.4.1.2), isocitrate dehydrogenase (IDh, E.C.
1.1.1.42), aspartate aminotransferase (AAT, Got, E.C.
2.6.1. I), 6-phosphogluconate dehydrogenase (6PgDh,
E.C. 1.1.1.44), glucosephosphate isomerase (Pgi, E.C.
5.3.1.9), phosphoglucomutase (Pgm, E.C. 2.7.5.1) and
shikimate dehydrogenase (SkDh, E.C. 1.1.1.25). The
inheritance modes of the allozyme variants were de(1989), FADY
scribed for Abies species in SCHROEDER
and CONKLE(1993) PARDUCCI
(unpublished), PASCAUL
et al. (1 993) and HUSSENDORFER
et al. (1995).
Observed (H,) and unbiased expected (H,)
heterozygosities (NEI 1978), percentage of polymorphic
loci (P) as well as the mean number of alleles per locus
(n) were used to estimate the amount of genetic variability within populations. Conformation of the investigated
populations to Hardy-Weinberg equilibrium was
estimated for each locus using the exact test (HALDANE
1954), employing the Markov Chain method (GUO &
O ARBORA
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THOMPSON1992), using a dememorization number of
1000, with 10 batches and 2000 permutations.
Unbiased genetic distances were calculated according to NEI (1978). The exact test of population differen& ROUSSET(1995) was conducted
tiation of RAYMOND
to determine if significant differences in allele frequencies existed among species and populations within
species, again using a dememorization number of 1000,
with 100 batches and 2000 permutations. Cluster
analysis based on genetic distance matrices was performed using the UPGMA method (SNEATH& SOKAL
1973).
All calculations were carried out using the TFPGA
program (Mark P. Miller, Northern Arizona University,
USA, URL: http://www.public.asu.edu/-mmille8/
tfpgahtm) and the BIOSYS program (SWOFFORD&
SELANDER1981).

RESULTS
We observed allozyme variation at 11 of the 12 loci
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examined; for the GDh locus only one single invariant
zone of activity was found in all the Abies populations
analyzed. Allozyme frequency data for individual loci
are presented in Table 2. Among the 12 loci examined
IDlz, 6PgDh-1 and 6PgDh-2 were polymorphic in all
the populations analyzed, while Lap, IDh, 6PgDh-1,
Pgi-I, and Pgi-2 showed the highest polymorphism.
The loci that contributed most to the differentiation
among species and populations were: IDh, 6PgDh-1,
Pgi- 1 and SkDh.
Measures of genetic variability per population are
presented in Table 1. Values of expected heterozygosity
ranged from 0.126 in the A. numidica population to
0.254 in population CEPH-1. The average inbreeding
coefficients calculated over all loci showed a positive
value in all populations, except A. nebrodensis. Moreover, single-locus P values from exact test showed that
deviation was not statistically significant at all loci
analyzed in both A. nebrodensis and population ALBA1 (results not shown). The loci that significantly deviated from equilibrium (p < 0.05) in the other populations were: Got-2 (CEPH-2), 6PgDh-1 (ALBA-2), Pgi1 (ALBA-3, CEPH- I , CEPH-2 and CEPH-3) and Pgm2 (ALBA-2 and NUM).
Results from the exact test of population differentiation based on allele frequencies are shown in Table 3a,
3b and 3c. Loci IDh, 6PgDh-1, Pgi-1 andSkDh contributed mostly to the differentiation ofA. nebrodensis from
the other Abies populations investigated (Table 321).
Single-locus P values calculated for pair-wise comparisons between species presented in Table 3b, revealed
that the two most differentiated species were A. alba
and A. ceplzalonica. Finally, single-locus P values
revealed that also within species existed significant
differences in allele frequencies, in particular in the
group of Greek populations (Table 3c).
Nei's genetic distance values among populations and
species are shown in Tables 4 and 5, respectively.
Values from Table 5 showed that all the species differed
considerably from each other. Abies nebrodensis
showed the highest distance with the group of Greek
populations (D = 0.245) while the smallest was found
with A. alba (D = 0.094). In particular, A. nebrodensis
was closest to population ALBA-3 (D = 0.078) (Table
4).
The UPGMA dendrogram based on Nei's genetic distances revealed a distinct differentiation among the
four investigated species (Figure 1). The eight populations were separated into two groups. Abies alba populations formed a cluster together with A. nebrodensis,
while the second cluster comprised A. numidica and the
three Greek populations.

DISCUSSION
The highest values of expected heterozygosity and
percentage of polymorphic loci were found in the three
Abies populations from Greece, while the population of
A. numidica showed the lowest level of polymorphism.
These results are in accordance with SCALTSOYIANNES
etal. (1999) who recently used allozymes to investigate
eight Abies species from the Mediterranean region. The
authors found that the highest values of heterozygosity
were concentrated in the Abies populations occurring in
Greece, while the lowest values were observed in the
North African Abies species, including A. numidica.
They attributed the low heterozygosity of the North
African taxa to their prolonged isolation and small
population size. Our present results agree with this
suggestion, however we found the highest value of
heterozygosity in the Abies population from northern
Greece, while the highest levels SCALTSOYIANNES
et al.
(1999) found, were in populations from the central and
southern regions of the Greek peninsula. SCALTSOYIANNES et al. (1999) rejected the hypothesis of a postglacial contact occurred in central Greece between A.
alba and A. cephalonica that originated A. borisii-regis
(MATTFELD1930), and suggested instead that populations of the ancient Abies progenitor are still present in
this region and grow and hybridize with A. alba (TUR~ 1 ~ 1 9 3 7Our
) . results do not allow us to confirm any of
the hypotheses proposed so far on the origin of the
Abies populations occurring in Greece. Further analyses
employing specific diagnostic markers and larger
sample sizes should be carried out to clarify the relationships among the Greek Abies populations.
We found a relatively high level of diversity in the
A. nebrodensis population: an unexpected result if we
assume that the species has experienced a severe
reduction in population size in the last two centuries
(MORANDINI
1969, MORANDINI
et al. 1994) with a
consequent genetic bottleneck (PARDUCCI
et al. 2001).
Similarly, VICAR10 et al. (1995) and D u c c etal.
~
(1999)
using allozymes found a relatively high genetic variation in this species. This result confirms that despite the
extremely small population size of A. nebrodensis, the
few individuals left in the population still retain a
considerable amount of the original genetic variation at
the nuclear level. Therefore, special attention should be
given to the preservation as well as the propagation of
material from this population for ex situ preservation of
the species.
Generally, conifers show an excess of homozygotes
over panmictic expectations at the embryo stage, which
later disappears at the adult stage (SZMIDT& MUONA
1985, PLESSAS& STRAUSS1986). This is in agreement
with results from our study, since we found positive
values of the inbreeding coefficient in all the Abies

Table 2. Estimated allele frequencies for 12 allozyme loci in the eight analyzed Abies populations.

Alleles
Lup

1
2
3
4
5

ALBA-1

ALBA-2

ALBA-3

CEPH-1

CEPH-2

CEPH-3

NUM

NEBR

0.827

0.907
0.037

1.000

1.OOO

-

-

0.056

-

-

-

-

-

-

0.154
0.019

0.950
0.033
0.017

1.OOO

-

0.992
0.008

0.956

-

-

0.044

-

Gdh

1

1.000

1.ooo

1.ooo

1.000

1.ooo

1.000

1.000

1.000

Idh

1
2
3
4

0.593
0.407

0.426
0.574

0.352
0.648

0.819
0.181

0.482
0.518

0.268
0.723

0.034
0.966

0.026
0.974

-

-

-

-

-

-

-

-

0.009

-

1
2
3

1.000

0.981

0.760

0.983
0.017

1.000

0.417

-

-

0.992

-

0.019

0.240

-

0.008

-

0.583

Skdh

populations analyzed except A. nebrodensis. Singlelocus P values indicated that deviation from panmixia
was not statistically significant at all of the loci analyzed in A. nebrodensis as well as in population ALBA1. The excess of homozygotes found at the adult stage
in populations ALBA-2 and ALBA-3 confirmed the
general trend of heterozygote deficiency recently

o
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-

0.933
0.01 1
0.056

-

observed in Abies (Ducc~et al. 1999 and references
therein). Single-locus P values also showed that deviation from panmixia was particularly high at some of the
loci studied (Got-2, 6PgDh-1, Pgi-1 and Pgm-2),
suggesting that selection may have been more pronounced at this loci, however further study should be
carried out in order to confirm this hypothesis. Self-
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Table 3a. Single-locus P values for the exact test of population differentiation ( R ~ Y M O N&D ROUSSET1995) for all pairwise comparisons between A. nebrodensis and the seven Abies populations investigated.

Locus

NEBWCEPH-1 NEBWCEPH-2 NEBWCEPH-3 NEBWALBA-1 NEBWALBA-2 NEBWALBA-3

NEBWNUM

Lap
Idh
Got-I
Got-2
6PgDh-1
6PgDh-2
Pgi-I
Pgi-2
Pgm-1
Pgm-2
SkDh

Table 3b. Single-locus P values for the exact test for population differentiation (RAYMOND& ROWSET 1995) for all pairwise comparisons among the Abies species investigated.

Locus

NEBWCEPH

NEBWALBA

NEBWNUM

CEPHlALB4

CEPWNIJh1

ALBA,lNI;M

Lap
ldh
Got-I
Got-2
6PgDh-1
6PgDh-2
Pg i- 1
Pg i-2
Pgm-1
Pgm-2
SkDh

Table 3c. Single-locus P values for the exact test of population differentiation (RAYMOND& KOUSSET 1995) for all pairwise comparisons within A. alba and A. cephalonica.

LOCUS
Lap
Idh
Got-1
Got-2
6PgDh-1
6PgDh-2
Pgi-I
Pgi-2
Pgm-1
Pgm-2
SkDh

ALBA-I/ALBA-2ALBA-l/ALBA-3ALBA-2/ALBA-3
CEPH-IICEPH-2CEPE-! ICEPH-3CBPH-iiCt?ii-3

Table 4. Unbiased genetic distances (NEI 1978) for all pair-wise comparisons among the eight investigated Abies
populations.
-

-

ALBA-1

ALBA-2

***

ALBA-1
ALBA-2
ALBA-3
CEPH-1
CEPH-2
CEPH-3
NEBR
NUM

ALBA-3

CEPH-1

0.014
0.146
0.171
0.226
0.102
0.158

I

CEPH

NEBR

0.245
0.090

0.134

NUM

***

1

***

NEBR

Figure 1. UPGMA dendrogram based on the unbiased
genetic distances (NEI1978) for the eight Abies populations
investigated. Bootstrap values are indicated at each node.

pollination and other forms of inbreeding, discontinuous
distribution, together with the Wahlund effect caused by
population subdivision due to restricted gene flow, may
also have contributed to the maintenance of heterozygote deficiency in these populations.

Taxonomy and origin of Abies nebrodensis
Based on Nei's genetic distance values, we found that A.
nebrodensis differed from the other Abies populations
investigated, although it showed some closer affinity to
population ALBA-3 from southern Italy. Together with
results from previous studies (VICARIOet al. 1995,
O ARBORA

NUM

**r

0.039
0.102
0.268
0.118

***
0.155
0.094
0.155

NEBR

**v

0.135
0.160
0.197
0.078
0.142

Table 5. Unbiased genetic distances (NEI1978) for all pairwise comparisons among the four investigated Abies
species.

ALB A
CEPH
NEBR
NUM

CEPH-3

***

0.012
0.043
0.160
0.196
0.263
0.123
0.190

ALBA

CEPH-2

- -

PUBLISHERS

***
0.048
0.249
0.084

***
0.279
0.127

***
0.134

***

& SZMIDT1999, PARDUCCI
et al. 2001) the
PARDUCCI
present results provide support for the classification of
A. nebrodensis as a separate taxon and suggest that this
species may have originated through a past hybridization event.
Although we do not have sufficient evidence to
present more than a tentative explanation for the origin
of A. nebrodensis, based on our present and previous
results (PARDUCCI
& SZMIDT1999, PARDUCCI
et al.
2001) we propose the following hypothesis. At the
beginning of the Miocene (26-5 My BP) an ancient
Abies progenitor existed in southern Europe that became widely distributed in the Northern Hemisphere
& BIRKS1983). During the climatic crises of
(HUNTLEY
the Miocene the Abies range became more and more
fragmented and several species differentiated. At that
time A. alba was probably confined to the Apennines
chain and to central and northern Europe while the other
~ b i especies
s
were restricted to the mountainous regions
of the Balkans, Northern Africa and the Middle East.
During the successive Messinian salinity crises of the
latest parts of the Miocene, when the Mediterranean
became a hyper-saline land-locked sea, the European
and African continents were connected. This connection
probably offered a possibility for the North African A.
numidica to come into contact with A. alba in the region
today occupied by Sicily, resulting in the appearance of
A. nebrodensis through hybridization. During the
successive ice ages of the Pleistocene (1.6-0.01 My BP)
the land was subjected to considerable climatic fluctuations as the polar icecap successively expanded and
retreated. One major consequence of this was a series of
sea-level changes in the Mediterranean area with the
establishment of new land-links (HALLAM1994), which
may have facilitated additional contacts among A.
nebrodensis, A. alba and A. numidica. In the warmer
period of the Holocene, A. nebrodensis became isolated
from both A. numidica and A. alba, which promoted
further divergence. The decline of A. nebrodensis
occurred in recent times, mainly due to human activities. Indeed, several authors attested to the existence of
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extensive fir forests in the Madonie Range until approximately 200 years ago (MORANDINIet al. 1994 and
references therein). By the beginning of the lgthcentury
A. nebrodensis was considered lost by the scientific
community, although later investigations led to the
discovery of a few individuals in a restricted area in
Sicily. These individuals, together with those discovered
in the following years, constitute the extant A. nebrodensis population, all of which are at least 70-80
years old. It is likely that due to the severe reduction in
size occurred in the last two centuries, many alleles
went lost in this species and consequently, only a
fraction of the original genetic variation was present in
the small number of founders that gave rise to the extant
population. At the same time the few available mates
and the lack of contact with other heterogeneous source
of variation increased the level of relatedness among the
individuals (PARDUCCIet al. 2001), although a considerable amount of genetic variation was retained at the
nuclear level (VICARIOet ~1.1995,DUCCIet al. 1999,
results from this study).
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