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Abstract

The pattern of genetic differentiation of the endemic alpine salamander, Salamandra atra, has been studied using amplified

fragment length polymorphism (AFLP) from 11 populations throughout the range of the two currently recognized subspecies, atra

and aurorae. Five different primer combinations produced 706 bands and were analyzed by constructing a phylogenetic tree using

NJ and principal component analysis. Significant genetic variation was revealed by AFLP between and within populations but, our

results show a lack of genetic structure. AFLP markers seems to be unsuitable to investigate complex and recent diversification.

� 2003 Elsevier Inc. All rights reserved.
1. Introduction

In the last decade, studies of the genetic structure of

many species have been remarkably productive and

successful because of the development of DNA mark-

ers. The most common genetic marker used to assess
the intra- and inter-population relations is the mito-

chondrial (mt) DNA (Avise, 2000). But, mtDNA has

inherent limitations. First, mtDNA represents only a

single locus and reflects only the matrilineal history.

Second, the effective population size of mtDNA is only

a fourth of that of nuclear autosomal marker therefore,

genetic diversity can be underestimated by phenomena

such as bottleneck or lineage sorting. Fortunately,
several markers are available to assay variation across

the whole genome. The amplified fragment length

polymorphism (AFLP) is a PCR-based technique that

involves restriction of genomic DNA, followed by

ligation of adapters to the fragments generated and

selective PCR amplification of a subset of these frag-

ments (Vos et al., 1995). The AFLP technique, being
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straightforward (especially with fluorescent labels) and

robust, allows the examination of thousands of loci

distributed across the whole genome in both sexes.

AFLP is a powerful tool for obtaining molecular in-

formation at fine intraspecific level (Giannasi et al.,

2001; de Knijff et al., 2001; Mock et al., 2002; Ogden
and Thorpe, 2002).

The Alpine salamander, Salamandra atra, is a very

secretive, completely terrestrial, and viviparous am-

phibian. It is an endemic species to the Alpine arc from

Switzerland to Austria with some geographically iso-

lated areas in the Dinaric Alps (Slovenia to Albania).

There are two currently recognized subspecies: S. a. atra

and the yellow spotted S. a. aurorae which is restricted
to an extremely small area in the Asiago plateau in NE

Italy (Grossenbacher, 1997). The species inhabits mainly

mixed and coniferous forests often in the vicinity of

brooks (Grossenbacher, 1997; Klewen, 1991). Previous

studies using mtDNA sequence suggested low-genetic

differentiation in S. atra population across the current

range of this species (Rib�eron et al., 2001; Steinfartz

et al., 2000).
The objectives of the present study are: (1) to evaluate

the AFLP technique to investigate the levels and pat-

terns of genetic diversity in S. atra to provide informa-

tion on population structure and intraspecific variation
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in S. atra, and (2) to compare estimates obtained from
nuclear and mitochondrial markers.
2. Materials and methods

2.1. Population sampling and DNA extraction

A total of 26 S. atra individuals was sampled from
11 locations across its geographic range (Table 1).

Most samples were obtained from live animals cap-

tured in the field. A toe of the hind legs was clipped off

and stored in 95% ethanol until being processed for

DNA extraction. Specimens were released alive in their

capture location. Some samples were obtained from

museum collection material stored in 70% ethanol.

Total genomic DNA was extracted using the Qiagen
kit for tissue, following the manufacturer�s directions

except that one centrifugation step was added after

lysis.

2.2. AFLP procedure

The AFLP protocol was carried out following the

procedure described in Ajmone-Marsan et al. (1997)
with some modifications including the use of non-

radioactive fluorescent dye-labelled primers (PE, Bio-

systems). Genomic DNA (400 ng) was digested with

TaqI at 65 �C for 1 h; then, EcoRI at 37 �C for 1 h.

Finally, ligation reaction was incubated at 37 �C for 3 h.

Preselective PCR amplifications started with an initial 2-

min extension step at 72 �C, and a final extension for

10min at 72 �C. The initial extension step was necessary
for the complete adaptator ligation. Thirty-two primer

pairs were initially screened, but five were chosen for the

analyses because they gave a clear polymorphism within

and among populations (EcoRI+ATC/TaqI +CCA;

EcoRI+AGT/TaqI +CAG;EcoRI+AGA/TaqI +CAG;

EcoRI+ATG/TaqI +CAC; and EcoRI+AGT/TaqI +

CCA). The selective PCR products were electrophoresed
Table 1

List of populations used in this study and AFLP genotype

Pop. No Subspecies Locality (country)

1 S. a. aurorae Bosco del Dosso (Italy)

2 S. a. aurorae Val di Nos (Italy)

3 S. a. atra Se�znick (Slovenia)

4 S. a. atra Velika Kapela (Croatia)

5a S. a. atra Sappada (Italy)

6a S. a. atra Sella Nevea (Italy)

7 S. a. atra Gerola Alta (Italy)

8 S. a. atra R€uschegg (Switzerland)

9 S. a. atra Meiringen (Switzerland)

10b S. a. atra Lucerne (Switzerland)

11 S. a. atra St Anton (Austria)

a Collected in the Natural History Museum of Trieste (No. 1784 and 183
bCollected in the Natural History Museum of Bern (No. 1016703).
on an ABI PRISM 377 DNA sequencer (PE) in a 5%
Long Ranger gel (FMC) for 5 h.

2.3. Data analysis

Data were collected and analyzed using the GeneScan

Analysis software (version 2.1; AB). Only the peaks that

ranged from 70 to 400 bp were considered. The AFLP

patterns were scored for absence/presence of the bands
and coded as 0/1 respectively. For each primer combi-

nation, the number of polymorphic and monomorphic

bands was determined. Levels of genetic diversity were

estimated between and among populations. The binary

data matrix was converted to a matrix of similarity

values (F ) using the formula F ¼ Nxy=ðNx þ Ny), where

Nx and Ny are the numbers of fragments in genotype x
and y respectively and Nxy is the number of fragments
shared by genotypes x and y (Nei and Li, 1979). Rela-

tionships among samples was based on similarity matrix

using the neighbour-joining method (NJ) and a tree is

constructed using PAUP* (Swofford, 1998). Principal

component analysis (PCA) was performed on the binary

data matrix using Statistica (5.0/W, Statsoft, USA.) to

assess the dimensionality of the data and to describe the

major patterns of variation within and among popula-
tions.
3. Results and discussion

3.1. Genetic diversity

The five AFLP primer combinations used for the
analysis in S. atra produced a total of 706 clear frag-

ments with an average of 141.2 bands per primer pair for

the entire sample set. The percentage of polymorphic

bands per primer pair in the data set ranges from 9.7 to

21.9%. The proportion of polymorphic fragments was

relatively low (16.3% of fragments for the five primer

combinations used) but this polymorphism is sufficient
N AFLP genotype mtDNA haplotype

3 AUA Aur

2 AUB Aur

2 SLO Slo

2 CRO Cro

1 SAP Sap

1 SEL Sel

1 GER Ger

4 RUS Rus

4 MER Mei

1 LUC Luc

5 AUS Aus

0, respectively).



912 A. Riberon et al. / Molecular Phylogenetics and Evolution 31 (2004) 910–914
to distinguish all 26 individuals as separate genotype. A
similar level of polymorphism was exhibited in dogs

(Kim et al., 2001) but, in general, AFLP studies appear

to exhibit a higher level of polymorphism. For instance,

Bensch et al. (2002) found that despite a huge variability

between closely related bird species, polymorphism

varied between 25 and 40%. In amphibians, there are no

published data using AFLP comparing populations and

it is therefore difficult to make proper comparisons.
However, it has been suggested that AFLP and RAPD

may give a similar estimation of the genetic diversity

(Borowsky, 2001). Thus, the level of polymorphism

observed in this study can be compared with amphibian

RAPD studies. Our results indicate that the level of

genetic diversity found in S. atra is similar to that re-

ported for other amphibian species surveyed with the

RAPD technique (Gibbs, 1998; Kimberling et al., 1996;
Tarkhnishvili et al., 2000). In the present study, five

pairs of primers were used out of 32 originally tested.

This suggests that the level of polymorphism is probably

overestimated. Overall, this confirms the idea that ge-

netic polymorphism is indeed low in amphibians in

general and in S. atra in particular.

The number of primer pairs used is a typically con-

tentious point. Indeed, the amount of diversity revealed
will depend on the number of pairs tested. In most

studies, between 4 and 10 primer combinations are

typically used. As we used five primer pairs, it seems that

our study is well within this range. The number of AFLP

fragments depends on both the AFLP procedure (primer

combinations and amplification selectivity) and the

complexity of the genome (size and repetitive sequence

abundance) (Yan et al., 1999). Species with a large ge-
nome size have been shown to generate more AFLP

amplification products than species with small genome

(Vos et al., 1995). As species from the Salamandra genus

are also known to have very large genome size among

Vertebrates (Gregory, 2001), we could expect to observe
Fig. 1. Plot of first and second principal components of PCA on A
many bands. However, repetitive sequences occur abun-
dantly in large genomes, and tend to reduce the poly-

morphism and to make it more difficult to evaluate

(Reamon-B€uttner et al., 1999; Yan et al., 1999). These

two observations may explain why Salamandra sp. may

produce large numbers of monomorphic bands.

3.2. Genetic structure of S. atra

Given the large number of AFLP loci, we were able

to detect higher levels of genetic diversity than in pre-

vious studies using mtDNA for both the subspecies

(Rib�eron et al., 2001). However, the PCA plot (Fig. 1)

clearly separated S. a. aurorae populations from all

others populations. The nominal subspecies, S. a. atra,

except the Slovenian population, formed a relatively

dense cluster (Fig. 1). The high dimensionality of the
data demonstrated by the PCA (10 out of 26 axes being

required to describe 95% of the variation between pop-

ulations) indicated complex patterns of variation among

populations with no simple trends. While genetic vari-

ation within populations, measured by the proportion of

polymorphic bands, was relatively low (3.9–6.0%) using

AFLP, we found no mitochondrial variation in aurorae.

The absence (or low level) of mitochondrial diversity in
aurorae subspecies could be due to different factors such

as a population bottleneck or the persistence of low

population sizes. Unfortunately, information on popu-

lation trends in this subspecies is not available and does

not allow us to separate the two hypotheses.

The apparent conflict between the limited amount of

genetic differentiation and the marked phenotypical

differences (e.g., body coloration) can be explained by an
early geographical isolation, before the last glacial pe-

riod in Europe, which took place sufficiently long ago to

create phenotypical variability but was too recent to

create a sufficient overall genetic differentiation between

populations when many recombining loci are analyzed.
FLP characters, together showing 60% of the total variation.



Fig. 2. (A) NJ tree based on Nei and Li (1979) distance calculated from

111 AFLP loci. (B) Relationships for 10 haplotypes of S. atra based on

NJ analysis of a 1050 bp fragment of cytochrome bmitochondrial DNA

sequence data (from Rib�eron et al., 2001). Bootstrap support values

(>50%) from 1000 replicates are shown. Ss ¼ Salamandra salamandra.

A. Riberon et al. / Molecular Phylogenetics and Evolution 31 (2004) 910–914 913
Indeed, patterns of coloration can evolve rapidly

(Market et al., 2001). Another explanation is a retention

of a recent ancestral polymorphism.

While intra-population diversity was improved with

AFLP, the low differentiation and even worse resolution

obtained here by the AFLP data (Fig. 2A) contrasts

with the previous population structure analyses based
on mitochondrial data (Fig. 2B). While one could argue

that small sample sizes such as ours could be responsible

for our results. In particular, one major consequence of

small sample size studies is that low-frequency poly-

morphism may have gone undetected (Parson and

Shaw, 2001). The detection of such polymorphisms may

prove quite informative for estimating levels of recent

gene flow. However, it is important to note that sam-
pling error associated with use of small sample size for

estimating population differentiation is greatly reduced

through the use of large numbers of loci (Nei, 1987).

Indeed, some studies based on a even more limited

sample sizes clearly showed a significant genetic differ-

entiation (Giannasi et al., 2001; for snakes).

Some authors have suggested that AFLP may have

little power to resolve complex and recent diversification
(Alberston et al., 1999; Kim et al., 2001). Given that the

evolutionary rate in the salamander genome is low
(Wake et al., 1983) and that equilibrium levels of di-
versity may not have been reached in short time periods,

new markers such as microsatellites may be needed for

further understanding of the salamander population

history. Microsatellites loci might have the potential to

overcome these difficulties owing to their high mutation

rates and the potential information content and could at

the same time reveal the same genetic variation than

AFLP for recent events as hybridization (e.g. Nijman
et al., 2003).
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