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Abstract

The unpredictable and low cross-amplification success of microsatellite loci tested for conge-

neric amphibian species has mainly been explained by the size and complexity of amphibian

genomes, but also by taxonomy that is inconsistent with phylogenetic relationships among

taxa. Here, we tested whether the cross-amplification success of nine new and 11 published

microsatellite loci cloned for an amphibian source species, the fire salamander (Salamandra
salamandra), correlated with the genetic distance across all members of True Salamanders

(genera Chioglossa, Lyciasalamandra, Mertensiella and Salamandra that form a monophyletic

clade within the family of Salamandridae) serving as target species. Cross-amplification suc-

cess varied strongly among the species and showed a highly significant negative relationship

with genetic distance and amplification success. Even though lineages of S. salamandra and

Lyciasalamndra have separated more than 30 Ma, a within genus amplification success rate

of 65% was achieved for species of Lyciasalamandra thus demonstrating that an efficient

cross-species amplification of microsatellite loci in amphibians is feasible even across large

evolutionary distances. A decrease in genome size, on the other hand, paralleled also a

decrease in amplified loci and therefore contradicted previous results and expectations that

amplification success should increase with a decrease in genome size. However, in line with

other studies, our comprehensive dataset clearly shows that cross-amplification success of

microsatellite loci is well explained by phylogenetic divergence between species. As taxo-

nomic classifications on the species and genus level do not necessarily mirror phylogenetic

divergence between species, the pure belonging of species to the same taxonomic units (i.e.

species or genus) might be less useful to predict cross-amplification success of microsatellite

loci between such species.
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Introduction

Microsatellite loci are the most important and frequently

used population genetic markers in amphibian research,

addressing questions related to general biological issues,

such as landscape ecology (e.g. Palo et al. 2003; Funk et al.

2005), fine-scale population structure (e.g. Palo et al. 2004;

Jehle et al. 2005; Steinfartz et al. 2007a), mating systems

(e.g. Jones et al. 2002; Steinfartz et al. 2006; Jehle et al.

2007), amphibian decline-linked disease infections (e.g.

Pearman & Garner 2005; Teacher et al. 2009) and
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conservation biology (reviewed by Jehle & Arntzen 2002;

Beebee 2005). Although the development of microsatellite

loci has been improved drastically by enrichment meth-

ods (Zane et al. 2002), the cloning of microsatellite loci for

amphibian species remains, compared to other groups of

organisms (e.g. fish and birds), a time-consuming and

money-consuming endeavour (see Steinfartz et al. 2004

for comments). Being aware of this problem, several

studies (Krupa et al. 2002; Primmer & Merilä 2002; Zhan

& Fu 2008) tested the cross-amplification suitability of

species-specific amphibian microsatellite loci in conge-

neric species that were thought to be closely related

based on taxonomic criteria (e.g. Krupa et al. 2002; Garner

et al. 2003). Similar approaches have been also applied to

other vertebrate groups such as birds (e.g. Primmer et al.

1996) or pinniped species (e.g. Hoffman et al. 2007) quite

successfully. However, in the case of amphibians, the

results often showed unexpected low rates of amplifica-

tion success among species of the same taxonomic genus.

It was assumed that the reasons for this might be associ-

ated with the large genome sizes typical for amphibians

(see http://www.genomesize.com; Garner 2002), and ⁄ or

by a taxonomy that is inconsistent with phylogenetic

relationships among taxa and therefore obscures the

existing genetic divergence between taxa (see Primmer &

Merilä 2002).

To our knowledge, there is no other study than the

one of Garner (2002) that has specifically tested for the

influence of genome size on cross-amplification success

of microsatellite loci between species, but two studies

that have tested for the impact of neutral genetic diver-

gence between tested species on cross-amplification

success. Primmer et al. (2005) could show that pairwise

sequence divergence of the mitochondrial Cytochrom b

gene provided relatively accurate estimations of the

cross-species amplification success rate in birds (32

tested species), amphibians (five tested species) and

cetaceans (three tested species). On the basis of the

divergence of partial sequences of the mitochondrial

12S and 16S ribosomal genes, a significant negative cor-

relation between genetic divergence and cross-species

amplification success was found for eight fish species

belonging to the family of Serranidae (Carreras-Carbo-

nell et al. 2008). A similar result was found in a third

study carried out on a specific group of reptiles. Glenn

et al. (1996) observed a decrease in cross-species ampli-

fication success between phylogenetic divergent

source–target species pairs when studying the allelic

diversity in Alligator microsatellite loci compared to

other crocodilian species. Although this study was

mainly based on the taxonomic status of the species,

the general phylogeny of the order Crocodylia has

recently been confirmed also on molecular grounds

(Roos et al. 2007; Willis 2009).

The family Salamandridae represents one of the best-

studied amphibian families, and phylogenetic relation-

ships among its species are well resolved by molecular

markers (Weisrock et al. 2006; Steinfartz et al. 2007b;

Zhang et al. 2008). Within the Salamandridae, the so-

called True Salamanders (genera Salamandra, Lyciasalam-

andra, Chioglossa and Mertensiella) form a highly sup-

ported monophyletic clade (Weisrock et al. 2006;

Steinfartz et al. 2007b; see Fig. 1). In addition, the taxon-

omy within this clade adequately reflects the phyloge-

netic relationships on the species level (e.g. Veith &

Steinfartz 2004). Accordingly, species of True Salaman-

ders provide an ideal system to test for the influence of

genetic distance on cross-amplification success of micro-

satellite loci in a comprehensive setup. In detail, we

determined whether cross-amplification success of

eleven published (Steinfartz et al. 2004) and nine novel

microsatellite loci of a True Salamander source species,

the fire salamander (Salamandra salamandra), was corre-

lated with genetic distance among all 17 species and four

additional subspecies of True Salamanders serving as tar-

get species. Furthermore, we tested in which way gen-

ome size influenced cross-amplification success. Our

results showed that cross-amplification success of spe-

cies-specific microsatellite loci of S. salamandra across all

species of True Salamanders was highly negatively corre-

lated with an increasing genetic distance between the

source–target species. Additionally, we observed the con-

trary effect of genome size on amplification success as

previously suggested. We conclude that the reported low

cross-amplification success rates in amphibians may have

mainly been obscured by the congeneric taxonomic clas-

sification of species that are in fact genetically rather

divergent.

Methods

Cloning and development of new microsatellite loci for
Salamandra salamandra

Tissue samples of fire salamander larvae were collected

from the Kottenforst (50�41¢09 N, 7�07¢03 E; 180 m a.s.l.)

near Bonn in Germany with the permission of the ‘Untere

Landschaftsbehörde der Stadt Bonn’ for the development

of microsatellite loci that followed the published proce-

dure of Hauswaldt et al. (2008).

A total of 48 positive clones of an appropriate size

(500–1000 bp) were sequenced with T3 and T7 primers

using BigDye version 3.1 chemistry (Applied Biosys-

tems). Primer design was carried out for 18 microsatellite

loci with at least six repeat units using the software PRI-

MER3 (Rozen & Skaletsky 2000), and primers were tested

in 24 individuals from the Kottenforst in multiplex PCRs,

performed in 10 lL volumes using the Qiagen Multiplex
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kit. All reactions included 3 lL Multiplex PCR Master

Mix, 0.4 lL of each primer (10 lM) and 1 lL DNA (10–

20 ng ⁄ lL). PCR cycling was based on the following condi-

tions: initial denaturation at 95 �C for 15 min followed by

45 cycles of 95 �C for 30 s, 60 �C for 90 s, 72 �C for 60 s

and a final extension at 72 �C for 10 min. PCR products

were genotyped on an ABI 3730 capillary sequencer

(Applied Biosystems) with the Genescan LIZ 500 size

standard (Applied Biosystems), and fragment sizes were

scored using the GENEMARKER v.1.70 software (Softgenet-

ics). Primer pairs of nine polymorphic loci consistently

amplified scorable products from genomic DNA, whereas

four of the 18 primer pairs amplified monomorphic

loci and five primer pairs amplified no clear products.

A total of 79 individuals of S. salamandra from the Kot-

tenforst were genotyped using the same PCR cycling con-

ditions as described earlier with the minor modification

of using a final extension time of 30 min at 72 �C. The

program CERVUS 3.0 (Kalinowski et al. 2007) was used to

calculate observed and expected heterozygosities, null

allele frequencies and the number and size range of the

alleles. Deviations from Hardy–Weinberg equilibrium

and linkage disequilibrium were estimated in GENEPOP

4.0 (Rousset 2007).

0.1

Salamandrina terdigitata

Salamandra i. semenovi

Salamandra i. infraimmaculata

Salamandra salamandra

Salamandra algira

Salamandra lanzai

Salamandra corsica

Salamandra atra aurorae

Salamandra atra atra

Lyciasalamandra flavimembris

Lyciasalamandra atifi

Lyciasalamandra l. luschani

Lyciasalamandra l. finikensis

Lyciasalamandra l. basoglui

Lyciasalamandra helverseni

Lyciasalamandra antalyana

Lyciasalamandra fazilae

Lyciasalamandra billae

Mertensiella caucasica

Chioglossa lusitanica
Fig. 1 Unrooted Neighbour-Joining (NJ)

tree based on the uncorrected p-distance

for all species of True Salamanders, modi-

fied from Weisrock et al. (2006).
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Testing for cross-species amplification success across
members of True Salamanders and correlation analyses

Genomic DNA of all tested samples was extracted using

the SDS-proteinase K ⁄ Phenol-Chloroform extraction

method as described in Steinfartz et al. (2000). The cross-

species amplification success was tested for 11 estab-

lished (Steinfartz et al. 2004) and nine newly developed

(this study, see above) S. salamandra-specific microsatel-

lite loci for 98 individuals representing all 17 species and

four subspecies of True Salamanders using the PCR

conditions and allele scoring methods as described in

detail elsewhere (see Steinfartz et al. 2004). Obtained

amplified products were analysed on an ABI 3730 capil-

lary sequencer, and alleles were scored using the pro-

gram GENEMARKER v.1.70 (Softgenetics). The amplification

success of microsatellite loci was classified into four cate-

gories: (i) loci showing clear signals of amplification, (ii)

loci with identifiable, but weak signals, (iii) loci without

amplification success, and (iv) loci that showed multiple

banding patterns (i.e., three or more alleles, which could

not be scored unambiguously according to size and

intensity). Amplified products that referred to categories

(iii) and (iv) were considered as negative result of cross-

amplification. Subsequently, the cross-species amplifica-

tion success of S. salamandra-specific microsatellite loci

(expressed as the mean number of amplified loci) was

tested for a correlation with the corresponding genetic

distance between S. salamandra and the tested species

using the program PAST (Hammer et al. 2001). The uncor-

rected p-distances of the True Salamander species were

calculated with the program PAUP 4.0b10 (Swofford 2002),

using 2607 bp of the mitochondrial sequence alignment

(nd1, nd2, coI, cytb, 12S, 16S, and the Leu, Ile, Gln, Trp,

Met, Ala, Asn, Cys and Tyr tRNA genes) of Weisrock

et al. (2006) deposited in TreeBase (http://www.

treebase.org; TreeBase S1513). As S. s. salamandra and no

other member of the so called C-clade according to

Steinfartz et al. (2000) were included in the sequence

alignment of Weisrock et al. (2006), we took Salamandra

s. longirostris as the phylogenetically, most closely related

taxon of S. s. salamandra (see Steinfartz et al. 2000) as the

basis to infer genetic distances for the correlation analy-

ses. Also, because similar sequence information was not

available for Salamandrina perspicillata, it was not

included in the correlation analysis.

To test for a possible bias of low sample sizes on

amplification success rate of microsatellite loci, we per-

formed the correlation analysis separately only with taxa

for which at least three distinct individuals were tested

(i.e. 13 taxa were included; see Table 1). Additionally, a

similar correlation analysis was performed with a 1457-

bp fragment of the nuclear-coded Rag-1 gene for a subset

of the complete set of taxa, for which this sequence was

available. Accordingly, we analysed S. salamandra

(AY650135), Lyciasalamandra l. luschani (AY323753), Ly-

ciasalamandra atifi (AY456261), Chioglossa lusitanica

(AY583347) and Salamandrina perspicillata.

Genome sizes (expressed as C-values) were available

for six taxa of True Salamanders from the animal genome

size database (see http://www.genomesize.com). The

following values (in cases of multiple values for a specific

taxon, e.g. S. salamandra, the mean was taken) were used

for correlating genome size with amplification success

(respective C-value is provided in brackets): S. s. salaman-

dra (35.20), Salamandra infraimmaculata (39.30), S. s. longi-

rostris (35.02), Salamandra atra (32.55), C. lusitanica (29.22)

and Salamandrina terdigitata (20.06).

Results

Locus characteristics of new Salamandra salamandra-
specific microsatellite loci

The standard characteristics of the newly developed mi-

crosatellite loci for the fire salamander are described in

Appendix 1. Null allele frequencies for the different loci

were as follow: SST-A6-I: )0.045, SST-A6-II: +0.064, SST-

B11: +0.082, SST-C2: +0.022, SST-C3: +0.031, SST-E11:

+0.015, SST-F10: +0.4593, SST-G6: +0.011 and SST-G9:

+0.324. The tests for linkage disequilibrium detected

three significant P-values (P < 0.05) for SST-A6-II, SST-

B11 and SST-C2, but were nonsignificant after having

been adjusted by sequential Bonferroni correction (Rice

1998). Two loci (SST-F10, SST-G9) deviated significantly

from Hardy–Weinberg equilibrium, likely because of the

presence of null alleles.

Cross-species amplification success and correlation
analyses

Out of 1960 individual locus amplifications (98 individu-

als · 20 loci), 1332 (68%) positive amplicons were

obtained, of which 1278 (96%) were heterozygous. The

number of nonamplified loci differed across the genera of

True Salamanders, with n = 4 for Salamandra ssp., n = 7

for Lyciasalamandra ssp., n = 8 for Chioglossa lusitanica and

n = 10 for Salamandrina ssp. as well as for Mertensiella cau-

casica. Loci Sal 29 and Sal E5 resulted in almost no ampli-

fications across the tested target species. The total

number of polymorphic loci (Fig. 2) per taxon ranged

from 12 to 16 in Salamandra ssp., 9 to 15 in Lyciasalamandra

ssp., 10 to 13 in C. lusitanica, 6 to 10 in M. caucasica and

Salamandrina ssp.

The number of amplified microsatellite loci cloned

from S. salamandra decreased significantly with an

increase in the mitochondrial-based genetic distance
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across the species of True Salamanders (r = )0.84,

r2 = 0.71, P < 0.001; see Fig. 2). An additional analysis

without loci SST-F10 and SST-G6 that harboured high

null allele frequencies resulted in a slightly weakened

correlation coefficient (r = )0.746, r2 = 0.556), but the cor-

relation was still highly significant (P < 0.001). Also, if

correlation analysis was restricted to taxa for which at

least three distinct individuals were tested, similar results

were obtained (r = )0.91; r2 = 0.84; P < 0.001) thus

showing that low sample sizes of some taxa have not

biased the results based on the complete dataset. The

analysis of the Rag-1 gene for a limited number of taxa

showed a trend for a negative correlation (r = )0.49

r2 = 0.239, P = 0.40).

The analysis of genome size – amplification success

revealed contrary results as expected from the previous

study of Garner (2002). As shown by Fig. 3, the mean

number of amplified loci was positively correlated with

an increase in genome size (r = 0.818; r2 = 0.67;

P = 0.046).

Discussion

The most important results of our study are (i) cross-spe-

cies amplification success of microsatellite loci is nega-

tively correlated with underlying increasing neutral

genetic distances of the mitochondrial genome in

salamanders and (ii) a considerable portion of loci

cross-amplified over large evolutionary distances. In the

following, we will discuss these points and their general

implications more deeply.

So far, the unpredictable and low cross-amplification

success of microsatellite loci tested for congeneric newts

(genus Triturus; Krupa et al. 2002; Garner et al. 2003) and

frog species, e.g. with only a 21% within genus amplifica-

tion success rate in the genus Rana (Primmer & Merilä

2002), has mainly been explained by the size and

complexity of amphibian genomes (Garner 2002), but

also by taxonomy that is inconsistent with phylogenetic
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relationships among taxa (Primmer & Merilä 2002). In a

study that tried primarily to identify potential factors

affecting cross-species amplification success of microsat-

ellite loci in birds Primmer et al. (2005) also analysed a

small set of amphibian species in parallel. Accordingly,

five species of Rana displayed a negative correlation

between neutral genetic distance (based on the Cyto-

chrom b gene) of source–target species pairs and cross-

amplification success of microsatellite loci. Our system-

atic analysis of cross-species amplification success of 20

Salamandra salamandra-specific-microsatellite loci across

all of the species of True Salamanders clearly adds

important support to the findings of Primmer et al. (2005)

by showing the same negative correlation and allows us

to extend this preliminary trend to apply to amphibians

in general. The most reasonable and straightforward

explanation for obtained observations accounts for muta-

tions that will occur over evolutionary time scales in the

primer site of microsatellite loci: Base substitutions in the

flanking region of the microsatellite loci will decrease the

amplification success of microsatellite loci because of

evolving mismatches between the primer region of the

source and target species, if genetic distance between

both increases. Given that we found the same trend,

although nonsignificant because only five species could

be used for this analysis (see Methods), also for the

nuclear coding Rag-1 gene, we suppose that the observed

negative correlation is restricted not only to neutral mito-

chondrial divergence, but also to genetic divergence of

the nuclear genome.

Another factor that has been discussed in the context of

low cross-amplification success rate of microsatellite loci

in amphibian species is their large genome. Garner (2002)

tested the amplification success of microsatellite loci in

several individuals of the respective source species across

nine different metazoan taxa including amphibians as

represented by species of the genera Rana and Triturus.

He found that amplification success decreased signifi-

cantly with an increase in genome size and concluded that

genome size may affect amplification success negatively.

For our dataset, we were able to test the influence of gen-

ome size on cross-species amplification success in six dis-

tinct taxa of True Salamanders. In contrast, as suggested

by Garner (2002), we found the opposite effect: the ampli-

fication success of microsatellite loci established for S. sal-

amandra as a source species decreased significantly with a

decrease in genome size (see Fig. 3). Although one might

argue that this result is expected because the microsatel-

lite loci were cloned in a source species (i.e. S. salamandra)

with a comparable large genome size with respect to Sala-

mandrina, we do not think that this might have had an

effect on our results for the following reason. Although it

might be more difficult to clone microsatellite loci from

large genomes as those from salamanders than from fish

(see Steinfartz et al. 2004), once loci have been established

in a source species, their cross-amplification success

should be independent of the genome size of the source

species. Indeed, our results are not surprising as the

decrease in genome size from S. salamandra to Salamandri-

na terdigitata is paralleled by an increase in neutral genetic

distance (see Fig. 2). Given that both Triturus (see discus-

sion below) and Rana are polyphyletic species assem-

blages (see Frost et al. 2006), their choice to test for the

impact of genome size on amplification success was

unlucky. In our view, two aspects will be important to test

for the influence of genome size on cross-amplification

success in amphibians in the future: (i) tested microsatel-

lite loci should have been shown to work properly for a

certain number of individuals of the source species (e.g.

for a specific population as in our case) and (ii) compari-

sons should also control for the effect of genetic distance

between source–target species.

Because an accurate dating of the phylogenetic diver-

gence of major clades and many lineages is available for

the family of Salamandridae, we can infer over which

evolutionary time scales a considerable amount of mi-

crosatellite loci will amplify in target species. Although

lineages of Salamandra and Lyciasalamandra diverged

more than 30 Ma (Zhang et al. 2008), still a cross-ampli-

fication success rate of 65% (i.e. 13 of 20 S. salamandra-

specific microsatellite loci amplified in species of Ly-

ciasalamandra) was observed. On the other hand, the low

cross-amplification success documented for Triturus spe-

cies, as experienced by Krupa et al. (2002) and Garner

et al. (2003), is not surprising given that Triturus is no

longer considered monophyletic and the divergence of

Triturus species dates back more than 60 Ma (Steinfartz

et al. 2007b).

Considering our results and the observations of corre-

lation of cross-species amplification success of microsat-

ellite loci and genetic distance between source–target

species in birds (Primmer et al. 2005), fish (Carreras-Car-

bonell et al. 2008) and crocodile species (Glenn et al.

1996), we feel that this is a general trend applicable also

to amphibians.
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