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Abstract
Development of thirty-four new microsatellite loci and multiplexing of seven existing 
loci for Zootoca vivipara (Squamata: Lacertidae). Few microsatellite loci exist for the 
European common lizard, Zootoca vivipara, a common model species in studies of 
population dynamics, sexual selection, population genetics, parity evolution, and 
physiology. The existing primers did not amplify in all lineages, and multiplexes were not 
optimized. A total of 34 new polymorphic microsatellite markers have been developed for 
this species and tested in 64 specimens belonging to oviparous and viviparous clades (B 
and D). The microsatellites were combined into seven different multiplexes. Results 
UJQYGF� VJCV� CNN� DWV� QPG� NQEK� UWEEGUUHWNN[� CORNKſGF� KP� CNN� UCORNGU� CPF� DQVJ� ENCFGU�� 6JG�
number of alleles detected per locus ranged 7–22 alleles and the effective number 1.58–
7.82. The observed heterozygosity ranged 0.312–0.930, showing that all loci were highly 
XCTKCDNG��1XKRCTQWU�CPF�XKXKRCTQWU�ENCFGU�GZJKDKVGF�UKIPKſECPV�IGPGVKE�FKHHGTGPEGU�
KP�(

ST
). 

In addition to these new markers, the seven previously published and widely used 
microsatellite loci have been multiplexed and tested in oviparous clades. These innovations 
will allow for timesaving and robust analyses in Zootoca vivipara, boosting evolutionary 
and population studies and easing paternity analyses.

Keywords: European Common Lizard, Lacerta vivipara, multiplex, NGS, nuclear DNA, 
viviparity, oviparity.
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Resumo
Desenvolvimento de trinta e quatro novos locos de microssatélites e otimização de PCR 
multiplex de sete locos existentes para Zootoca vivipara (Squamata: Lacertidae). Existem 
poucos locos de microssatélites para o lagarto-comum-europeu, Zootoca vivipara, uma espécie-
modelo comum em estudos de dinâmica de populações, seleção sexual, genética de populações, 
GXQNWÁºQ� FQ�OQFQ� TGRTQFWVKXQ� G� ſUKQNQIKC�� 1U� QNKIQPWENGQVÈFGQU� GZKUVGPVGU� PºQ� CORNKſECTCO� GO�
todas as linhagens, e a reação em cadeia da polimerase (PCR) multiplex não foi otimizada. Um total 
FG����PQXQU�OCTECFQTGU�RQNKOÎTſEQU�FG�OKETQUUCVÃNKVG�HQK�FGUGPXQNXKFQ�RCTC�GUUC�GURÃEKG�G�VGUVCFQ�
em 64 espécimes dos clados ovíparo e vivíparo (B e D). Os microssatélites foram combinados em 
sete diferentes agrupamentos . Os resultados mostraram que todos os locos, com uma única exceção, 
CORNKſECTCO�EQO�UWEGUUQ�GO�VQFCU�CU�COQUVTCU�G�GO�CODQU�QU�ENCFQU��1�PÕOGTQ�FG�CNGNQU�FGVGEVCFQ�
por loco variou entre 7 e 22 e o número efetivo, entre 1,58 e 7,82. A heterozigosidade observada 
variou de 0,312 a 0,930, mostrando que todos os locos foram altamente variáveis. Os clados ovíparo 
G�XKXÈRCTQ�GZKDKTCO�FKHGTGPÁCU�IGPÃVKECU�UKIPKſECVKXCU�
GO�(ST

). Além desses novos marcadores, os 
sete locos de microssatélite previamente publicados e largamente utilizados foram otimizados em 
PCR multiplex e testados em clados ovíparos. Essas inovações permitirão análises rápidas e robustas 
em Zootoca vivipara, impulsionando estudos evolutivos e populacionais e facilitando análises de 
paternidade.

Palavras-chave: DNA nuclear, Lacerta vivipara, lagarto-comum-europeu, PCR multiplex, NGS, 
oviparidade, viviparidade. 

Introduction

The European Common Lizard, Zootoca 
vivipara (Lichtenstein, 1823), is the most widely 
distributed reptile species of the world 
(Guillaume et al. 2006). Its distribution ranges 
from Ireland and western Spain in the west to 
Japan (Hokaido) in the east, and from the 
Balkans and Pyrenees in the south to the polar 
circle in the north; there are several clearly 
distinct lineages across Eurasia (Clades A–F; 
Surget-Groba et al. 2006). One of these clades 
has been proposed to be a new species (Clade A; 
Cornetti et al. 2015a). The species is repro-
ductively bimodal; two lineages are oviparous 
(Clades A, B) and all the other clades are 
viviparous (Clades C–F). Owing to the range 
and reproductive bimodality, Z. vivipara is a 
highly interesting species in terms of its 
evolution, geography, and population dynamics. 
Evolutionary studies (e.g., Surget-Groba et al. 
2006, Cornetti et al. 2015b) and studies analyzing 
individual paternities (e.g., Laloi et al. 2004, 
Fitze et al. 2005, 2008, Richard et al. 2005, 
2009, Eizaguirre et al. 2007, Fitze and Le 

Galliard 2008, Le Galiard et al. 2008, San-Jose 
et al. 2014, Breedveld and Fitze 2016) have been 
conducted on this species, whereas population 
genetic studies are rather rare. Such studies need 
TGNKCDNG�� VKOG�� CPF� EQUV�GHſEKGPV� IGPGVKE� VQQNU��
however, few microsatellite loci had been 
developed, protocols did not work in all lineages 
(Boudjemadi et al. 1999, Remon et al. 2008, 
Molecular Ecology Resources Primer Develop-
ment Consortium 2011), and multiplexes were 
not optimized (Laloi et al.� ������� 'HſEKGPV�
OWNVKRNGZKPI�
EQ�CORNKſECVKQP�QH�UGXGTCN� NQEK� KP�
C�UKPING�2%4��ECP�UKIPKſECPVN[�FGETGCUG�VJG�EQUV�
of genotyping and increase throughput of 
microsatellite loci (Guichoux et al. 2011).

We have used next generation sequencing 
methods to develop a large new panel of micro-
satellite loci and generated cost-effective multi-
plexes for new and existing microsatellite loci.

Materials and Methods

For the development of new microsatellite 
loci, a total of 64 Zootoca vivipara individuals 
(Table 1) were sampled. Thirty individuals 
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belonged to Clade D (the Eastern Viviparous 
Clade) and another 34 belonged to Clade B (the 
Western Oviparous Clade; Surget-Groba et al. 
2001). Their genomic DNA was extracted from 
ethanol-preserved lizard tissue using DNeasy 
Blood & Tissue Kit (Qiagen, Verlo, Netherlands), 
which produces DNA of better quality than other 
methods (Horreo et al. 2015).

The genomic DNA of one specimen of the 
Western Oviparous Clade was enriched following 
the protocol of Santana et al. (2009). A 454 
library was obtained from a partial run using the 
454 Life Sciences/Roche GS-FLX genome 
sequence system (Roche Applied Science) 
(Margulies et al. 2005). A total of 709,643 
sequence reads (153,531,887 base pairs) was 
generated, of which 38,000 contained a minimum 
QH� ſXG� VCPFGO� TGRGCVU�� ������� FKPWENGQVKFGU��
16,432 trinucleotides; 3,750 tetranucleotides; 
337 pentanucleotides; and 184 hexanucleotides. 
Ninety-eight of these sequences (24, 58, and 16 
tri-, tetra-, and penta-nucleotides, respectively) 
were selected to design primers using PrimEr3 
(Rozen and Skaletsky 2000). Selected repeats 
YGTG� CORNKſGF� KP� GKIJV� URGEKOGPU�DGNQPIKPI� VQ�
all clades described (one individual per 
lineage: A from Italy, B1 from Spain, B2 from 
France, C and E from Austria, D from Romania, 
F from Hungary, and G from Galicia Spain) 
(Surget-Groba et al. 2001, Milá et al. 2013), 
using 10–100 ng of DNA in a total reaction 
volume of 10 µL and the Taq DNA Polymerase 
(5PRIME GmbH, Germany). The proportions of 
the primers, Taq, 5Prime mastermix, magnesium, 
and molecular-biology grade-water followed the 
manufacturer’s protocol. The PCR started with 
an initial denaturation step at 95°C for 5 min, 

followed by 35 cycles of denaturation at 95°C 
for 20 s, annealing at 57°C for 20 s, extension at 
��u%�HQT����U��CPF�C�ſPCN�GZVGPUKQP�QH���X%�HQT�
10 min. PCR products were visualized in 2% 
CICTQUG�IGNU��+H�VJG�CORNKſECVKQP�YCU�UWEEGUUHWN�
in all eight specimens, the Forward primer was 
NCDGNNGF�YKVJ�C�ƀWQTGUEGPV�F[G�
8+%��0'&��2'6�
and FAM). Thereafter, successful loci were 
CORNKſGF�KP�C�UWDUGV�EQPUKUVKPI�QH����UCORNGU�QH�
the 64 studied individuals (B and D; Table 1). 
PCR conditions corresponded to those described 
above and the total reaction volume was 25 µL. 
PCR products were visualized using an automatic 
sequencer (an ABI 3100, Applied Biosystem) 
and the software GEnEmAPPEr 4.0 (Applied 
Biosystems). Thirty-four loci (6, 19 and 9 tri-, 
tetra-, and penta-nucleotides, respectively; Table 
2) were polymorphic and exhibited consistently 
good electropherograms.

The 34 microsatellite loci were combined in 
UGXGP� OWNVKRNGZGU� 
6CDNG� ���� CPF� VJGKT� CORNKſ�
cation followed the “QUIAGEN Type-it Micro-
satellite PCR Kit” protocol and an annealing 
temperature of 57°C. In these multiplexes, 31 
primers were employed using the manufacturer’s 
protocol and the proportions of ZV12 (Multiplex 
3), ZV29 (Multiplex 6), and ZV32 (Multiplex 7) 
were 1.5 times higher than those of the other 
RTKOGTU��/WNVKRNGZGU�YGTG� VJGP�CORNKſGF� KP� VJG�
64 samples and Tandem v.1.09 (Matschiner and 
Salzburger 2009) was used for allele binning. 
6JKTV[�VJTGG�NQEK�UWEEGUUHWNN[�CORNKſGF�KP�CNN����
UCORNGU��.QEWU�<8���CORNKſGF�KP�CNN�QXKRCTQWU�
samples (Clade B), but it did not amplify in most 
of the 30 viviparous specimens (Clade D; Table 
��� FGURKVG� KVU� CORNKſECVKQP� FWTKPI� VJG� FGXGNQR�
ment of the method.

Table 1. Sampling details for Zootoca vivipara. The clades have been named according to Surget-Groba et al. (2001). 
N = sample size. Acronyms: ND = newly developed microsatellites; EM = existing microsatellites.

Microsatellites N Clade Country Reproductive mode

ND 30 D Hungary/Romania Viviparous

ND 34 B France/Spain Oviparous

EM 12 B Spain Oviparous

Development of thirty-four new microsatellite loci and multiplexing of seven existing loci for Zootoca vivipara
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In addition to all this, seven previously 
published (Lv-3-19, Lv-4-72, Lv-4-alpha, Lv-
2-145, Lv-4-X, Lv-4-115, Lv-1-139; Table 2) 
(Boudjemadi et al. 1999) and commonly used 
microsatellite loci (e.g., Breedveld and Fitze 
2016) were multiplexed to save money and 
time. PCR conditions were the same as those 
described above, except that annealing was 
conducted at 58°C. In the newly developed 
multiplex, the primers Lv-4-X, Lv-4-alpha, and 
Lv-3-19 were employed in a proportion three 
times higher than the rest. A set of 12 oviparous 
UCORNGU� YCU� CORNKſGF� WUKPI� VJG� OWNVKRNGZ�
protocol and the previous protocols (following 
Laloi et al. 2004).

The genetic variability of all the loci (number 
of alleles per locus, effective number of alleles 
per locus, and observed and expected 
heterozygosity), as well as the genetic diffe-
rentiation among sample groups (F

ST
) were 

calculated with GenoDive 2.0b25 (Meirmans 
and Van Tienderen 2004). The linkage disequi-
librium among pairs of loci was calculated with 
GENEPOP v.4 (Rousset 2008).

Results

The 34 newly developed loci exhibited high 
genetic variability (Table 2). The mean number 
of alleles per locus (± standard deviation, 
QDVCKPGF�VJTQWIJ�LCEMMPKſPI��YCU�������v�������
the effective mean number of alleles per locus 
was 4.89 ± 0.24. The mean expected hetero-
zygosity was 0.79 ± 0.02 and the mean observed 
heterozygosity was 0.69 ± 0.02. No linkage 
disequilibrium was detected among pairs of loci. 
6JG�ſZCVKQP�KPFGZ�
(

ST
) among clades (B and D) 

WUKPI� ��� NQEK� YCU� UKIPKſECPV� 
p = 0.01, F
ST

 = 
0.082), indicating that genetic differences among 
clades can be detected with the newly developed 
loci.

In the case of the seven previously published 
loci, both the multiplex protocol developed here 
and the previous protocols rendered the exactly 
same genotypes. The mean number of alleles per 

locus (± standard deviation) was 7.57 ± 1.21; the 
effective mean number of alleles per locus was 
5.68 ± 0.95. The mean expected heterozygosity 
was 0.81 ± 0.05 and the mean observed 
heterozygosity was 0.82 ± 0.05. Thus, the range 
of variability of both the newly developed and 
the old loci was similar (A

e
 new: 1.58–7.82; A

e
 

old: 1.97–9.29). ZV22 was the least variable of 
the new loci and, of the previously published 
loci, LV-1-139 was the least variable in the 
oviparous clade, but not in the viviparous Clade 
E (Boudjemadi et al. 1999).

Discussion

Thirty-four newly developed, highly poly-
morphic microsatellite loci (combined in seven 
different multiplexes) and new multiplexing 
techniques for seven existing loci (Boudjemadi 
et al. 1999) described here were tested in vivi- 
and oviparous clades of the European Common 
Lizard, Zootoca vivipara. Thirty-three of the 
PGY� CPF� CNN� UGXGP� QNF�OCTMGTU� CORNKſGF� KP� CNN�
UCORNGU�� <8��� QPN[� CORNKſGF� KP� VJG� QXKRCTQWU�
individuals belonging to Clade B, but not in the 
viviparous Clade D. Because Clade A is strongly 
divergent (Cornetti et al. 2015a) in addition to 
VJG� HCEV� VJCV� YG� VGUVGF� VJG� CORNKſECVKQP� QH� VJG�
newly developed microsatellite markers in only 
one individual belonging to Clade A, it may be 
interesting to test the effectiveness of the new 
microsatellite markers in this clade further. 
Previous to this study, only seven microsatellite 
loci were available for this species (Boudjemadi 
et al. 1999, Remon et al. 2008, Molecular 
Ecology Resources Primer Deveolpment Con-
UQTVKWO� ������ CPF� VJGKT� CORNKſECVKQP� RTQVQEQN�
was not optimized. The loci and protocols we 
developed provide strong, economical tools for 
evolutionary and population genetic studies, 
KPENWFKPI� VJG� KFGPVKſECVKQP� QH� RQRWNCVKQP�
structure and management/conservation units, 
VJG�GUVKOCVKQP�QH�IGPG�ƀQY��GHHGEVKXG�RQRWNCVKQP�
sizes, and for other applications including cost-
GHſEKGPV�RCVGTPKV[�CPCN[UGU�
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