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First-generation linkage map for the common frog
Rana temporaria reveals sex-linkage group
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The common frog (Rana temporaria) has become a model
species in the fields of ecology and evolutionary biology.
However, lack of genomic resources has been limiting
utility of this species for detailed evolutionary genetic studies.
Using a set of 107 informative microsatellite markers
genotyped in a large full-sib family (800 F1 offspring), we
created the first linkage map for this species. This partial
map—distributed over 15 linkage groups—has a total
length of 1698.8 cM. In line with the fact that males are the
heterogametic sex in this species and a reduction of
recombination is expected, we observed a lower recombina-
tion rate in the males (map length: 1371.5 cM) as compared
with females (2089.8 cM). Furthermore, three loci previously
documented to be sex-linked (that is, carrying male-specific

alleles) in adults from the wild mapped to the same linkage
group. The linkage map described in this study is one of the
densest ones available for amphibians. The discovery of a
sex linkage group in Rana temporaria, as well as other
regions with strongly reduced male recombination rates,
should help to uncover the genetic underpinnings of the sex-
determination system in this species. As the number of
linkage groups found (n¼ 15) is quite close to the actual
number of chromosomes (n¼ 13), the map should provide a
useful resource for further evolutionary, ecological and
conservation genetic work in this and other closely related
species.
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Introduction

Amphibians are important model organisms in develop-
mental, ecological and evolutionary studies (Cano et al.,
2004; Burggren and Warburton, 2007; Smith and Voss,
2007; Laurila et al., 2008; Hellsten et al., 2010). In addition,
their phylogenetic placement between fishes and terres-
trial amniotes makes them especially useful for studies of
character evolution in vertebrates (Smith and Voss, 2006).
One particular aspect of vertebrate evolution to which
amphibian models can make—and have already made
(Sumida and Nishioka, 2000; Schmid and Steinlein, 2001;
Eggert, 2004; Matsuba et al., 2008; Nakamura, 2009)—
significant contributions is the evolution of sex-determi-
nation systems. Sex-determination systems vary greatly
among vertebrates, and amphibian studies bear potential
to reveal not only yet unrecognized diversity, but also
conserved aspects characterizing the ancestral vertebrate
condition (Smith and Voss, 2009). However, due to their
large genome sizes and the difficulties in raising some
species, there is a general lack of genomic resources for
amphibians making it difficult to locate sex-determining
loci and genomic regions containing genes of ecological

relevance (Sumida and Nishioka, 2000; Smith and Voss,
2009). To date, there are only two amphibian model
species (that is, Xenopus spp and Ambystoma spp) for
which physical and genetic linkage maps are available
(Table 1; Kochan et al., 2003; Smith et al., 2005; Smith and
Voss, 2009; Hellsten et al., 2010).

Efficient genetic linkage mapping requires that large
number of offspring can be genotyped. To this end, many
amphibian species are well suited for this purpose
because large numbers of offspring are produced making
it possible to obtain accurate estimates of marker
positions in the map. In particular, microsatellite-based
linkage maps provide excellent tools to locate sex-
determining loci in species lacking heteromorphic sex
chromosomes (Peichel et al., 2004; Chistiakov et al., 2006).
Microsatellite linkage maps may help in the identifica-
tion of sex-determining loci by looking at specific
features in the heterogametic sex, such as a strong
reduction in recombination between markers linked to
the sex-determination region in male as compared with
female meioses (Charlesworth et al., 2005). Likewise, a
consistent heterozygous status of males for unique alleles
in a given region would indicate a potential sex-
determination role of this region (Peichel et al., 2004;
Chistiakov et al., 2006).

Sex-determination systems in amphibians are very
complex and varied (Hayes, 1998; Eggert, 2004). Sex-
linked loci may differ among closely related species,
among populations of the same species and even among
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individuals within populations (Sumida and Nishioka,
2000). Even occurrence of both male and female hetero-
gamety in the same species has been demonstrated
(Nakamura, 2009). To further complicate the picture,
environmental factors may also influence sex deter-
mination. Although female heterogamety has been
suggested to be the ancestral state of sex determina-
tion in amphibians, the origins of the sex chromo-
somes and the sex-determining genes are still unknown
(Uno et al., 2008b). In Ranidae, the details of sex-deter-
mination systems have been best studied in Japanese
‘brown frogs’ (Rana sp). In these species, males are
usually the heterogametic sex, although in some species
(for example, R. rugosa), both ZZ/ZW and XX/XY
determination systems are known (Uno et al., 2008b).
Multiple sex-determining loci have been found in these
frogs, and their linkage relationships with neighboring
loci are very unstable and vary dramatically between
populations (Sumida and Nishioka, 2000).

The common frog (Rana temporaria) is one of the most
widely distributed amphibians in Europe, and it has
been extensively studied in different ecological and
evolutionary biology contexts (Savage, 1961; Cano et al.,
2004; Laugen et al., 2002, 2003a, 2005; Hettyey et al., 2005;
Lindgren and Laurila, 2005; Laurila et al., 2008; Jönsson
et al., 2009). Many traits display latitudinal divergence
across the Scandinavian peninsula, and common garden
experiments have shown that this differentiation is
genetically based and driven by natural selection
(Laurila et al., 2002; Palo et al., 2003; Laugen et al.,
2003b). However, the progress in understanding the
genetic architecture of these traits (for example, quanti-
tative trait loci number, location, and size effects) has
been hampered by the lack of genetic resources, such as
linkage and physical maps. In this species, males are the
heterogametic sex (XX/XY), albeit heteromorphism in
sex chromosomes is very weak (Popov and Dimitrov,
1999). Recent studies suggest that males tend to have
a smaller genome size than females (Matsuba and
Merilä, 2006), and three microsatellite loci with varying
degree of linkage to sex in Fennoscandian common frog

populations have been found (Matsuba et al., 2008; Alho
et al., 2010). Genome-wide linkage studies would allow
measurement of potential differences in recombination
rates between the sexes, as well identification of the
number and location of sex-determining loci.

The aim of this study was to create the first genetic
linkage map of the common frog to aid evolutionary
genetic studies of this species. To this end, we took
advantage of the large number of microsatellite markers
available for this species (Matsuba and Merilä, 2009),
and genotyped 800 F1 offspring from a cross between
two divergent common-frog populations from Sweden.
Apart from creating a resource useful for evolutionary
biology and population genetics of this and related
species, we were particularly interested to gain insight
into the organization of the sex-determination system in
the species by (i) establishing the location of markers
known to be linked to sex in wild adults, (ii) finding
non-recombining regions in males, and (iii) estimating
recombination rate differences between sexes.

Materials and methods

Frog sampling and husbandry
We collected one adult male Rana temporaria in a pond
outside Lund (551 430 N, 131 150 E) on 3 April 2008, and
one adult female near Kiruna (Jukkasjärvi, 671 510 N,
211 020 E) on 25 May 2008. Both the individuals were
immediately transported to the laboratory in Uppsala.
The male was kept in the laboratory at 4 1C in a plastic
box filled with moist peat moss (Sphagnum sp.) until it
was crossed with the female on May 27 to produce
one full-sib family (see Räsänen et al., 2003 for crossing
methods).

The eggs were raised in the laboratory (16 1C, 18-h-
light:6-h-dark photoperiod) in four 3 l vials (ca. 250 eggs
per vial) filled with reconstituted soft water (APHA,
1985) until they had hatched and reached stage 25
(that is, gills fully absorbed; Gosner, 1960). The water in
the vials was changed completely every three days. The

Table 1 Review of previously published linkage maps in amphibians

Order, family Species Marker no. Genome
size (pg)

Marker
no./genome size

LG found (karyotype¼n) Reference

Anura,
Discoglossidae

Bombina bombina
and B. variegata

38 10.3 3.7 20 (12) Nürnberger et al. (2003)

Anura, Pipidae Xenopus laevis 29 3 9.7 10 (18) Graf (1989a, b, 1993)
Anura, Pipidae Xenopus tropicalis 1558 1.7 916.5 10 (10) Hellsten et al. (2010)
Anura, Ranidae Rana pipiens 27 6.7 4.0 10 (13) Wright et al. (1980,1983);

Wright and Richards (1983, 1993)
Anura, Ranidae Rana nigromaculata

and R. brevipoda
34 5.85 5.8 10 (13) Nishioka et al. (1980, 1987);

Nishioka and Ohtani (1986);
Nishioka and Sumida (1994a, b)

Anura,Hylidae Hyla arborea 20 4.4 4.5 6 (12) Berset-Brändli et al. (2008)
Anura, Ranidae Rana japonica 21 5.1 4.1 9 (13) Sumida and Nishioka (1994a, b, 2000);

Sumida (1996)
Anura, Ranidae Rana esculenta 15 5.6 2.7 4 (13) Hotz et al. (1997)
Anura, Ranidae Rana temporaria 104 4.1 25.4 15 (13) This paper
Urodela,
Ambystomatidae

Ambystoma
t. tigrinum and
A. mexicanum

790 30.7 25.7 14 (14) Smith et al. (2005)

For each map number of markers, genome size, ratio of number of markers to genome size, and number of linkage groups found are reported.
In bold appear the map size and coverage in this article.
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larval common garden experiment was started on 8 June
2009. 800 seemingly healthy tadpoles were placed
individually in 1 l plastic vials filled with 0.8 l recon-
stituted soft water. Half of the tadpoles were raised in a
walk-in temperature-controlled room set to 16 1C and the
other half in a similar room set to 22 1C to check for
genotype by environment interactions in follow-up
quantitative trait locus mapping studies (Cano et al., in
preparation). Photoperiod in both rooms was set to 18 h
light:6 h dark. The tadpoles were fed ad libitum chopped
spinach and the water was changed every 3 days. When
the tadpoles approached metamorphosis (stage 42;
occurrence of at least one forelimb; Gosner, 1960), the
containers were checked daily. Metamorphosed tadpoles
were sacrificed using MS-222 and preserved in 70%
ethanol. Animal collection permits were granted by the
Skåne and Norrbotten county boards, and the breeding
experiment was conducted with a license from the
Committee for Animal Experiments in Uppsala County.

Genotyping
Both parents and the F1 full-sib offspring were geno-
typed for a total of 113 polymorphic microsatellite loci,
including 106 loci from Matsuba and Merilä (2009) and
seven markers previously developed in other frog
species (see Supplementary File 1). Detailed information
of all these loci including their names, primer sequences,
Genbank accession numbers, repeat motifs and informa-
tive meioses is available in Supplementary File 1. DNA
was extracted from muscle tissue as described in Duan
and Fuerst (2001). PCR conditions were optimized as
follows: total volume of 10 ml consisted of 1xPhusion
Flash High-Fidelity PCR Master Mix (F-548 Finnzymes,
Vantaa, Finland), 0.5 mM of both forward (labeled with
fluorochrome FAM, TET, or HEX) and reverse primers
together with 1:10 diluted sample. All PCRs were multi-
plexed by combining six primer pairs in each reaction
according to size and fluorochrome. Primer pairs with
HEX-labeled forwards were diluted into final concentra-
tion of 0.3 mM and others into 0.2 mM; template DNA was
diluted 1:5. PCRs were conducted in Piko Thermal Cycler
(Finnzymes) using the following thermal profile: 98 1C
for 1 min, 36 cycles of 98 1C for 1 s, 60 1C for 30 s, 72 1C for
30 s and final extension at 72 1C for 1 min. PCR products
were then run (1:100 dilution) together with ET-ROX
550-size standard in MegaBACE1000 (GE Healthcare
Life Sciences, Little Chalfont, UK) capillary electrophor-
esis instrument and genotypes were determined using
the program Fragment Profiler 1.2 (GE Healthcare).

All the genotypes were double-read independently by
two people. Less than 5% of the genotype readings were
found to be inconsistent between the readers, and
incompatible genotypes were blanked. Additional in-
dependent PCRs for these individual-locus combinations
were carried out for further verification. These blanks
were refilled with the correct genotypes if they worked
out after the additional PCRs. Mendelian inheritance was
checked with PedCheck software (O’Connell and Weeks,
1998) and using the ‘prepare’ option in CRIMAP
program version 2.4 (Green et al., 1990). Inconsistent
genotypes were re-run. If persistent, inconsistencies were
removed from the dataset. Genotypes that were highly
improbable due to low allele frequencies in the pedigree
were eliminated (Jaari et al., 2009).

Linkage analysis
Linkage analyses were performed with CRIMAP 2.4 (Green
et al., 1990) to obtain sex-average and sex-specific linkage
genetic distances (that is, based on the parental meioses)
for each linkage group. Initially, all markers were tested
against each other with the ‘twopoint’ option and markers
that clustered together with significant logarithm of odds
(LOD) score support (43.0) were treated as linkage groups.
Framework maps were constructed with the ‘build’
option, and the best position of all markers within an
ordered linkage group was then estimated with recurrent
runs of the option ‘flips4’, until no better order could
be found (best order map). Relative mapping dist-
ance was further tested within group using the ‘fixed’
option. All map distances are expressed as Kosambi
centiMorgans (cM).

Cross-species homologies
To assess the degree of shared synteny with other amphibian
species microsatellite, clone sequences were compared with
the Xenopus tropicalis genome draft (http://www.ncbi.nlm.
nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid¼ 8364)
and Ambystoma t. tigrinum and A. t. mexicanum expressed
sequence tag (EST) assemblies (http://salamander.uky.
edu/ESTdb/blast.php) in cross-species BLAST searches
using the program BLASTN 2.2.24þ (Zhang et al.,
2000). Searches were done with the default conditions,
except that the expectation value was set to a more
stringent setting of 1e�5. A locus was considered to
give a significant hit to the Xenopus and Ambystoma
genomes if it provided a unique match at 1e�10 or
lower (Dawson et al., 2006). If a locus did not provide
a single unique hit but provided multiple matches,
then it was unassigned unless the best hit had an
expectation value at least 10 decimal places lower than
the next best hit. Repeat motifs were masked using the
low-complexity filter.

Results

Map size and linkage groups
From a starting set of 113 amplifying microsatellite
markers, six (Bfg005, Bfg014, Bfg038, Bfg084, Bfg141 and
Bfg252) were not informative (that is, both parents were
homozygous). Additional three markers (Bfg115, Bfg147
and Bfg211) were informative but did not show
significant linkage with any other marker. The remaining
104 markers were linked and formed 15 linkage groups
(Figure 1). The male parent was informative (that is,
heterozygous) for 81.4% of the markers and the female
parent for 76.9%. Among the 15 linkage groups found,
10 had less than 5 markers and 5 were triplets or
duplets which may be in reality linked to other groups
(R. temporaria karyotype consisting of 13 chromosome pairs;
Popov and Dimitrov, 1999). The sex-average map length
was 1698.8 cM (Figure 1), and sex-specific maps of
females and males were 2089.8 and 1371.5 cM (Figure 2),
respectively. The large size of F1 family gave high power
to estimate significant linkage (that is, all linked loci
had LOD 410) that resulted in a total lack of ambiguous
locations. The map reported here is, therefore, a frame-
work map, and running the ‘flips’ option in CRIMAP did
not alter the order of the markers as obtained by the
‘build’ option. Recombination rate in females was 1.8
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times larger than in males (average, 95% confidence
interval; females 0.37, 0.36–0.39; males 0.21, 0.19–0.23).
Contrasting recombination rates between sexes were
only found in five of the linkage groups (LGs: 2, 3, 7, 9
and 11; see Figure 2).

Sex-linked markers
An interesting feature of this map is that six markers
known to be linked to phenotypic sex in wild individuals
in Northern Finland and Sweden (that is, Bfg201, Bf266 and
RtSBO3 [Matsuba et al., 2008; Alho et al., 2010] and Bfg053,
Bfg093 and Bfg191 [Matsuba, unpublished]) mapped to the
same linkage group. Marker Bfg028, which was sex-linked
in a population from Southern Sweden (Tvedöra 551420N,
131260E; Matsuba, unpublished), mapped to a different
linkage group (that is, LG7).

Shared synteny
Both the default and relaxed BLASTN settings (Dawson
et al., 2006) yielded the same results. Eight markers (Bfg
195, Bfg191, Bfg172, Bfg051, Bfg131, Bfg072, Bfg028 and
Bfg008) produced significant matches with unplaced
X. tropicalis scaffolds. Two significant matches (Bfg131
and Bfg072) were obtained with Ambystoma t. tigrinum
unmapped contigs. Therefore, no proper assessment of
shared synteny was possible.

Discussion

This is a first generation linkage map for R. temporaria,
and in addition to providing an important resource for
further evolutionary, ecological and conservation genetic
studies, it may advance our understanding of the mecha-
nisms behind genetic sex determination in amphibians

Figure 1 Average linkage map in Kosambi cM.
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by helping to locate sex determination gene/s in anurans
in which the genetic basis of sex determination is poorly
understood (Sumida and Nishioka, 2000; Schmid and
Steinlein, 2001; Matsuba and Merilä, 2009; but see Uno
et al., 2008a, b).

Genetic sexual determination
Previous studies have reported male-specific alleles in
markers Bfg201, Bf266 and RtSBO3 in the common frog
(Matsuba et al., 2008; Alho et al., 2010). The sex linkage
was observed in Northern Fennoscandian populations,
but not in Southern Fennoscandian populations (Matsu-
ba et al., 2008). Our results show that these three markers
belong to the same linkage group (LG2), suggesting that
the sex-determining locus/loci is/are located in LG2.
The contention that LG2 carries the sex-determining gene
is also supported by two additional lines of evidence.

First, recombination rate in male meioses was drama-
tically lower as compared with female meioses (Figure 2),
as expected in the heterogametic sex (Rice, 1987). Second,
all the markers were heterozygous in LG2 in the male
parent, whereas in the female parent, only 7 out of 14
were heterozygous or informative, in agreement with the
expectation of a predominantly heterozygous state in the
sex-specific chromosome (Charlesworth et al., 2005).
However, the recombination distances among these three
sex-linked markers were fairly large, indicating that
some of them may not be tightly linked to the sex-
determining locus in our male parent. Given that our
male parent originates from a population in Southern
Sweden, the large recombination rate among these

markers would explain why no significant linkage with
adult phenotypic sex was found in the wild (Matsuba
et al., 2008). The other three markers belonging to LG2
(Bfg053, Bfg093 and Bfg191) had significant linkage
disequilibrium with Bfg201 and had male-specific alleles
in the wild adult individuals of a Northern Finnish
population (Kilpisjärvi 691040N, 201460E; Matsuba, un-
published) further strengthening the interpretation that
LG2 is linked to sex determination.

Our results also revealed other linkage groups (that is,
LG3, 7 and 9) that show extreme male-specific reduction
in recombination rates (Figure 2), which is consistent also
with the possibility of several sex-determining loci located
in different linkage groups (Wright and Richards, 1993).
For instance, Bfg028 is located in LG7 and was linked to
sex in adults from a population of Southern Sweden (Tvedöra
551420N, 131260E; Matsuba unpublished). Therefore, although
this map finds strong evidence of LG2 being a sex-linkage
group, it also provides new candidate regions to be tested
for linkage with sex determination.

Mapping and population/conservation genetic prospects
Despite the sparse coverage (that is, 108 markers in a
B4.2 Mb genome) of the map, we found 15 linkage
groups that were quite close to the actual number of
chromosomes in this species (n¼ 13; Popov and Dimi-
trov, 1999; Peskov et al., 2004). When ordered according
to their size, the linkage groups display a clear decreasing
pattern in their length as expected from the decreasing
physical size observed in cytological studies (Peskov et al.,
2004). Furthermore, only five groups were triplets or duplets

Figure 2 Sex-specific linkage maps in Kosambi cM (that is, for each group female meioses are on the left and male meioses on the right).
Markers previously found linked to sex are marked with an asterisk (Matsuba et al., 2008, Alho et al., 2010) or underlined (Matsuba
unpublished). Grey lines show contrasting recombination distances between sexes.
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and may belong to other linkage groups, but we didn’t
have enough resolution to assign them. This map is,
therefore, a good starting point with enough resolution
for mapping quantitative trait loci of traits that exhibit
adaptive differentiation among the populations used
in the cross, such as developmental time and size at
metamorphosis (Laurila et al., 2002; Palo et al., 2003;
Laugen et al., 2003a, b). It also allows selection of sets
of unlinked markers—or markers in different linkage
groups—for studies of neutral genetic processes using
microsatellites (Selkoe and Toonen, 2006). Likewise, studies
wishing to investigate sex-specific migration rates, sex-
specific survival rates of embryos or larval stages—or
primary sex ratios—will benefit directly from our results.

Caveats and future directions
A denser coverage would be needed in order to determine
whether the smallest linkage groups correspond to different
chromosomes or are fragments of other chromosomes. Big
gaps in some of the linkage groups may make it difficult to
locate quantitative trait loci and sex-determining regions.
However, the coverage can be increased in the future, as
high-throughput sequencing methods start allowing rapid
and cost-effective development of genomic resources even
for non-model species (Wheat, 2010). Targeting functionally
relevant genes by placing markers within or close to genes
of known functions (Shikano et al., 2010) would also
facilitate a proper assessment of the degree of synteny
among amphibian genomes and other taxa.

Conclusions

We have described the first linkage map for the common
frog. This map is the densest available for species in the
family Ranidae, and one of the most complete ones in
amphibians in general (Table 1). With the exception of
the genome draft for X. tropicalis (Hellsten et al., 2010),
only a map for Ambystoma spp (Smith et al., 2005)
provides similar coverage relative to its genome size.
Of particular interest in our study is also the finding of a
linkage group carrying several sex-linked markers. This
can serve as a starting point of further studies of genetic
sex determination in this and related species. Likewise,
given the lack of genomic resources for most amphibian
species, the map described in this paper should provide
a valuable resource for future comparative genomic
studies of amphibians and mapping of ecologically
relevant traits in the common frog.
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Do common frogs (Rana temporaria) follow Bergmann’s rule?
Evol Ecol Res 7: 717–731.
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