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Abstract
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Ectotherm development rates often show adaptive divergence along climatic gradients, but the
genetic basis for this variation is rarely studied. Here, we investigated the genetic basis for
phenotypic variation in larval development in the moor frog Rana arvalis from five regions along a
latitudinal gradient from Germany to northern Sweden. We focused on the C/EBP-1 gene, a
transcription factor associated with larval development time. Allele frequencies at C/EBP-1 varied
strongly among geographic regions. Overall, the distribution of alleles along the gradient was in
concordance with the dual postglacial colonization routes into Scandinavia, with a large number of
alleles exclusively present along the southern colonization route. Only three of 38 alleles were shared
between the routes. Analysis of contemporary selection on C/EBP-1 showed divergent selection
among the regions, likely reflecting adaptation to the local environmental conditions, although this
was especially strong between southern and northern regions coinciding also with lineages from
different colonization routes. Overall, the C/EBP-1 gene has historically been under purifying
selection, however, two specific amino acid positions showed significant signals of positive selection.
These positions showed divergence between southern and northern regions, and we suggest that
they are functionally involved in the climatic adaptation of larval development. Using phenotypic
data from a common garden experiment, we found evidence for specific C/EBP-1 alleles being
correlated with larval development time, suggesting a functional role in adaptation of larval
development to large-scale climatic variation.

Introduction
Understanding the underlying genetic mechanisms for climatic adaptation and assessing the adaptive
potential of populations has become an urgent necessity with global climate change (Savolainen et
al. 2013). Ultimately, insights into the genetic basis of climatic adaptation may help us to predict how
populations will be able to adapt to climate change and to identify the potentially endangered
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populations (Savolainen et al. 2013; Wilczek et al. 2009). Here, environmental gradients provide a
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powerful tool in ecological and evolutionary research (Endler 1977). In studies of climatic adaptation,
comparisons of populations distributed along latitudinal or altitudinal gradients are a powerful,
widely used method demonstrating that natural selection stemming from climatic variation is a
strong selective force, which often leads to local adaptation (e.g. Angilletta 2009; Conover et al.
2009; Kawecki & Ebert 2004; Keller et al. 2013). However, while studies identifying the genes behind
adaptive divergence in wild populations are accumulating (e.g. Hoekstra et al. 2006; Jones et al.
2012; Lamichhaney et al. 2012; Poelstra et al. 2014), the genetic basis of the vast majority of traits
remains unknown. This is the case also for two major fitness traits, growth and development rates, in
which adaptive latitudinal and altitudinal variation among natural populations is common (Conover
et al. 2009; Dmitriew 2011), but where we, apart from a few studies (e.g., Bonin et al. 2005; Guo et
al. 2016; Page et al. 2013; Voss et al. 2012; Yang et al. 2012), lack insights on the genetic background
of the phenotypic variation.
Although much can be learned about adaptive processes without knowledge of specific loci,
identifying the genetic features underlying local adaptation is, in many instances, the critical step in
addressing fundamental questions in evolutionary biology (Hoban et al. 2016; Rausher & Delph
2015). Towards this goal, genetic differentiation outlier methods and selection analyses are powerful
and widely used tools for candidate gene detection (Hoban et al. 2016). As a complementary
approach, association analyses are commonly used, linking phenotypic and genotypic information by
testing if a certain genotype or haplotype is more frequently associated with a phenotypic trait than
by chance alone (Vasemägi & Primmer 2005). Given there is solid evidence of the gene function,
candidate gene association analyses are recognized as a valuable means of identifying the molecular
basis controlling phenotypic traits (Vasemägi & Primmer 2005). However, this type of analysis usually
identifies large effect loci while missing loci with small effects on the phenotypic trait (Lee et al.
2014). Once candidate genes are identified, the ultimate goal is to reveal the molecular mechanisms
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and architecture of the genes involved in the adaptive phenotypic divergence (Rausher & Delph
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2015), which can be studied by tracing the molecular selection patterns on the gene.
Most temperate amphibians exhibit a complex life-history where the larval stage is aquatic while the
juvenile and adult stages are terrestrial. As fitness in amphibians is highly dependent on size at and
timing of metamorphosis (e.g. Altwegg & Reyer 2003; Bradshaw et al. 2004; Earl & Whiteman 2015),
larval development and growth strategies are key adaptations to environmental variation (e.g.
Benard 2004; Rose 2005; Rowe & Ludwig 1991; Wilbur & Collins 1973). In a number of amphibian
species, studies along latitudinal and altitudinal gradients have shown substantial phenotypic
adaptation in larval growth and development to climatic variation (e.g. Berven & Gill 1983; Berven et
al. 1979; Laugen et al. 2003; Luquet et al. 2015; Orizaola et al. 2010). In particular, low temperature
and stronger time constraints at high latitudes and altitudes select for genetically faster larval
development (Berven & Gill 1983; Laugen et al. 2003; Orizaola et al. 2010). However, apart from a
few model species in other organisms than amphibians (e.g. Fabian et al. 2012), knowledge on the
genetic factors affecting adaptive phenotypic variation along climatic gradients is almost entirely
lacking (but see Johansson et al. 2013; Richter-Boix et al. 2013).
Genes involved in the thyroid hormone (TH) cascade are potential candidate genes for amphibian
developmental rate (Johansson et al. 2013; Page et al. 2013; Richter-Boix et al. 2013; Voss et al.
2012; Voss et al. 2003), as they are involved in gene expression initiating morphological and
developmental changes during metamorphosis (Buchholz et al. 2006; Das et al. 2009; Voss et al.
2003). Here we study the C/EBP-1 gene as a candidate gene with effects on larval development in the
moor frog, Rana arvalis. This gene is a homologue to the mammalian C/EBP-α gene, which plays a
general role in gene regulation for tissue differentiation, growth, cell cycle, and immune response
(Tsukada et al. 2011). In amphibians, C/EBP-1 is an early response gene in the TH cascade (Chen &
Atkinson 1997; Mochizuki et al. 2012). It encodes a tissue-specific transcription factor, which has a
key function in reprogramming gene expression in the liver before and during amphibian
metamorphosis for the necessary physiological changes involved in the transition from an aquatic to
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a more terrestrial lifestyle (Chen & Atkinson 1997; Chen et al. 1994; Mochizuki et al. 2012). Richter-
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Boix et al. (2013; 2011) identified C/EBP-1 as a candidate gene for local adaptation in larval
developmental time in R. arvalis. They demonstrated adaptive divergence in larval phenotypes
among thermally contrasting habitats in a network of closely located wetlands, and linked this
phenotypic variation to genetic variation at the C/EBP-1 gene, which appeared to be under
directional selection imposed by local environmental conditions (Richter-Boix et al. 2013; RichterBoix et al. 2011).
We investigated the genetic basis of larval development in the context of adaptation to large scale
climatic variation in R. arvalis, with the specific aim to understand the role of variation at the C/EBP-1
gene in the timing of amphibian metamorphosis. As R. arvalis cannot overwinter as larvae, they have
to complete their development before the ponds freeze in late autumn/early winter. This sets strict
time constraints for larval development, and these constraints are much stronger at high latitudes as
shown in other amphibians (Orizaola & Laurila 2016). Indeed, growth season length (number of days
with mean temperature ≥ 5 °C, defining the potential activity period) varies from ca. 278 days in the
Lower Saxony region in northern Germany to ca. 161 days in the Norrbotten region in northern
Sweden, selecting for faster development and growth in the north (Luquet et al. 2019).
Like many other species (Hewitt 2004), R. arvalis colonized Scandinavia via two different post-glacial
colonization routes after the last glaciation (Babik et al. 2004; Cortázar-Chinarro et al. 2017; Knopp &
Merila 2009). The southern route leads to Sweden from the south via Germany whereas the northern
route reaches northern Sweden via Finland (Fig. 1). The contact zone between the two lineages is
situated in northern central Sweden (between Uppsala and Umeå; Cortázar-Chinarro et al. 2017;
Knopp & Merila 2009; Luquet et al. 2019).
We combined C/EBP-1 sequence data with neutral SNPs and common garden phenotypic data from
five regions along a 1700 km latitudinal gradient from northern Germany to northern Sweden. This
gradient includes the endpoints of both the southern and northern post-glacial colonization routes
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into Scandinavia. We used a variety of methods to conduct a multifaceted analysis on C/EBP-1 and
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traced signals of current and historical selection, the footprint of colonization and associations with
phenotypic variation on this candidate gene. Specifically, our aims were (1) to characterize patterns
of genetic variation and differentiation at the C/EBP-1 gene along the latitudinal gradient, (2) to
uncover signals of selection acting on C/EBP-1 among the different environments, (3) to examine
whether variation at C/EBP-1 is linked to larval phenotypic variation, using genotype-phenotype
association analyses.

Methods
R. arvalis is a common anuran amphibian in northern Europe with a distribution spanning from
Croatia to northern Sweden (Sillero et al. 2014). We collected freshly-laid R. arvalis eggs in five
regions along the latitudinal cline from Lower Saxony in northern Germany in the south to
Norrbotten region in northern Sweden (Fig. 1, Table S1). Eggs were collected at the beginning of the
breeding season at three sites per region, with an average distance of 20 km (8 to 50 km) among sites
within regions. The collection sites were open-canopy wetlands situated in landscapes of mixed
agricultural land and forest. At each site, we collected approximately 50 eggs from each of 13-30
freshly laid clutches (hereafter families) (see Table S1). The eggs were transported to Uppsala
University, and raised to hatching in a climate room at constant 16˚C and 16L:8D light rhythm.

DNA extraction, candidate gene amplification and preparation for sequencing
One individual per family was used for genetic analyses. These tadpoles were euthanized at Gosner
stage 25 (Gosner 1960) with an overdose of MS222, preserved in 96% ethanol and stored at 4˚C until
DNA extraction. Total DNA was extracted from 399 individuals [26.6 ± 4.4 individuals per collection
site, Table S1] using a high salt extraction protocol modified from Paxton (1996), with an additional
ethanol precipitation step to purify DNA extracts from potential remnant inhibitors. Purity and
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concentration of the DNA extracts were assessed with agarose gel electrophoresis and NanoDrop
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spectrophotometry.
We amplified and sequenced a 1028bp fragment of the C/EBP-1 gene, comprising the full 882bp
protein coding part of the gene, and parts of the adjacent 5’- and 3’UTR regulatory regions. PCR
amplifications were performed in three widely overlapping fragments of 582, 562 and 559bp in size,
respectively, and sequenced on an Illumina MiSeq (for primer information see Table S2). PCR
fragment size of app. 600bp was chosen according to the Illumina MiSeq kit v3 with a read length of
2 x 300 bases paired-end. Primers were designed based on R. arvalis C/EBP-1 sequences published in
Richter-Boix et al. (2013) and Lithobates (Rana) catesbeiana RcC/EBP-1 gene (GenBank Accession
U08604). All PCR primers were modified for Illumina sequencing at the 5’ end with an individual 8bp
barcode and a sequence of three N (see Table S3 for barcode information). PCR reactions were
conducted in 25 µl volumes containing 1 µl DNA, 0.5 µM of each primer, 0.2 mM dNTP, 1x Phusion
HF buffer, 0.1x Phusion GC buffer and 0.5 U Phusion High-Fidelity DNA Polymerase (Thermofisher
Scientific, Sweden) in deionized water. Reactions were initially denatured at 95°C for 3 min, followed
by 35 cycles of denaturation at 95°C for 30 sec, annealing at the respective temperature for 30 sec
(Table S2), and extension at 72°C for 45 sec. Reactions were ended by a final extension of 3 min at
72°C and cooled down to 8°C. To avoid contaminations, filter tips were used in all pre PCR
procedures, pre and post PCR procedures were carried out in separate rooms, and negative controls
were included in all amplifications.
PCR products were run on a 1.5% agarose gel using gelgreen (Biotium), quantified by eye, and 6-10
individual PCR products with similar concentrations were pooled to reduce the number of samples
for subsequent purification. These sample pools were run on 1.5% agarose gels, the target band was
excised from the gel and extracted using the MinElute Gel Extraction Kit (Qiagen® Sollentuna,
Sweden). The concentration of each sample pool was measured with Quant-iT PicoGreen dsDNA
assay kit (Invitrogen Life Technologies, Stockholm, Sweden) on a fluorescence microplate reader
(Ultra 384; Tecan Group Ltd., Männedorf, Switzerland). The sample pools were then combined to
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eight equimolar library pools, and libraries were prepared using the Illumina Truseq DNA PCR-Free

Accepted Article

Sample preparation kit (Illumina Inc, San Diego, CA). The eight libraries were combined into one
Miseq300 run, and amplicon sequencing was carried out at the SNP&SEQ Technology Platform
hosted at SciLifeLab in Uppsala.

Miseq sequence analyses
The raw Illumina Miseq reads were filtered by quality score using the standard Fastq filters, and
demultiplexed using the FASTX-Toolkit 0.0.12 (http://hannonlab.cshl.edu/fastx_toolkit/) and a
custom made script. Following the demultiplexing, barcodes and positions with a quality per base
below 15 were trimmed off using Trimmomatic (Bolger et al. 2014). In addition, all reads shorter than
36 bp were disregarded. Sequences were aligned to the L. catesbeiana RcC/EBP-1 gene (GenBank
Accession U08604) and genotypes were called using Geneious 6.1.8 (Kearse et al. 2012). Positions
with a minimum coverage of 20 reads within an individual, and a minimum quality of 15 were
considered, and SNPs with a within-individual minor allele frequency of >20% were called. For
heterozygous sequences, we determined both C/EBP-1 haplotypes using the PHASE algorithm in
DnaSP version 5.10.05 (Librado & Rozas 2009), which uses a Bayesian approach to infer haplotypes
from genotypic data at linked loci from population genetic data (Stephens & Donnelly 2003;
Stephens et al. 2001).
A number of samples revealed low coverage starting at position 774 and stretching across 10 to 150
bp in length. This drop in coverage is most likely the result of a considerable quality drop towards the
end of the reads in combination with a general lower sequencing coverage of the third PCR fragment.
Therefore, C/EBP-1 sequences for all individuals were truncated after position 773. Moreover, we
removed the first 71bp of the sequences from the downstream analyses, because they were 5’UTR
and invariable, leaving a 702 bp sequence.
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Genetic analyses
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DnaSP version 5.10.05 (Librado & Rozas 2009) was used to calculate sequence diversity statistics for
the C/EBP-1 gene, and to calculate Tajima’s D based on the total number of mutations (Tajima 1989).
We used Arlequin 3.5.1.3 (Excoffier & Lischer 2010) to calculate observed and expected
heterozygosity, and Fstat (Goudet 2001) was applied for calculating FIS and allelic richness rarified to
the smallest sample size. We measured population differentiation using the differentiation statistics
FST (Wright 1965) and G‘ (Hedrick 2005). As the classical FST is at least partially dependent on the
number of alleles within a population and can be influenced by heterozygosity, it can lead to
difficulties in comparison among different loci (Meirmans & Hedrick 2011). Here, alternative statistics
should be used in addition to FST. G’ST is standardized by the maximum value of GST (FST) given the
observed within-population diversity. However, Meirmans & Hedrick (2011) suggested to always
present the original FST value because of its wide and long-standing use. FST-values for C/EBP-1 were
calculated using a software developed by Neff and Fraser (2010) that allows for calculating
confidence intervals for a single locus via resampling. As this resampling-technique is mainly used for
small sample sizes (Neff & Fraser 2010), we used randomized subsets of the large sample sizes in the
comparison between south and north, and averaged the results. G’ST for the C/EBP-1 gene was
calculated using the r-package diveRsity (Keenan et al. 2013). Confidence intervals were obtained by
999 bootstrap replicates.
MEGA 6.06 (Tamura et al. 2011) was used for sequence alignments and to calculate the dN/dS ratio
on the whole alignment. We calculated the rates of non-synonymous (dN) and synonymous (dS)
nucleotide substitutions using the Nei-Gojobori method with the Jukes Cantor correction, and tested
for significant deviation from neutrality via Z-tests. We also tested for positive selection on specific
codon sites along the alignment by estimating ω (=dN/dS) per codon position using OmegaMap
(Wilson & McVean 2006) and the CODEML method (Yang 2007). OmegaMap uses a Bayesian
approach including an estimation of recombination to identify positive selection across DNA
sequences (Wilson & McVean 2006). We based the calculations on the 38 identified alleles
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(disregarding allele frequencies), and ran the simulations twice for 500 000 iterations thinned for the
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posterior distribution every 1000 iterations. We used the inverse prior (0.010, 100) for ω and ρ, and
the variable model allowing for ω and ρ to vary across codons, with an average block size of 5 and 15,
respectively. Means and CI were generated with the ‘summarize’ module. As a comparison to
OmegaMap, we tested for selection signals on specific codon sites using the method M8 from
CODEML (Yang 2007) implemented in SELECTON (Stern et al. 2007). We ran the M8 model twice,
once using the best phylogenetic tree for our data according to PhyML 3.0 (Guindon et al. 2010)
under the HKY85 model of nucleotide substitution, and once using a star-shaped phylogenetic tree
(i.e. “allele1, allele2, allele3, allel4, allele5, etc.”). With this second, star-shaped tree we aimed to
base the calculation on the assumption that all sequences are phylogenetically equally related. With
this combined approach we aimed to disentangle if a positively selected site was indeed the result of
selection or a result of an early split in the phylogeny of the sequences, i.e. many alleles carry a
mutation in that specific position because the ancestral allele carried that mutation. If the positively
selected site was the results of selection, it will be identified using both trees, whereas if it was due
to an early split in phylogeny, the position will only be identified using the star-shaped tree.
Identified positively selected codon positions were tested for associations with latitude using the
Spearman rank correlation.
We constructed a minimum spanning network (Bandelt et al. 1999) of the 38 C/EBP-1 alleles using
PopART v 1.7 (http://popart.otago.ac.nz). As PopART does not consider deletions as informative
positions, we replaced deletions in six of the 38 C/EBP-1 alleles artificially by nucleotide substitutions
for the purpose of network construction, assuming a single mutational step per deletion. This was
done for illustration only, as deletions and nucleotide substitutions are different classes of mutations
and do not evolve in the same way.
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Neutral SNP variation
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We used a subset of 1000 ddRAD generated putatively neutral SNP markers to estimate neutral
genetic variation along the gradient. For a detailed description of the ddRAD procedure, see the
Supplementary information. We calculated FST values based on the neutral SNPs in GENEPOP
(Raymont & Rousset 1995) and confidence intervals were calculated using the Hierfstat R package
(Goudet 2005), G’ST was calculated using the r-package diveRsity (Keenan et al. 2013) with confidence
intervals obtained by 999 bootstrap replicates.

Phenotypic analyses
We conducted a common garden experiment on tadpoles to investigate how development rates vary
along the latitudinal gradient. For logistic reasons, phenotypic data from the Lower Saxony sites 2
and 3 were not available. When the tadpoles reached stage 25 (independent feeding; Gosner 1960),
we haphazardly selected six tadpoles from each of eight to ten egg families per collection site. In
total, 756 tadpoles from 126 families and 13 sites were included in the common garden experiment.
The tadpoles were raised individually until metamorphosis in 0.75L opaque plastic containers and fed
chopped spinach ad libitum. The water was changed every third day. The experiment was conducted
in a walk-in climate controlled room with 19°C water temperature (corresponding to temperatures
during late larval period; Richter‐Boix et al. 2015) and 16L:8D photoperiod (corresponding to the light
rhythm in Uppland region in May). When tadpoles reached metamorphosis (Gosner stage 42;
emergence of the first forelimb), we recorded the number of days from the start of the experiment
to metamorphosis (larval period) and mass at metamorphosis.
We compared the larval life-history traits (larval period, metamorphic mass) along the latitudinal
gradient using linear mixed models with restricted maximum likelihood estimation computed in the R
package lme4. In these models, region was included as a fixed factor, collection site and family were
considered as random intercept effects. Family was nested within collection site and collection site
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was nested within region. Significance of fixed effects was tested using a Kenward-Roger
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modification of F-tests (R package pbkrtest, Halekoh & Hojsgaard 2014). Significance of random
effects was tested using likelihood ratio test comparing models with or without the tested random
effect in the full fixed effect structure.

Genotype - phenotype associations
We used the C/EBP-1 alleles for genotype-phenotype associations rather than SNPs within the gene,
because all variable positions in a candidate gene are highly linked due to their physical proximity
within a few hundred base pairs and cannot be treated as independent markers. Using alleles rather
than SNPs can provide a more powerful strategy to test for phenotypic associations (Vasemägi &
Primmer 2005).
We used two different methods to explore the relationship between the C/EBP-1 genotype and larval
phenotypic variation in the 113 families for which both genetic and phenotypic data were available.
In the first approach, to avoid the problem of multicollinearity among different C/EBP-1 alleles in a
regression analysis, we performed a multiple correspondence analysis (MCA) to combine the
genotypic information into synthetic variables. We excluded low frequency alleles (<3%), because
they occurred in three or less individuals. Each individual was thus genetically characterized by the
presence or absence of the five most frequent C/EBP-1 alleles (A01, A02, A03, A04, A06), and a MCA
was performed on these data (Tenenhaus & Young 1985). Subsequently, the first two MCA axes were
used as predictors in analyses of variance models explaining larval phenotypes (larval period and
metamorphic mass). MCA were calculated in the ade4 R package (Dray & Dufour 2007).
Second, we investigated the effects of the C/EBP-1 gene on phenotypic variation using the NOIA R
package (Alvarez-Castro & Carlborg 2007), a statistical framework for quantifying genetic effects on
phenotypic traits. NOIA uses linear and multilinear regression and discriminates between additive
genetic effects and dominance effects. Here, the correlation between genotype and phenotype was
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analyzed for each C/EBP-1 allele separately, based again on alleles occurring at >3% frequency (A01,
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A02, A03, A04, A06), and p-values were Bonferroni-corrected for multiple testing. As phenotypic
data, we used the family means and matched these data with the genotyped individual of the same
family. Due to the different routes of post-glacial colonization into Scandinavia, R. arvalis from
different regions of the gradient differ in demographic history and genetic background (CortázarChinarro et al. 2017). To reduce the potential effect of differences in genetic backgrounds, we
performed separate analyses within northern and southern datasets, the northern comprising 54
families from Västerbotten and Norrbotten, and the southern 59 families from Lower Saxony, Skåne
and Uppland.

Results
Genetic diversity at the C/EBP-1 gene and variation along the gradient
We analyzed 702 bp of the coding region of C/EBP-1 in 364 individuals from 15 collection sites.
Another 35 individuals were excluded from analyses, because they did not reveal sufficient data due
to failure in either PCR amplification or sequencing. We found 38 C/EBP-1 nucleotide alleles, which
translated into 11 unique amino acid sequences (Table 1, Fig. 1). In total, there were 18 variable
nucleotide positions, of which six were non-synonymous and 12 synonymous substitutions (Figure
S1). None of the alleles contained premature stop-codons, but six alleles contained deletions that
maintained the reading frame and were therefore considered functional. Average pairwise
nucleotide differences among alleles (theta k), number of segregating sites and nucleotide diversity
were relatively low, indicating that large parts of the sequences were identical among alleles (Table
1).

Among geographical regions, genetic variation differed markedly, with the highest diversity in Lower
Saxony in the southernmost part of the gradient. Number of alleles, allelic richness, number of
private alleles and observed heterozygosity were highest in the south and declined towards the
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northern regions (Table 1, Fig. 1). The lowest value for heterozygosity was observed in the
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northernmost region Norrbotten, with one dominant allele and >93% homozygous individuals. Allelic
richness and number of alleles were lowest in the Västerbotten region (Table 1). Genetic
differentiation among the five regions was very high, with a global G’ST of 0.793 (global FST = 0.307).
While G’ST was comparably low among the three southern regions (0.127 - 0.356, Table 2) and
between the two northern regions (G’ST = 0.376), divergence was strong among the southern and the
northern regions (pairwise G’ST = 0.821 - 0.997, Table 2; see Table S4 for the corresponding FST
comparisions).
Among the 38 identified C/EBP-1 alleles, 25 were private within a single region, and 13 alleles were
shared among at least two regions along the gradient (Fig. 1). Among these shared alleles, 10 were
restricted to the three southern regions of the gradient (Lower Saxony, Skåne, Uppland). Only three
alleles were shared between the south and the north, alleles A01 (Lower Saxony, Västerbotten,
Norrbotten), A02 (all regions) and A04 (Lower Saxony, Skåne, Uppland, Västerbotten; Fig. 1).
The C/EBP-1 alleles present in the two northern regions showed less sequence divergence as
compared to the alleles present in the southern regions. In a minimal spanning network of the alleles
(Fig. 2), the alleles present in the north are not scattered across the whole network, but cluster close
to each other, indicating high sequence similarity. This similarity is also indicated by the lower values
for theta k in the two northern regions (Table 1).

Signature of selection on the C/EBP-1 gene
We tested whether variation at C/EBP-1 along the gradient was shaped by contemporary selection
via comparing G’ST on C/EBP-1 to a set of 1000 putatively neutral genome wide SNP markers (Table
2). In all but one the pairwise comparison among the regions, G’ST for the C/EBP-1 gene was
significantly higher than for the neutral SNPs (no overlap between confidence intervals for the two
different sets of markers, Table 2), suggesting divergent selection on C/EBP-1 along the whole
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gradient. An exception was the pairwise comparison between Skåne and Uppland regions, where G’ST
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was slightly lower for the C/EBP gene, however, this difference was not significant. The pattern of
divergent selection on the candidate gene was most pronounced between south and north (Table 2).
We also tested for signals of historical selection on the C/EBP-1 gene by calculating the dN/dS ratio
(ω) and Tajima’s D. The dN/dS ratio revealed an excess of synonymous substitutions in all regions,
leading to significant signals of purifying selection in the total sample and the three southern regions
(Table 3). In the two northern regions, statistical power for the detection of selection signals was
lower due to the low number of alleles present. The negative values for Tajima’s D in the total
sample and three of the regions suggest purifying selection having acted on C/EBP-1 (or a recent
population expansion), however, none of these values was significant (Table 3).
Looking more into detail by estimating ω per codon position along the alignment, using OmegaMap
and CODEML, we found that ω varies substantially among positions (Fig. 3). The vast majority of
codon positions was under purifying selection (ω close to zero), indicating that most parts of the
gene are structurally conserved and invariable. There was, however, significant indication for positive
selection on codon positions 61 and 77, indicating that the C/EBP-1 alleles diverge especially in these
positively selected amino acid positions. While position 77 was detected by all three models for
positive selection, position 61 was only identified when phylogenetic information was not predefined (Fig. 3a, b and c). This indicates that variation at position 61 may be attributed to an early
split in the phylogeny of C/EBP-1 alleles, whereas position 77 shows positive selection independent
of phylogeny.
Position 61 was either the amino acid glutamate or aspartate. While aspartate was the predominant
amino acid in individuals from higher latitudes, glutamate was dominating in individuals from lower
latitudes (rS(362) = 0.762, p<0.0001). Variation at position 77, in contrast, was formed by two adjacent
SNPs (see Figure S1) and resulted in three different amino acids at this position: alanine, serine and
threonine. The presence of alanine was negatively (rS(362)= -0.233, p<0.0001) and serine positively
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(rS(362)= 0.188, p=0.0003) correlated with latitude, while the presence of threonine was not correlated
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with latitude (rS(362)= -0.005, p=0.92).

Phenotypic variation
In the common garden, length of larval period and mass at metamorphosis significantly differed
along the latitudinal gradient (larval period: F4, 7.995 = 22.973, p = 0.0002, mass: F4, 7.947 = 57.802, p <
0.0001; Fig. 4). The divergence strongly depended the geographic region, with tadpoles from the two
northern regions showing a 21 % shorter larval period (ca. 9 days) and being 27 % heavier than
tadpoles from the three southern regions (for complete pairwise contrasts see Table S5; Fig. 4).
Random collection site effect was only significant for larval period and random family effect was
significant for all larval traits (Table S6).

Genotype - phenotype associations
To associate genotypic variation at the C/EBP-1 gene with the phenotypic data, we performed a
multiple correspondence analysis based on the presence or absence of the five most common C/EBP1 alleles and then included the first two MCA axes as predictors of phenotypes in ANOVA models.
The first MCA axis explained 23 % of the allelic variation in C/EBP-1 and sorted the individuals into
two clusters corresponding to the northern and southern colonization routes: Norrbotten and
Västerbotten on the left versus Lower Saxony, Skåne and Uppland on the right (Fig. 5A). Individuals
carrying A02, A03 or A06 reached positive values along the first MCA axis (Lower Saxony, Skåne and
Uppland), and individuals carrying A01 or A04 reached negative values (Norrbotten and
Västerbotten, Fig. 5B). MCA2, on the other hand, explained 17 % of the variation and split the
northernmost region Norrbotten from Västerbotten and the southern regions, thereby separating
the A01 homozygote individuals (Norrbotten) from A01 heterozygotes and the presence of A04
(Västerbotten). Thus, MCA2 shows how the northernmost region Norrbotten genetically stands out
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against the other regions, and additionally differentiates between the two regions of the northern

Accepted Article

colonization route.
The ANOVA models revealed that allele distribution along the two MCA axes significantly explains
phenotypic variation (Table 4): individuals with high MCA1 scores (southern regions) showed a longer
larval period and a lower mass at metamorphosis than individuals with a low MCA1 score (northern
regions, Table 4). MCA2 also revealed significant effects on phenotypic variation, as individuals with
high MCA2 scores showed a shorter larval period (Table 4). However, MCA1 and 2 did not explicitly
illustrate variation at the C/EBP-1 gene, but also other genetic variation along the gradient and the
dual colonization routes, and this pattern may not be causal.
We also analysed genotype-phenotype associations with NOIA separately within southern and
northern ends of the gradient (Table 5). We found no evidence for dominance effects, and all
associations reported below are additive. When considering only the northern regions, A01 was
associated with shorter larval period and a lower mass at metamorphosis, while A04 was associated
with a longer larval period and a higher mass at metamorphosis (Table 5a). There was a nonsignificant trend (p = 0.064, data not shown) for shorter larval period in individuals with A01 when
performing the analysis within the Västerbotten region only. Within the southern regions, A06 was
associated with a shorter larval period.

Discussion
In this study, we investigated the C/EBP-1 gene as a candidate gene for larval development, and
analyzed associations between sequence variation and phenotypic variation. Along the 1700 km
latitudinal gradient, we found poleward decline in genetic diversity and that the distribution of
C/EBP-1 alleles along the gradient reflected the dual colonization route into Scandinavia, with a
notable shift in allelic composition between the regions closest to the contact zone between the
colonization linages (Uppland and Västerbotten). We found signals of divergent contemporary
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selection acting on the C/EBP-1 gene, and analyses of historical selection indicated that while C/EBP-
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1 has predominantly been under purifying selection, some positions have experienced positive
selection. We also found significant phenotype-genotype associations, as specific C/EBP-1 alleles
were correlated with larval development demonstrating a link between allelic variation in the gene
and fitness-related phenotypes. We note that while we cannot totally exclude that the phenotypegenotype associations can to some extent be influenced by the genetic background due to the dual
post-glacial colonization lineages, our results are reinforced by analyses taking into account the dual
lineages. Taken together, our results suggest that at a large-scale climatic background C/EBP-1 is a
candidate gene for climate-mediated adaptation in larval development in R. arvalis.

Genetic variation, poleward decline and recolonization

Overall, we found a relatively high number of 38 alleles at the C/EBP-1 gene in 364 individuals.
Earlier, Richter-Boix et al. (2013) identified 36 C/EBP-1 alleles in 379 individuals from divergent
habitats within a small geographical area in central Sweden, and one might have expected an even
higher number of alleles in our study, considering the large geographical range of our sampling.
However, Richter-Boix et al. (2013) sequenced the full coding region of 882bp, whereas we were not
able to include in our analyses the last 180bp containing some polymorphic sites. Furthermore, the
earlier study included a greater variety of breeding habitats than the present study, which may also
have increased the number of alleles found in Richter-Boix et al. (2013). Consequently, it seems
possible that our study may somewhat underestimate the actual variation at C/EBP-1.
We found a strong decline in genetic variation in C/EBP-1 from the more central southern
populations towards the northern limit of the species distribution. According to the central-marginal
hypothesis, populations in the periphery of the species range are expected to exhibit lower genetic
diversity and greater genetic differentiation relative to the core populations as a consequence of
smaller effective population size and greater geographical isolation (Eckert et al. 2008). A decline in
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genetic variation at higher latitudes can also be created by historical colonization processes, for
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instance, by founder effects during post-glacial range expansions (Eckert et al. 2008; Hewitt 2000).
Disentangling the effects of sequential post-glacial founder events from the central-marginal effects
of population isolation and small effective population size is difficult as both factors often positively
correlate with latitude (Eckert et al. 2008).
Along the southern route, number of alleles, number of private alleles, allelic richness and observed
heterozygosity in C/EBP-1 decreased towards Uppland, the northernmost region of this route in our
sampling scheme. A similar pattern has been found using different genetic markers in R. arvalis
(microsatellite and MHC variation; Cortázar-Chinarro et al. 2017; Knopp & Merila 2009) and other
species (Hewitt 2000) in Scandinavia. Along the northern route, all measures of genetic variation in
C/EBP-1 - except heterozygosity - were higher in Norrbotten than in Västerbotten, in accordance with
the hypothesis that Norrbotten region was colonized earlier than Västerbotten. Heterozygosity
measures, however, did not follow the same trend as the by far lowest values were detected in
Norrbotten. We suggest that selection for fast development due to the strong time constraint in
Norrbotten can explain the low heterozygosity in C/EBP-1. This notion is indirectly supported by the
patterns of phenotypic variation and genotype-phenotype associations (see below). Importantly, it
seems possible that the limited genetic variation in the northern populations may limit the capacity
of these populations to adapt to changing climate. This may be the case especially in Norrbotten
populations with very fast development rate, which may have to rely on gene flow from southern
populations to obtain alleles linked with slower development likely selected for under a warmer
climate (see below).
We observed very little allelic overlap between the south and the north in our study, as only three
out of 38 C/EBP-1 alleles occurred in south and north, and only one C/EBP-1 allele was shared by all
five regions. This observation fits well with the demographic history of two post-glacial recolonization
routes into Scandinavia. The shared C/EBP-1 alleles might be shared ancestral alleles, remnants from
an ancestral source population that had been passed on to both the southern and the northern
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colonizers, or these alleles might have introgressed from one colonization lineage to the other at
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secondary contact in Scandinavia.

Divergent selection patterns on C/EBP-1 gene and evidence for function
Three lines of evidence in this study support C/EBP-1 as a target of natural selection and of functional
importance. First, we detected that differentiation among regions at C/EBP-1 was significantly higher
compared to neutral markers, indicating recent divergent selection on the gene. Second, we also
demonstrated significant historical selection on the gene. Third, we showed that variation at C/EBP-1
is associated with fitness-related larval phenotypes across a large spatial scale. In the earlier study,
Richter-Boix et al. (2013) demonstrated that variation in C/EBP-1 was associated with variation in
small-scale variation in larval development among contrasting thermal environments. Identifying the
same gene in independent cases of local adaptation is strong evidence for functional importance of
the gene (Conte et al. 2012; Tiffin & Ross-Ibarra 2014).
Generally, in systems where the selection gradient is one-dimensional, such as altitudinal or
latitudinal clines, drift and migration can generate patterns across the environmental gradients that
closely mimic adaptive clines (Vasemägi & Primmer 2005). For instance, northward expansion from a
glacial refugium may generate clines in neutral allele frequencies from south to north, which coincide
with climatic gradients, such as temperature (Hoban et al. 2016). In these systems, signals of
selection and patterns derived from demographic processes are overlaid and hard to disentangle.
However, in the present study we compared genetic patterns derived from the C/EBP-1 gene with
neutral genetic markers, shaped by drift and demographic history only, enabling us to clearly see that
the C/EBP-1 gene carries the footprint of natural selection.
G’ST values on the C/EBP-1 gene were higher than G’ST in the neutral SNPs indicating divergent
contemporary selection on the C/EBP-1 gene along the whole gradient, the sole exception being
divergence between Skåne and Uppland regions. While divergent selection was evident within both
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lineages, it was especially pronounced between the south and the north. We assume that this
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pattern is driven by the more extreme environmental conditions in the north, mediated by selection
for faster development and growth close to the northern range limit of the species (see below and
Laugen et al. 2003; Palo et al. 2003, Lindgren & Laurila 2009 for similar results in R. temporaria),
although colonization routes can also play a role. The signature of historical selection on the C/EBP-1
gene revealed that the largest part of the gene had been under purifying selection, indicating that
the gene is conserved and under strong functional constraint. In general, strong selection on stability
and structural constancy of the gene function is expected for a gene involved in a highly complex
process such as larval development. Variation among the different C/EBP-1 alleles was mainly
concentrated at two amino acid positions, 61 and 77, which showed significant indication of positive
selection among alleles. Variation at these positions was also correlated with latitude, so that alleles
predominantly from the north carried aspartate at position 61 and serine at position 77 (for instance,
A01), whereas alleles from the south carried predominantly glutamate at position 61, and alanine at
position 77 was exclusively found in southern alleles. This pattern of positive selection of specific
amino acids combined with the latitudinal associations suggests that these two positions are
functionally involved in the adaptation to latitudinal variation. However, as variation at position 61
seemed to have arisen from an early split in the phylogeny of C/EBP-1 alleles, the latitudinal pattern
at this position might also reflect the different demographic histories and the dual recolonization
routes.

Phenotypic patterns along the gradient and genotype-phenotype associations
We found that tadpoles from the two northernmost regions developed faster, and were larger at
metamorphosis than tadpoles from the three southern regions. These results agree with previous
studies on amphibians (e.g., Berven & Gill 1983; Laugen et al. 2005; Laugen et al. 2003; Lindgren &
Laurila 2009; Orizaola et al. 2010) and many other ectotherm species (reviewed by Conover et al.
2009; Dmitriew 2011). In general, faster development is favored in more time-constrained
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environments, whereas large size at metamorphosis may increase overwintering success during the
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long winter (e.g., Altwegg & Reyer 2003; Munch et al. 2003). The adaptive importance of the
phenotypic divergence and strong natural selection in the present system was supported by FST-QST
analyses showing that the QST for the three phenotypic traits along the latitudinal gradient was
roughly four times higher than FST for neutral SNPs (Luquet et al. 2019).
The distribution of C/EBP-1 alleles was to a large degree sorted by the two different recolonization
routes, as reflected by MCA1. We found several alleles significantly associated with phenotypic
variation: individuals carrying A01 were mostly from the north and developed fast into large
metamorphs. Individuals carrying A02, A03 or A06 were mostly from the south and developed slowly
into small metamorphs, whereas individuals with A04 occurred in both the southern and northern
part of the gradient and developed slowly. The second MCA axis loaded heavily on A01 and clearly
separated Norrbotten from all other regions, suggesting that the more extreme climatic conditions in
this region may have increased the occurrence of A01 in these populations, as also indicated by the
negative relationship between MCA2 and larval period.
While we cannot exclude that the phenotype-genotype associations can be influenced by the
different genetic background due to the dual post-glacial colonization lineages, the results from MCA
were corroborated in the NOIA analyses which were conducted separately within colonizing lineages.
Three of the five most common alleles (A01, A04 and A06) were associated with larval development.
The predominantly northern allele A01 was strongly associated with fast development, and there
was also evidence for association with lower mass at metamorphosis, suggesting a fast development
strategy resulting in smaller size within the northern lineage. Also A06, found exclusively in the
southern regions, was linked with faster development. This indicates that the most common allele
associated with fast development was different between the southern and the northern lineages, as
A01 occurred within the southern lineage only at low frequency in Germany.
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Individuals carrying A04 developed slowly. Remarkably, while A04 allele was found in Västerbotten
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and in the southern regions, it did not occur in Norrbotten, suggesting either gene flow from the
southern regions over the secondary contact zone, or that A04 allele has been selected out the from
the Norrbotten populations where selection for fast development can be expected to be strongest.
As high development rates are inherently costly (Dmitriew 2011), selection favoring slow-developing
phenotypes at the southern edge of the northern lineage seems feasible, possibly suggesting gene
flow over the secondary contact zone. This would also explain the high frequency of A04 in
Västerbotten populations, as the selective advantage in the absence of other slow-development
alleles can be strong. On the other hand, the lack of A01 south of the contact zone in Uppland region
may suggest that high development rate may directly be selected against in lower latitudes in line
with studies on several ectotherms (Conover et al. 2009; Dmitriew 2011), including amphibians
(Laurila et al. 2008; Laurila et al. 2006).
Interestingly, two of the allelic effects that we detected were confirmed in the earlier study of
Richter-Boix et al. (2013). Allele HTRb13, which corresponds to A06 in our study, was associated with
a short larval period, as we also found in the present study using both NOIA and MCA methods.
Moreover, Allele HTRb9, which corresponds to A02 in our study, was associated with a long larval
period, as was A02 in our MCA analysis. These identical genotype-phenotype associations replicated
in different studies provide strong evidence for the causative functional role of the C/EBP-1 gene in
local adaptation of larval development in R. arvalis.

Conclusions
In this study we traced signals of selection, local adaptation and the footprint of post-glacial
colonization in a candidate gene for amphibian larval development. We showed evidence for
divergent selection and functional importance of the C/EBP-1 gene in local adaptation of larval
development in R. arvalis, although the complicating effects of the dual postglacial colonization
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lineages have to be kept in mind in the latter case. Importantly, genetic variation in C/EBP-1 was
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much smaller in the northern populations than in the southern populations suggesting that the
potential for adaptation is more limited in these populations. This was especially the case in the
Norrbotten populations showing fastest development rates. While our results suggest that the ability
of these populations to adapt to warming climate seems limited in the absence of gene flow from the
south, they also suggest that introgression over the contact zone may have occurred. In general, this
study highlights how the combination of candidate gene information, neutral genetic markers and
phenotypic data provides a powerful approach for understanding evolutionary processes in response
to spatial and temporal climatic variation.
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Table 1: Summary statistics for the C/EBP-1 gene, overall and per region along the latitudinal gradient

region

n

A

pA

AR

Ho

Fis

Theta K

S

π

Lower Saxony

86

23 (6)

11

21.5 0.826

0.08

2.62

12

0.003

Skåne

75

16 (5)

7

14.6 0.760 -0.06

2.48

9

0.003

Uppland

73

14 (4)

5

13.1 0.616

0.20

3.30

9

0.004

Västerbotten

68

3 (2)

0

2.9

0.574 -0.16

1.00

1

0.001

Norrbotten

62

4 (3)

2

4

0.065 -0.02

2.00

4

0.003

Total

364 38 (11)

0.593

2.70

16

0.004

0.04

n is the number of genotyped individuals, A indicates the number of nucleotide alleles with the
number of unique amino acid sequences in brackets, pA is the number of private nucleotide alleles,
AR is the allelic richness corrected for the smallest samples size of 62, Ho stands for observed
heterozygosity. Fis is the inbreeding coefficient, Theta K is the average number of pairwise nucleotide
differences among alleles, S stands for the number of segregating sites and π is the nucleotide
diversity.
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Table 2: Pairwise G’ST values among the five study regions with 95% confidence intervals, based on 1000 random neutral SNP markers (above the diagonal)
and the C/EBP-1 allele frequencies (below diagonal). For all pairwise comparisons, the G’ST value for the C/EBP-1 gene is significantly higher than for the
neutral SNPs, with one exception (Skåne-Uppland) marked in blue.
SNP

C-EBP

South

North

L. Saxony

Skåne

Uppland

Västerbotten

Norrbotten

South

North

n=30

n=26

n=25

n=28

n=27

n=81

n=55

0.174
(0.164-0.186)

0.185
(0.174-0.198)

0.291
(0.282-0.303)

0.375
(0.364-0.388)

0.150
(0.140-0.161)

0.317
(0.307-0.329)

0.422
(0.411-0.438)

0.282
(0.273-0.293)

0.403
(0.391-0.416)

Lower
Saxony
n=86
Skåne
n=75

0.341
(0.213-0.480)

Uppland
n=73

0.356
(0.237-0.491)

0.127
(0.048-0.227)

Västerbotten
n=68

0.874
(0.810-0.929)

0.979
(0.954-0.995)

0.821
(0.735-0.891)

Norrbotten
n=62

0.970
(0.939-0.993)

0.997
(0.989-1.00)

0.997
(0.989-1.00)

0.160
(0.149-0.173)
0.379
(0.268-0.501)

South
n=234
North
n=130
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0.267
(0.253-0.285)
0.945
(0.920-0.967)

Table 3. Signatures of historical selection on the C/EBP-1 gene measured as the dN/dS ratio (ω) and
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Tajima’s D.

A

dN

dS

ω

Z

p

Tajima’s D

p

L. Saxony
Skåne
Saxony
Uppland

23
16

0.0018
0.0007

0.0157
0.0131

0.115*
0.053*

-2.60
-2.41

0.011
0.017

-0.893
-0.667

> 0.1
> 0.1

14

0.0011

0.0170

0.065*

-2.44

0.017

0.633

> 0.1

Västerbotten

3

0.0013

0.0021

0.619

-0.97

0.330

n/a

n/a

Norrbotten

4

0.0019

0.0062

0.311

-0.98

0.327

-0.780

> 0.1

total

38

0.0019

0.0159

0.119*

-2.60

0.010

-1.092

> 0.1

A indicates the number of alleles, dN and dS are the relative rates of non-synonymous and
synonymous substitutions, respective. ω is the ratio of dN/dS, Z is the test statistic, the first p gives
the probability that Z is observed under neutral expectations, with * indicating significant deviation
from neutrality. The second p refers to Tajima’s D; this could not be calculated for the Västerbotten
region, as a minimum of four sequences is required for the calculation.
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Table 4. ANOVA models explaining variation at two phenotypic traits, larval period and mass at
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metamorphosis, with genetic variation at the C/EBP-1 gene.

Larval period

Mass

predictor F (1,111)

p-value

estimate std error

MCA 1

66.12

<0.0001

4.566

0.561

MCA 2

24.84

<0.0001

-3.183

0.638

F (1,111)

p-value

101.77 <0.0001
2.49

0.117

estimate std error
-0.0898

0.0089

0.0159

0.0101

Based on 113 moor frog families from all regions along the gradient. Predictors for genetic variation
are MCA1 and MCA2, the first two axes of the multiple correspondence analysis illustrated in Figure
5. Phenotypic traits were measured in a common garden experiment. Given are the F-value, the pvalue, the estimate and the corresponding standard error for each factor. Significant values are given
in bold.
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Table 5. Linear regression results from the NOIA model (Alvarez-Castro & Carlborg 2007)
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investigating the association between the C/EBP-1 genotype and the larval phenotype for a) the
northern regions of the gradient (Västerbotten and Norrbotten) and b) the southern regions of the
gradient (Lower Saxony, Skåne and Uppland).

a)

Larval period

allele

Mass at metamorphosis

Effect

Std error

p-value

Effect

Std error

p-value

Freq [%]

A01

a

-2.146

0.531

0.0002

-0.026

0.010

0.0121

75.0

A04

a

2.178

0.571

0.0004

0.029

0.010

0.0068

23.0

b)

Larval period

allele

Effect

Std error

Mass at metamorphosis
p-value

Effect

Std error

Freq [%]

p-value

A02

a

40.7

A03

a

23.1

A04

a

15.7

A06

a

-2.712

0.965

0.0067

7.4

Based on 54 (a) and 59 (b) families with genotypic and phenotypic data available, and for alleles
occurring in >3% frequency. Genetic effects with p-values <0.05 are given, all effects significant after
Bonferroni correction. a stands for the additive genetic effect.
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Figure 1. Frequencies of the identified C/EBP-1 alleles at the 15 collection sites along the latitudinal
gradient, based on 364 genotyped R. arvalis individuals. For better visibility, colours have been
applied only to the 13 C/EBP-1 alleles shared among at least two regions. Black arrows symbolize the
two post-glacial recolonizations route into Scandinavia.
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A01

A02

A04

A05
A06
A03

Lower Saxony
Skåne
Uppland
Västerbotten
Norrbotten

Figure 2. Network of the 38 C/EBP-1 alleles based from 364 genotyped individuals. The size of the
circles corresponds to the relative frequencies of the alleles, and colours indicate their occurrence in
the different geographical regions. Major alleles are marked with names, each tick mark indicates a
mutational step.
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Figure 3. Analysis of selection along 234 codons (702 bp) of the C/EBP-1 gene, calculating dN/dS (ω)
for each codon, based on different assumptions for a, b and c. (a) using OmegaMap (Wilson &
McVean 2006), (b) using CodeML (Yang 2007) without defining a phylogenetic tree, and (c) using
CodeML (Yang 2007) with the best phylogenetic tree. The mean estimate of ω (=dN/dS) is indicated
by the black line, and the grey shading in (a) represents the 95% highest posterior probability density
(HPD). The positions marked with stars are under significant positive selection.
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Figure 4. Phenotypic variation along the latitudinal gradient. Given are the mean values per region
with standard error.
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Figure 5. Multiple correspondence analysis for the 113 R. arvalis families based on the presence or
absence of the five C/EBP-1 alleles occurring in more than 3% frequency. MCA1 on the x-axis explains
23.0%, and MCA2 on the y-axis explains 17% of the variation. Figure (A) shows how individuals
genetically group according to their geographic origin, and (B) sorts the different genotypes
according to MCA1 and MCA2.
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