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Parallel habitat acclimatization is realized by the expression
of different genes in two closely related salamander species

(genus Salamandra)

DJ Goedbloed'8, T Czypionka2’3’8, ] Altmiiller?, A Rodriguezl, E Kiipfer!, O Segev5, L Blaustein’,

AR Templeton>®, AW Nolte?>” and S Steinfartz!

The utilization of similar habitats by different species provides an ideal opportunity to identify genes underlying adaptation and
acclimatization. Here, we analysed the gene expression of two closely related salamander species: Salamandra salamandra in
Central Europe and Salamandra infraimmaculata in the Near East. These species inhabit similar habitat types: ‘temporary ponds’
and ‘permanent streams’ during larval development. We developed two species-specific gene expression microarrays, each
targeting over 12 000 transcripts, including an overlapping subset of 8331 orthologues. Gene expression was examined for
systematic differences between temporary ponds and permanent streams in larvae from both salamander species to establish
gene sets and functions associated with these two habitat types. Only 20 orthologues were associated with a habitat in both
species, but these orthologues did not show parallel expression patterns across species more than expected by chance.
Functional annotation of a set of 106 genes with the highest effect size for a habitat suggested four putative gene function
categories associated with a habitat in both species: cell proliferation, neural development, oxygen responses and muscle
capacity. Among these high effect size genes was a single orthologue (14-3-3 protein zeta/YWHAZ) that was downregulated in
temporary ponds in both species. The emergence of four gene function categories combined with a lack of parallel expression of
orthologues (except 14-3-3 protein zeta) suggests that parallel habitat adaptation or acclimatization by larvae from

S. salamandra and S. infraimmaculata to temporary ponds and permanent streams is mainly realized by different genes with a

converging functionality.

Heredity (2017) 119, 429-437; doi:10.1038/hdy.2017.55; published online 27 September 2017

INTRODUCTION

Parallel evolution of phenotypic traits has been described for a broad
range of organisms and is seen as an evidence for natural selection
(Losos, 2011). Case studies of parallel phenotypic evolution can reveal
genes and functions underlying the repeated evolution of adaptive
traits (Schluter et al., 2004; Elmer and Meyer, 2011; Pfenninger et al.,
2014). Evolutionary adaptation only takes place in phenotypically
expressed traits that are exposed to natural selection. Hence, acclima-
tization, a plastic response in which gene expression and its phenotype
change to accommodate variable environmental conditions within an
organism’s lifespan, can be intimately linked with adaptation. The idea
that phenotypic plasticity may play an important role in adaptive
evolution has a long history (Pigliucci and Murren, 2003; West-
Eberhard, 2003), but the underlying genetic mechanisms are still being
explored. Although phenotypically plastic traits and a fixed adaptive
divergence are difficult to distinguish, studies of parallel phenotypic

divergence in relation to environmental factors provide the basis to
identify how plasticity and adaptation may interact.

Phenotypic plasticity is mainly realized by gene expression regula-
tion (Pigliucci, 1996). For the case of parallel evolution, adaptation to
similar habitats may be realized through: (1) parallel adaptation of
orthologous genes (that is, changes in the same genes associated with
these habitats) or (2) changes in different genes with similar functions.
Both scenarios have been found in studies on adaptation (Arendt and
Reznick, 2008); for example, sticklebacks have reduced armour plating
by the same genetic mechanism independently in different populations
(Colosimo et al., 2005), whereas beetles have developed similar horn
appendages using different genetic mechanisms (Moczek and Nagy,
2005) and populations of beech mice have developed similar colour
morphs based on a different set of genes (Steiner et al, 2009).
Similarly, acclimatization (plastic responses) to similar habitats may be
realized through consistent expression of the same genes or through
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expression changes in different genes with similar functions
(Whitehead et al., 2011, 2013). In this study, we aimed to distinguish
between these two scenarios for parallel acclimatization or adaptation
by investigating gene expression in two closely related fire salamander
species using similar larval habitats: Salamandra salamandra in Central
Europe and Salamandra infraimmaculata in the Near East. Many
factors may influence whether local adaptation or phenotypic plasticity
will evolve in response to environmental heterogeneity. A modelling
study has shown that temporal variation in environmental conditions
more readily favours phenotypic plasticity, whereas spatial variation in
environmental conditions is more associated with local adaptation
(Moran, 1992).

Although S. salamandra and S. infraimmaculata can be considered
as terrestrial salamanders, females of each species deposit larvae into a
variety of aquatic habitats, in which the larvae develop until
metamorphosis. Across their ranges, both species utilize two broad
categories of larval habitats: ‘temporary ponds’ with temporary (rain-
dependent) and stagnant (lentic) water, and ‘permanent streams’ with
permanent (spring-fed) and flowing (lotic) water. Temporary ponds
are typically small stagnant rainwater-filled depressions in the land-
scape that dry up each year. Permanent streams are typically first-
order spring-fed streams with a more or less constant water flow
throughout the year. We expected that many environmental condi-
tions (for example, physical water flow, hydroperiod, oxygen con-
centration, food sources and food availability) are systematically
different between these two habitat categories in a similar manner
across Central Europe and the Near East, even though the magnitude
of the effects may vary between sites (see Reinhardt et al., 2013, 2015
for S. salamandra). These two habitats should therefore impose
systematically different selection pressures. We further expected that
salamander larvae will optimize survival, growth and development by
adjusting their physiology, morphology and behaviour to local
conditions through differential gene expression. We decided to address
our hypothesis that habitat acclimatization in these two salamander
species is realized through changes in the expression of different genes
with similar functions, by investigating larvae sampled from these two
habitat categories.

Some S. salamandra populations in Western Germany started
utilizing temporary ponds after the last glaciation (Weitere et al,
2004; Steinfartz et al., 2007). The Kottenforst near Bonn in Western
Germany is a forest hosting a particularly large and well-studied
population of S. salamandra that has been shown to display ecological
adaptation to both stream and pond habitats as well as habitat—
habitat-specific population genetic diversification at a local scale
(Steinfartz et al., 2007). This population represents a natural system
to study the consequences of the ongoing adaptive divergence
(Reinhardt et al., 2013; Caspers et al., 2014, 2015). In the Kottenforst
(and indeed in many other cases), evolutionary adaptation and
acclimatization processes take place simultaneously. This means that
fixed genetic adaptation and plastic acclimatization effects on gene
expression patterns cannot be easily disentangled. This question
requires further study using, for example, common garden or
transplant experiments. Here, we focus on the question of whether
the same or different genes underlie phenotypic habitat adaptation.

Similar to S. salamandra in Germany, fire salamanders in Israel
(S. infraimmaculata) have been intensively studied for their ecology
(see, for example, Bar-David et al., 2007; Blank and Blaustein, 2014)
and population genetics (Blank et al, 2013). Larval habitats of
S. infraimmaculata in Israel are ecologically more diverse than those
of S. salamandra and include a variety of temporary ponds, springs,
temporary streams and water bodies in caves (Degani, 1996).
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A permanent or temporary hydroperiod of the larval habitat has been
shown to be an important factor for population dynamics (Segev et al.,
2010; Blank and Blaustein, 2014). Permanent streams are relatively
rare in the range of S. infraimmaculata in Israel, but the first-order
streams of the Tel Dan Nature Reserve resemble the permanent stream
habitats of S. salamandra in Germany in that they have permanently
flowing water, high oxygen concentrations and provide the larvae with
stable food conditions.

A study of nuclear and mitochondrial genes revealed that
S. salamandra and S. infraimmaculata diverged during the Pliocene
~ 4 million years ago from an ancestral lineage, also including North-
African S. algira (not included in this study) and have not been
hybridizing since then (see Vences et al, 2014 for phylogenetic
details). Considering the extensive time since common ancestry, we
expect that parallel patterns in gene expression due to phylogenetic
inheritance are unlikely. Because of their parallel use of larval habitats
at the intraspecific level and shared phylogenetic ancestry, the larvae of
S. salamandra and S. infraimmaculata provide an excellent case to
study parallel habitat acclimatization and adaptation through gene
expression analysis. For this purpose, we developed two species-
specific microarrays (based on transcriptomes of larvae), both of
which contain probes for >12 000 genes that are expressed at the
larval stage. These two microarrays were overlapped by a subset of
8331 orthologous genes, and formed the basis for this study. The
aim of the study was to identify whether parallel adaptation or
acclimatization in S. salamandra and S. infraimmaculata was realized
through the parallel expression of the same orthologous genes, or
through the expression of different genes with a similar function-
ality. Based on their history of genetic isolation, we hypothesized
that parallel adaptation or acclimatization mechanisms to temporary
pond and permanent stream habitats in these two salamander
species are realized through changes in the expression of different
genes with similar functions, rather than parallel expression of
orthologues.

MATERIALS AND METHODS

Sampling of salamander larvae of S. salamandra and

S. infraimmaculata

For the microarray experiments, we sampled four S. salamandra larvae per site
from 4 temporary ponds and 6 permanent streams in Germany, and between 2
and 13 S. infraimmaculata larvae per site from 7 temporary ponds and 1
permanent stream in Northern Israel (see Table 1 for detailed numbers, see also
Figures 1 and 2). Sampling in Germany took place in April 2013 and 2014 with
permission from the nature reserve authority of the municipality of Bonn.
Sampling in Israel took place during December—January 2013-2014 and
December 2014 with permission from the Israel Nature and Park Authority.
Freshly deposited larvae (with a ventral yolk patch) as well as large larvae with
morphological signs of metamorphosis (gill reduction or increased colouration)
were excluded from sampling to reduce maternal or metamorphosis effects on
gene expression patterns, respectively. We applied a nonlethal sampling
approach, as gene expression patterns from salamander larval tail-tip tissue
were shown to be representative of whole-body gene expression patterns with
largely overlapping gene functions for thermal response in S. salamandra
(Czypionka et al, 2015). Salamander larvae were caught with nets, and a tail-tip
tissue sample (~5-mm long) was taken from each larva. Tail-tip tissue in
salamander larvae is known to have a regeneration capacity and can be
harvested with little fitness consequences for the individual, as demonstrated for
S. infraimmaculata in Israel (Segev et al., 2015). After sampling, the larvae were
immediately released at the location of initial capture. Tail-tip tissue samples
were stored in RNA-later at —20 °C until RNA extraction.
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Table 1 Sampled larval habitat sites of Salamandra salamandra and Salamandra infraimmaculata

S. salamandra sampled sites Code Habitat Sample S. infraimmcaulata sampled sites Code Habitat Sample
Wolfsburg WOB PS 4 Harashim HA TP 4
Reitlingstal REIT PS 4 Karreman/Pine club KR TP 2
Annaberger bach KoGa PS 4 Sumakh SuU TP 4
Klufterbach KoGb PS 4 Secher SC TP 3
Vennerbach KoGc PS 4 Dovev DO TP 4
Hitelbach KoH PS 4 Nahal Galim NG TP 4
Katzenlochbach KoB TP 4 Nahal Sarach SR TP 4
KOvV2 Kov2 TP 4 Tel Dan TD PS 13
KOE KoE TP 4

KOlc Kolc TP 4

sum 40 38

Abbreviations: PS, permanent stream; TP, temporary pond.
Indicated are habitat type (PS and TP) and sample size.
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Figure 1 (a) Map of sampling sites for S. salamandra in Germany. (b) Map of S. salamandra sampling sites within the Kottenforst. PS, permanent stream;

TP, temporary pond.

Development of two microarrays for S. salamandra and

S. infraimmaculata

Two separate microarrays for gene expression analysis of S. salamandra and
S. infraimmaculata were designed following Czypionka et al. (2015). Tran-
scriptome data were generated using paired-end total RNA sequencing
(Ilumina HiSeq2000, San Diego, CA, USA) of two larvae from each species
representing both habitat types (Table 1). Contigs were assembled using Trinity
(Grabherr et al., 2011) and scanned for open-reading frames using the software
Transdecoder (Haas et al., 2013). Open-reading frames with no homology to
known amphibian proteins based on BLASTP (Altschul and Lipman, 1990)
against the NCBI (National Center for Biotechnology Information) non-
redundant database were filtered out. Oligonucleotide probes were designed
using the parent contigs of the filtered open-reading frames. Contigs with
multiple open-reading frames were not used for probe design. The target-
binding behaviour of surface-bound oligonucleotides varies greatly between
different oligonucleotide sequences (Pozhitkov et al, 2006). For this reason, we
assessed the target-binding behaviour of all probes on the two microarrays in a

series of calibration experiments using a range of relevant mRNA concentra-
tions following Czypionka et al. (2012, 2015). We fitted a linear dose-response
curve between the observed signal intensity and the amount of hybridized
cRNA in the calibration experiment (signal intensity = slope x amount of cRNA
+intercept). Probes with a nonlinear binding behaviour and unresponsive probes
were excluded. Validated probes were spotted on Agilent microarrays (Santa
Clara, CA, USA), finally representing 12 710 and 12 926 genes for S. salamandra
(Agilent Design ID 069636) and S. infraimmaculata (Agilent Design ID 067672),
respectively. For more details on the development of these two microarrays,
please see the extended methods and results in the Supplementary Information.

Microarray analysis and data normalization

RNA was extracted from each tissue sample using a Trizol protocol and
hybridized on the corresponding species-specific microarray using the Agilent
Low Input Quick Amp Labelling kit for ‘One-Color Microarray-Based Gene
Expression Analysis’. Fluorescent label signal intensities were quantified in an
Agilent DNA Microarray Scanner (type C). Signal intensities were normalized
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Figure 2 Map of sampling sites in Northern Israel. PS, permanent stream;
TP, temporary pond.

using custom R code (R Core Team, 2010) that (1) corrected the signal
intensities for probe-binding behaviour based on the dose-response curves
from the calibration experiments, (2) merged the technical replicates of each
probe on the array by taking their median and (3) performed between-array
normalization by dividing the so-far normalized signal intensities by their 75
percentile, as recommended in the Agilent ‘One-Color Microarray-Based gene
expression Analysis’ protocol.

Microarray differential gene expression and functional analysis

To explore the patterns of gene expression, we employed principal component
analysis (PCA) in R. In addition, to identify genes that were significantly
differentially expressed between habitat types, we employed the linear
discriminant analysis of effect size (LEfSe) method (Segata et al., 2011) from
the Galaxy platform (http://huttenhower.sph.harvard.edu/galaxy/). LEfSe is an
algorithm that, based on high-dimensional quantitative markers (here genome-
wide expression levels), identifies features characterizing the differences between
two or more biological conditions. In the first step, it applies a nonparametric
factorial Kruskal-Wallis rank-sum test to detect genes with a significant
differential expression between habitat types (that is, it identifies violation of
the null hypothesis of no difference between habitats). In the second step,
biological significance is further restricted by using a set of pairwise tests among
subclasses using the Wilcoxon rank-sum test. By applying LEfSe we effectively
tested whether the expression values are significantly and consistently up- or
downregulated in all subclasses (sites) of a class (habitat type) compared with
all subclasses (sites) of the other class (habitat type). In the final step, LEfSe uses
linear discriminant analysis to estimate the effect size of each differentially
expressed gene. This method allowed us to perform a nonparametric high-
dimensional comparative analysis of consistent gene expression differences
between habitat types. We used default LEfSe parameters (including all-against-
all multiclass analysis and o=0.05). Linear discriminant analysis scores were
used for only effect size ranking.

To identify overrepresented functional categories in sets of differentially
expressed candidate genes, we first performed Gene Ontology (GO) term
enrichment analysis using Fisher’s exact tests with false discovery rate
correction, as implemented in Blast2GO 2.8 using default parameters
(Conesa et al, 2005). Annotation of genes was performed using BLASTX
against the entire NCBI non-redundant database. However, GO annotations are
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often incomplete or biased, and the absence of annotation does not imply the
absence of function (Thomas et al., 2012). In other words, different molecular
solutions (in different species) to the same environmental challenge may not be
annotated completely or identically in the GO system. For this reason, it is
possible to miss certain functional similarities between nonmodel organisms
using blast-based analyses. Therefore, we also examined the possible functional
similarity independently of the GO system, using functional information from
the biocurated UniProt Knowledgebase (August 2016,
The_UniProt_Consortium, 2015). The ‘Function subsection’ and ‘Enzyme
and pathway databases subsection’ of the Function section on the Uniprot
Knowledgebase were manually retrieved for each candidate gene and assessed
for the (co-)occurrence of putative biologically relevant functional keywords
(that is, ‘epidermis’, ‘cell proliferation’, ‘immune’, ‘mitochondrion’/‘mitochon-
drial’, ‘muscle’, ‘neuron’/'neural’, ‘oxygen’, ‘ribosome’/‘ribosomal’ and ‘stress’).
Putative functionally similar genes with overlapping functional keywords were
reported and discussed in addition to the results from GO term enrichment
analysis.

Orthologous genes on these two microarrays were identified by reciprocal
blast of the target gene sequences. This generated a list of 8331 genes (~65.5%)
that we considered to represent orthologues shared between the two species. To
evaluate whether the expression patterns of these orthologues were similar
between species, we first compared the median normalized signal intensity
across samples of temporary ponds with the median of the permanent stream
samples. Second, we assessed for each orthologue whether it was congruently
up- or downregulated in temporary ponds compared with permanent streams
in both species. To test whether the number of orthologues with congruent
expression patterns was more than expected by chance alone, we employed
Fisher’s exact tests in R.

RESULTS

Gene expression patterns of S. salamandra

Larvae of S. salamandra (n =40) from 10 sites representing two habitat
types (‘permanent stream’ and ‘temporary pond’) were analysed for
the expression of 12710 genes known to be expressed at the larval
stage. PCA showed a clear clustering by habitat type (Figure 3).
Individuals that belong to the ‘temporary pond’ habitat type clustered
together at the bottom-right corner. Individuals that belong to the
‘permanent stream’ habitat type displayed a higher variance in the
upper part of the PCA plot. Combined Kruskal-Wallis and pairwise
Wilcoxon rank-sum tests as implemented in LEfSe revealed that 863
genes (6.8%) were significantly (a=0.05) and consistently (across
sites) expressed differentially between stream and pond habitats.
Among these 863 candidate habitat genes, 235 were consistently
downregulated and 628 were consistently upregulated in ponds
compared with streams. Blast2GO enrichment analysis of the 235
candidate habitat acclimatization genes that are downregulated in
ponds versus the full 12 710 genes S. salamandra data set revealed no
overrepresented GO terms. However, enrichment analysis of the 628
candidate habitat acclimatization genes that are upregulated in ponds
revealed 33 specific overrepresented GO terms (Supplementary Table
S3). Based on annotation information from the UniProt Knowledge-
base, 30 candidate genes with the highest effect size (Linear Dis-
criminant Analysis LDA >2.0) included 5 genes associated with cell
replication or proliferation, 1 gene involved in neural development, 2
genes associated with oxygen responses and 3 genes involved in muscle
capacity (Table 2, see Supplementary Table S1 for the full list of
candidate genes).

Gene expression patterns of S. infraimmaculata

Larvae of S. infraimmaculata (n=38) sampled from eight sites
classified as the same two habitat types as utilized by S. salamandra
were analysed for the expression of 12926 genes known to be
expressed by S. infraimmaculata at the larval stage. PCA again showed
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Figure 3 (a) PCA plot of gene expression patterns from Salamandra

salamandra in Germany. PC1 and PC2 explain 48.5% of the total variance.
Open circles indicate permanent stream samples and closed circles indicate
temporary pond samples. Ellipses indicate the 95% confidence intervals of
the permanent stream and temporary pond habitat categories. A version with
individual sample labels can be found in the Supplementary Figure S1.
(b) PCA plot of gene expression patterns from Salamandra infraimmaculata
larvae in Israel. PC1 and PC2 explain 43.3% of the total variance. Open
circles indicate permanent stream samples and closed circles indicate
temporary pond samples. Ellipses indicate the 95% confidence intervals of
the permanent stream and temporary pond habitat categories. A version with
individual sample labels can be found in the Supplementary Figure S2.

a clustering by habitat type (Figure 3). LEfSe analysis revealed 1353
genes (10.5%) that were expressed consistently (across sites) at
significantly (a=0.05) different levels between the two habitat types
(‘permanent stream’ and ‘temporary pond’). Of these 1353 candidate
habitat genes, 711 were consistently downregulated and 642 were
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consistently upregulated in temporary ponds compared with the
permanent stream. Blast2GO enrichment analysis of the 711 candidate
habitat acclimatization genes that are downregulated in ponds versus
the full 12 926 S. infraimmaculata gene set revealed no overrepresented
GO terms. Blast2GO enrichment analysis of the 642 candidate habitat
acclimatization genes that are upregulated in ponds again revealed no
specific overrepresented GO terms. Based on annotation information
from the UniProt Knowledgebase, 76 candidate habitat genes with the
highest effect size (LDA >2.0) included 9 genes associated with cell
replication and proliferation, 6 genes with an immune-related func-
tion, 4 genes involved in neural development, 3 genes associated with
oxygen responses and 5 genes involved in muscle capacity (Table 3, see
Supplementary Table S2 for the full candidate gene list).

Parallel habitat acclimatization in S. salamandra and S.
infraimmaculata

All the 863 S. salamandra differentially expressed habitat-associated
genes as well as the 1353 S. infraimmaculata differentially expressed
habitat-associated genes are represented by orthologues on both
microarrays, thus permitting direct comparisons between species.
However, only 20 (or 2.3%) of them showed differential expression
between habitats in both salamander species. Out of these 20 habitat-
related orthologues, 9 (45.0%) displayed congruent expression changes
(that is, they were expressed as the highest in the same habitat category
in both species). This is not more than expected by chance (Fisher’s
exact test, two-tailed P-value =0.729) considering an overall propor-
tion of 48.9% parallel expression patterns among the remaining
orthologues.

Investigation of the 106 candidate genes with the highest habitat
effect size (LDA >2.0) from both species revealed a single case of
orthology between the two candidate gene lists: two genes from either
species blasted to ‘14-3-3 protein zeta’ (YWHAZ). These genes were
downregulated in temporary ponds compared with permanent
streams in both S. salamandra and S. infraimmaculata. Aside from
this single overlapping orthologue, a functional comparison of the
remaining (non-orthologous) candidate genes with the highest effect
size for habitat in both salamander species revealed 30 genes that were
functionally associated with the following four putative functional
categories (putative traits): cell proliferation, neural development,
oxygen response and muscle capacity (Tables 2 and 3).

DISCUSSION

The parallel use of aquatic habitats by larvae of S. salamandra and S.
infraimmaculata provides an excellent case to study the genes under-
lying habitat adaptation or acclimatization through gene expression
analysis. The aim of this study was to identify whether parallel
adaptation or acclimatization to temporary pond and permanent
stream habitats was realized through the parallel expression of the
same orthologous genes, or through the expression of different genes
with a similar functionality. PCA of the expression of >12000
annotated genes per species revealed a clear clustering of habitat types
(Figure 3). This shows—without any kind of filtering of the data—that
the environmental conditions are a dominant factor shaping gene
expression in the larvae of both species, and underpins that the habitat
categorizations used in this study are biologically meaningful.

Stream sites in the Near East are extremely rare and the stream
habitat type of S. infraimmaculata was therefore represented by a single
site (Tel Dan). The lack of replication of stream sites in this system is
not ideal, as geographic divergence may influence inferences about
habitat divergence. However, the variance of the S. infraimmaculata
stream samples was augmented by (1) a higher sample size,
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Table 2 Habitat-associated functional categories (putative traits) regulated by distinct high effect size genes in Salamandra salamandra

S. salamandra putative trait Gene Sequence description P-value LDA P
Cell YWHAZ 14-3-3 protein zeta 4.55E-4 2.44 Down
proliferation ZRANB3 Replicase helicase endonuclease 1.15E-7 3.04 Up
TFDP2 Transcription factor Dp-2 isoform 3 3.63E-5 2.37 Up
Mcmz2 DNA replication-licensing factor mcmZ2 1.12E-7 2.32 Up
MCTS1 Malignant T-cell-amplified seq 1 1.56E-7 2.2 Up
Neural MYEF2 Myelin expression factor 2 3.46E-5 2.31 Up
development
Oxygen TXN Thioredoxin 7.70E-6 2.04 Up
response SOD1 Superoxide dismutase 3.06E-5 2.17 Up
Muscle ACTA2 Actin 6.79E-8 2.2 Down
capacity TAGLNZ2 Transgelin-2 2.12E-5 2.08 Down
KRT19 Type | cytoskeletal 19 2.11E-5 3.18 Up

Abbreviations: LDA, linear discriminative analysis; TP, temporary pond.

Indicated are the gene names and descriptions, Kruskal-Wallis P-value for differential expression, LDA effect size score and up- or downregulation in TP compared with PS. A single case of gene

orthology with S. infraimmaculata is indicated in bold.

Table 3 Habitat-associated functional categories (putative traits) regulated by distinct high effect size genes in Salamandra infraimmaculata

S. infraimmaculata putative trait Gene Sequence description P-value LDA P
Cell CTNNBI Catenin p-1 isoform x1 1.47E-6 2.68 Down
proliferation YWHAZ 14-3-3 protein zeta 2.33E-5 2.62 Down
EMP2 Epithelial membrane protein 2 4.90E-6 2.03 Down
NAA20 n-a-acetyltransferase 20 6.72E-7 2.01 Down
YBX1 Nuclease-sensitive element-binding protein 1 9.93E-5 3.2 Up
NCL Nucleolin 3.38E-4 3.13 Up
USP2 Ubiquitin carboxyl-terminal hydrolase 2 isoform 1 1.17E-3 2.36 Up
NPPC c-type natriuretic peptide precursor 4.79E-4 2.15 Up
PSMC3 268 protease regulatory subunit 6a 1.22E-2 2.1 Up
Neural SLC3A2 4f2 cell-surface antigen heavy chain 4.00E-5 2.83 Up
development MGAT5B a-Mannoside p-acetylglucosaminyltransferase b 9.22E-7 2.52 Up
SLC7A5 Large neutral amino acids transporter small subunit 1 3.14E-6 2.24 Up
NEFM Neurofilament medium polypeptide 9.31E-5 2.19 Up
Oxygen HP1BP3 Heterochromatin protein 1-binding protein 3 4.55E-5 2.44 Down
response ABHD17A af} Hydrolase domain-containing protein 17a 9.22E-7 2.46 Up
SLC25A24 Calcium-binding mitochondrial carrier protein s1 7.87E-7 2.24 Up
Muscle OGN Mimecan 1.69E-3 2.35 Down
capacity FHLI Four and a half lim domains protein 1 isoform x4 2.65E-4 2.31 Down
CALDI Non-muscle caldesmon-like isoform x5 6.52E-6 2.17 Down
CoMT Catechol o-methyltransferase isoform x1 8.42E-4 2.08 Down
uspP2 Ubiquitin carboxyl-terminal hydrolase 2 isoform 1 1.17E-3 2.36 Up

Abbreviations: LDA, linear discriminative analysis; TP, temporary pond.

Indicated are the gene names and descriptions, Kruskal-Wallis P-value for differential expression, LDA effect size score and up- or downregulation in TP compared with permanent streams. A single

case of gene orthology with S. salamandra is indicated in bold.

(2) sampling in two separate years (winter 2013—2014 and December
2014) and (3) sampling two locations within the large stream system
of Tel Dan (the Garden of Eden and the Wading Pool, ~200-m apart,
with slightly diverging environmental conditions). The PCA
(Figure 3b) indicates that the variance is relatively high among the
TD samples, and that the overall pattern broadly resembles that of S.
salamandra (Figure 3a). Furthermore, exclusion of Wolfsburg and
Reitlingstal samples from the S. salamandra data set (thus removing
most geographic variation from the data set) showed that the main
gene expression pattern of separated pond and stream samples was
hardly affected (Supplementary Figure S3). This finding suggests that
geographic sampling effects have a relatively little effect on the
observations in this study, and that the lack of replication in

Heredity

S. infraimmaculata stream sites is not a critical limitation for this
study. Finally, we show that there is an agreement between the
putative functional categories of differentially expressed genes in the
two species, suggesting that similar traits are selected for by these
environments, suggesting in turn that the lack of stream site
replication for S. infraimmaculata may again not be a critical point.
Approximately 6.8-10.5% of the investigated genes were differen-
tially expressed between habitats. The number of genes that are
significantly differentially expressed between habitats is higher in
S. infraimmaculata (1353 genes) than in S. salamandra (863 genes).
We propose two nonmutually exclusive biological explanations that
may contribute to this observation. First, S. infraimmaculata displays a
higher ecological diversity utilizing more diverse larval habitats than



S. salamandra (Degani, 1996). This may simply require more genes to
be involved in the overall process of habitat acclimatization observed
for this species. Second, populations of S. infraimmaculata might have
had a longer evolutionary history for specific habitat adaptations to
establish than S. salamandra. Based on a population-genetic study of
mitochondrial D-loop haplotypes, S. infraimmaculata populations in
the Near East indeed show a deeper phylogeographic structure than
S. salamandra in Central Europe, where pleistocenic glaciations
repeatedly caused the breakdown of population structures (Steinfartz
et al., 2000). Accordingly, almost all of the ecological differentiation
between populations in Central Europe has been established following
the last glaciation, roughly 8000—10 000 years ago, as is the case for the
evolution of pond reproduction found in the Kottenforst (Weitere
et al., 2004; Steinfartz et al., 2007).

GO term enrichment analysis did not identify any habitat-related
functional categories that were shared between the two salamander
species, but this approach has limitations, and more detailed inves-
tigation is recommended for a biologically meaningful interpretation
(Thomas et al., 2012). Detailed inspection of the annotated functional
properties of the 106 habitat-associated candidate genes with the
highest effect size revealed four putative phenotypic functional traits
overlapping between the two salamander species: cell proliferation,
neural development, oxygen response and muscle capacity (Table 2).
Most of these traits make intuitive sense in the context of ‘temporary
pond’ and ‘permanent stream’ habitats. Cell proliferation is a central
process controlling the growth rate. Growth rate has been shown to be
higher in S. salamandra larvae from temporary ponds, possibly as a
survival mechanism to cope with the shorter hydroperiod in this
habitat type (Weitere et al., 2004). Oxygen response processes are
crucial for dealing with fluctuating environmental oxygen concentra-
tions that are known to differ systematically between lentic ponds and
Iotic streams (see Introduction). The fact that most of the oxygen
response genes are upregulated in temporary ponds supports such a
physiological correlation, as small ponds inhabited by salamander
larvae are known to have more highly fluctuating oxygen levels
(Reinhardt ef al., 2013). Muscle capacity may provide adaptation or
acclimatization advantages to larvae in streams in terms of the
increased swimming capacity, for example, to facilitate foraging and
resist downstream drifting, a common risk for S. salamandra
(Thiesmeier and Schuhmacher, 1990). For fish, it has been shown
that swimming capacity is more geared towards powerful burst
swimming in streams compared with lakes (Pavey et al., 2011). The
fact that muscle capacity genes are mostly downregulated in temporary
ponds suggests that swimming capacity is reduced in ponds compared
with streams in both salamander species. The neural development trait
is more challenging to interpret. Gene expression patterns suggest that
neural development is upregulated (that is, possibly more advanced) in
ponds compared with streams. We speculate that increased competi-
tion for food, aggression and cannibalism during periods of high
density and food shortage in ponds requires a different neural
performance, but it is unclear whether this could be reflected in the
gene annotation functional comparison reported here.

In addition, S. salamandra exhibited mostly an upregulation of
ribosomal proteins in ponds versus streams (nine genes involved, see
Supplementary Table S1). Ribosomal protein expression is known to
be strongly associated with cell growth (Warner, 1999), and this
upregulation in ponds may be associated with cell proliferation and
growth rate as described above. Investigation of candidate genes in
S. infraimmaculata further revealed genes involved in mitochondrial
function (6 genes), environmental stress (5), immune functions (9)
and epidermis development (3) that were associated with the habitat
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categories investigated in this study (see Supplementary Table S2).
Even though these traits are not expressed similarly across habitats in
these two salamander species, they do make intuitive sense in the
context of habitat adaptation or acclimatization. This indicates that the
selection pressures in the applied habitat categories may not be
perfectly similar across the S. salamandra and S. infraimmaculata
study systems. The temporary pond and permanent stream habitats
were categorized such that they share many ecological properties
across Central Europe and the Near East, but there are also some
systematic differences between these two regions, for example, in
terms of abiotic (for example, temperature regime, geological para-
meters) as well as biotic differences. Fire salamanders in Israel reach
the southern range limit of any Salamandra species and are limited to
limestone regions in the North of the country (Blank and Blaustein,
2012), whereas salamanders in Germany reach the northern range
limit of any Salamandra species and experience quite different climatic
and geologic conditions. The observation that genes associated with
environmental stress, immune functions and epidermis development
are expressed differently in response to the environment in both
systems is therefore not very surprising.

In a subset of 8331 known orthologous genes, only 20 habitat-
related orthologues were significantly differentially expressed between
habitats in both species. These 20 overlapping orthologues did not
show parallel expression patterns more than expected by chance,
suggesting a stochastic result. However, one of the orthologues with a
parallel expression pattern (14-3-3 protein zeta/YWHAZ) was ranked
among the highest habitat effect size (LDA >2.0) genes of both
species (Table 2). This gene encodes a protein that is involved in a
range of signalling pathways: first, it inhibits cell cycle progression by
sequestering cyclin-dependent kinases to the cytoplasm; second, it
protects cells from environmental stresses by negatively regulating
apoptosis and similar pathways; and third, it prevents nuclear import
of proteins by blocking the nuclear localization signal of target
proteins. The fact that this orthologue has a high habitat effect size
and a parallel expression pattern across species suggests a case of gene
reuse, where the same gene is used in the same way to adapt or
acclimatize to different habitats. Aside from this single orthologue, we
generally found that habitat adaptation or acclimatization through
gene expression is realized by changes in the expression of different
genes with a converging functionality in the case of larvae from
S. salamandra and S. infraimmaculata.

Whether or not the observed gene expression changes of these
habitat-related functional traits are the result of local adaptation or
phenotypic plasticity could not be tested in the present field study. To
tear these mechanisms apart, dedicated experiments should be carried
out, such as a common environment and/or habitat transfer experi-
ments. In the present study system, such an experiment would ideally
include a full reciprocal transfer design involving multiple stream and
pond sites. Performance over time would need to be monitored
through growth parameters and gene expression, allowing comparison
of transferred larvae with control individuals. The pond habitat is both
temporally and spatially variable and may call for a higher degree of
plasticity.

Our observation of different adaptation or acclimatization trajec-
tories to similar habitats in these two salamander species supports a
growing body of literature supporting a high degree of unpredictability
of evolution, even under similar environmental conditions (Bailey
et al., 2015; Pfenninger et al., 2015). Theoretically, and according to
microbial evolutionary experiments, many mutations are beneficial at
the start of the process of adaptation to a new environment (that is, far
away from the fitness optimum) (Schoustra et al., 2009). In addition,
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early beneficial mutations have a particularly large influence on
the further evolutionary trajectory through pleiotropic interactions,
priority effects and so on (Lenormand et al, 2008). Parallel
evolutionary processes may therefore often be unpredictable at the
gene or lower pathway level, particularly for species that diverged a
long time ago like S. salamandra and S. infraimmaculata (that is,
4 million years).

CONCLUSION

In our study of parallel habitat acclimatization or adaptation by larvae
from S. salamandra and S. infraimmaculata to temporary pond and
permanent stream habitats, we show that among the 106 highest
habitat effect size genes in both species, there is only a single case of
parallel expression of a shared orthologue. This may represent a case
of gene reuse, where the same gene has been recruited independently
for the same function in both species. In contrast, we identified 30
different genes converging on a similar functionality in four putative
categories: cell proliferation, neural development, oxygen response and
muscle capacity. We conclude that parallel habitat acclimatization in
this system is mainly realized by different genes. A number of
interesting candidate genes associated with these habitats call for
further investigation. The applied temporary pond and permanent
stream habitat categories appear to assert relatively consistent selection
pressures, likely on multiple gene function categories, further suggest-
ing that habitat selection in nature is usually composed of several
selection pressures acting at the same time.
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