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Abstract

between pigment phenotypes in laboratory populations.

Transcriptomics

Background: Species adaptation to laboratory conditions is a special case of domestication that has modified model
organisms phenotypically and genetically. The characterisation of these changes is crucial to understand how this
variation can affect the outcome of biological experiments. Yet despite the wide use of laboratory animals in biological
research, knowledge of the genetic diversity within and between different strains and populations of some animal
models is still scarce. This is particularly the case of the Mexican axolotl, which has been bred in captivity since 1864.

Results: Using gene expression data from nine different projects, nucleotide sequence variants were characterised, and
distinctive genetic background of the experimental specimens was uncovered. This study provides a catalogue of
thousands of nucleotide variants along predicted protein-coding genes, while identifying genome-wide differences

Conclusions: Awareness of the genetic variation could guide a better experimental design while helping to develop

molecular tools for monitoring genetic diversity and studying gene functions in laboratory axolotls. Overall, this study

highlights the cross-taxa utility that transcriptomic data might have to assess the genetic variation of the experimental
specimens, which might help to shorten the journey towards reproducible research.
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Background

Biological variation is inherent to all living organisms. Ani-
mals that are used in research experiments present differ-
ent levels of phenotypic and genetic variation not only as a
result of their natural evolutionary history but, in some
cases, also as a consequence of domestication processes.
Species adaptation for human use, namely domestication,
has modified captive populations of many species when
compared to their wild counterparts. Being analogous to
natural selection, domestication has greatly expanded our
understanding of biological variation and evolution since
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Darwin [1, 2] and Wallace [3], offering a framework to
study different biological traits [4, 5]. By means of artificial
selection, unusual phenotypes and mutants can be propa-
gated in captivity expanding the phenotypic variation of
the domesticated populations in relation to their free-living
conspecifics [6]. In contrast, genetic variation is typically
skewed and reduced in domesticated populations [7], since
they are generally established from relatively few individ-
uals of the natural source populations leading to an under-
representation of the total genetic variation. Through the
years of captive breeding, animal import, genetic drift, and
non-random mating, the genetic structure of captive popu-
lations can be altered increasing the differences both be-
tween wild and domesticated animals, and among different
captive populations [4, 7, 8].

Laboratory animals constitute a special case of domes-
tication being suited for research purposes. This special
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domestication process has also changed laboratory animals
phenotypically and genetically. Despite the major impact of
domestication, this variation is not well documented in some
cases. The characterisation of the genetic variation of labora-
tory animals is crucial to understand the genomic back-
ground of the specimens used in biological experiments,
which can influence greatly the experimental outcome of the
studies [8—14]. Accordingly, knowledge about the genetic
variation of laboratory specimens is required to characterise
differences among populations, to define strains, and, overall,
to better ensure the reproducibility of any experiment.

The Mexican axolotl, Ambystoma mexicanum (Shaw
and Nodder, 1798) is the animal model with the deepest
laboratory pedigree. Axolotls, native to the Xochimilco
lake system, México, are paedomorphic salamanders that
have been bred in captivity since 1864 [15]. Paradoxic-
ally, while laboratory populations are flourishing around
the globe, axolotls are critically endangered in the wild
and, despite conservation efforts, the source populations
might sadly get extinct [16, 17]. Most of the current la-
boratory populations trace their ancestry to the 34 ani-
mals that once comprised the first domestic population
in Paris, France [15, 17]. Those animals presented typical
dark green-to-grey axolotl coloration (commonly re-
ferred to as wild-type) with the lone exception of a
white-coloured male axolotl [18]. This white pigment or
leucistic phenotype emerges from the absence of mela-
nocytes and is determined in axolotls by a variant of the
gene endothelin 3, edn3 [19]. From the progeny of that
white axolotl a historic captive population was created
in 1935 and its descendants are nowadays housed by the
Ambystoma Genetic Stock Center (AGSC, [17]). White
axolotls that are extremely rare in the wild are thriving
in laboratory populations being propagated by artificial
selection, which potentially has modified their genetic
background beyond the causal phenotypic mutation.

Despite the extensive use of axolotls in biological re-
search, the genetic diversity of laboratory populations, in-
cluding the pigment phenotypes, has not been previously
characterised. Given the complex domestication history of
axolotls, great genetic variation and structure among cap-
tive populations could be expected. Here, I tested whether
axolotls used in foregoing gene expression experiments are
genetically distinct with four main objectives: i) discover
trends of selection along predicted protein-coding genes
potentially related to artificial selection, ii) uncover
genome-wide differences between pigment phenotypes
from the same laboratory population, iii) identify private
variants of the only wild-caught axolotl from Xochimilco
with transcriptomic data, and iv) discover bias in the gen-
etic background of the specimens used in each project.
More generally, the research approach followed here aims
to highlight that transcriptomic data can be used not only
to describe gene expression patterns but also to disentangle
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the genomic background of the study specimens, and,
thereby, to account for that vital source of variation.

Results

General patterns of protein-coding variation

DNA sequence variants were identified for 146 samples
that were sequenced by RNA-Seq (see Supplementary
Table S1 for further information about the samples). A
total of 585,766 variants were found along 22,022 protein-
coding sequences, representing 94.72% of the predicted
protein-coding sequences of the A. mexicanum genome as-
sembly. A total of 1229 protein-coding sequences did not
contain any variants in this study. The variants were cate-
gorized into two groups: i) insertions and deletions of bases
(INDELSs, 128,504, 21.94%), and ii) single nucleotide vari-
ants (3289 multiallelic and 453,973 bi-allelic variants, 0.56
and 77.5%, respectively). Bi-allelic, single nucleotide vari-
ants (SNVs) consisted of 282,603 transitions (62.25%) and
171,370 transversions (37.75%; see Supplementary Table
S3). SNVs were also classified using their minor allele fre-
quency (MAF), where 251,934 variants presented a MAF >
0.01 (55.5%, for further information about number of SNVs
at different MAF values, see Supplementary Table S4).

The mean frequency of protein-coding sequence variation
from the identified SNVs was 7.13 SNVs per kilobase, Kb
(see the sequences cumulative distribution based on their
scaled SNVs frequency in the Fig. 1a). A total of 17 predicted
genes had a SNV frequency >20 per Kb (agrin, mgc83164
sbno2, cbx2, ulk4, pr [AMEXTC_0340000102199_PR|, fanca,
loc104496260, ube3b, loc104369368, loc108695830, ezhl,
mRNA00976, mRNA00719, AMEXTC_0340000073769_
hypothetical, and AMEXTC_0340000214929_hypothetical).
The number of SNVs may reflect the functional importance
of a protein, and the strength and mode of selection that acts
to maintain or diversify the underlying coding sequence.
PANTHER enrichment tests identified 33 significantly
enriched annotation terms, which were supported by at least
a set of 100 sequences. Those 33 set of sequences classified
under the same term yielded SNV frequency value distribu-
tions that deviated significantly from the overall distribution
(see Fig. 1b—f and Supplementary Table S5). Three terms
were enriched by genes with higher than expected SNV fre-
quency values; these included the Protein Class term G-pro-
tein modulator (N = 172, false discovery rate [FDR] p value =
2.70E-04) and Pathways term PDGF signalling pathway (N =
100, FDR p value = 1.03E-02). In contrast, the other 30 terms
were enriched by genes with fewer SNVs than expected.
Many of these terms were significantly enriched by genes that
encode proteins with binding functions, including DNA-
binding functions, associated with transcription and gene ex-
pression (e.g. Molecular Function gene ontology, GO, terms:
nucleic acid binding, N =838, FDR p value = 5.88E-06; and
transcription regulatory activity, N =506, FDR p value =
2.68E-02; see Supplementary Table S5). These results suggest
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Fig. 1 Representation of SNV frequency distribution and deviated distribution of sequence sets classified by PANTHER annotations. a Empirical
cumulative distribution of SNV frequency scaled by the overall SNV frequency. The value 0 indicates the mean SNV frequency (7.13 SNVs per
kilobase) and was used to rank the sequences before the graphical representation. b—f The graphs show the results of the PANTHER statistical
enrichment test representing the SNV frequency distribution of sequence sets annotated with a annotation term that deviated significantly from
the overall distribution. Distribution curves of each graph are color-coded by the annotation set: (b) GO-Slim Biological Process, ¢ GO-Slim Cellular
Component, d GO-Slim Molecular Function, e Pathways, and f Protein Class. Distribution curves to the left of the overall SNV frequency
distribution (in black color) represent a set of sequences annotated under an annotation term that have fewer SNVs than expected while
distribution curves to the right of the overall SNV frequency distribution symbolise a set of sequences with more SNVs than expected
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a similar type of selection on sequences that are annotated
with the same term.

Diversity and relationships among RNA-Seq samples

For each RNA-Seq sample, SNVs were counted and com-
pared to the total number of SNVs identified across all
samples. On average, 64.30% of the total number of SNVs
was represented in any given RNA-Seq sample (see SNVs
information for each sample in the Supplementary Table
S1). SNVs with non-reference alleles were used to quantify
genetic variability among samples by computing heterozy-
gosity ratios. The mean heterozygosity ratio for all samples
was 142, with values ranging from 0.51 to 5.3 across
samples. Mean heterozygosity ratios were also calculated
for each project. The project (PRJNA354434) that
sequenced multiple tissue samples from a single wild-
caught animal had the lowest ratio with a mean of 0.59,
followed by the project PRJNA306100 with a mean
ration of 0.64, while the project PRINA378982 had the
highest ratio with a mean of 2.69.

Genetic differences among samples were further explored
by measuring genetic distance and by using multidimen-
sional scaling analysis, MDS (see Fig. 2a and Supplementary
Fig. S1 for a graphical representation of the MDS coordi-
nates, and Supplementary Table S6 for percentage of vari-
ance explained by each of the coordinate/dimension). The
first three coordinates explained 65.24% of the genetic vari-
ance among samples and identified three different clusters
that grouped their own samples (PRJNA312389,
PRJNA354434 and PRJNA427437). Samples within other
projects were clustered together by coordinate six
(PRJNA186654 and PRJNA306100), coordinate seven
(PRJNA480225), and coordinate nine (PRJINA400170), with
each of these coordinates explaining 5.75, 4.97, and 3.7% of
the genetic variance, respectively. To characterize the na-
ture of the genetic differences among samples, Admixture
and relatedness analyses were performed. The maximum
likelihood number of ancestral clusters was four (see Sup-
plementary Fig. S2). The proportional representation of
these clusters varied among samples (Fig. 2b). Samples
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from three projects (the first two already grouped by the
MDS analysis, PRINA312389, PRJNA354434, and PRJNA
400170) were represented primarily by one of the four clus-
ters. In terms of relatedness, pairwise comparisons revealed
high levels of kinship among samples. The six wild-caught
samples (project PRINA354434) were identified as dupli-
cates (samples from the same organism, technical repli-
cates, 0.354 inferred kinship coefficient or higher). Also,
duplicates, first, second and third-degree relationships (kin-
ship coefficients ranging from 0.354 to 0.177, from 0.177 to
0.0884, and from 0.0884 to 0.0442, respectively) were iden-
tified for same samples within projects PRJNA480225,

PRJNA300706, PRJNA312389, PRJNA378982, PRINA400
170, PRINA186654. Only all the samples within projects
PRJNA306100 and PRJNA427437 showed kinship coeffi-
cients lower than 0.0442, which is typical of unrelated
samples. Among projects, the majority of the pairwise rela-
tionships showed a negative estimated kinship coefficient,
which is suggestive of heterogeneity and genetic structure
(see Fig. 2c and Supplementary Fig. S3).

The genetic diversity and relationship analyses de-
scribed above were performed in an unbiased way, with-
out prior information about the sample project. Fixation
indexes (Fst) as a measure of population differentiation



Torres-Sanchez BMC Genomics (2020) 21:827

were calculated for each pair of projects to further assess
population differences among projects, and to potentially
identify projects that used animals from the same popu-
lation. The estimated Fst values ranged from 0.087 (Fst
between PRINA300706 and PRINA378982) to 0.664 (Fst
between PRJNA306100 and PRJNA354434, see Supple-
mentary Table S7). The highest Fst values were esti-
mated for all projects compared against PRINA354434,
which used wild-caught axolotl samples, followed by the
values against the project PRINA306100. This indicates
that the wild-caught axolotl samples were the most gen-
etically distinct, sharing less genetic variation with sam-
ples from all other projects. The projects PRINA480225,
PRNJA300706, PRINA378982, PRJNA427437, and PRJN
A400170 (with the exception of the pairwise value be-
tween PRJNA 400170 and PRJNA480225, Fgr = 0.262)
shared values smaller than 0.2, which might indicate that
animals used in those projects came from the same in-
terbreeding laboratory population.

Pigment phenotypes comparison

The RNA-Seq projects isolated tissue mainly from either
wild-type or white axolotls. Using a selection of samples
from the same interbreeding laboratory population (see
Supplementary Table S2 for detailed information of the
samples and Supplementary Fig. S4 for a representation
of the likelihood of the Admixture analysis for this sam-
ple subset), associations between variants of the gene
predictions and the pigment phenotypes were identified
by genome-wide association analysis using the threshold
of adjusted p-value <le-5 (see Fig. 3 and Supplementary
Table S8). A total of 104 SNVs were identified in 63
gene predictions along with the gene edn3. Most of the
genes (40%) with significantly-associated variants for pig-
ment phenotype were located to chromosomes 3 and 1
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(Chr3: edn3, bcasl, gmeb2, amextc_0340000052082_hypo-
thetical, nsflic, dnm2, kenmbl.l, loc108702636, glucocortic-
oid, loc102357877, maprel.l, rad50, tmed1, and farsa; Chrl:
mydgf, fbn3, naa38, loc104535489, sytll, loc100619372,
nuf2.l, enpp4, lipe, rnfll.l, and topl.2). Variants in several
genes across all chromosomes except for Chr14 were iden-
tified. Two variants were found in genes that have not been
mapped to the chromosome assembly (sfip2 and
loc108717189). The identification of SNVs that are associ-
ated with the white pigment phenotype but not physically
associated with edn3 reveals genomic differences between
white and wild-type axolotls. Genes bearing SNVs associ-
ated to wild-type/white phenotypes were generally found
more than 10 megabases (Mb) apart, however some genes
in the short arm of Chr3 (Chr3P) and a pair of genes in
Chr6 and Chr7 were found more closely. A total of 16 vari-
ants caused unequivocally a change in the amino-acid se-
quence of their gene predictions (bcasl, edn3, farsa, fundc2,
glucocorticoid, hagh.l, ldb3, loc103760181, loc106732794,
loc108702636, pxk, and tmedl; see Supplementary Table
S8) resulting in a different phenotype, at least in the amino
acid profile, between wild-type and white axolotls beyond
their skin coloration.

Private variation of the wild-caught axolotl

Using sequence data from project PRINA354434, which
sequenced RNA from a wild-caught axolotl, 25,825
SNVs (5.69% of the total SNVs) distributed across 10,
639 protein-coding genes were identified as unique to
this project. A total of five gene predictions showed
more than 20 wild-caught private SNVs (loc108701391,
tropomyosin, ncaph?2, fructose-bisphosphate, and cnp).
The frequency of private, wild-specific SNVs among
chromosomes was uneven, with significantly more SNVs
observed for genes on Chr2 and Chr3, and significantly
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Fig. 3 SNVs associated with the pigment phenotype. The Manhattan plot represents the results of the association analysis between white and
wild/wild-type samples. Variant-phenotype associations were identified using an adjusted p-value <1e-5 threshold, which is represented by the
red line. Sequences name tags highlight identified variants that caused unequivocally a change in the amino-acid sequence
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fewer observed for chromosomes 4, 7, 9, 12, and 13 (see
Supplementary Table S9). These variants have been
plausibly lost in domesticated axolotls.

Discussion

Species adaptation for human use has changed the genetics
of the domesticated populations when compared to their
wild counterparts. Animal models are domesticated species
adapted to the laboratory life for research purposes. This
special domestication process has also changed animal la-
boratory populations phenotypically and genetically. This
variation is not well documented for example in the Mexi-
can axolotl. Axolotls have been bred in captivity for the last
155 years [15]. While the complex history of contemporary
laboratory populations has been previously described [17,
19], very little is known about existing levels of genetic
variation. In this study, reads from 146 RNA-Seq samples,
collected from different research projects, were aligned to
the gene predictions of the axolotl genome, and DNA
sequence variants were identified. This study unravelled a
genetic diversity bias among specimens used in different
experimental studies and, also, different genetic back-
ground between axolotl pigment phenotypes. The results
presented here will aid researchers not only in monitoring
axolotl genetic variation within laboratory populations, but
also in refining future studies and experiments. Particular
attention to the genetic variation described here should be
given when performing gene editing experiments to distin-
guish the treatment effects and the specimen genetic back-
grounds [20]. Additionally, this study yields a prioritized
list of candidate genes for further studying protein-coding
gene evolution under domestication processes. Ultimately,
this research could guide other transcriptomic studies to
not only describe gene expression patterns but also to un-
cover the genetic variation of the study specimens of any
species. This should be particularly the case of model or-
ganisms, for which this information could help to disentan-
gle the genetic imprints of domestication and to establish
the foundations for more reproducible research.

Consistent with patterns of genetic variation described for
other species [21-23], the most prevalent type of sequence
variant identified among axolotl RNA-Seq datasets were
biallelic SNVs with a transition/transversion ratio of 1.65
(around 60 and 40% of the SNVs, respectively). Common
and rare variants (MAF > 0.01 or 0.05) were also in agree-
ment with previous population genetics studies showing a
high percentage of rare variants in coding regions [24]. Ani-
mal laboratory populations are usually small and under
founder effects and genetic drift processes, which lead to in-
bred and/or considerable divergent laboratory populations
[14]. Despite this, relatively high levels of heterozygosity
were described in this study that could have reached by
crosses between different captive populations and/or
hybridization with closely related species. Introgressive
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hybridization from a tiger salamander (Ambystoma tigrinum
Green, 1825) into axolotl laboratory populations was under-
taken in 1962, and tiger salamander genetic segments per-
sist today among AGSC axolotls [19]. Before further
discussion of the results, it has to be mentioned two primary
caveats noted in classifying SNVs mined from RNA-Seq
datasets using allele frequencies. Some of the RNA-Seq
samples (for example project PRJNA480225 samples) that
were included in the analysis contained RNA from more
than one individual, and thereby the estimates of heterozy-
gosity may reflect interindividual genetic variation and not
true heterozygosity. Second, even for samples that were cre-
ated from single individuals, both alleles at a locus may not
be simultaneously expressed [25]. Despite the plausible
missing genotype of loci related to transcriptome data, on
average, more than 60% of the SNVs were discovered within
each RNA-Seq sample, allowing to use this reduce represen-
tation technique for characterizing genetic diversity [26].

SNVs identified in this study were not randomly distrib-
uted across gene predictions. Many studies have shown
that SNVs can vary among genes because of differences in
the ages of genes and evolutionary processes like selection
[27, 28]. It is widely recognized that evolutionary processes
can shape genetic diversity of a given gene and genes under
the same function or structural constrain [29-31], and,
here, annotation terms that were significantly enriched by
genes that showed similar deviations in SNV frequency
were identified. Axolotl genes with relatively fewer SNVs
enriched annotation terms that were associated with highly
conserved and essential functions mainly related to nucleic
acid binding, including transcriptional regulation. Those
genes may be similarly constrained plausibly by the same
relative strength of purifying selection. Genes with rela-
tively more SNVs were associated with G-protein modula-
tor and PDGF signalling pathway and could be under
more relaxed selection. The functional significance of
SNVs discovered in this study await further study as both
non-synonymous and synonymous SNVs can affect gene
functions, as well as splicing, folding, mRNA stability, gene
expression, and consequently, the associated biological
processes [32—34].

Beyond functional constraints and natural selection, it
is possible that genes with variable numbers of SNVs
may present genomic signatures of artificial selection,
drift, and introgressions related to election of specific
phenotypes in the course of axolotl domestication. Dur-
ing early axolotl domestication, white axolotl lineages
were propagated independently from two lineages and
subsequently integrated into the AGSC population [17].
Giving that the white pigment phenotype is a recessive
trait rarely seen in nature but extremely common in cap-
tive populations, the propagation of white individuals
was undoubtedly accomplished by non-random mating
to maintain white alleles. Because white axolotls are
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preferentially mated to each other and not to wild-type
individuals, unique polymorphisms likely accrued be-
tween these strains, including SNVs that are not linked
with edn3, the causative gene for the white phenotype
[19]. The genetic association analysis supports this idea
having identified SNVs throughout the axolotl genome
associated to RNA-Seq samples from axolotls with dif-
ferent pigment phenotypes. Likewise, some of these vari-
ants changed the amino-acid sequences of the predicted
proteins and, accordingly, the phenotype of the axolotls
beyond pigmentation. A genome-wide effect of domesti-
cation could be also supported by the discovery of SNVs
that were unique to the Xochimilco axolotl RNA sam-
ples. Presumably, these SNVs were lost during captive
breeding. However, there is need to test additional axo-
lotl samples collected from nature and additional labora-
tory populations to more extensively characterise the
variation of the Xochimilco and captive populations.
Likewise, historical samples stored in collections and
museums would be required to thoroughly describe axo-
lotl domestication process. Given the impoverished state
of the Xochimilco axolotl population, critically endan-
gered and having suffered dramatic reductions in popu-
lation size for many years [16, 17], the wild populations
could no longer reflect the variation of the wild source
from which domestic populations arose. Breeding man-
agement strategies have shaped genetic variation of la-
boratory animal populations, causing in some cases large
genetic differences plausibly not only between natural
and laboratory animals, but also among laboratory
strains, that can affect experimental reproducibility,
including studies of gene expression [7, 8, 35]. The
genetic differences found here need to be further in-
vestigated to address whether this variation is affect-
ing biological processes.

Across projects, axolotls showed different levels of gen-
etic variation. One component of this variation is likely ex-
plained by the experimental design strategy that these
projects employed. Genetic differences among samples re-
vealed two principal experimental design strategies: exper-
iments with siblings from probably the same hatch (e.g.
PRJNA312389 and PRJNA480225) and experiments that
used non-siblings (e.g. PRINA427437). RNA samples from
projects that used first/second degree related axolotls, or
as in the case of project PRINA354434, where all the RNA
samples were obtained from a single individual, were clus-
tered together by Admixture analysis. Giving the nature of
these Admixture clusters, sample ancestries were misled
by sample relatedness. The Admixture analysis performed
here provided a complementary insight of genetic vari-
ation, allowing to further describe variation among sam-
ples and projects rather than divergence and admixture
stratification [36]. The RNA samples from the Xochimilco
axolotl were the most different in this study and the
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second most dissimilar samples were from the project
PRJNA306100, which used axolotls from a population that
may have descended from a non-AGSC lineage of the ori-
ginal Parisian captive population [15]. Beyond the sibling
vs. non-sibling experimental design strategy, I highlighted
that projects that disclosed the sample pigment phenotype
used exclusively animals of one pigment phenotype or the
other (wild-type or white axolotls) in their experiments.
Accordingly, among those projects there are not only
phenotypic variation, which could potencially hide pleo-
tropic effects [37, 38], but also a bias on genetic variation
at genome-wide level between these phenotypes, as the as-
sociation analysis of this study showed.

Conclusions

Variation is the base of evolution, and its study and char-
acterisation have greatly broadened our knowledge of bio-
logical processes. The genetic diversity of species,
especially when studying domesticated organisms such as
animal models, should be known to ensure the correct in-
terpretation of the results and the reproducibility of any
biological experiment. Through the wuse of high-
throughput sequencing technologies, the genetic variation
of any organism could be uncovered. For instance, tran-
scriptomic experiments not only provide information
about gene expression patterns but also allow the charac-
terisation of the genetic background of the study speci-
mens, as it has been exemplified in this research study.

Methods

Sequence data

Data were obtained from the Sequence Read Archive Data-
base, SRA, [39] from all the available projects to the date of
data collection. A total of 146 RNA-Seq samples (files
downloaded on the 17th of July 2018) from 9 different re-
search projects (6 samples from PRJNA480225, 41 from
PRJNA300706, 2 from PRJNA306100, 43 from PRJNA312
389, 6 from PRJNA354434, 19 from PRJNA378982, 8 from
PRJNA400170, 18 from PRJNA427437 and 3 from PRJN
A186654, see Supplementary Table S1 for sample reference
ids) were selected based on library strategy (paired-end
RNA-Seq from enriched poly-A RNAs) and sequence
coverage (more than 10 million reads per sample). The
fastqg-dump command from SRA Toolkit was used to ob-
tain read sequences from the chosen SRA samples. Each
paired read sequence file was aligned to the 23,251 pre-
dicted protein-coding genes from the A. mexicanum gen-
ome assembly v3 [40] using Bowtie 2.3.2 [41] with default
parameters. Samtools 1.5 [42] was used to merge and sort
the 146 alignment files, after read group information was
added to each alignment using Picard tools (http://broadin-
stitute.github.io/picard/).
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Variant discovery and annotation analysis

Joint variant calling was performed using the HaplotypeCal-
ler tool of GATK 3.6 with a minimum Phred-scaled thresh-
old of 20, following best practices of the GATK program
guide [43]. Variant filtration was also carried out according
to GATK guidelines, by applying a hard filter to the call set.
Variants were filtered using the variant confidence value di-
vided by the unfiltered depth of non-reference samples as a
threshold (QD < 2.0) and thinning the data when 3 or more
variants were found within 35 bases of each other. Filtered
variants were sorted by type of variant, and bi-allelic single
nucleotide variants (SNVs) were selected to conduct further
analyses after reformatting to flat files (MAP/PED) using
VCFtools 0.1.14 [44]. SNVs were characterized by comput-
ing several metrics per sample using PLINK 1.9 [45], in-
cluding: i) genotype missingness, which is the percentage of
missing DNA sequence data among loci; ii) allele frequen-
cies; iii) heterozygosity ratios, which is the number of het-
erozygous sites divided by the number of non-reference/
alternative homozygous sites; and iv) transition and trans-
version rates.

For each analysed protein-coding sequence, the number of
SNVs per Kb (frequency of SNVs) was calculated and com-
pared to the overall mean frequency of SNVs across all
protein-coding sequences (i.e. number of SNVs per Kb using
the total number of bases of all predicted protein-coding
genes). Predicted genes were classified using their gene
names, and SNV frequencies were scaled subtracting the
overall mean frequency for non-redundant genes. The list of
non-redundant genes and their scaled SNV frequency was
analysed using the statistical enrichment test of the PANT
HER webtool with Homo sapiens as a reference organism
for the annotations sets: GO-Slim Biological Process, Go-
Slim Cellular Component, Go-Slim Molecular Function,
Pathways, and Protein Class [46]. This test evaluated the
likelihood that annotation terms of ranked genes yielded
SNV frequency value distributions that deviated significantly
from the overall distribution of SNV frequency values.

The base pair positions of SNVs was determined using
the predicted protein-coding genes alignments of the axo-
lotl genome assembly v4 [47]. For the wild-caught axolotl
samples, unique/private variants were counted and classi-
fied by chromosome. Mean wild-caught SNV frequency
was calculated relative to the concatenated length of all
predicted genes for each chromosome. Chromosomal-
level differences in SNV frequency were assessed by com-
paring SNVs frequencies per chromosome to the overall
mean frequency using two-tailed binomial tests at 5% of
significance (binom.test) with R 3.3.0 [48].

Sample diversity and structure analyses

To study relationships between the 146 RNA-Seq samples,
multidimensional scaling (MDS) with ten dimensions on a
computed matrix of identity by state (IBS) pairwise
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distances, and estimated kinship coefficients were calcu-
lated for SNVs with minor allele frequency (MAF) higher
than 0.01 (cut-off for distinguishing common from rare
variants) using PLINK 1.9 --cluster, —-matrix, and --mds-
plot tool options [45], and VCFtools 0.1.14 --relatedness2
tool option [44], respectively. The subset of SNVs with
MAF higher than 0.01 were also used to estimate individ-
ual ancestries by cross validation of maximum likelihood
searches using Admixture 1.3.0 [49]. Five independent
search seeds were used in the Admixture analyses in order
to find the most likely number of ancestral populations, K
(values tested from 1 to 15). Pairwise Fgr (Weir and Cock-
erham weighted Fsy) statistics were also calculated be-
tween samples of the different projects using VCFtools
0.1.14 --weir-fst-pop tool option [44].

Association analysis

A subset of SNVs with MAF higher than 0.05 (conservative
cut-off for distinguishing common from rare variants) from
38 samples of wild-caught, wild-type and white axolotls
(phenotype was designated from their original project, see
Supplementary Table S2) was used to perform a basic case/
control phenotype-genotype association analysis (two cat-
egories: white as a case versus wild/wild-type samples as a
control). This analysis was performed using PLINK 1.9 [45]
with allow-no-sex option and adjustment for multiple test-
ing using the Benjamini-Hochberg procedure. Variant-
phenotype associations were identified using an adjusted p-
value <le-5 threshold and their chromosome locations
were determined from gene predictions [47]. The variants
associated with the study phenotype were classified as
synonymous and non-synonymous amino acid changes by
exploring the six frames of translation of the axolotl gene
predictions (non-synonymous changes were conservatively
designated when different amino acids were encoded for all
the six open frames). The selection of the 38 samples (19
samples for each category, including one sample of the
wild-caught axolotl in the wild/wild-type category)
excluded pairs of samples with high kinship coefficients
(values lower than 0.0442 for all the pair samples of the
wild/wild-type category and for most of the samples of the
white category) and population structure. Another
phenotype-genotype association analysis of these same 38
samples was performed for a pseudo-random phenotype
and no significant variant-phenotype associations were de-
tected (see Supplementary Table S2).
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