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Abstract

Copy number variation is a common contributor to phenotypic diversity, yet its involvement in
ecological adaptation is not easily discerned. Instances of parallelly evolving populations of the
same species in a similar environment marked by strong selective pressures present
opportunities to study the role of copy number variants (CNVSs) in adaptation. By identifying CNVs
that repeatedly occur in multiple populations of the derived ecotype and are not (or are rarely)
present in the populations of the ancestral ecotype, the association of such CNVs with adaptation
to the novel environment can be inferred. We used this paradigm to identify CNVs associated
with recurrent adaptation of the Mexican tetra (Astyanax mexicanus) to cave environment. Using
a read-depth approach, we detected CNVs from previously re-sequenced genomes of 44
individuals belonging to two ancestral surface and three derived cave populations. We identified
102 genes and 292 genomic regions that repeatedly diverge in copy humber between the two
ecotypes and occupy 0.8% of the reference genome. Functional analysis revealed their
association with processes previously recognized to be relevant for adaptation, such as vision,
immunity, oxygen consumption, metabolism, and neural function and we propose that these
variants have been selected for in the cave or surface waters. The majority of the ecotype-
divergent CNVs are multiallelic and display copy-number increases in cave fish compared to
surface fish. Our findings suggest that multiallelic CNVs - including gene duplications, and
divergence in copy number provide a fast route to produce novel phenotypes associated with
adaptation to subterranean life.

Keywords: copy humber variation, cave colonization, parallel evolution, rapid adaptation, gene
duplication, genomic structural variation
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Introduction

Biological evolution operates on phenotypic and genetic variation. Structural variation is a
dominant form of genetic variation in terms of genome proportion, population frequency, and
taxonomic ubiquity. It refers to the inter-individual variation in the orientation, position, or copy
number of a genomic sequence. The latter covers deletions and amplifications of sequences,
collectively termed copy number variants (CNVs). CNVs affect both coding and noncoding
regions and thus may alter phenotype in various ways. For example, by affecting complete genes
CNVs may cause changes in gene dosage (Maron et al. 2013; Handsaker et al. 2015). They can
modulate the expression of individual genes by affecting enhancers or promoters, or reorganize
whole regulatory networks by striking at a single critical transcription factor (Vickrey et al. 2018;
Yuste-Lisbona et al. 2020). CNVs in exons cause changes in gene structure, consequently
changing the structure and efficiency of protein products (Boettger et al. 2016). With such
prevalence and prolific influence on phenotype, CNVs are considered to have a large impact on
phenotypic diversity.

Despite their pervasiveness among genomes and taxa, it is not clear to what extent
CNVs contribute to adaptation. Even in the most extensively studied species - humans, no
consensus has been reached yet and the assumptions range from neutral evolutionary processes
acting on the majority of CNVs to the significant contribution of adaptive evolution (Iskow et al.
2012; Saitou et al. 2022). Multiple factors complicate the reconciliation between studies such as
the heterogeneity of CNVs in terms of type, size, genomic context, and mutation rate, as well as
technical difficulties and limitations pertaining to the choice of methodology (reviewed in Pokrovac
and Pezer 2022). Moreover, experimental evolution as a tool is generally not feasible for more
complex multicellular organisms. The dynamics of CNVs at macro- and microevolutionary scales
are therefore inferred from comparative genomics and population-scale data, respectively, by
examining evolutionary signatures, such as divergence patterns and CNV frequencies. In this
respect, the instances of multiple populations with similar traits in similar environments represent
precious opportunities for studying the evolution by natural selection, because they provide an
element of reproducibility: if the trait repeatedly occurs in parallel, it is less likely to have been
driven by genetic drift, but rather it (and the underlying genetic variant) evolved multiple times as
a response to a common selection pressure associated with habitat similarity (Rundle et al.
2000). CNVs are surprisingly understudied in the context of parallel evolution and recurrent
adaptation. The only system that has received somewhat more attention in this regard is
freshwater colonization by marine fish (Hirase et al. 2014; Lowe et al. 2018; Ishikawa et al. 2022).
These studies identified CNVs, including changes in gene copy number (CN), that underly
adaptation to freshwater environments, by analyzing data from multiple ancestral and derived
populations.

We here use population-scale genomic data from Mexican tetra (Astyanax mexicanus) to
investigate the contribution of CNVs to adaptation to cave environments. A. mexicanus is a fish
species that exists in the form of two ecotypes: surface-dwelling, which inhabits lakes and rivers
throughout Mexico and southern Texas, and cave-dwelling, which can be found in waters of
multiple caves in northeastern Mexico (Gross 2012). The molecular data suggests that there are
two lineages of A. mexicanus - new and old lineage, which separated 150,000 - 300,000 years
ago (Herman et al. 2018). The cave form is considered derived from ancestral surface
populations that invaded caves on more occasions 10,000 - 100,000 years ago and these
transitions occurred in both lineages (Fumey et al. 2018). Despite some degree of gene flow from
surface populations and evidence of reticulate evolution, troglomorphic traits are maintained in
cave populations (Herman et al. 2018) indicating the presence of strong selection pressures to
cope with environmental challenges such as constant darkness, reduced food availability, low
oxygen level, and low parasite diversity. These are the key forces that drive the evolution of cave-
derived traits, such as eye degeneration (Moran et al. 2015), loss of pigment (Bilandzija et al.
2013), sleep loss (Duboué et al. 2011; Jaggard et al. 2018), increase in appetite and starvation
resistance (Aspiras et al. 2015), increased fat accumulation (Xiong et al. 2018), insulin resistance
(Riddle et al. 2018), enlarged hypothalamus (Menuet et al. 2007), changes in behavior
(Yoshizawa et al. 2010; Elipot et al. 2013; Kowalko et al. 2013), larger number and size of
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erythrocytes (Boggs et al. 2022; van der Weele and Jeffery 2022), and shift in the immune
investment strategy (Peuf3 et al. 2020). The strong driving selective factors and distinctive derived
traits, a well-known population history, and the existence of multiple ancestral and derived
populations make A. mexicanus a convenient system for studying the role of CNVs and other
structural variants in recurrent adaptation.

We use available genomic data from 44 fish belonging to three cave and two surface
populations (Herman et al. 2018) to detect CNVs by a read-depth based approach. By identifying
genes and genomic regions whose copy numbers diverge in parallel between cave and surface
populations we discover signatures of natural selection associated with the transition to
underground waters. Our findings highlight the role of multiallelic CNVs and the copy number
increase in rapid adaptation to cave environment.
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Materials and Methods
Data acquisition

The reference genome AstMex3_surface in FASTA format as well as annotation
information and assembly report were downloaded from NCBI database, under RefSeq assembly
accession GCF_023375975.1 (Warren et al. 2023). lllumina reads from A. mexicanus population
resequencing data described in Herman et al. (2018) were downloaded from European
Nucleotide Archive (SRA accession: PRINA260715). Briefly, we obtained data for 28 cave fish (9
from Molino, 9 from Pachén, and 10 from Tinaja population), and 15 surface fish (6 from Rascon,
and 9 from Rio Choy population). Information about samples, including SRA run accession
numbers is provided in Table S1. Sequencing data corresponding to the previous A. mexicanus
genome assembly Astyanax_mexicanus-1.0.2 (GenBank accession GCA_004802775.1) was
included as an additional sample of Pachon population (SRA accession: PRINA533584). The
data is based on 15 runs of lllumina HiSeq2000 on DNA isolated from heart, gill, and liver of a
single female Pachon cave fish. Runs were joined and subsequently trimmed and cleaned using
Trimmomatic (Bolger et al. 2014) and cutadapt (Martin, 2011) so that they pass quality control.

Preprocessing and mapping

FASTQ files were quality checked with FastQC package (Andrews, 2010). Reads were
mapped to the reference genome using Bowtie 2 (Langmead and Salzberg 2012) with default
parameters. SAMtools (Li et al. 2009) was used to fix mate-pair information, sort the data, identify
and mark duplicate reads, index the BAM files, and calculate the mean of per-base coverage
(Table S2).

CNV calling

To discover CNVs from NGS data, we employ CNVpytor (Suvakov et al. 2021), a Python
extension of CNVnator and a tool that identifies deletions and duplications from regions with a
lack or excess of mapped reads, respectively (Abyzov et al. 2011). Such a read-depth-based
approach is highly accurate at estimating diploid CNs from short-read sequencing data, is robust
to interindividual differences in genome coverage, and performs well in repetitive regions (Abyzov
et al. 2011; Pezer et al. 2015; Kosugi et al. 2019; Garg et al. 2021). These features make it
suitable for comparing genome-wide patterns of CN between populations.

The optimal bin size was set for each sample individually, such that the ratio of global RD
mean to global RD standard deviation was between 4 and 5, corresponding to the relative
standard deviation of global RD of 0.25 and 0.2, respectively. The bin size ranged from 500 to
800 bp. Copy numbers (CNs) were determined with CNVpytor by using the -genotype option.

Downstream analyses

Principal component analysis and hierarchical agglomerative clustering were performed
in Python programming language using SciPy and sklearn packages.

Permutations were performed in Python NumPy package. Coordinates of CNV calls were
shuffled randomly on the same chromosomes, while ensuring that CNV size distribution and
duplications-to-deletions ratio matched those of the true data and that the annotated assembly
gaps were avoided. CNV calls were intersected with specific features using bioframe package
(Open2C et al. 2022).

Functional analysis of genes was performed by using the DAVID tool (Sherman et al.
2022). To assign biological processes and pathways, annotations from
UP_KW_BIOLOGICAL_PROCESS, GOTERM_BP_DIRECT, and KEGG_PATHWAY were used.
The most frequently occurring words from the DAVID output were extracted and compiled
manually into a list of terms that encompass words or word roots. Such terms were used to
analyze DAVID output by using the grep command in Linux. For example, the term “nerv*” was



162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205

used to count all instances of the words nerve, nervous, and innervation. Bedtools closest was
used to find the nearest genes to the noncoding CNVRs (Quinlan and Hall 2010).

To find genes with significant differences in CN between ecotypes or lineages, we
combined the results of two approaches: 1) population-pair approach, in which Welch T-Tests
were used in all combinations of a cave versus a surface population, or in all combinations of a
new versus an old-lineage population; 2) bulk-comparison approach, in which Mann-Whitney test
was used in comparison of all cave versus all surface individuals, or in comparison of all new-
lineage versus all old-lineage individuals. The nonparametric Mann-Whitney test was chosen for
bulk comparisons to account for multimodality in CN across the populations, given the population-
specific profile of CNVs. We further adjusted p-values using the FDR Benjamin-Hochenberg
method and FWER Holm’s method, setting the significance level at alpha 0.05. We considered
the difference to be significant when the significance level criterion was met in both approaches.

CNVPytor enables us to track two key metrics for genomic region analysis: total reads
mapped, and unique reads mapped. To estimate the fraction of zero mapping quality reads
(reads mapped to multiple regions), we calculate the difference between total and unique reads
mapped to a region and divide it by the number of all reads mapped to the same region.

Validity considerations

All CNVs in the dataset were detected and genotyped by CNVpytor, an extension of
CNVnator developed in Python (Suvakov et al. 2021; Abyzov et al. 2011). CNVpytor has
additional features and improved performance in terms of speed but retains CNVnator’s high
sensitivity, low false-discovery rate, and high genotyping accuracy (Suvakov et al. 2021). The
genotyping accuracy of its algorithm reaches 96% and is robust to differences in coverage
(Abyzov et al. 2011; Pezer et al. 2015; Kosugi et al. 2019), rendering it one of the most commonly
used tools for CNV detection based on the read-depth approach. Moreover, a recent study
validated the genotyping performance of CNVnator in tandemly repetitive regions and found a
high correlation (R2 = 0.81) between CNs deduced from short reads and long reads (Garg et al.
2021), demonstrating that CNVnator’s algorithm is reliable even in such problematic regions in
which the mapping position of short reads cannot be determined with certainty. Our major
findings are based on copy numbers genotyped by the CNVpytor. We rely on the reports of high
accuracy described above as well as on the previously conducted validations in other studies that
reported high correlation and concordance with copy numbers determined by different
experimental and bioinformatic approaches (tan Nguyen et al. 2013; Yi et al. 2014; Shebanits et
al. 2019; Meng et al. 2022).

We considered the possibility that our major findings could be influenced by the high
proportion of mapped reads with low quality. For example, non-uniquely mappable reads could
pile up at one particular position of a genotyped region and consequently inflate the inferred copy
number of the whole region. We therefore assessed the proportion of reads with zero mapping
quality (MAPQ=0) at each of the 292 ecotype-divergent CNVRs and the 102 ecotype-divergent
CNV genes (Figure S6). At the largest majority of these genotyped loci, there were no low-quality
reads mapped, and the proportion is smaller than 5% at approximately 90% of analyzed the loci.
These numbers suggest that the effect of non-uniquely mapping reads on the genotyped copy
numbers of CNVRs and CNV genes is insignificant.
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Results
Population diversity

By using CNVpytor we detected between 3,001 and 12,262 CNVs per animal (Table S2
in Supplementary Material). There was no significant difference between lineages or ecotypes in
the total number of detected CNVs. New lineage animals contained a higher proportion of
duplications than animals of the old lineage (Welch t-test, p-value 9x1012, Cohen’s D 2.9):
approximately 8% of all calls in Choy and Molino fish are duplications, whereas they constitute on
average 4% of all calls in populations belonging to the old lineage. The higher duplication-to-
deletion ratio in new-lineage animals can be explained by the fact that the AstMex3 reference is
based on the fish from the Choy population, which belongs to the new lineage. Genomes are
expected to share more of their content within the same lineage than between lineages, i.e. fewer
regions in the reference genome are expected to be missing in the new-lineage genomes than in
the genomes of old-lineage fish. There was no major difference in the proportion of duplications
between surface and cave ecotypes (Welch t-test, p-value 0.36).

The extent of shared genetic variation between individuals can provide clues on genetic
diversity. In order to estimate relative genetic diversity within and between populations, we
analyzed the number of overlapping CNV calls between any two individuals in our dataset.
Predicted CNV call breakpoints are defined by genomic coordinates in the reference genome and
the distance between the breakpoints defines CNV length. If the genomic position of a CNV call in
one genome overlaps with the position of a call in another genome, and they do so over a
minimum of 50% of both lengths, these calls are defined as a shared CNV between the two
genomes. Based on such a definition, we find that any two samples share on average 1,946
CNVs, corresponding to 34% of all CNVs in a single pairwise comparison. Individuals are the
most similar to one another in the Molino population which belongs to the cave-dwelling new
lineage, where they share 3,448 CNVs on average (65%). This finding suggests the lowest
genetic diversity in Molino population, in accord with previous observations based on analyses of
SNP data (Bradic et al. 2013; Herman et al. 2018). Rio Choy population (surface-dwelling new
lineage) is the most diverse, with individual pairs sharing on average 1,198 CNVs (36%). The
pattern of shared CNVs clusters populations according to their lineages (Figure 1A) but groups
the Rascon surface and Tinaja cave population together. This disagrees with the previously
proposed phylogeny based on SNP data in which cave populations Tinaja and Pachén form a
monophyletic sister group to Rascon surface population (Herman et al. 2018).

In order to identify CNV loci that are specific to populations, we defined copy number
variable regions (CNVRS) as regions enclosed by genomic coordinates of merged calls from all
individuals of the same population. This enabled us to determine population-private CNV loci, i.e.
calls present within CNVRs in at least one individual of a single population whereas absent from
all other populations (Table 1). We find 4,257 cave-specific and 4,728 surface-specific CNVRs.
The proportion of private CNVRs that are found in single animals is greater in surface fish (65%),
than in cave fish (41%). This is also evident in comparisons of individual surface populations
(72% in Rio Choy and 68% in Rascon) with individual cave populations (45% - 62%). A single
private CNVR contains on average five CNVs in cave fish and only three in surface animals
(Table 1). These analyses suggest that cave fish more often share the same CNV, consistent
with pairwise similarity analysis based on the number of shared CNVs (Figure 1A). It was
proposed that most genetic variation in the caves results from standing genetic variation from the
ancestral surface stock and possible gene flow between the populations (Bradic et al. 2012).
Hence, genetic variation in cave animals is expected to largely represent a subset of surface
variation. The finding of a similar number of cave-specific CNVRs and surface-specific CNVRs is
therefore surprising. There was no significant difference between cave and surface in the
functional content of ecotype-specific CNVRs (Figure S1). Majority of the genes that overlapped
these CNVRs were associated with numerous signaling and metabolic pathways to similar extent
in both ecotypes.

We next analyzed the proportion of singleton CNVs, defined as CNVs detected in only
one animal and having no overlap with CNVs in other samples of the whole dataset. We detected
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between 5 and 1,537 singletons per animal - corresponding to 0.12% - 12.53% of all CNVs. The
proportion of singletons, relative to the number of all detected CNVs within an individual, is higher
in surface populations than in cave populations (Figure 1B). This suggests that surface fish have
larger diversity compared to cave fish and agrees with previous analyses based on microsatellite
and SNP data (Bradic et al. 2012; Herman et al. 2018). The singleton proportion as well as the
CNV presence-absence pattern suggest low genetic diversity within the Pachén population
(Figure 1). This population is characterized by small size and stronger isolation, and our results
align with the low polymorphism observed from microsatellite data (Legendre et al. 2023).

To estimate the fraction of the AstMex3 genome that is copy number variable in the
whole set, we merged calls across all samples into CNVRs. We found in total 15,088 CNVRs on
assembled chromosomes, comprising cumulatively 260.2 Mbp of sequence. Compared to the
total sequence length of assembled chromosomes (1,321 Mbp), this translates into 19.7% of the
reference sequence being copy number variable in natural A. mexicanus populations. We
discover that 10,035 CNVRs overlap genes (including protein-coding genes, INcCRNA, rRNA,
tRNA, and all other annotated gene classes) and occupy 213 Mbp in total, whereas the rest 5,053
(occupying 48 Mbp in total) can be considered purely noncoding CNVRs. The larger proportion of
CNVRs associated with genes may be explained by the high proportion of gene-encoding
sequences present in the reference assembly: as much as 63% of the assembled sequence is
annotated as genes in the AstMex3.

Population-specific patterns of gene copy number

We detected in total 2,819 unique protein-coding genes that are entirely spanned by a
CNV in at least one sample. We refer to this set of genes as CNV genes (Table S3 in
Supplementary_Tables.xlsx). The average length of a CNV gene is 9,263 bp (median 5,335 bp),
which is substantially shorter than the average length of all annotated protein-coding genes
(34,441 bp; median 13,069 bp). Over a third of CNV genes (978) are uncharacterized, i.e. of yet-
unknown function, which is a four-fold increase compared to the proportion of uncharacterized
protein-coding genes in the whole assembly (8.5%). This enrichment of uncharacterized genes in
the set of CNV genes could be a consequence of their generally short length (7.3 kbp on average
in the whole genome), such that smaller genes are more likely to entirely reside within CNVs than
longer genes. In order to test this, we performed permutation analyses. Coordinates of CNV calls
were shuffled randomly, keeping the distribution of CNV lengths as is in the true data. In each
permutation, the average length of CNV genes and the proportion of uncharacterized CNV genes
were calculated. Based on 100 such permutations, we would expect to find about 10% of
uncharacterized genes within the set of CNV genes, which is very close to the proportion seen in
the whole AstMex3. Moreover, we would expect their average length to be around 15.7 kbp,
which is lower than the genome average (34.4 kbp) yet substantially higher than the true CNV
genes set (9.3 kbp). CNV genes are therefore 3.5 times more likely to be uncharacterized and 1.7
times shorter than expected. A previous study on three-spined stickleback fish demonstrated that
CNVs are enriched for evolutionary new genes which are generally shorter and for which no
evidence of homology in other species has been found (Chain et al. 2014). Their function is often
unknown; hence these genes are described as “uncharacterized”. Notably, given the recency of
the AstMex3 assembly and the associated genome annotations, some of the genes labeled as
“uncharacterized” may not actually be true orphans or lineage-specific genes, but may instead
represent genes that have orthologs in other species, of yet undetermined function. However, the
lack of such characterization, short gene length, and the strong enrichment compared to
expectations based on permutations in our study, provide further support to the hypothesis that
CNVs are enriched for young genes (Chain et al. 2014).

By using the -genotype option in CNVpytor we determined the copy humber of every
CNV gene in each sample (Table S3). Based on gene copy numbers, the samples cluster by their
geographic location (Figure 2A and 2B). Interestingly, the two surface populations, new-lineage
Rio Choy and old-lineage Rascon, are closer than expected, given that the split between the two
lineages happened at least 200,000 years ago (Herman et al. 2018). Moreover, hierarchical
clustering suggests that Rascon surface and Tinaja cave fish are the most similar based on the
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pattern of gene copy number and that the two populations form a sister clade with the Rio Choy
surface population (Figure 2B).

To find genes with significant differences in CN between ecotypes, we performed
appropriate statistical tests for all combinations of cave-surface population pairs, as well as for
comparison of all cave versus all surface individuals (see Methods section for details). Based on
this approach, we found that 102 out of 2,819 CNV genes were significantly different in copy
number between cave and surface ecotypes (Table S3). Over half (65) are predicted genes of
unknown function among which 89% (58 genes) have an average copy humber higher in cave
than in surface fish. For example, we find between 4 and 24 copies of the LOC125782174 in cave
individuals, whereas the same gene exists in 1-3 copies in the surface fish (Figure 2C). Similarly,
we find up to 4 copies of LOC125799116 in genomes sampled in surface waters and 6-40 copies
in cave genomes. Among the genes that are characterized in this set, some have either lower or
higher average copy number in cave fish genomes compared to surface, and play a part in
different processes such as (innate) immunity (LOC111188594 - fucolectin-1-like;
LOC111194616 - polymeric immunoglobulin receptor-like; LOC111195410 - E3 ubiquitin-protein
ligase DTX3L; LOC125785782, LOC125785783, LOC111188451 and LOC125785616 - B-cell
receptor CD22-like; LOC111197671 - C-type lectin domain family 4 member E-like;
LOC125784871, LOC125785663 and LOC125784856 - NLR family CARD domain-containing
protein 3-like), oxygen transport (LOC111191628, LOC111196759, LOC111191630 and
LOC103027764 - encoding hemoglobin subunits; LOC125787068 - scavenger receptor cysteine-
rich type 1 protein M130-like), and lipid metabolism (LOC103026892 - 60 kDa lysophospholipase;
LOC125799429 - phospholipase B-like 1; LOC111195147 - apolipoprotein L3-like). For example,
gene LOC125784890 is predicted to encode trace amine-associated receptor 13c on
chromosome 20. This gene belongs to a family of vertebrate olfactory receptor genes and its
copy number is reduced in cave genomes compared to surface fish (Figure 2C). Similarly, gene
LOC111195147 predicted to encode apolipoprotein L3-like seems to be completely deleted in
cave genomes and is present mainly in one or two copies in surface populations (Figure 2C).
Apolipoprotein L3 in humans is implicated in the movement of lipids (including cholesterol) within
cytoplasm, and the binding of lipids to organelles (Gene database - National Library of Medicine;
Gene ID: 80833). Gene LOC125801369 which encodes a protein similar to zinc finger protein 501
on chromosome 4 is present in 3-9 copies in most cave fish samples, whereas it is present in 1-2
copies in the majority of surface genomes. Similarly, the copy number of gene si:dkey-93h22.7 is
amplified in cave fish populations (Figure 2C). This gene encodes golgin subfamily A member 6-
like protein 22 and its expression is restricted to testis in humans (Gene database - National
Library of Medicine; Gene ID: 440243).

Similarly, we found 157 genes with significant differences in their CN between lineages
(Table S3). Among the 74 uncharacterized genes in this set, 40 had an average copy number
higher in new lineage compared to old lineage animals. Several annotated genes stand out as
being specifically amplified or deleted in only one lineage. For example, we find a substantially
higher copy number of the ERVFC1 gene annotated on chromosome 16 in old-lineage animals.
This gene encodes endogenous retroviral envelope protein and is present in 1-3 copies in Choy
and Molino fish, and in 6-27 copies in genomes of Rascon, Tinaja, and Pachon fish (Figure S2).
Instances of gene PGBD4 annotated on chromosomes 1, 2, 10, 19, and 20 are present mainly as
one copy per diploid in old-lineage animals and as two or three copies in the new-lineage
animals. This gene belongs to the family of piggyBac transposable element-derived (PGBD)
genes that are found in diverse animals (Sarkar et al. 2003). In humans, its expression is
enhanced in skeletal muscle, spermatids, and immune cells (Human Protein Atlas; Uhlén et al.
2015). Similarly, homologs of gene SMAD3 annotated at different genomic locations on
chromosomes 4, 5, 11, 15, 17 and 22, are reduced to a single copy per diploid on average in fish
of the old lineage, compared to on average three copies in the new lineage. In humans, this gene
encodes a widely expressed transcription factor with roles in many cellular processes such as cell
proliferation, cell movement, and apoptosis (Human Protein Atlas; Uhlén et al. 2015).

Ecotype-divergent CNVs at genes

10
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Differences in copy number between populations can result in phenotypic differences
between them. If genes affected by divergent CNVs are associated with particular biological
processes, this may indicate that these processes have also diverged between the populations.
To identify such processes that might be specifically targeted for copy number divergence
between surface and cave fish, we explored the functional context of genes that are frequently
affected by CNVs in single ecotypes.

We find a total of 9,187 protein-coding genes that are overlapped by CNVs. At 1,653
(18%) of the genes, we detected CNVs in only one sample, and at 476 (5%) genes CNVs are
found in all 44 analyzed genomes (Figure S3). Of the 9,187 genes, 15% (1,407) were affected by
CNVs exclusively in cave (Molino, Pachon, Tinaja) populations (Table S4) and 19% (1,726) in
surface (Rascon, Rio Choy) populations (Table S5). Within this set of ecotype-specific events, the
largest proportion of the genes were affected in only one animal (42% or 589 genes in the cave,
and 62% or 1,064 genes in the surface). A much smaller fraction overlapped CNVs in multiple
animals and in at least one animal per population, i.e. 4% (58 genes) in the cave and 9% (163
genes) in the surface fish. Genes that are the most frequently affected by ecotype-specific events
are genes that are associated with immune response. For example, genes such as
LOC125785663 (NLR family CARD domain-containing protein 3-like), LOC111196508
(scavenger receptor cysteine-rich type 1 protein M130), LOC103031898 (deleted in malignant
brain tumors 1 protein), and pikfyve (phosphoinositide kinase, FYVE finger containing) are
associated with innate immunity, inflammatory response and antiviral defense. CNVs in these
genes are detected in 13-28 cave individuals (of the 29 in total; Table S4). Similarly, genes
implicated in these processes are found to overlap the most frequent surface-specific events:
LOC103031476 (NACHT, LRR and PYD domains-containing protein 3), rnf41 (ring finger protein
41), LOC125801137 (E3 SUMO-protein ligase ZBED1-like) and LOC125782699 (scavenger
receptor cysteine-rich type 1 protein M130-like) are affected by CNVs in 9-13 out of 15 surface
individuals (Table S5). Within the set of cave-specific events with the highest frequency (>30%) in
analyzed populations, we find genes associated with processes such as visual perception (rgrb -
retinal G protein-coupled receptor b; LOC111194948 - TOG array regulator of axonemal
microtubules protein 1; map2 - microtubule-associated protein 2; opn8a - opsin 8 group member
a; LOC107197208 - complement C1g-like protein 3), genes encoding hemoglobin subunits
(LOC111191630 - hemoglobin subunit beta-2-like; LOC111191631 - hemoglobin embryonic
subunit alpha; LOC111191628 - hemoglobin embryonic subunit alpha), and genes implicated in
neurological functions (plppr3a - phospholipid phosphatase related 3a; LOC103030484 - ras-
related protein Rab-26; rab3c - RAS oncogene family member). Genes associated with these
processes are either not or are not frequently affected by CNVs in surface populations (Tables S4
and Sb).

Ecotype-divergent CNVs can affect genes along their whole length, as described for CNV
genes above. For example, gene LOC125785663 appears to be either entirely deleted or
reduced to a single copy in cave individuals (Figure 3, Table S3). An ecotype-divergent CNV
gene can be affected by both deletions and duplications in different individuals, such as the gene
LOC111194948, which appears to be either deleted or amplified in the cave genomes, while
present mainly in two copies in surface individuals (Figure 3, Table S3). CNVs can affect only a
part of a gene at high frequency, such as in the case of rgrb and rnf41. In all analyzed cave
genomes, a region from exon 4 to 5 of rgrb is deleted. Similarly, a region encompassing the first
intron and the first two exons of rnf41 is amplified in all analyzed surface fish (Figure 3).

Ecotype-divergent CNVRs

Of the 15,088 CNVRs detected in the whole set, 292 showed significant differences in
copy number between cave and surface animals (Wilcoxon rank sum test, adjusted pval < 0.01),
in all combinations of surface-cave comparisons as well as in comparison of all surface fish with
all cave fish (Table S6). These constitute in total 10.47 Mbp, equaling 0.8% of the reference
genome. Almost a third of these CNVRs (87) are noncoding, whereas the majority (205) overlap
or contain one or more genes (Table S6). Average copy humbers of these genomic regions range
much wider in cave fish than in surface fish. Of the CNVRs that show significant differences in
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average CN between ecotypes, the largest majority varies only slightly in surface fish, existing
mainly in one or two copies per diploid. The same genomic regions in cave fish genomes are
amplified up to 34 copies on average (Figure 4A). Two-thirds of these regions (195/292) exist at
higher copy numbers in cave fish compared to surface, whereas only 97 CNVRs are estimated to
have lower copy numbers in cave fish.

We analyzed functional annotations of genes overlapping CNVRs with significant
differences in their copy number between ecotypes. Of the 460 genes in the 205 regions, only 83
had associated annotations for biological processes or pathways (Table S7). About half of these
genes were associated with numerous signaling and metabolic pathways, including MAPK, Toll-
like and C-type lectin signaling pathways (Figure 4B and Table S8). Other highly represented
categories included transport of substances, regulation of different processes, and processes
related to nervous system functioning such as neuroactive ligand-receptor interaction and
neurotransmitter transport. These categories were also present at similarly high proportions in
genomic regions that did not significantly differ in copy number between ecotypes (Figure 4B).
However, some processes seem to be more represented in genomic regions with divergent copy
number between cave and surface animals. They include categories associated with cell
adhesion, apoptosis, glucose metabolism, as well as metabolisms of cytochrome, retinol and
nicotinate/nicotinamide, and the degradation of branched-chain amino acids (Figure 4B and Table
S8). Notably, among divergent CNVRs, we find many that intersect genes potentially involved in
biological processes that have been shown to change upon adaptation to darkness, such as
vision, development, and behavior. For example, genes LOC111197051 and LOC103025981 are
annotated in the AstMex3 assembly as two copies of the same gene that encodes guanylyl
cyclase-activating protein 2, which is involved in phototransduction. These genes overlap a ~66
kb long genomic region that is affected by duplications only in cave fish (Figure 4C). Similarly, a
31 kb genomic region is amplified in cave fish that overlaps gene aldhla2 (Figure 4C). This gene
encodes retinaldehyde dehydrogenase 2, which is an enzyme essential for proper embryonal
morphogenesis (Niederreither et al. 2002). A small, ~1 kb region within gene npb appears to exist
in cave fish as a single copy per diploid (Figure 4C). This gene encodes neuropeptide B, which is
expressed in the central nervous system and implicated in regulating feeding behavior (Singh and
Davenport 2006).

Noncoding genomic regions that are significantly different in copy number between
ecotypes may be relevant for adaptation if they contain regulatory elements. Such alterations may
cause differences in the regulation of specific processes associated with nearby genes. To
explore this idea, we extracted the closest gene to each of the 87 divergent noncoding CNVRs
and analyzed their functions. Although only 27 genes had associated annotations for biological
processes or pathways, they mainly agree with the analysis of gene-encoding CNVRs described
above (Table S9). Many of these genes can be associated with processes that are known to
change upon adaptation to the cave environment. For example, a gene that encodes cytochrome
¢ oxidase subunit 4 (LOC103039037) is located ~350 bp downstream of a ~1.4 kb region that is
deleted in cave fish, whereas the same region exists as two copies per diploid in surface fish
(Figure 4C). This gene is associated with oxidative phosphorylation and cardiac muscle
contraction, and the cave-specific deletion of the CNVR next to this gene may reflect differences
in its regulation as an adaptation to hypoxic conditions in caves. Another alteration that might be
associated with adaptation to reduced oxygen levels in a subterranean environment is the
amplification of a ~8 kb genomic segment, about 5 kb upstream of ssbpl. This gene is important
for mitochondrial biogenesis and it is tempting to speculate that 9-17 copies of the CNVR near
this gene in cave fish might be responsible for the altered regulation of mitochondria production
as a possible route to compensate for hypoxia (Gutsaeva et al. 2008; Gamboa and Andrad 2009).
Interestingly, a small region (~2 kb) located ~27 kb upstream of trh gene is found at lower copy
number in surface fish compared to cave fish (Figure 4C). This gene is expressed in
hypothalamic neurons as thyrotropin-releasing hormone that has major roles in many biological
processes including metabolic activity, thermoregulation, locomotor activity, pain perception, and
sleep regulation (Wozniak and Quinnell 2015).

Evolutionary implications
12
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On average, 57% of all detected CNVs overlap protein-coding genes (Figure 5A), 12% of
which affect whole genes. The second most prominent group of genes that are affected are
genes that encode long noncoding RNAs, with approximately 10% of all detected events
overlapping them. About a third of all CNVs have no overlap with any of the categories related to
gene features (Figure S4).

Permutations of calls in analyzed samples can provide clues to the mode of evolution that
acts on CNVs affecting particular gene categories. For example, if the detected proportion of
CNVs affecting a particular group of genes is similar to the expected proportion, those CNVs can
be considered to represent neutral variation. In contrast, if the expected proportion is higher or
lower than the detected proportion, CNVs affecting such category of genes may be under
purifying or positive selection, respectively. In order to see if the detected proportions of CNVs
overlapping different gene features are expected by chance, or if there is some bias for or against
CNVs, we permuted the calls and analyzed their overlap with each of the annotated gene
categories (Figure 5, Figure S5). Analysis of permutated data suggests that between 69% and
78% of all CNVs would affect protein-coding genes by random chance (Figure 5A). Comparison
with the detected proportions that range from 55% to 61% suggests that CNVs are generally
biased away from protein-coding genes in all samples. This is further corroborated when the
number of affected genes is considered: on average 18% of all protein-coding genes are
expected to be affected by CNVs based on permutations, compared to the detected 12% of
genes in the true data (Figure 5B).

The bias against CNVs in protein-coding genes is contributed by events affecting parts of
genes, whereas complete genes appear to be duplicated or deleted in a neutral fashion (Figure
5C). For the most part, this is in agreement with previous findings in humans that suggested
purifying selection acts against all types of structural variants that affect protein-coding genes,
except complete duplications (Collins et al. 2020). Similarly, it was demonstrated that duplication
events, rather than deletions, are more likely to include entire protein-coding genes in the
stickleback fish genomes (Lowe et al. 2018). The apparently neutral variation of gene copy
number in our dataset could explain the stratification of samples based on CNV genes (Figure 2),
which roughly reflects the demographic history of these populations. Interestingly, we find two
exceptions: Molino population, in which fewer gene duplications are detected than expected -
suggesting purifying selection, and Rascon population, in which gene deletions seem to be
subject to positive selection (Figure 5C, upper panels). To investigate if the observed bias against
CNVs affecting part of genes is a function of the unusually large intron sizes in the Mexican tetra
(Jakt et al. 2022), we analyzed the overlap of CNVs with exons and introns. The comparison of
permuted and true data suggests that CNVs affecting a part of intron or exon are subject to
neutral evolution (Figure 6). Interestingly, complete intron or exon duplications seem to be better
tolerated than deletions. Therefore, the general bias against CNVs at protein-coding genes is
contributed predominantly by selective constraints against deletions of complete exons or introns,
whereas neutral evolutionary forces seem to shape variation in gene copy number.

Based on comparisons of detected CNVs with permuted data (Figures 5, 6, and S5), we
compiled the inferred mode of mutation of CNVs intersecting all major annotated gene categories
in the AstMex3 assembly (Table 2). Interestingly, duplications of whole genes, regardless of gene
category, seem to generally evolve neutrally, whereas deletions of complete genes are either
neutral or under positive selection, such as in genes encoding INcCRNAs, rRNAs, tRNAs, and
pseudogenes. Surprisingly, only partial duplications and partial deletions of protein-coding genes
seem to be subject to purifying selection (Figure 5B).

Discussion

Over the course of evolution, taxonomically diverse animals have successfully
transitioned from surface to subterranean environments and thus converged to a set of adaptive
traits such as loss of vision and pigment, and decline in metabolic rate. These species thus
provide a natural setting for studying the molecular basis of adaptation to constant darkness and
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temperature, food scarcity, and low oxygen levels. Copy humber variation as a form of genetic
variation has not been sufficiently studied in this context, especially given that it has been
recognized as a major contributor to phenotypic variation and rapid adaptation to novel and
extreme environments (Kondrashov et al. 2002; Kondrashov 2012; Lye and Purugganan 2019;
Rinker et al. 2019). A recent study addressed the role of CNVs in adaptation to subterranean
environment at a macroevolutionary scale (Balart-Garcia et al. 2023), yet a comprehensive
exploration at the level of population is missing. We here considered the role of CNVs in the
adaptation of the Mexican tetra to cave. By exploiting a set of genomic data previously generated
from specimens collected at five distinct localities, we infer events and biological processes that
may be under selection. The same genomes were previously studied by Warren et al. (2021), but
only deletions were considered, and the study did not perform systematic analysis to detect
divergence between ecotypes. Therefore, our study here represents the first comprehensive
analysis of duplications and deletions from a micro-evolutionary perspective that identifies
divergent CNVs associated with parallel cave colonization.

Considering all calls in analyzed individuals, we estimate that one-fifth of the reference
sequence is subject to variation in copy number in natural A. mexicanus populations, the majority
of which is contributed by CNVs affecting genes. However, it is important to note that only a third
of the assembled AstMex3 consists of sequences outside genes. Previous studies in humans
demonstrated that repetitive regions are particularly rich in structural variants, including CNVs
(Huddleston et al., 2017; Audano et al., 2019; Ebert et al., 2021). By approaching the completion
of the A. mexicanus reference genome assembly, especially with respect to repetitive sequences,
we expect to see an increase in the proportion of CNVs in noncoding regions.

We observe strong stratification of CNVs between populations, in line with numerous
studies in various species (Sudmant et al. 2015; Pezer et al. 2015; Xu et al. 2016; Dorant et al.
2020; Zhu et al. 2020; Jang et al. 2021; Solé et al. 2019; Yang et al. 2023). The profile of CNVs
based on presence-absence patterns follows the previously established phylogenetic relationship
between new and old lineage A. mexicanus populations based on SNPs (Herman et al. 2018).
However, within the old lineage, cave population Pachdn is less similar to the Tinaja cave
population, and the latter shares a larger proportion of CNVs with the Rascon surface population.
This departure from SNP-based phylogenetic inference is even more obvious when CNV genes
are considered: the hierarchical clustering based on gene copy number positioned the old lineage
Pachon closer to the new lineage Molino population. These differences can be explained in the
light of the elevated mutation rate of CNVs compared to SNPs (Zhang et al. 2009). Additionally,
other factors may contribute to the observed patterns, such as the population size and the degree
of migration between populations. Recent findings suggest that the Pachdn population consists of
only a few hundred individuals inhabiting a relatively isolated area, the direct consequences of
which are low genetic polymorphism and limited gene flow from surface or other cave populations
(Legendre et al. 2023). Accordingly, among the studied populations in our analyses, Pachén
shows low diversity at the level of CNVs. Therefore, factors such as small population size and
isolation of the Pachén population combined with the high CNV mutation rate may have
increased the effect of genetic drift on CNVs genome-wide, resulting in an unexpected position of
Pachén on the phylogenetic tree.

We used multiple approaches to estimate the relative CNV diversity of analyzed
populations, and the results consistently indicate lower genetic diversity of cave populations
compared to surface. Such finding agrees with previous studies based on SNPs and
microsatellite data and can be explained by a combination of small effective population size,
limited nutrient and space availability in caves, as well as possible bottleneck events (Bradic et al.
2012; Bradic et al. 2013; Herman et al. 2018). Most of the genetic variation in the caves is
proposed to represent a subset of standing genetic variation from the ancestral surface stock
(Bradic et al. 2012). However, we detected a high and comparable number of genomic regions
that show copy number variation in an ecotype-specific manner, i.e. thousands of CNVs are
detected in either cave or surface genomes but not both. Such observation raises a possibility
that a great deal of copy number variation arises independently in both ecotypes. Nevertheless,
these results are heavily dependent on the sample size, and many more genomes per ecotype
would need to be screened for more reliable numbers and a firm interpretation of this finding.
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To infer events that are likely under selection, we searched for genomic loci that satisfy
all of the following criteria: 1) the region is divergent in copy number between surface and cave
populations, 2) the divergence is significant in all cave-surface population-pair comparisons, and
3) the copy number change proceeds in the same direction in all population-pair comparisons.
Such stringent criteria allowed us to identify almost three hundred genomic regions containing
CNVs that may have been selected for in the cave or surface waters. These regions cumulatively
account for nearly 1% of the genome. This proportion is well in line with the estimate obtained by
a study that analyzed populations of three-spined sticklebacks in the context of freshwater
colonization (Lowe et al. 2018). Within this set, we identified approximately one hundred genes
with ecotype-divergent CNs, most of which show properties of young genes and are mainly
amplified in cave populations. Similarly, two-thirds of all detected ecotype-divergent genomic
regions have elevated copy numbers in cave (derived) genomes. Interestingly, gene copy number
increase, rather than decrease, was also found to be dominant in the derived freshwater
populations of sticklebacks (Hirase et al. 2014; Lowe et al. 2018; Ishikawa et al. 2022). These
studies together with our findings suggest that larger gene-copy numbers may generally confer
higher adaptive potential upon colonization of novel and extreme environments. An earlier
analysis of human CNVs suggested that duplications are under less stringent evolutionary
constraints than deletions, thus representing a larger target for adaptive selection (Sudmant et al.
2015). Moreover, duplications are more likely to show higher mutation rates due to the
susceptibility to nonallelic homologous recombination between directly oriented duplicated
sequences. This enables them to frequently change their copy-number state over a short time
(Sudmant et al. 2015) and thus persist as multiallelic CNVs within a population. The majority of
ecotype-divergent regions in our study are present at multiple copy-number states in the dataset
and we show that many encompass complete genes. These multiallelic CNV genes may be
particularly relevant in an evolving lineage and may increase fitness from the moment of their
origin, most likely as a protein dosage effect in response to a changing environment (Kondrashov
et al. 2002; Handsaker et al. 2015). Although we find a considerable proportion of cave-specific
CNVs (detected only in the cave fish) in the whole dataset, the majority of the identified divergent
regions show some copy number variation in the surface populations as well. Hence, the
selection seems to draw from the pre-existing standing genetic variation in the ancestral
populations, as the fastest route for adaptation to occur (Jones et al. 2012; Lai et al. 2019; Zong
et al. 2021).

Many ecotype-divergent genomic regions in our study are associated with genes involved
in biological processes that have previously been identified as important for the adaptation of A.
mexicanus to life in caves. We find CNVs at or near various genes that are associated with the
functioning of the central nervous system, visual processing, metabolism, oxygen consumption,
and immune system, highlighting the involvement in environmental information processing as
their common feature (Kondrashov et al. 2002). The parallel divergence of these variants in cave
populations suggests their participation in physiological and behavioral responses to major
challenges such as constant darkness, low nutrient availability, low oxygen level, and differences
in parasite composition.

In conclusion, our findings support the notion that gene duplications and divergence in
copy humber are important generators of evolutionary innovation associated with adaptation to
subterranean life (Balart-Garcia et al. 2023). In line with previous observations based on studies
in other species, we suggest that CNVs contribute to phenotypic diversity and facilitate rapid
ecological adaptation (Kondrashov et al. 2002; Sudmant et al. 2015; Rinker et al. 2019).
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Figure 1. Genetic diversity analysis based on shared and singleton CNVs. A) Distance matrix
based on the average number of shared CNVs between two genomes. Samples are shown in the
same order from right to left as from top to bottom. Distance matrix was subjected to Ward’s
method of hierarchical clustering. B) Distribution of singleton CNVs proportions by population.
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Figure 2. Population specific pattern of gene copy number variation. A) Plot of the first two
principal components of PCA based on copy numbers of 2,819 CNV genes. Confidence (95%)
ellipses are shown around sample clusters. B) Heatmap of normalized copy numbers of the 2,819
CNV genes with hierarchical clustering based on genes (rows) and samples (columns) using
Ward’'s method. Values are normalized by row (gene) such that the mean of every row is 0 and its
standard deviation is 1. The heatmap visually represents relative differences in copy number of a
particular gene between samples, ranging from lowest (red) to highest (green) values. The
samples are colored as in A) by population, and by ecotype and lineage as indicated in the
legend on the right. C) Copy numbers of several genes with significant differences between cave
(blue) and surface (orange) individuals. Gene identifier is indicated on top of each plot. Mol -
Molino; Pach - Pachén; Tin - Tinaja; Choy - Rio Choy; Ras - Rascon.
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Figure 3. Read depth in the regions of several ecotype-divergent CNVs at genes. Read depth is

shown per bin for cave (blue) and surface (orange) fish, as calculated by CNVpytor and
normalized to represent the copy humber per diploid. Gene structure and orientation are shown
by arrows on top of which gene symbols are indicated. Gene position is highlighted in gray.
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Figure 4. Genomic regions divergent in copy number between surface and cave fish. A) Genomic
regions that are significantly different in their copy number between the two ecotypes. All 292
CNVRs are shown on the X axis, where each position represents one CNVR. Every CNVR is
genotyped with CNVpytor and the average CN per individual is shown as blue and orange dots
for cave and surface fish, respectively. CNVRs are ordered by average copy humber in cave fish
from highest on the left to the lowest on the right. Copy nhumbers are shown as log2-transformed
values on y-axis; the green horizontal line depicts value of two copies per diploid. B) The most
frequently occurring terms associated with genes that overlap CNVRs, analyzed separately for
regions that significantly differ (orange) or do not differ (blue) in copy number between cave and
surface fish. Terms are derived from biological process and pathway annotations in DAVID tool.
Complete list of terms associated with words marked by asterisks is given in Table S8.
Proportions are shown as percentages of the number of genes associated with a term relative to
the total number of genes that have assigned annotations in DAVID. C) Read depth around
several CNVRs (highlighted in gray) with divergent copy numbers between ecotypes. Gene
positions and orientations are shown by arrows on top of which gene symbols are indicated.
Read depth is plotted per bin for cave (blue) and surface (orange) fish, as calculated by CNVpytor
and normalized to represent the copy humber per diploid.
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Figure 5. A) Distribution of percentage of CNVs affecting protein-coding genes across all 44
analyzed individuals, for the true (red) and permuted (blue) data. B) Proportion of protein-coding
genes affected by CNV calls in true data (red crosses) and the distribution of expected
proportions based on permuted data (blue boxplots). Data is shown by individuals, indicated by
sample names on the left. C) Number of duplications (left plots) and deletions (right plots) that
affect protein-coding genes entirely (upper plots) or partially (lower plots). Values are indicated
per individual, as red crosses for true data and as boxplots for permuted data, representing the
distributions of values based on 100 permutations. Boxplots are colored by population.
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values based on 100 permutations. Boxplots are colored by population.
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Table 1. Count of CNV regions that are private to population, ecotype and lineage

Group Private Private CNVRstwith single CNVs per CNVRt
CNVs CNVRs CNV (average)
Molino 3,577 1,215 551 (45%) 5
Pachon 1,770 807 502 (62%) 4
Tinaja 3,142 1,266 623 (49%) 4
Rio Choy 1,264 830 596 (72%) 3
Rascon 5,649 3,527 2,383 (68%) 3
cave 15,016 4,257 1,750 (41%) 5
surface 8,243 4,728 3,056 (65%) 3
new lineage 6,346 2,326 1,197 (52%) 5
old lineage 35,583 8,752 3,633 (42%) 6

T Numbers refer to CNVRs that are private to population, ecotype, or lineage, as indicated by the first

column
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Table 2. Selection on duplications and deletions in gene categories inferred from comparisons of
true and permuted data

Gene category Category Deletion Duplication Duplic'ation Dele.tion
count? complete?! complete! partialt partial
protein-coding 26,735 of ot - -
pseudogene 1,376 + ot 0 +
IncRNA 3,603 + ot 0 0
snoRNA 297 0 0 N/A N/A
snRNA 1,314 0 0 N/A N/A
rRNA 9,252 + 0 N/A N/A
tRNA 9,987 + 0 N/A N/A

I neutral variation: “0”; variation under negative selection: “-; variation under positive selection: “+”; not
applicable: “N/A” (partial overlap cannot be determined due to considerably smaller gene length compared
to bin size used for CNV detection)

2 number of annotated instances in the AstMex3 genome assembly

T categories with exceptions to the indicated inference (for details, see Figure S5)
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