
1 of 15Molecular Ecology, 2025; 0:e70118
https://doi.org/10.1111/mec.70118

Molecular Ecology

ORIGINAL ARTICLE

Doubled Genomes, Divergent Fates: Genomic Insights Into 
Diversification in an Allotetraploid Cavefish
Santiago Montero-Mendieta1   |  Yuwei Wang1,2   |  Chongnv Wang1   |  Fanwei Meng1   |  Yahui Zhao1   |  
Xinxin Li1   |  Baocheng Guo1,2

1State Key Laboratory of Animal Biodiversity Conservation and Integrated Pest Management, Institute of Zoology, Chinese Academy of Sciences, Beijing, 
China  |  2University of Chinese Academy of Sciences, Beijing, China

Correspondence: Xinxin Li (lixinxin@ioz.ac.cn)  |  Baocheng Guo (guobaocheng@ioz.ac.cn)

Received: 30 January 2025  |  Revised: 5 September 2025  |  Accepted: 16 September 2025

Handling Editor: Kaichi Huang 

Funding: This study was supported by grants from the Ministry of Science and Technology of the People's Republic of China (the National Key Program 
of Research and Development, 2023YFF1304800 and the Foreign Expert Project, QN2023061006L), the Institute of Zoology, Chinese Academy of Sciences 
(2023IOZ0104), State Key Laboratory of Animal Biodiversity Conservation and Integrated Pest Management (SKLA2502 and an open funding grant), 
the National Natural Science Foundation of China (31970382, 32022009, W2412126 and 32150410358) and the Chinese Academy of Sciences (President's 
International Fellowship Initiative for Visiting Scientists, 2021PB0022).

Keywords: allopolyploidy | cavefish | genomic differentiation | local adaptation | Sinocyclocheilus microphthalmus | subgenome evolution

ABSTRACT
Cave environments impose unique challenges that drive remarkable genetic and phenotypic changes in cave-dwelling organ-
isms. In this study, we investigated the genomic basis of adaptation in the small eye golden-line fish (Sinocyclocheilus microph-
thalmus), an allotetraploid cavefish endemic to Guangxi, China. Using whole-genome resequencing data from 47 individuals 
across six cave locations, we examined how neutral and selective forces influence diversification. Our analyses uncovered sig-
nificant population structure indicative of allopatric divergence, along with evidence of locus-specific selection contributing to 
genomic differentiation. We identified seven single outlier clusters (SOCs), each tied to the divergence of specific populations, un-
derscoring the role of local processes in driving diversity. Genes associated with vision showed relaxed selection, likely reflecting 
adaptation to darkness, while positive selection on other loci revealed additional functional shifts. Notably, allopolyploidy was 
found to fuel divergence through subgenome-specific patterns and asymmetric evolution within SOCs and among homoeologs. 
Taken together, these findings provide valuable insights into mechanisms of cave evolution and illustrate how allotetraploid ge-
nomes can facilitate diversification, potentially contributing to speciation in extreme environments.

1   |   Introduction

Allopatry is widely recognised as a predominant driver of spe-
ciation among populations (Mayr 1942). Under this model, geo-
graphically isolated populations gradually become genetically 
divergent as reduced gene flow allows the accumulation of 
differences through genetic drift, mutation and natural selec-
tion. However, the relative contribution of these evolutionary 

forces can vary among populations, producing diverse patterns 
of genomic differentiation. In some cases, divergence is con-
centrated in specific genomic regions, yielding ‘islands of ge-
nomic divergence’ driven by strong directional selection (Nosil 
et  al.  2009)—a pattern exemplified by studies of Anopheles 
gambiae that identified ‘speciation islands’ differentiating sym-
patric forms despite ongoing gene flow (Turner et al. 2005). In 
other instances, differentiation is more evenly distributed across 
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the genome, reflecting drift, variable recombination and back-
ground selection (Noor and Bennett  2009), as observed in the 
repeated adaptation of sticklebacks to freshwater environments 
(Hohenlohe et al. 2010; Jones et al. 2012). Studying recently di-
verged populations allows us to observe these processes ‘in ac-
tion’ (Wolf and Ellegren  2017), providing critical insights into 
the early stages of speciation and informing conservation strate-
gies for vulnerable species.

Cave environments, with their isolated nature and strong selec-
tive pressures, are ideal natural settings for examining incipient 
speciation through allopatry (Balogh et al. 2020). Cave-dwelling 
organisms frequently evolve striking morphological and genetic 
specialisations to cope with perpetual darkness, limited food and 
altered ecological interactions (Trontelj  2019). Understanding 
the relative roles of natural selection and neutral processes in 
producing these troglomorphic traits is a central question in 
cave biology. The classic view emphasised the accumulation 
of neutral loss-of-function mutations under relaxed selection 
(Wilkens  1988), famously illustrated by the reduction or loss 
of eyes and pigmentation in many cavefish (Zhang et al. 2025). 
However, increasing evidence supports a role for positive se-
lection in shaping troglomorphic adaptations (Cartwright 
et al. 2017)—for example, enhancements of non-visual sensory 
systems or metabolic shifts that are likely adaptive in cave envi-
ronments (Moran et al. 2015; Yoshizawa et al. 2015). Variation 
in effective population size (Ne) among cave and surface popula-
tions can further shift the balance between drift and selection: 
small Ne can magnify drift (e.g., Astyanax mexicanus; Culver 
and Pipan  2019; Fumey et al.  2018), whereas larger cave pop-
ulations may permit stronger selective effects, as seen in some 
stygobitic crayfishes (Buhay and Crandall 2005), potentially for 
heterozygote advantage (Sbordoni et al. 2012).

Endemic to China's southwestern karst region, Sinocyclocheilus 
(Cypriniformes: Cyprinidae) constitutes the world's largest 
cavefish radiation and is an emerging model for evolutionary re-
search (Mao et al. 2025). Within this genus, the small eye golden-
line fish (Sinocyclocheilus microphthalmus), a vulnerable (VU) 
stygobitic species (IUCN 1996), combines three attributes that 
make it particularly informative to investigate the interplay of 
evolutionary forces in cave adaptation and diversification. First, 
unlike many congeners confined to single caves, this species 
inhabits multiple, isolated cave systems across Guangxi, and 
maintains relatively large population sizes (Zhao et al. 2021), fa-
cilitating comparative genomics. Second, it also exhibits marked 
habitat-linked phenotypic divergence: in food-rich, partially 
lit caves, populations tend toward a ‘robust’ humpback form 
with larger—albeit still reduced—eyes, whereas those in deep 
aphotic systems with scarce resources develop a more ‘gracile’ 
form with severely regressed eyes (Zhao  2021). Such habitat-
phenotype associations enable precise analysis of the genomic 
basis of troglomorphic adaptations, particularly in the visual sys-
tem. Importantly, S. microphthalmus harbours an allotetraploid 
genome—resulting from hybridisation and subsequent genome 
duplication between two divergent parental species. This condi-
tion can promote evolutionary innovation through subfunction-
alisation and neofunctionalisation (Soltis and Soltis 2012; Van 
De Peer et al. 2017; Wang et al. 2024), yet its contribution to ad-
aptation in extreme environments such as caves remains poorly 
understood, particularly in animals.

In this study, we generated and analysed whole-genome rese-
quencing data from 47 S. microphthalmus individuals sampled 
across six distinct cave localities to interrogate the genomic 
basis of cave adaptation in an allotetraploid vertebrate. We ad-
dressed three main questions: (1) What are the relative contri-
butions of neutral processes and natural selection to genomic 
divergence among populations? (2) How does the allotetraploid 
genome affect patterns of adaptation across populations? (3) Do 
visual genes bear signatures of relaxed selection, as predicted 
by the neutral-mutation hypothesis? To answer these, we anal-
ysed nucleotide diversity and linkage disequilibrium, identified 
highly differentiated loci using linkage disequilibrium network 
analysis (LDna) and selective-sweep scans, compared variation 
between subgenomes, examined homoeolog evolution and ev-
idence for subgenome-specific selection, and assessed patterns 
in visual-system genes. We additionally performed principal 
component analysis (PCA) and calculated population-genetic 
statistics within LDna single outlier clusters (SOCs). Our results 
illuminate the evolutionary forces driving diversification in this 
vulnerable cavefish and indicate that allopolyploidy can expand 
evolutionary potential and facilitate adaptation to extreme envi-
ronments during the early stages of allopatric speciation.

2   |   Materials and Methods

2.1   |   Sampling, DNA Extraction and Sequencing

We collected 47 S. microphthalmus specimens using baited traps 
between 2001 and 2019 from six localities in Guangxi, China 
(Figure  1A; Table  S1): Fuyuan (FYP; N = 10), Jiazhuan (ZZP; 
N = 10), Jinya (JYP; N = 9), Luolou (LLP; N = 6), Sanmenhai 
(SMHP; N = 3) and Sicheng (SCP; N = 9). All fieldwork com-
plied with ethical guidelines and regulations in force at the 
time and was approved by the Institutional Animal Care and 
Use Committee of the Institute of Zoology, Chinese Academy 
of Sciences (IACUC Permit IOZ18002). Although S. microph-
thalmus has been listed as VU by the International Union for 
Conservation of Nature (IUCN) since 1996, it was not desig-
nated a Class II National Key Protected Species in China until 
2021—after our sampling—so no additional permits were re-
quired. Notably, the sampled populations encompass the spe-
cies' known morphological range (Zhao 2021): ZZP corresponds 
to the robust morphotype, whereas FYP, JYP, LLP, SMHP and 
SCP exhibit the gracile form. DNA extraction, library prepa-
ration and sequencing were performed by Novogene Co. Ltd. 
(Beijing, China). DNA was extracted from fin tissue (DNeasy 
Blood and Tissue kit, QIAGEN Inc.). Paired-end libraries (from 
≥ 1 μg DNA/sample) were sequenced on the NovaSeq 6000 plat-
form (Illumina Inc.; mean insert ~350 bp).

2.2   |   Reference Genome

Analyses were performed using a chromosome-level reference 
genome of Sinocyclocheilus tileihornes, a closely related spe-
cies that is also an allotetraploid (Genome Warehouse acces-
sion: GWHFQVD00000000.1). The reference genome has a 
total length of 1.93 gigabase pairs (Gbp) with a scaffold N50 of 
35.35 megabase pairs (Mbp). Genome completeness, assessed 
via BUSCO (v5.4.4; Manni et al. 2021; metazoa_odb9), indicated 

 1365294x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.70118 by <
Shibboleth>

-m
em

ber@
ioz.ac.cn, W

iley O
nline L

ibrary on [25/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



3 of 15

that 97.5% of the 978 orthologs searched were found complete: 
26.5% as single-copy (S) and 71.0% as duplicated (D). A further 
0.9% were found fragmented (F) and 1.6% were missing (M). 
Based on synteny analysis with the diploid cyprinid Puntius 
semifasciolatus, the genome was resolved into two subgenomes, 
hereafter referred to as ‘heavy’ (H) and ‘light’ (L), each compris-
ing 25 chromosomes. The divergence between the subgenomes, 
estimated from the median rate of synonymous substitutions 
(Ks) of syntenic homoeolog pairs, is approximately 17.66 million 
years ago (Mya).

2.3   |   SNP Calling and Annotation

We mapped cleaned reads from all 47 S. microphthalmus indi-
viduals to the reference genome using BWA-MEM (v0.7.17; Li 
and Durbin 2009). We then sorted the resulting BAM files and 
marked PCR duplicates using SAMtools (v1.4; Li et al. 2009) and 
GATK MarkDuplicatesSpark (v4.1.9; McKenna et al. 2010). We 

called single nucleotide polymorphisms (SNPs) across all sam-
ples using BCFtools (v1.8; Danecek et al. 2021) ‘mpileup −Q 20 
−q 20’, excluding variants within 10 bp of insertions/deletions 
(indels) (‘filter --SnpGap 10’). Subsequently, we used VCFtools 
(v0.1.16; Danecek et  al.  2021) to filter for biallelic SNPs (‘--
minQ 30 --min-alleles 2 --max-alleles 2 --minDP 2 --maxDP 20 
--minGQ 20 --max-missing 0.5 --maf 0.05’). For per-population 
SNP sets, an additional filter requiring a minor allele count of at 
least two (‘--mac 2’) within that population was applied. Finally, 
we used ANNOVAR (Wang, Li, and Hakonarson  2010) to an-
notate SNPs by genomic location, subgenome and exonic func-
tional consequence.

2.4   |   Phylogenetic Inference and Molecular Dating

To investigate phylogenetic relationships, we first constructed 
a whole-genome SNP phylogeny. This was inferred using a 
maximum-likelihood approach in IQ-TREE (v2.0.3; Minh 

FIGURE 1    |    Genetic diversity and population structure of S. microphthalmus. (A) Map of the geographic distribution of the six studied populations 
in Guangxi, China. (B) Nucleotide diversity (π) across six populations, showing significantly lower diversity in LLP and SCP compared to other popu-
lations. (C) Population structure inferred from ADMIXTURE analysis at K = 5, revealing distinct genetic clusters that largely correspond to sampling 
localities. (D) Principal component analysis (PCA) of SNP data, with PC1 and PC2 explaining 34.1% and 19.2% of the total variance, respectively, and 
clearly separating the six populations into distinct clusters. (E) Whole-genome SNP phylogeny illustrating the evolutionary relationships among pop-
ulations, with SCP and LLP forming a sister clade to the remaining populations. Ultrafast bootstrap support values for major clades are shown next 
to the nodes. The figure also includes an illustration of an S. microphthalmus specimen (Image credit: Yahui Zhao).
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et al. 2020) from 2,000,000 randomly subsampled SNPs, with 
the best-fit model selected via ModelFinder (‘-m MFP+ASC’) 
(Kalyaanamoorthy et  al.  2017). The input SNP dataset was 
generated by combining our S. microphthalmus data with 
five S. tileihornes outgroups (Genome Sequence Archive ac-
cession: CRA023833), followed by variant calling and filter-
ing as described in Section 2.3. Branch support was evaluated 
with 1000 ultrafast bootstrap (UFBoot) replicates (Hoang 
et al. 2018).

To estimate divergence times, we separately reconstructed 
a mitochondrial phylogeny, as the uniparental inheritance 
of mtDNA avoids complications from homoeologous gene 
divergence in allotetraploids (Smith and Hahn  2021; Yang 
et  al.  2015). For one individual per cave, we retrieved reads 
mapping to the S. tileihornes mitochondrial genome using 
SAMtools, and assembled mitogenomes with MitoZ (v1.04; 
Meng et  al.  2019) and MitoS (v2; Bernt et  al.  2013). Using 
13 protein-coding genes from these mitogenomes and sev-
eral outgroups (see Supporting Information: Text  S1 for full 
list), we inferred a tree in IQ-TREE with the GTR+F+G4 
model and 1000 UFBoot replicates. Molecular dating was 
then performed using PAML ‘MCMCtree’ (Yang  2007) with 
secondary calibration points derived from a comprehensive, 
time-calibrated Sinocyclocheilus genus phylogeny (Figure S1). 
This broader phylogeny was calibrated using published fossil 
(Li and Guo 2020) and geological (Li et al. 2008) data. Based 
on this tree, we applied minimum age constraints of 11.19 Mya 
at the node separating S. guilinensis and S. jii from other spe-
cies, and 5.77 Mya for the most recent common ancestor of S. 
anshuiensis and S. microphthalmus. The final dated tree was 
visualised in FigTree (v1.4.4).

2.5   |   Population Genetic Structure and Divergence 
Estimates

We assessed population genetic structure using ADMIXTURE 
(v1.3; Alexander et al. 2009)—with the optimal number of ge-
netic clusters (K) (from 1 to 8) determined by the lowest cross-
validation error from 10 independent runs per K via CLUMPP 
(Jakobsson and Rosenberg  2007)—and principal component 
analysis (PCA; PLINK v1.9; Purcell et  al.  2007). To analyse 
genome-wide divergence, we estimated within-population 
statistics—nucleotide diversity (π), Tajima's D, observed het-
erozygous sites (HO), population recombination rate (ρ), the 
ratio of nonsynonymous to synonymous polymorphisms 
(pN/pS)—and between-population statistics—fixation index 
(FST), absolute genetic divergence (Dxy). These were calcu-
lated for combined and individual populations (considering 
H, L and H + L subgenomes), and in 100 kilobase pair (kbp) 
non-overlapping sliding windows for π, Tajima's D, ρ, FST and 
Dxy. We also measured linkage disequilibrium (LD) decay 
(PopLDdecay v3.40; Zhang et al. 2019) and estimated histori-
cal effective population size (Ne) (PSMC; Li and Durbin 2011). 
To examine the relationship between genetic differentiation 
and geographic distance, we performed a Mantel test using 
pairwise FST values (excluding self-comparisons) and geo-
graphic distances (calculated as straight-line measurements 
between sampling coordinates). Software and parameter de-
tails are provided in Supporting Information: Text S2.

2.6   |   Scans for Genomic Regions of Differentiation

To identify genomic regions associated with population dif-
ferentiation, we first performed a linkage disequilibrium net-
work analysis (LDna; Kemppainen et  al.  2015), which detects 
clusters of highly correlated loci (LD-clusters) showing similar 
population genetic signals. A three-step LDna pipeline (Fang 
et  al.  2020) with parameters from Jin et  al.  (2022), modified 
to ‘λlim = 2’ and ‘|E|min = 8’, was used to extract single outlier 
clusters (SOCs). For each SOC, we conducted a PCA to deter-
mine differentiated (focal) populations. SNPs were classified by 
subgenome (H, L, H + L), and π, Tajima's D and HO were calcu-
lated for each population. To explore signatures of selection, we 
then compared diversity statistics between focal and non-focal 
populations using Wilcoxon rank-sum tests. Additionally, pair-
wise FST and Dxy were estimated for all population pairs within 
each SOC and subgenome.

In parallel, we scanned the genome for signatures of recent 
positive selection using SweeD (v4.0.0; Pavlidis et  al.  2013) 
and RAiSD (v2.9; Alachiotis and Pavlidis 2018) on combined 
and per-population datasets. Putative selective sweeps were 
defined as the top 5% shared outliers located within 400 bp 
of each other across both methods (details in Supporting 
Information: Text  S2). Finally, Gene Ontology (GO) enrich-
ment analysis (g:Profiler2; Kolberg et  al.  2020) was per-
formed on the gene sets identified from both the SOC and the 
sweep scans.

2.7   |   Assessment of Genetic Variation Between 
Subgenomes

We established one-to-one syntenic blocks between the H and 
L subgenomes (MUMmer v4; Marçais et al. 2018), and one-to-
one homoeologous genes within these blocks using all-vs-all 
BLASTp (E-value ≤ 1 × 10−5; Altschul et al. 1990) and MCScanX 
(Wang et  al.  2012). These homoeologs were used to calculate 
SNP density (SNP/kbp) per subgenome (H and L) in syntenic 
blocks, homoeologs and their coding sequences (CDS), includ-
ing densities of synonymous (synSNPs) and nonsynonymous 
(nsSNPs) within CDS. Differences between subgenomes were 
tested using Wilcoxon rank-sum tests.

2.8   |   Selection Direction Analysis

To explore evolutionary forces driving subgenome differ-
entiation, we identified homoeologs under putatively sim-
ilar selective pressures by comparing each pair's nsSNP to 
the overall average nsSNP density across all homoeologs. 
Homoeolog pairs with both copies exhibiting nsSNP densi-
ties < 0.5× or > 2× this average were classified as under pu-
rifying or relaxed selection, respectively. We investigated 
asymmetric evolution between H and L subgenome copies by 
calculating the log2 ratio of their nsSNP densities (adding a 
pseudo-count of 1 × 10−7 to handle zero values: log2[(nsSNP_
density_H + 1 × 10−7)/(nsSNP_density_L + 1 × 10−7)]). We also 
tested for significant differences in the number of nsSNPs and 
nonsynonymous sites (identified using KaKs_Calculator v2.0; 
Wang, Zhang, et  al.  2010) between subgenome copies using 
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Fisher's exact test. Homoeologs with a |log2 ratio| > 1 and a 
Benjamini–Hochberg (BH) corrected q-value < 0.05 from 
Fisher's test were considered asymmetrically evolved. These 
analyses were performed for all populations combined and for 
each population separately.

2.9   |   Visual Genes and Evolutionary Rate Shift 
Analyses

To assess selection pressures on visual genes, we used a can-
didate gene list from Yang et  al.  (2016) and compared their 
nsSNP density to the genome-wide average using a Wilcoxon 
rank-sum test. We also investigated evolutionary rate shifts 
in S. microphthalmus by comparing its genes to their human 
orthologs, using the latter as a baseline for conserved verte-
brate evolutionary rates (Ka/Ks data from The Chimpanzee 
Sequencing and Analysis Consortium  2005). After exclud-
ing genes with Ks = 0, we ranked human genes by their Ka/
Ks ratio and classified them into three equal-sized categories: 
‘slow’ (lowest third), ‘medium’ (middle third) and ‘fast’ (high-
est third). S. microphthalmus genes were similarly grouped 
by nsSNP density into ‘low’, ‘medium’ and ‘high’, with genes 
lacking nsSNPs included in the ‘low’ category. We then iden-
tified genes with contrasting rate categories between the spe-
cies (i.e., those slow-evolving in humans but with high nsSNP 
density in S. microphthalmus and vice versa) for GO enrich-
ment analysis (g:Profiler2). As a final step to assess asymmet-
ric evolution, we focused on the homoeolog pairs within these 
contrasting sets. For each pair, the homoeolog with the rate 
that defined its inclusion in a set (e.g., the ‘slow’ copy in the 
‘Human Fast, S. microphthalmus Slow’ group) was termed the 
‘diverged copy’. We then measured the rate of its correspond-
ing ‘partner copy’ to test whether it had instead retained the 
conserved, human-like evolutionary rate.

3   |   Results

3.1   |   Genetic Diversity and Population Structure

Our study focused on six cave populations of S. microphthalmus 
from Guangxi, China, spanning the known morphological and 
ecological spectrum of the species (Figure 1A; Table S1). Based 
on known phenotypes (Zhao  2021), the Jiazhuan (ZZP) popu-
lation corresponds to the robust morphotype from a cave con-
nected to the surface via sinkholes, a habitat that is partially lit 
and food rich. The remaining five populations—Fuyuan (FYP), 
Jinya (JYP), Luolou (LLP), Sanmenhai (SMHP) and Sicheng 
(SCP)—belong to the gracile morphotype from deep, aphotic 
cave systems.

Whole-genome resequencing of 47 S. microphthalmus individ-
uals (average depth 12.46×; 98.63% mapping rate; Table  S1) 
yielded 1,241,186 high-quality SNPs (average nucleotide diver-
sity: π = 2.30 × 10−4), primarily located in intergenic (51.38%) 
and intronic (38.12%) regions, with 5.96% exonic (Table S2). Per-
population SNP counts ranged from 641,919 (LLP) to 1,443,887 
(ZZP). Pairwise chi-squared (χ2) tests revealed significant dif-
ferences in SNP proportions across genomic regions among 
populations (p < 0.05; Supporting Information: Text S3). These 

deviations were most pronounced in the gracile populations 
LLP and SCP, particularly in exonic SNP categories; these two 
populations also exhibited significantly lower nucleotide diver-
sity (mean π = 1.44 × 10−4 vs. 2.06 × 10−4 in others; p < 0.001; 
Figure 1B), Tajima's D, observed heterozygosity (HO) and popu-
lation recombination rate (ρ) (all p < 0.05). Conversely, their pN/
pS ratios were higher (1.06–1.07 vs. 1.02–1.03), and their histor-
ical effective population size (Ne) trajectories remained consis-
tently smaller while other populations experienced a period of 
growth and decline (Figure S2). Separately, linkage disequilib-
rium (LD) decayed more slowly in LLP and SMHP, though the 
result for the latter may be influenced by its smaller sample size 
(N = 3) (Figure S3).

Population structure analyses clearly defined the relationships 
among populations. ADMIXTURE revealed five distinct genetic 
clusters (K = 5) that largely corresponded to sampling localities 
(Figure 1C). PCA corroborated these findings, grouping the six 
populations into distinct clusters and explaining 53.3% of total 
variance with its first two principal components (PC1 and PC2). 
PC1 primarily distinguished the highly divergent LLP and SCP 
populations, while PC2 further separated the robust ZZP pop-
ulation (Figure  1D). Notably, the minor introgression signal 
observed for the SMHP population in the full ADMIXTURE 
analysis was absent upon subsampling (N = 3 per population; 
Figure S4), suggesting it was a computational artefact.

3.2   |   Genome-Wide Differentiation

The whole-genome SNP phylogeny placed SCP and LLP as 
a sister clade to the remaining populations, within which 
JYP diverged first, followed by ZZP, then a SMHP–FYP clade 
(Figure 1E). The mitochondrial phylogeny differed, placing SCP 
as the earliest diverging lineage and JYP sister to SMHP/FYP 
(Figure S5). Divergence time estimates from the mitochondrial 
phylogeny suggest population splits occurred within the past 
~240,000 years: SCP (0.15–0.24 Mya), LLP (0.14–0.22 Mya), ZZP 
(0.13–0.20 Mya), JYP (0.08–0.15 Mya), with the most recent di-
vergence between SMHP and FYP (0.02–0.06 Mya). In both 
trees, SMHP and FYP formed the closest pair (0.02–0.06 Mya). 
This pairing appeared in both trees, though PCA showed FYP 
and JYP as nearly overlapping clusters (Figure 1D).

Substantial genetic differentiation among populations was ob-
served (Table S3), with pairwise FST ranging from 0.116 (SMHP–
ZZP) to 0.372 (SMHP–SCP) and Dxy from 0.282 (LLP–SCP) to 
0.385 (SCP–ZZP). LLP and SCP showed significantly higher 
mean pairwise FST (0.318 and 0.343, respectively) than other 
populations (0.216–0.231; Wilcoxon, p < 0.01), a pattern ro-
bust to downsampling (N = 3 per population; Pearson R = 0.98, 
p < 0.001; Figure  S6). In contrast, mean Dxy showed no clear 
trend (0.334–0.359). The high FST for LLP and SCP aligned with 
their lower π, HO and ρ, and the two were also highly differ-
entiated from each other (FST = 0.323). A neighbour-joining tree 
based on FST distances further highlighted their distinctiveness, 
placing them on the longest branches (Figure S7), with relation-
ships among other populations generally congruent with the 
mitochondrial phylogeny. No significant correlation was found 
between genetic and geographic distance (Mantel test r = 0.35, 
p = 0.11) (Figure S8).
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3.3   |   Signatures of Selection

Linkage disequilibrium network analysis (LDna) identified 
seven single outlier clusters (SOCs) comprising 181,636 SNPs, 
representing genomic regions potentially shaped by local se-
lection. These SOCs varied in genomic coverage, from SOC-6 
(717 SNPs across five chromosomes) to SOC-3 (65,258 SNPs 
across 50 chromosomes) (Table  S4; Figure  S9), and showed 
significant differences in their SNP distributions across ge-
nomic regions ( χ2 tests). PCA based on SNPs within each 
SOC distinguished five of the six populations, aligning with 
genome-wide findings (Figure 2; Section 3.1)—a pattern sup-
ported by elevated FST and Dxy between focal and non-focal 
populations within each SOC (Table  S3). Divergent (focal) 
populations within these clusters showed significantly higher 
π and Tajima's D (Wilcoxon p < 0.05), while HO did not differ 
(Table  S4). Functional annotation of genes within SOCs re-
vealed notable enrichment for binding (e.g., protein, calcium 
ion, ATP) and catalytic activities (e.g., ATPase), as well as bi-
ological processes like molecular transport and signal trans-
duction (Table S5).

Genome scans for recent positive selection using SweeD and 
RAiSD identified 15 selective sweeps in the combined data-
set (spanning 1.86 Mbp and 53 genes across 13 chromosomes; 
Figure  S10; Table  S6). These sweeps contained genes possi-
bly linked to cave-related traits (e.g., mtnr1c, npas2, opn4xb, 

CYP26C1, TGM2), and were enriched for GO terms related 
to transferase activity and peptide cross-linking (Table  S7). 
Population-specific scans detected a greater number of sweeps 
(from 20 in LLP to 43 in ZZP). Notably, the highly differentiated 
LLP and SCP populations had among the fewest such sweeps. 
Only FYP and SMHP showed significant GO enrichments in 
their population-specific scans—FYP for kinetochore attach-
ment and protein polymerisation; SMHP for metabolic, biosyn-
thetic and vitamin A-related processes. No genes were shared 
between these population-specific and the combined sweep sets. 
More broadly, no SNP overlap was found between any SOC and 
sweep region, evidencing these analytical approaches capture 
distinct evolutionary signatures.

3.4   |   Subgenome Evolution

Analysis of the two constituent subgenomes of S. microph-
thalmus, designated H (‘heavy’) and L (‘light’), uncovered 
distinct patterns of variation. Specifically, the H subgenome 
(9.06 × 108 bp) harboured slightly more polymorphic sites 
(641,634 SNPs; 51.70%) than the L subgenome (8.83 × 108 bp; 
599,552 SNPs; 48.30%) (Table  S8). At the same time, π was 
markedly higher in the H subgenome across all populations 
(Wilcoxon p < 0.05; Figure  S11; Table  S2), as was Tajima's D 
specifically in the SMHP population (p < 0.001). Regarding se-
lection on coding regions, the pN/pS ratio showed contrasting 

FIGURE 2    |    Principal component analysis (PCA) and genomic distribution of SNPs within each single outlier cluster (SOC) identified through 
linkage disequilibrium network analysis (LDna). Each panel displays PCA results for specific SOCs, highlighting populations with distinct genetic 
differentiation. The right side of each panel shows the genomic distribution of SOC SNPs in the most differentiated population, with the outer circle 
representing chromosomes, the middle circle (red) displaying FST for SOC SNPs (black line indicating genome-wide FST), and the inner circle (blue) 
showing SNP density. These results highlight how distinct genomic regions contribute to genetic differentiation within each cave environment.
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patterns: it was elevated in the H subgenome for LLP and 
SCP, but higher in the L subgenome for other populations. 
However, no clear overall differences were observed between 
subgenomes for Tajima's D, HO, ρ, or genome-wide FST and Dxy 
(Tables S2 and S3).

At a finer scale, SNP distributions differed substantially across 
the genome between subgenomes (pairwise χ2, p < 0.001; 
Table  S2), with intergenic and intronic regions showing the 
largest deviations. Notably, LLP and SCP exhibited a pro-
nounced excess of SNPs in exons (mean standardised residual 
[SR], p < 0.01) and for nsSNPs (p < 0.001) relative to other pop-
ulations. This subgenome bias was also evident within most 
SOCs, where the H subgenome contained more SNPs (~51%–
75%), except for SOCs 3 and 4, in which the L subgenome 
predominated (Table S4). Separately, analysis of subgenome-
specific diversity within SOCs revealed significant results in 
certain focal populations. In LLP, Tajima's D was elevated in 
the H subgenome in SOC-1 and SOC-3 (p < 0.001 and p < 0.05, 
respectively), while in SCP, HO showed a greater value in the 
L copy in SOC-1 (p < 0.01). Additionally, the H subgenome 
in SOC-6 (which differentiates FYP) displayed increased 
Tajima's D and HO (p < 0.01 and p < 0.05), whereas in SOC-7 
(JYP) had a larger π (p < 0.05). No consistent subgenome dif-
ferences in FST or Dxy were found between focal and non-focal 
populations (Table S3).

3.5   |   Homoeolog Analysis

A total of 13,705 homoeolog pairs were identified within 232,505 
syntenic blocks. Overall, SNP density (SNP/kbp) was signifi-
cantly higher in the H subgenome for syntenic blocks (H = 1.85 
vs. L = 1.72, p < 0.001) and homoeologs (H = 0.77 vs. L = 0.74, 
p < 0.001), but not for their CDS regions (p = 0.97), a pattern 

robust to coverage filtering (Figure 3; Table S2; Figure S12). This 
trend of higher H-copy variation was generally consistent across 
individual populations, though CDS differences were limited to 
JYP, LLP and SCP (Figures S13–S17).

Based on nsSNP density (Figure 4A), 545 homoeolog pairs were 
classified as under purifying selection (< 0.5× average) and 172 
as under relaxed selection (> 2× average). Homoeologs under 
purifying selection showed enrichment for GO terms related 
to essential functions like protein/ATP binding, myosin com-
plex, and transport processes (Figure 4B; Table S9). In contrast, 
those under relaxed selection were remarkably enriched for vi-
sual perception and phototransduction, among other functions 
(Figure 4C; Table S9). These patterns varied among populations; 
notably, the gracile populations LLP and SCP had a significantly 
higher percentage of homoeologs under purifying selection 
(~90% and ~85%, respectively; Fisher's p < 0.001) compared to 
others (~76%–80%) (Figure S18). While GO enrichments for pu-
rifying selection were consistent across all populations, those for 
relaxed selection were largely population-specific (Table  S10), 
with shared terms including vision-related functions (e.g., vi-
sual perception in SMHP/ZZP, phototransduction in LLP/ZZP) 
and developmental processes. Immune-related functions under 
purifying selection were exclusively enriched in LLP and SCP.

Investigation of asymmetric evolution revealed that 1086 ho-
moeologs had a |log2 ratio| of nsSNP densities > 1 (Figure S19). 
Fisher's exact tests identified three significantly asymmetric ho-
moeolog pairs (q-value < 0.05; Table S11): two associated with 
nervous system genes (CACNA2D2, PCDHA3 and PCDHAC2) 
had elevated nsSNP density in the H subgenome, while the 
third, an immune-response gene (FCGBP), displayed a greater 
density in the L copy. Population-specific analyses confirmed 
CACNA2D2 consistently possessed an excess of nsSNP den-
sity in the H subgenome of three gracile populations (JYP, LLP 

FIGURE 3    |    Genome-wide distribution and SNP density comparisons between H and L subgenomes. (A) Circular representation of the S. micro-
phthalmus genome. From outer to inner circles: (a) chromosome labels, (b) gene locations (red), (c) SNP distribution (blue), (d) synonymous SNPs 
(orange), (e) nonsynonymous SNPs (green) and (f) syntenic gene pairs. (B–F) Comparisons of SNP density (SNP/kbp) between H and L subgenomes 
for: (B) syntenic blocks, (C) homoeologs, (D) CDS regions, (E) synonymous SNPs, and (F) nonsynonymous SNPs. SNP density was significantly 
higher in the H subgenome for syntenic blocks and homoeologs (p < 0.001, Wilcoxon rank-sum test), but not for CDS regions, synonymous SNPs, or 
nonsynonymous SNPs.
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and SMHP), with an exceptionally strong signal in LLP (log2 
ratio = 16.55, p < 0.001). SCP was the only population lacking 
significant asymmetrically evolving homoeologs (Figure  S20; 
Table S12).

3.6   |   Visual Genes and Evolutionary Rate Shifts

Homoeologs related to visual genes exhibited a higher average 
nsSNP density (1.01 nsSNPs/kbp) compared to the genome-wide 
average for all homoeologs (0.77). While no overall significant 
differences in visual gene nsSNP density were detected between 
H and L subgenomes across populations (Wilcoxon p > 0.05), the 
SCP population showed a striking pattern: its L subgenome vi-
sual genes had markedly higher nsSNP density (1.12) than both 
its H subgenome counterpart (0.56) and the respective genome-
wide averages. LLP and SCP were the only populations where 
the L copy of visual genes had higher nsSNP density than the 
H copy.

A comparison of evolutionary rates between S. microphthalmus 
and human orthologs identified 1195 genes evolving rapidly in 
humans (high Ka/Ks) but slowly in S. microphthalmus (low 
nsSNP density) (i.e., ‘Human Fast, S. microphthalmus Slow’) 

and 281 genes with the opposite pattern (i.e., ‘Human Slow, S. 
microphthalmus Fast’). The former set was mainly enriched for 
transcription/RNA processing, oxidoreductase activity and mo-
lecular transport (Table S13), and included 228 homoeolog pairs 
where both copies evolved slowly in S. microphthalmus—linked 
to processes such as DNA replication and cytoskeletal organisa-
tion. Conversely, the latter set showed enrichment for transcrip-
tional regulation, proteolytic activity and ion transport. Notably, 
this set only had 13 homoeolog pairs where both copies evolved 
rapidly in S. microphthalmus, and these were overrepresented in 
phototransduction and oxidative stress response functions.

To assess asymmetric evolution, cases where only one homoeo-
log per pair had diverged from the human ortholog rate were 
examined. Applying this criterion to the ‘Human Fast, S. mi-
crophthalmus Slow’ set identified 340 such homoeolog pairs. 
Within these pairs, the ‘diverged copy’ (the one that evolved 
slowly; median nsSNP density: 0.11) was accompanied by a 
‘partner copy’ that had retained the fast, human-like evolution-
ary rate (median nsSNP density: 1.04) (Figure 5). Similarly, in 
the ‘Human Slow, S. microphthalmus Fast’ set, this resulted in 
173 such pairs where the diverged copy (which evolved rapidly; 
median nsSNP density: 2.03) had a partner that preserved the 
slow, conserved rate (0.28).

FIGURE 4    |    Classification of homoeologs under purifying or relaxed selection based on nonsynonymous SNP (nsSNP) density and associated GO 
enrichment. (A) Distribution of nsSNP density among homoeologs. The red dashed line represents the overall average nsSNP density, while black 
dashed lines indicate thresholds for purifying selection (nsSNP density < 0.5× average) and relaxed selection (nsSNP density > 2× average). (B) GO 
enrichment analysis of homoeologs under purifying selection, showing significantly enriched biological processes (GO_BP), cellular components 
(GO_CC), and molecular functions (GO_MF). (C) GO enrichment analysis of homoeologs under relaxed selection, with top enriched terms related to 
visual perception, transcription factor binding, and lipid binding.
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4   |   Discussion

In this study, we investigated the genomic basis of adaptation 
and diversification in the allotetraploid cavefish S. microph-
thalmus, focusing on populations from six caves in Guangxi, 
China. By integrating population genomics, phylogenetics and 
subgenome evolution analyses, we sought to understand the 
interplay of evolutionary forces shaping the genome of this 
polyploid species in extreme environments. Our results reveal 
several key findings. First, populations show substantial ge-
netic differentiation (pairwise FST: 0.116–0.372), consistent 
with the isolated nature of cave habitats. Second, we identified 
seven single outlier clusters (SOCs)—loci groups with elevated 
linkage disequilibrium (LD)—pointing to balancing selection 
and local adaptation. Third, despite similar genome-wide dif-
ferentiation between the H and L subgenomes, the H copy 
consistently carried more SNPs and higher nucleotide diver-
sity (π)—underlining the asymmetry often seen in polyploid 
genomes. Fourth, at the homoeolog level, most gene pairs re-
main under strong purifying selection, but a subset displayed 
relaxed selection on visual functions. Finally, we found ev-
idence for evolutionary rate shifts in several genes, some 
evolving faster in S. microphthalmus than in their human or-
thologs, possibly reflecting cave adaptation. Taken together, 
these findings illustrate how allopolyploidy, selection and 

neutral processes interact to drive diversification and provide 
evolutionary pathways for incipient speciation.

4.1   |   Population Structure and Divergence: 
Allopatry and Recent Isolation

Cavefishes, often isolated in subterranean habitats, represent 
striking examples of allopatric divergence (Jeffery  2009; Juan 
et  al.  2010). Our findings in S. microphthalmus strongly sup-
port this view: in addition to high FST values, multiple analy-
ses—including ADMIXTURE, PCA and phylogenetic inference 
from both mitochondrial and nuclear data—confirm that the 
six sampled populations are distinct evolutionary lineages. 
Divergence-time estimates place their separation within the 
past 240,000 years, a period marked by climatic oscillations that 
could have reshaped cave connectivity and promoted isolation 
(Culver and Pipan  2019). However, the lack of correlation be-
tween genetic and geographic distance in the Mantel test sug-
gests that factors beyond isolation-by-distance have influenced 
the observed genetic patterns.

Two gracile morphotype populations from deep-cave sys-
tems, Luolou (LLP) and Sicheng (SCP), emerged as particu-
larly distinct, characterised by lower π, Tajima's D, observed 

FIGURE 5    |    Asymmetric evolutionary rate shifts in homoeologs compared to human orthologs. Violin plots show the distribution of nonsynon-
ymous SNP (nsSNP) density in homoeolog pairs where only one copy has diverged from the conserved human evolutionary rate. The upper panel 
represents pairs from the ‘Human Fast, S. microphthalmus Slow’ set; the lower panel represents pairs from the ‘Human Slow, S. microphthalmus 
Fast’ set. In each panel, the ‘diverged copy’ (purple) is the homoeolog that shifted its rate, while the ‘partner copy’ (olive green) is the one that was 
subsequently measured and found to have retained the human-like rate. All homoeolog pairs (white) are shown for reference.
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heterozygosity (HO) and population recombination rates (ρ). 
These signatures point to long-term reductions in effective pop-
ulation size (Ne), likely through founder events or bottlenecks 
(Frankham et al. 2002; Nei 2005), a pattern further supported by 
PSMC trajectories. However, the relatively recent divergence of 
this population pair from others (0.14–0.25 Mya), along with the 
lack of consistent Dxy signals, suggests that genetic drift alone is 
insufficient to explain their strong differentiation. Instead, an 
excess of nonsynonymous SNPs (nsSNPs) in exonic regions, to-
gether with elevated pN/pS ratios, indicate relaxed or even pos-
itive selection acting on the coding sequences of LLP and SCP 
(Yang and Bielawski 2000). Additionally, we found that LD de-
cayed more slowly in LLP and Sanmenhai (SMHP) than in other 
populations. While slower LD decay in SMHP could stem from 
a small sample size (N = 3), the pattern in LLP may reflect re-
duced recombination rates or increased inbreeding, which can 
preserve linkage disequilibrium over longer genomic distances 
(Slatkin 2008).

4.2   |   The Role of Selection in Shaping Genomic 
Divergence

The discovery of seven SOCs, each primarily associated with 
one or two populations, underscores how distinct genomic re-
gions contribute to genetic differentiation across cave habitats. 
These SOCs varied widely in SNP content, from a few hundred 
SNPs in SOC-6 to tens of thousands in SOC-3, but we found no 
clear link between SNP count and chromosomal coverage. This 
decoupling suggests that SOC size and location are shaped not 
solely by genome-wide patterns of variation but also by hetero-
geneous selective pressures (Charlesworth 2006; Cruickshank 
and Hahn  2014). Functionally, SOCs consistently harboured 
genes enriched for protein, calcium ion and ATP binding, as 
well as molecular transport and signal transduction—pro-
cesses likely critical for responding to cave-specific stressors 
like hypoxia or nutrient limitation (Gundemir et  al.  2012). 
Significantly, this enrichment for core cellular functions over-
laps with both highly conserved and rapidly evolving gene sets 
(Sections 3.5 and 3.6), suggesting that local adaptation in this 
system frequently proceeds through fine-tuning of essential 
pathways.

The specific selective forces at play appear to vary among these 
SOCs. Elevated π, Tajima's D and HO in the differentiated popu-
lations within SOCs 4, 5, 6 and 7 point to balancing or diversify-
ing selection maintaining genetic variation. This is particularly 
evident in the robust morphotype population, Jiazhuan (ZZP), 
where the primary regions of genomic differentiation (SOCs 4 
and 5) show these high diversity metrics coinciding with GO 
enrichment for synaptic, GABA-signalling, and cell-migration 
functions (Table  S7)—a combination in line with behavioural 
and developmental flexibility in its complex, partially lit habitat. 
A similar pattern is seen in SOC-7, which differentiates the grac-
ile Fuyuan (JYP) population, although here ion transport and 
nutrient-sensing functions are overrepresented, potentially re-
flecting adaptation to resource scarcity in the deep-cave system. 
In contrast, SOCs 1 and 3 (SCP and LLP) show comparable levels 
of diversity between focal and non-focal populations: Tajima's 
D hovers near zero and HO remains similar, implying relaxed 
constraint at these loci (Lahti et al. 2009). SOC-2 (LLP), with its 

negative Tajima's D, likely reflects demographic history rather 
than strong selection.

Notably, none of the SOCs overlapped with selective sweep 
regions, indicating that they capture different evolutionary 
processes: SOCs trace genomic areas shaped by longer-term 
balancing selection or local adaptation, whereas sweeps 
pinpoint loci under more recent, rapid positive selection 
(Montero-Mendieta et al. 2019). Our genome scans identified 
15 sweeps across the species and up to 43 in individual pop-
ulations. Candidate genes within these regions were linked 
to circadian rhythm, eye development, stress response and 
metabolism (Cvekl and Wang  2009; Kitahashi et  al.  2021; 
Mack et  al.  2021; Sajovic et  al.  2022), highlighting their im-
portance in cave-specific traits. ZZP held the highest num-
ber of sweeps, aligning with the expected dynamism of its 
sinkhole-connected habitat, which forms a direct interface 
between the cave and surface and allows for selection on both 
subterranean and epigean traits. By comparison, the limited 
sweep signal in the highly divergent LLP and SCP populations 
shows that recent positive selection contributed little to their 
genomic divergence.

4.3   |   Subgenome Dynamics and Asymmetric 
Evolution

The allotetraploid genome of S. microphthalmus adds a fas-
cinating layer of evolutionary complexity. On one hand, it 
provides unique opportunities for adaptation, as functional 
redundancy from duplicated gene sets can buffer against del-
eterious mutations and provide raw material for evolutionary 
innovation (Soltis and Soltis  1999; Van De Peer et  al.  2017; 
Li and Guo  2020). On the other hand, it presents analytical 
challenges, such as accurately disentangling the evolution-
ary histories of the two subgenomes. Our analyses revealed 
that while most genome-wide diversity and differentiation 
metrics were generally similar between the H and L subge-
nomes, π was consistently higher in the H copy. Given that 
SNP distribution differences were most pronounced in non-
coding regions where purifying selection is typically weaker 
(Lynch 2007; Ronfort 1999), this pattern likely reflects a gen-
eral relaxation of selective constraints on the H subgenome. 
Alternative explanations, such as differences in mutation 
rates or demographic history between subgenomes, are less 
likely, as these would affect coding and non-coding regions 
more uniformly (Otto and Whitton 2000; Wolfe 2001).

The pN/pS ratio, however, varied across populations and be-
tween subgenomes, evidencing population-specific selection 
in coding sequences: it was higher in the H subgenome for 
LLP and SCP, but higher in the L for others. This disparity 
suggests that differential selective regimes on the two subge-
nomes may underlie the marked divergence of this population 
pair (Edger and Pires 2009). In LLP, elevated Tajima's D in the 
H copy of SOCs 1 and 3, alongside high pN/pS ratios and no 
overlap with sweeps, is indicative of relaxed purifying selec-
tion. In SCP, by contrast, higher HO was found in the L copy of 
SOC-1, suggesting balancing selection. Together, these results 
point to a complex partitioning of evolutionary roles, where 
the H subgenome may contribute more strongly to broad-scale 
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adaptive divergence, while the L subgenome can either retain 
genetic diversity at key loci (e.g., SOC-1 in SCP) or act as a 
source of specific gene-level variation, with the latter role 
being supported by patterns of asymmetric homoeolog evolu-
tion (see below).

At the homoeolog level, most duplicated gene pairs were found 
to evolve under purifying selection, consistent with the preser-
vation of essential functions (Blanc and Wolfe 2004). However, 
a subset of homoeologs showed signatures of relaxed selection, 
an outcome further explored in the context of visual gene evo-
lution (Section  4.4). Homoeologs under the purifying regime 
were enriched for core cellular processes such as protein/ATP 
binding and molecular transport. Interestingly, and in apparent 
contrast to their genome-wide signal, LLP and SCP exhibited a 
greater proportion of such genes than other populations. While 
their smaller Ne might be expected to reduce the efficacy of pu-
rifying selection, this supports a compelling ‘two-speed’ evolu-
tionary scenario: their genomic background may be evolving 
under relaxed constraint, but local pressures (e.g., reduced par-
asite diversity, cave-specific pathogens) may simultaneously in-
tensify selection on key functional categories (Peuß et al. 2020), 
as evidenced by the exclusive enrichment for immune-related 
terms among homoeologs under purifying selection in these two 
populations.

Patterns of asymmetric evolution between homoeologs provide 
a more in-depth view of subgenome partitioning. Although 
most homoeologs showed balanced nsSNP densities, a subset 
exhibited marked asymmetry. Among the statistically signif-
icant cases, a clear trend emerged along functional lines: two 
pairs associated with nervous system genes (CACNA2D2, 
PCDHA3 and PCDHAC2) showed higher nsSNP densities in the 
H subgenome, while a third, the immune-related gene FCGB, 
had elevated density in its L copy. The asymmetric evolution 
of the CACNA2D2 homoeolog pair, a calcium channel gene, 
is particularly noteworthy as it was independently detected in 
three gracile morphotype populations (JYP, LLP and SMHP). 
This gene-specific pattern aligns with our broader finding 
that ‘calcium ion binding’ was a common functional category 
enriched across SOCs (Section 3.3), and strongly suggests that 
the H subgenome is a primary locus for adaptation in neuro-
logical pathways—potentially contributing to eye degeneration 
(Orrenius et al. 2003; Jeffery 2009). In contrast, the pattern for 
FCGBP points to a more prominent adaptive role for the L subge-
nome in immune function. These results bolster the idea that 
the two subgenomes promote divergence and local adaptation in 
distinct ways, though functional validation will be necessary to 
confirm their phenotypic relevance.

4.4   |   Visual Gene Evolution, Rate Shifts 
and Allopolyploidy's Influence

Multiple lines of evidence from our analyses converge to sup-
port pervasive relaxed selection shaping visual gene evolution in 
S. microphthalmus, a process common in cave-adapted species 
(Jeffery 2001; Protas et al. 2006). First, visual gene homoeologs 
as a group exhibited a higher average nsSNP density than the 
genome-wide background (Section  3.6), indicating diminished 
purifying selection (Calderoni et al. 2016). Second, homoeologs 

classified as being under relaxed selection (Section 3.5) were no-
tably enriched for functions in visual perception and phototrans-
duction. Third, in our comparison with human orthologs, the 13 
homoeolog pairs that evolved rapidly in the cavefish were also 
enriched for these same functions (Section  3.6). Jointly, this 
consistent accumulation of non-synonymous changes, espe-
cially the observation that it occurs in both homoeolog copies 
of key visual pathway genes, implies that the functional redun-
dancy from allopolyploidy may actually accelerate the process 
of neutral decay in the visual system (Culver et al. 2023; Zhao 
et al. 2022). This effect also appears to be subgenome-specific in 
SCP, a gracile morphotype with severely regressed eyes, where 
the L copies of visual genes exhibit markedly higher nsSNP den-
sities, suggesting the process of eye degeneration may follow dis-
tinct evolutionary paths across subgenomes.

Broader evolutionary rate comparisons with human orthologs 
revealed complementary trends in selective pressures. Genes 
slow-evolving in S. microphthalmus but fast-evolving in hu-
mans were enriched for core functions such as transcription and 
metabolism, indicating stronger purifying selection on essential 
cellular pathways in the energetically limited cave environment. 
Conversely, genes with accelerated divergence in S. microphthal-
mus yet slow in humans were enriched for transcriptional regu-
lation, proteolysis and ion transport—functions also implicated 
in regions under selection (Section 4.2). Strikingly, homoeolog 
pairs with asymmetric evolutionary rates often exhibited one 
copy retaining a human-like rate while the other diverged, a pat-
tern suggestive of early subfunctionalisation or neofunctional-
isation. Although our data do not directly demonstrate gene loss 
or inactivation, these rate asymmetries point to distinct selective 
regimes that may precede functional divergence. Such divergent 
evolutionary fates for duplicate genes, enabled by allopolyploidy, 
likely supply a rich source of adaptive novelty (Birchler and 
Yang 2022) and constitute an important element of this species' 
diversification.

4.5   |   A Diversification Scenario for an 
Allotetraploid Cavefish

Our collective findings allow us to propose a plausible scenario 
for the diversification of S. microphthalmus. In this view, allo-
patric isolation in fragmented cave habitats began within the 
last ~240,000 years, likely driven by Pleistocene climatic shifts. 
These isolated populations then followed distinct demographic 
trajectories, with some (e.g., the gracile morphotypes LLP and 
SCP) experiencing prolonged small Ne that accelerated di-
vergence through genetic drift, while others (like the robust 
morphotype ZZP) persisted in more dynamic environments. 
Layered upon this demographic backdrop, the allotetraploid 
genome acted as an evolutionary catalyst. The functional re-
dundancy of its duplicated subgenomes permitted differential 
evolutionary trajectories; we observe a general pattern where 
the H subgenome contributes more to broad-scale adaptive di-
vergence, while the L copy retains focal adaptive diversity. This 
partitioning of roles, coupled with local adaptation to specific 
cave environments (evidenced by SOCs and selective sweeps), 
likely accelerated genomic and phenotypic differentiation 
among lineages, placing them on distinct evolutionary paths 
that represent the early stages of speciation.
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5   |   Conclusions

This study provides a comprehensive genomic perspective on 
the cave adaptation of S. microphthalmus, revealing how allo-
patric divergence, local selection and neutral processes interact 
to drive diversification. Our findings demonstrate substantial 
genetic differentiation among cave populations, shaped by both 
distinct demographic histories and population-specific selective 
pressures. While relaxed selection on visual genes emerges as 
a prominent feature, positive selection on other loci highlights 
a complex adaptive landscape. Crucially, our results suggest 
that the allotetraploid genome acts as an evolutionary catalyst. 
By enabling subgenome partitioning and diverse evolutionary 
fates for duplicated genes, allopolyploidy appears to acceler-
ate adaptive divergence and provide multiple pathways toward 
speciation in this extreme environment. Future functional and 
transcriptomic studies will be essential to test the specific mech-
anisms outlined in our proposed diversification scenario and to 
fully understand the role of polyploidy in animal evolution.
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