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reveals adaptive evolution of the invasive
Amazon sailfin catfish (Pterygoplichthys
pardalis)
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Catfish represents a diverse lineage with variable number of chromosomes and complex relationships
with humans. Although certain species pose significant invasive threats to native fish populations,
comprehensive genomic investigations into the evolutionary adaptations that contribute to their
invasion success are lacking. To address this gap, our study presents a high-quality genome
assembly of the Amazon sailfin catfish (Pterygoplichthys pardalis), a member of the armored catfish
family, along with a comprehensive comparative genomic analysis. By utilizing conserved genomic
regions across different catfish species, we reconstructed the 29 ancestral chromosomes of catfish,
including two microchromosomes (28 and 29) that show different fusion and breakage patterns across
species. Our analysis shows that the Amazon sailfin catfish genome is notably larger (1.58 Gb) with
more than 40,000 coding genes. The genome expansion was linked to early repetitive sequence
expansions and recent gene duplications. Several expanded genes are associated with immune
functions, including antigen recognition domains like the Ig-v-set domain and the tandem
expansion of the CD300 gene family. We also identified specific insertions in CNEs (conserved
non-coding elements) near genes involved in cellular processes and neural development.
Additionally, rapidly evolving and positively selected genes in the Amazon sailfin catfish genome
were found to be associated with collagen formation. Moreover, we identified multiple positively
selected codons in hoxb9, which may lead to functional alterations. These findings provide

insights into molecular adaptations in an invasive catfish that may underlie its widespread invasion
success.

Catfish represents a diverse and globally distributed group of ray-finned fish, ~ significant threats to local ecosystems' and complicating conservation and
characterized by significant species diversity and morphological variability'. ~ management efforts’.

Certain species, such as yellow catfish (Tachysurus fulvidraco)’ and channel Invasive catfish can swiftly colonize new environments, disrupting the
catfish (Ictalurus punctatus)’, have formed close bonds with humans, structural integrity of local ecosystems and thus threatening the viability of
becoming vital sources of protein produced through aquaculture. However,  native species’. Although these invasive species are often characterized by
some catfish species have gained notoriety as invasive species, posing high reproductive rates and resilience’, the molecular underpinnings of
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these traits, including chromosomal structural variations, transposon
composition, gene evolution, and variations in conserved non-coding ele-
ments (CNEs), remain insufficiently studied.

Catfish species have a wide range of chromosome numbers, ranging
from 2n=48 to 2n=60°". Recent genomic advances have enabled the
sequencing of several catfish chromosomes™*®, paving the way for more
comprehensive studies on their chromosomal evolution. However, com-
parative analyses of chromosomal structures across species remain
limited’, emphasizing the need for a comprehensive understanding of these
structural variations, especially given their critical role in speciation
processes'’ ™%,

Preservation of ecological integrity requires protecting local ecosys-
tems from invasive species’. Certain catfish species, infamous for their
disruptive effects, have complicated environmental conservation efforts’.
For instance, species of catfish in the genus Pterygoplichthys, often released
by aquarium hobbyists, have established feral populations in warm waters
worldwide"”. Among them, Pterygoplichthys pardalis, commonly known as
the Amazon sailfin catfish, is native to the Amazon River basin in Brazil and
Peru". This tropical freshwater fish thrives in a pH range of 7.0-7.5"" and is
typically benthic, though it can breathe air during dry periods or when
dissolved oxygen levels are low'.

Having been introduced to various countries beyond its native habitat,
the Amazon sailfin catfish has become a serious concern due to its adverse
ecological effects'”. Reports indicate its presence in the Marikina River in the
Philippines'®, where it is colloquially known as the “cleaner fish” and has
become a local pest. In the United States, its populations disrupt aquatic
food chains, reduce native biodiversity, and degrade wetlands and shorelines
by burrowing activities'”. Similarly, in China, the introduction of the
Amazon sailfin catfish poses significant risks to local species and ecosystems,
particularly in Guangdong Province, a major invasion hotspot™.

The management of Amazon sailfin catfish invasions has become a
global challenge. As a representative invasive species, Amazon sailfin catfish
has become a key target for ecological management across various
countries’. While some morphological and physiological studies have
identified distinctive anatomical features and behaviors—such as armored
skin”', air-breathing ability”’, pollution resistance”, and low natural
mortalityzz, that facilitate its ecological invasiveness, molecular-level studies
have predominantly focused on mitochondrial genome analysis™”.
Although a preliminary draft genome of P. pardalis was released in com-
parative genomics studies with the channel catfish’, its gene annotations are
currently unavailable.

The primary aim of this study was to investigate the genome of the
Amazon sailfin catfish and compare its chromosomal sequences with those
of other catfish species, to gain insights into the chromosomal evolution
within the catfish lineage. Comparative genomics is an effective approach
for uncovering species-specific adaptations. For instance, comparative
genomic analyses have been used to explain the evolutionary adaptations of
the hadal snailfish to deep-sea environments™, revealing pseudogenization
of the rhythm-related ANNAT gene®. Similarly, in the Sinocyclocheilus
cavefish, comparative genomics has shed light on genetic variations in visual
receptor genes that facilitate adaptation to cave environments™. For
mudskippers—amphibious fish—comparative genomics has identified
genetic variations in visual receptors that underpin their adaptive evolution
to both aquatic and terrestrial environments®. In seahorses, the loss of thx4
(T-box transcription factor 4) has been identified through comparative
genomics, and gene knockout experiments have confirmed the relationship
between the presence of this gene and the development of pelvic fins. This
highlights how such approaches can uncover the genetic basis of phenotypic
traits™.

In this study, we conducted comprehensive comparative genomic
analyses, examining transposons, gene families, gene sequences, and CNEs
to identify molecular-specific variations within the Amazon sailfin catfish
genome. Ultimately, the findings from this research will shed light on the
molecular adaptations that confer invasion success in invasive species and
contribute to enhanced conservation efforts.

Results and Discussion

High-Quality Genome Assembly and Annotation of the Amazon
Sailfin Catfish

We generated approximately 90 Gb of sequencing data, including around
33 Gb of high-accuracy long-read data and 57 Gb of short reads (Supple-
mentary Table 1). This dataset is significantly deeper than the previous
Amazon sailfin catfish (Pterygoplichthys pardalis) sequencing data’.

After meticulously correcting sequencing errors and assembling the
sequences, we obtained a highly contiguous genome assembly of the
Amazon sailfin catfish, with a total size of 1.58 Gb (Supplementary Table 2).
The scaffold N50 length is 52 Mb, and the contig N50 length is 7.4 Mb
(Supplementary Table 2), representing a more than 1000-fold improvement
over the previous version (contig N50 ~4 Kb)’. Using a K-mer-based
method, we assessed the genome completeness at 96.2%, with a QV index of
42.8, where QV represents the transformation of base errors according to
the formula QV = —10 log(E), where E is the error rate at each base position.

We successfully identified 26 distinct clusters representing the Amazon
sailfin catfish haploid 26 chromosomes (2n=52) using Hi-C data for
chromosomal-level assembly (Fig. 1B, Supplementary Table 3), consistent
with previously reported data on the karyotype of this fish”.An assessment
of genome assembly completeness using the BUSCO software revealed that
the current genome assembly reached approximately 96% completeness
(Supplementary Table 4), which is consistent with the genome completeness
estimate obtained using the K-mer method. Our analysis of repetitive
sequences showed that the Amazon sailfin catfish has a remarkably high
repetitive sequence content of 71.08% (Supplementary Table 5), encom-
passing a total length of 1.13 Gb, which is significantly greater than that
found in other catfish species.

A repetitive sequence analysis, using a 5 Mb sliding window across
each chromosome, revealed that the distribution of repetitive elements
varied markedly at different chromosomal locations. Further examination
of short tandem repeats showed significant biases in their distribution,
potentially correlating with centromeric and telomeric regions on the
chromosomes (Fig. 1C).

Gene annotation identified a total of 40,485 protein-coding genes.
BUSCO assessments were used to evaluate the completeness of the anno-
tated protein-coding genes, and the results indicated a high level of com-
pleteness, reaching 97.50% (Supplementary Table 6). Also, through synteny
analysis of the annotated genes we identified duplicated gene pairs and their
distribution across chromosomes. We found that many of these gene pairs
had low Ks (synonymous substitutions rate) values of around 0.375 in
average (Fig. 1C), suggesting that a portion of the genes in the Amazon
sailfin catfish genome have undergone recent segmental duplications.

Comparative analysis of the Amazon sailfin catfish and six other
representative catfish species, including hipogean catfish (Trichomycterus
rosablanca), North African catfish (Clarias gariepinus), yellow catfish
(Tachysurus fulvidraco), striped catfish (Pangasianodon hypophthalmus),
channel catfish (Ictalurus punctatus), and blue catfish (Ictalurus furcatus), as
well as zebrafish (Danio rerio) (Supplementary Table 7), indicated varying
degrees of chromosomal conservation among catfish species. Taking zeb-
rafish chromosome numbering as a reference, significant interspecies
chromosomal rearrangements were observed in chromosomes 1-7, 11, and
19-22(Fig. 1D), while other chromosomes remained relatively conserved
across different species. These findings indicate that the chromosomal
evolution of catfish varies among species, reflecting unique lineage
characteristics.

Evolutionary History of Ancestral Chromosomes in Catfish

By leveraging conserved genomic regions across multiple catfish species, we
reconstructed 29 ancestral chromosomes for the common ancestor of catfish
(Fig. 2A). Notably, we identified two chromosomes (28 and 29) that harbor a
relatively small number of genes compared to other chromosomes (Fig. 2A).
Ancestral chromosome 28 contains 28 genes (24 with annotated functions
and 4 uncharacterized), while ancestral chromosome 29 contains 21 genes
(16 with annotated functions and 5 uncharacterized), suggesting that these
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Fig. 1 | Genomic Features of the Amazon Sailfin Catfish. A Sample images of the
Amazon sailfin catfish, showing a dorsal view at the top left side and a lateral view at
the top right side. The morphological and physiological traits reported in the
Amazon sailfin catfish as an invasive species are shown at the bottom. B Heatmap of
the intensity of inter- and intra-chromosomal interactions in the Amazon sailfin
catfish. C Circos plot illustrating genomic features of the Amazon sailfin catfish.
From outer to inner layers: repeat sequence content, tandem repeat sequence

22

125 24 4
===

content, gene density, and GC content in 500 kb windows with a 100 kb step size.
The innermost layer shows identified segmental duplication blocks, where color
intensity represents Ks values (darker indicating higher Ks values). D Whole-
genome synteny analysis between the Amazon sailfin catfish and other catfish
species. Chromosomes shaded in purple indicate those that have undergone chro-
mosomal rearrangements within catfish species.
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Fig. 2 | Ancestral Catfish Chromosomes and Their Rearrangement Patterns
Across Catfish Species. A Reconstruction of the 29 ancestral catfish chromosomes,
with chromosomes 28 and 29 containing relatively few genes and identified as ancestral
microchromosomes. B Gene distribution on the two (28 and 29) microchromosomes.

* Trichomycterus rosablanca

C Chromosomal rearrangement patterns across seven representative catfish species,
highlighting the distinct rearrangements of the two microchromosomes in different
catfish lineages. Numbers in red indicate ancestral chromosomes, while numbers in
black represent the chromosomes of modern catfish species.

=

may correspond to two microchromosomes (hereafter called ancestral
microchromosome 28 and 29) in the common ancestor of catfish (Fig. 2B).

The 24 genes with annotated functions on ancestral microchromo-
some 28 include cthrcl, rnmt, fam210a, sehll, ptpn2, psmg2, grhi2, znf706,
ywhaz, pabpcl, rnfl9a, spagl, polr2k, parp10, cpsfl, adck5, lix1l, mrpl9, prec,

mrpl24, rfx5, fam63a, foxI20, and apoalbp (Fig. 2B). Meanwhile, the 16
genes with annotated functions on ancestral microchromosome 29 include
srebf2, noll2, ndufa6, kiaald67, wbp2nl, fmcl, napsa, miefl, mpst, il2rb,
elac2, meolnl, tgfbr3l, ddx39a, txn2, and gucy2c (Fig. 2B). The genes located
on ancestral microchromosome 28 are primarily involved in biological
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processes such as metabolism, signal transduction, transcriptional regula-
tion, and DNA repair. For instance, cthrel is involved in tissue remodeling,
including increasing bone mass and preventing myelination™, rnmt parti-
cipates in RNA processing’, ptpn2 regulates cellular signaling”, and grhi2
influences epidermal development™. Other proteins encoding by these
genes, like polr2k, are involved in transcription™, parp10 plays a role in DNA
repair”’, indicating that this microchromosome may be critical for reg-
ulating basic cellular metabolism and genomic stability.

On the other hand, the genes with annotated functions on ancestral
microchromosome 29 are more closely linked to mitochondrial function,
signaling, and immune response processes. For instance, srebf2 is involved
in cholesterol metabolism™, ndufa6 and mief1 are part of the mitochondrial
electron transport chain”*, txn2 plays a role in mitochondrial redox
balance”, and il2rb is involved in immune signaling and tolerance™.

Remarkably, the rearrangement patterns of these two ancestral
microchromosomes vary across different catfish species. In the blue catfish
and channel catfish, the evolution of chromosomes 12 and 24 involved
breaks in ancestral chromosome 7, which subsequently fused with ancestral
microchromosomes 28 and 29 (Fig. 2C). In striped catfish, chromosomes 29
and 23 resulted from the integration of microchromosomes 28 and 29 with a
broken ancestral chromosome 6 (Fig. 2C). In yellow catfish, chromosomes 7
and 24 also derived from breaks in ancestral chromosome 7, which then
combined with microchromosomes 28 and 29 (Fig. 2C). In the North
African catfish, ancestral chromosome 7 underwent a break, with one part
linking to ancestral microchromosome 29 to form North African catfish
chromosome 28, while the other part of ancestral chromosome 7 and
ancestral microchromosome 28 combined to form North African catfish
chromosome 3 (Fig. 2C). In the Amazon sailfin catfish, the distribution of
ancestral microchromosomes 28 and 29 occurred on chromosome 3, where
microchromosome 28 inserted into ancestral chromosome 6 (Fig. 2C). Also,
in hipogean catfish, chromosome 2 forms analogously to that of the
Amazon sailfin catfish, resulting from the fusion of ancestral chromosome 6
with microchromosomes 28 and 29, but with microchromosome 28 posi-
tioned centrally within the hipogean catfish (Fig. 2C).

Chromosomal rearrangements can reduce gene flow within popula-
tions, thus decreasing the exchange of genetic information*"*’. By recon-
structing the ancestral chromosomes in catfish (Fig. 2), we illustrate the
transformations undergone by these chromosomes during speciation
among different catfish species, with a particular focus on the varying
evolutionary patterns of two ancestral microchromosomes. Micro-
chromosomes have been observed across different animal species,
including turtles, birds, lizards, and some ancestral fishes*™. These
microchromosomes tend to cluster together in the center of the cell, sug-
gesting they may have functional coherence®”. Although microchromo-
somes have completely disappeared in mammals, some chromosomes of
basal species like the platypus are aligned with several microchromosomes,
indicating that they are components of atypically variable chromosomes in
mammals®.

Our findings confirm that in catfish, ancestral microchromosomes 28
and 29 also act as building blocks of atypically variable chromosomes,
following a similar evolutionary pattern. We also observed that the structure
of these two ancestral microchromosomes undergoes different rearrange-
ments as species diverge, suggesting that the formation of microchromo-
somes could be closely linked to speciation. Therefore, the identification of
these two ancestral microchromosomes in catfish provides important
insights into the evolutionary biology of microchromosomes. The func-
tional genes located on these chromosomes serve as candidate loci for
further investigation of the origin and function of microchromosomes.

Recent Genome Expansion in the Amazon Sailfin Catfish

The number of annotated genes in the Amazon sailfin catfish is significantly
higher than that in other catfish species, leading us to hypothesize that this
species has undergone gene family expansion. We confirmed this hypoth-
esis through molecular clock analysis and assessment of gene family
dynamics (Fig. 3A), which indicated that the Amazon sailfin catfish had the

highest gene family expansion rate, estimated at 0.1, while other catfish
species showed rates ranging from -0.03 to 0.01. Additionally, the Amazon
sailfin catfish has the largest genome among catfish species, with a length of
158 Gb (Fig. 3B).

Repetitive sequence annotation revealed a substantial amplification of
transposable elements in the Amazon sailfin catfish compared to other
catfish species (Fig. 3C). We hypothesize that this amplification is due to a
recent expansion of transposable sequences in this species. Further analysis
of the distribution of the divergence of repetitive sequences across all catfish
revealed a specific burst of transposons in the Amazon sailfin catfish
(Fig. 3D), which may contribute to the expansion of its genome. The
divergence distribution suggests that these transposable elements are rela-
tively recent in origin, reinforcing the notion that this burst may be a key
factor in gene family expansion.

We also compared the distribution of synonymous substitution rates
(Ks) among conserved syntenic gene pairs in the Amazon sailfin catfish, six
other catfish species, and zebrafish (Supplementary Fig. 1). Our findings
revealed that the Ks values for the top four species, including Amazon sailfin
catfish, hipogean catfish, zebrafish, and yellow catfish, fall within the range
of 0 to 1, with the Amazon sailfin catfish having the highest Ks value
(Fig. 3E). Notably, the number of gene pairs in the Amazon sailfin catfish is
twice that of the second highest, the hipogean catfish, suggesting that recent
gene duplication events have led to the higher gene counts in this species
compared to other catfish and zebrafish.

We not only compared the evolutionary changes in gene families
between the Amazon sailfin catfish and other catfish species, as well as
zebrafish, but also estimated the evolutionary rates of protein-coding loci by
identifying single-copy genes (Fig. 3F, G). Our estimates revealed that the
rate of protein-coding sequence changes in the Amazon sailfin catfish is not
higher than that in other catfish species, with the blue catfish having the
highest rate. It is likely that protein evolutionary rates increase as catfish
species diversify within the catfish lineage.

Transposon bursts driving genome size expansion have been reported
in many species and are considered one of the forces behind evolution”**. In
many species, transposon activity is associated with periods of rapid
genomic change, often coinciding with speciation events or environmental
shifts”’. These transposon bursts can lead to genomic instability, but they
also provide raw material for evolutionary innovation by altering gene
expression, creating new regulatory elements, and contributing to the
emergence of new genes”’.

The impact of transposon-driven genome expansion varies across taxa.
For example, plant genomes, such as maize and wheat, often experience
significant expansion due to transposon activity’. In some animals,
including certain fish and amphibians, transposons are also associated with
genome size variation’>”. However, in species with robust genome defense
mechanisms, such as some mammals, transposon activity is more con-
trolled, resulting in more stable genome size™.

The recent transposon burst identified in the Amazon sailfin catfish in
this study likely explains why its genome is significantly larger than that of
other catfish species. This recent burst of transposable elements has created
opportunities for gene movement and duplication, dramatically reshaping
the genome. It provides the Amazon sailfin catfish with greater potential for
genetic innovation and may offer opportunities for molecular adaptations
that contribute to the invasion success of the Amazon sailfin catfish in
diverse environments.

Specific Amplification of Immune System-related Genes in the
Amazon Sailfin Catfish

The Amazon sailfin catfish has a higher number of gene family members
compared to other catfish species (Fig. 3F). Therefore, we focused on regions
with significant tandem gene duplications, some of which are markedly
enriched in immune system-related genes (Fig. 4A and Supplementary
Table 8). These genes encode the variable region (V) of immunoglobulin
(Ig) proteins (Fig. 4B), crucial for recognizing antigens and activating the
specific immune response of the body™.
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Fig. 3 | Comparative Genomic Evolution of the Amazon Sailfin Catfish. A Gene
family expansion and contraction analysis. The circles above each node represent the
evolutionary rate of gene families, while the two numbers (left and right) below or to
the right of each node denote the number of expanded and contracted gene families,
respectively. The horizontal bars within the nodes represent 95% confidence

intervals for speciation events. B Bar chart comparing genome sizes across different
catfish species, showing that the genome of the Amazon sailfin catfish is significantly
larger than that of other catfish species. C Comparison of repeat sequence annota-
tion and accumulation across different catfish genomes, where the Amazon sailfin
catfish has a much higher repeat sequence content than other catfish species.

D Transposon divergence comparison across catfish species, revealing a clear recent
transposon burst in the Amazon sailfin catfish on the far left side of the divergence
spectrum. This burst is absent in other catfish and zebrafish genomes. E A selection
of four species with the highest number of collinear genes within the Ks range of 0-1.
The Amazon sailfin catfish has the highest number, more than double that of the
second-highest species, the hipogean catfish. F Cumulative bar chart of gene family
clustering across different catfish species, where the Amazon sailfin catfish has far
more gene families than other species. G Violin plot comparing protein evolutionary
rates across different catfish species.
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catfish, with a comparison of nearby genes in other catfish species. D Specific tandem
expansion of Ig V-set domains on chromosome 1 of the Amazon sailfin catfish, and
comparison with nearby genes in other catfish species. E Specific tandem expansion
of the CD300 gene cluster on chromosome 8 of the Amazon sailfin catfish, with a
comparison of neighboring genes in other catfish species.

In the genome of the Amazon sailfin catfish, we identified clusters of
genes encoding the immunoglobulin variable (Ig V) region, which have
undergone extensive duplication in two conserved genomic regions
(Fig. 4C, D). This phenomenon has resulted in a significantly higher number
of these genes compared to other species, which likely enhances the ability of

catfish to generate a more diverse immune response and recognize a broader
range of pathogens. Additionally, we also observed an increased copy
number of the CD300 gene cluster (Fig. 4E). The CD300 family encodes
immune receptors that play a crucial role in regulating immune responses,
cellular signaling, and pathogen interactions™. These receptors are
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important for regulating the activity of T cells, B cells, and other immune
cells, influencing immune tolerance and the clearance of pathogens™.

Gene duplications related to immunity are a common theme across
various taxa, contributing to the evolution of more complex immune
systems”’. For instance, during early vertebrate evolution, a greater number
of immune genes were identified in jawed vertebrates compared to jawless
vertebrates, suggesting that the evolution of immune genes may correlate
with the increasing complexity of pathogens in their environments™.

Similarly, in zebrafish, expansions in the toll-like receptor (TLR) gene
family enhance the ability to detect a broader range of pathogens, a critical
adaptation in water-borne environments that are rich in diverse microbial
life”. In mammals, duplication events in immune-related genes, such as
killer cell immunoglobulin-like receptors (KIRs), are well-documented in
primates”. These duplications provide greater flexibility to the immune
system, enabling more effective responses to evolving pathogens.

In the Amazon sailfin catfish, the duplication of the Ig V region and
CD300 genes likely represents a similar adaptive mechanism. These
expansions of these genes create more opportunities for genetic innovation,
strengthening the immune defenses of the species and enabling it to better
adapt to diverse environmental conditions. This may explain why the
Amazon sailfin catfish is able to survive in polluted environments”’, where
the ability to combat a wide range of pathogens is crucial. Such traits may be
key to the success of invasive species in adapting to and thriving in new
environments.

Specific Changes in Molecular Function

Through the identification of CNEs (conserved non-coding elements) and
specific insertions within these intergenic regions, we found that the
Amazon sailfin catfish has over 1000 specific insertions. Genes within 2000
bp of these insertions are associated with several functional categories
annotated in humans and other organisms. These categories include ner-
vous system development, regulation of cell differentiation, regulation of
developmental processes, multicellular organism development, cell differ-
entiation, cocaine addiction, hepatitis B, the FoxO signaling pathway, gap
junctions, and the estrogen signaling pathway (Fig. 5A and Supplementary
DATA 1). These specific insertions may introduce new transcription factor
binding sites (TFBS), leading to changes in gene expression patterns. Such
changes could regulate the expression of genes involved in nervous system
development, cell differentiation, and the overall development of multi-
cellular organisms, thereby enhancing the adaptability of the species.

The functional categories related to nervous system development
suggest that these insertions may influence neurological functions and
behaviors of the Amazon sailfin catfish. For example, alterations in neuronal
development and synapse formation could enhance the responsiveness of
the fish to environmental stimuli. Additionally, the genes involved in cell
differentiation and developmental regulation indicate that these insertions
might affect the formation and function of different cell types during
individual development, allowing the fish to better adapt to varying envir-
onmental conditions, such as by optimizing physiological functions in
response to habitat changes.

By improving the regulatory capacity of pathways related to FoxO
signaling, estrogen signaling, and gap junctions, these insertions may allow
species to be more flexible during reproduction, growth, and stress
responses, further supporting its survival in diverse ecological niches.
Remarkably, KEGG pathway analysis revealed that some of these insertions
are associated with functions related to cocaine addiction and hepatitis B in
humans and other mammals. This finding potentially highlights both the
biomedical research relevance of the Amazon sailfin catfish and its adapt-
ability to specific environmental pressures, such as disease.

The specific enrichment of genes related to the FoxO signaling path-
way, estrogen signaling, and gap junctions suggests a role in enhancing
growth, reproduction, and stress responses. The FoxO pathway is crucial for
regulating oxidative stress, metabolism, and longevity, all of which are cri-
tical for the resilience of an organism in challenging environments®'. The
impact of these insertions on the FoxO pathway may help the Amazon

sailfin catfish manage oxidative stress more effectively, allowing it to survive
in polluted or low-oxygen waters.

Estrogen signaling, often associated with reproductive and develop-
mental processes, is another important pathway. Modifications in non-
coding regions that regulate estrogen-responsive genes could enhance
reproductive success by adjusting the timing of reproductive cycles or
increasing fertility under environmental stress”’. In addition, gap junctions
are vital for intercellular communication and coordination of cellular
responses, especially during development and tissue repair”. Enhanced
regulation of gap junction proteins may provide the fish with greater plas-
ticity in tissue function and regeneration, further contributing to its ecolo-
gical adaptability.

Besides exploring potential regulatory changes in functionally related
genes, we directly assessed functional enrichment among rapidly evolving
genes (REGs) and positively selected genes (PSGs) in the Amazon sailfin
catfish (Fig. 5B and Supplementary Table 9). We found that these genes were
enriched in categories such as collagen trimer complexes, collagen networks,
network-forming collagen trimers, basement membrane collagen trimers,
extracellular matrix (ECM)-receptor interactions, protein digestion and
absorption, focal adhesion, and small cell lung cancer pathways.

Catfishes typically have exposed, scaleless skin'. However, the Amazon
sailfin catfish has developed armored skin consisting of a series of dermal
scutes, forming a dense, highly-mineralized protective tissue®’. Previous
studies have indicated that the armored skin of the Amazon sailfin catfish is
rich in collagen®. The enrichment of REGs and PSGs identified in the
Amazon sailfin catfish within pathways related to collagen production and
interaction suggests the formation of a unique collagen structure. Studies on
armored skin in other species have similarly pointed to collagen as a major
component in the formation of durable and flexible skin tissue*. In the
Amazon sailfin catfish, the enrichment of genes involved in collagen
pathways indicates the formation of a unique collagenous structure that may
contribute to its specialized armor.

Furthermore, we identified multiple positively selected sites in the
Hoxb9 gene in the Amazon sailfin catfish (Fig. 5C, D). Hoxb9 is part of the
well-known Hox gene family, which plays a crucial role in controlling body
plan development in vertebrates”’. Changes in positively selected sites within
Hox genes, such as Hoxb9, are often associated with the evolution of new
structural adaptations®. Recent studies have shown that Hoxb9 can regulate
the expression of the SPPI gene®, whose encoded protein, secreted phos-
phoprotein 1 (also known as osteopontin), is critical for mineralization”. In
zebrafish, knocking out SPPI leads to a skeletal structure characterized by
cartilage-like features’'. In the Amazon sailfin catfish, the modifications in
Hoxb9 may be linked to the development of its distinctive, highly miner-
alized armored skin through the regulation of SPP1 or other genes related to
specialized morphological traits.

These findings suggest that both collagen modification and changes in
developmental genes, as well as Hoxb9, are key evolutionary mechanisms
driving adaptation of the Amazon sailfin catfish as an invasive fish.

Conclusion

This study provides a comprehensive analysis of the evolutionary history of
catfish chromosomes, with a particular focus on the genomic structural
changes that may underlie the invasive success of the Amazon sailfin catfish.
By reconstructing ancestral chromosomes, we reveal striking differences in
chromosomal rearrangement patterns and conserved regions across various
catfish species. These differences illustrate the dynamic evolution of genetic
information during speciation, suggesting that chromosomal rearrange-
ments contribute to reduced gene flow and promote differentiation and
adaptation among species. Specifically, we document substantial genome
expansion and the insertion of specific genomic elements that may enhance
the adaptability of Amazon sailfin catfish to diverse environmental pres-
sures. Notably, the identified genetic changes strengthen the immune sys-
tem, improving responses to environmental fluctuations and helping
Amazon sailfin catfish thrive in new habitats. Furthermore, the enrichment
of genes near CNEs with specific insertions and collagen-related genes
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between the Amazon sailfin catfish and other catfish species. D Positively selected
sites identified in the hoxb9 gene in the Amazon sailfin catfish.

under positive selection in the Amazon sailfin catfish may be associated with
disease resistance, adaptation to hypoxic conditions, and the development
of a robust external structure, providing a survival advantage in diverse
ecological niches. This study enhances our understanding of the molecular

mechanisms underlying the adaptive evolution that contributes to the
invasive success of Amazon sailfin catfish in new environments While
further analyses may be needed to directly link these genetic adaptations to
invasion success, the findings offer valuable insights into fish chromosome
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evolution and the role of genomic structural changes in ecological
adaptation.

Methods and materials

Sample Collection

We collected and selected a female sample of the invasive Amazon sailfin
catfish from the National Freshwater Genetic Resource Center (Latitude:
23.07336, Longitude: 113.22624), located in Guangzhou, Guangdong Pro-
vince, China. Anatomical examination confirmed that the specimen was an
adult female (Fig. 1A and Supplementary Fig. 2). Muscle tissue from this
specimen was then used as the source for HiFi sequencing, next-generation
sequencing (NGS), and Hi-C sequencing.

Inclusion and Ethics

All the procedures applied for this study were approved by the Institutional
Ethics Committee of the Animal Ethical and Welfare Committee of Neijiang
Normal University (permit: NJNU20240923), and all the methods were
carried out in accordance with the Code of Practice for the Care and
Handling of animal guidelines. This study is reported in compliance with
the ARRIVE guidelines. We have complied with all relevant ethical reg-
ulations for animal use.

Genome Library Construction and Sequencing

Genomic DNA was isolated from muscle tissue via phenol/chloroform
extraction followed by ethanol precipitation. For long-length reads, genomic
DNA was randomly fragmented into approximately ~15kb fragments
using a Covaris g-Tubes (Covaris LLC., Woburn, MA, USA). We then
constructed SMRTbell HiFi sequencing libraries using the SMRTbell
Express Template Prep kit 2.0 (Pacific Biosciences, Menlo Park, CA, USA),
as follows: A total of 15 pg of DNA was used for the library construction.
After enzymatically removing protruding single-stranded ends, DNA
damage was repaired using the SMRTbell Damage Repair Kit - SPv3 (Pacific
Biosciences). Next, after performing end repairs and adding poly(A)-tails to
the double-stranded ends, the T-overhangs of the SMRTbell adapters were
ligated to the ends at 20 °C for 15 h, and then the library was purified using
1x AMPure PB magnetic beads (Pacific Biosciences). Subsequently, the
fragment size and concentration of the library samples were determined
using the Agilent FEMTO Pulse automated pulsed-field capillary electro-
phoresis system (Agilent Technologies Inc., Santa Clara, CA, USA) and a
Qubit 3.0 Fluorometer (Thermo Fisher Scientific Inc., Waltham, MA, USA).
Then, after eliminating any SMRTbell fragments below 15kb using the
BluePippin system (Sage Science Inc., Beverly, MA, USA) for DNA size
selection, the library was subjected to a second purification step using 1x
AMPure PB magnetic beads. Afterwards, the size and quality of the library
were determined using the Agilent FEMTO Pulse system and the Qubit
dsDNA HS assay kit (Thermo Fisher Scientific Inc.). Then, sequencing
primers and Sequel II DNA polymerase were annealed and bound,
respectively, to the completed SMRTbell library. Finally, the prepared
SMRTbell library was sequenced was sequenced on the PacBio Sequel II
platform (Pacific Biosciences) at a concentration of 120 pM, with a running
time of 30 h. Afterwards, high-accuracy sequencing of the Amazon sailfin
catfish genome was performed using the PacBio Revio sequencing platform
(Pacific Biosciences).

For short-length reads, we constructed short DNA fragment libraries
using 1 pg of DNA and the MGIEasy DNA Universal Library Prep Set (MGI
Tech Co. Ltd., Shenzhen, China), strictly following the manufacturer’s
protocol. To ensure accurate sample identification during sequencing, a
unique barcode was added the sample. After library construction, we
determined the concentration and fragment size distribution of the samples
using a Qubit 3.0 Fluorometer (Thermo Fisher Scientific Inc.) and a Bioa-
nalyzer 2100 system (Agilent Technologies Inc.). These measurements
informed our pooling strategy for sequencing. Once all libraries passed
quality control checks, sequencing was performed on the MGI-SEQ 2000
platform (MGI Tech Co. Ltd.) at the Nanjing Sequencing Center, Novogene
BioTechnology Co., Ltd. (Nanjing, China)

Genome Assembly

The initial genome assembly with HiFi reads from PacBio Revio sequencing
platform was performed using the Hifiasm (v0.19.9-r616) assembly tool.
Afterwards, the haplotigs present in the completed assembly were removed
using the purge_haplotigs v1.1.3” tool. Subsequently, we polished the genome
using the Pilon (v1.24) software™ for three rounds, using next-generation
sequencing reads to correct specific errors at individual loci in the Amazon
sailfin catfish genome, thereby enhancing its accuracy. Next, we aligned Hi-C
reads to the assembled genome using Chromap (v0.2.7) software”, which
enabled us to obtain interaction information between chromatin regions
across contigs. We then performed chromosomal-level assembly of the
Amazon sailfin catfish genome using the YaHS (v1.1) tool”®. Finally, we
manually corrected the errors in the chromosome-level assembly in the Jui-
cebox (v2.20.00) tool” and performed a back-alignment of the Hi-C reads to
the chromosomal-level assembly to assess the clarity of domain structures
across different chromosomes using the HiCExplorer (v3.7.2) tool”.

The final chromosome-level genome assembly was evaluated using
BUSCO (v.3.1.0)”’, based on the actinopterygii_odb10 gene set. Addition-
ally, genome quality was assessed through K-mer analysis with a K-length of
21 bp using of Merquery (v1.4.1)%.

Annotation of Repetitive Sequences and Protein-coding Genes
We constructed a de novo repeat library using the RepeatModeler (v2.0.1)
software® and used to start the genome annotation process. Afterwards, we
referenced the Repbase database® to identify lineage-specific repeats in
catfish. These libraries were merged and subsequently searched against the
assembled genomes using the RepeatMasker (v4.1.1) software™ with para-
meters set to “-nolow -gff -poly -a -inv -e rmblast.” This approach allowed us
to compile a comprehensive list of repetitive elements. In addition to
annotating the repetitive sequences of the Amazon sailfin catfish genome,
we used the same methodology to annotate the published genomes of other
species. Ultimately, we compared the content and divergence levels of
repetitive sequences across different species to determine the specific
changes in transposable element sequences within the Amazon sailfin
catfish.

To predict protein-coding gene regions within the assembled genomes,
we used three different approaches: (1) de novo prediction using the
Augustus (v3.3.3) software®™ and Snap (v2006-07-28) software®; (2)
homolog-based prediction with the Tblastn (v2.11.0) tool*® and Exonerate
(v2.2.0) software® using protein sequences from seven representative spe-
cies; (3) transcript-based annotation. Initially, a de novo transcriptome
assembly was generated from RNA-seq data of mixed tissues (brain, kidney,
liver, heart, spleen and muscle, see Supplementary Table 2) using Trinity
(v2.11.0) software.*. The raw transcripts were then aligned to the assembled
genome using the BLAST-Like Alignment Tool (BLAT, v36) software® and
Gmap (v2017-11-15) software”, followed by validation and integration
using the Program to Assemble Spliced Alignments (PASA, v2.3.3)
pipeline”’. Finally, we used the EvidenceModeler (v.1.1.1) software” to
combine results from all three prediction strategies, carefully filtering out
erroneous predictions that included stop codons within coding regions.
Functional annotation and characterization of protein biological functions
were performed using the Eggnog-mapper (v.267) tool”’. The completeness
of the protein-coding genes was also assessed using the actinopter-
ygii_odb10 gene set with BUSCO software”.

Gene Family Analysis

To investigate the dynamic changes in gene family evolution within the
Amazon sailfin catfish, we obtained genome and annotation files from other
representative catfish species and the model organism zebrafish and per-
formed comparative gene analysis. We used the BLASTP (v2.11.0) software
to perform an all-vs.-all protein sequence comparison across all species. In
order to establish different gene families, we used the OrthoMCLight (v1.4)
software™ to cluster the sequences based on similarity. We also analyzed
variations in gene copy numbers to quantify both single-copy and multi-
copy gene families.
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All identified single-copy genes were extracted and aligned using the
MAFFT (v7.4.75) program™, to generate a super-length alignment matrix
for further analysis. The topology of the species tree was initially constructed
using Bayesian inference (BI) with the MarBayes (v3.2.2) program™, and
was further validated by Maximum Likelihood (ML) analysis using the
Randomized Axelerated Maximum Likelihood (RAXxML, v8.0.17)
program”. Both methods used the GTR + I + G model for accuracy. The
Bayesian analysis included two parallel runs of 2 million generations, using
three chains per run, with samples taken every 100 generations and dis-
carding the initial 25% of samples. For the ML analysis, we performed fast
bootstrapping with 1000 replicates to compute branch support values.

We calibrated the species tree topology using the MCMCtree (v4.9)
program’, incorporating two time-calibrated points: node 1 (the common
ancestor of blue catfish and channel catfish) estimated at 22.1 to 22.9 million
years ago (Mya); node 2 (the common ancestor of channel catfish and yellow
catfish) estimated at 19 to 44.2 Mya; node 3 (corresponding to the red-tailed
pipe snake and sunbeam snake) estimated at 50.9 to 97 Mya, with data
sourced from the TimeTree database™. A log-normal independent mole-
cular clock model was used to generate 1,000,000 samples, discarding the
initial 25% of samples. Visualization of credible intervals for species diver-
gence times at each node was achieved by generating the species tree using
the MCMCtreeR R package'”.

To refine our gene family clusters, we removed potential false results
where some species had over 200 paralogs while others had none. The
remaining gene clusters were analyzed for member changes using the CAFE
(v2.0) software'”, with the significance threshold set at p < 0.05. We parti-
cularly focused on gene families that showed significant expansions, spe-
cifically those associated with tandem repeats. To identify these tandem
repeat genes in the Amazon sailfin catfish genome, we used the MCScanX
software with default parameters'”. Finally, we overlapped the significantly
expanded gene families with the identified tandem repeat genes and per-
formed functional enrichment analysis on the obtained gene set.

Ks Analysis

We initially performed a synteny analysis of each fish genome using the
MCScanX software'” to identify pairs of duplicated genes within each
genome. We then performed protein sequence alignments of the syntenic
gene pairs using MAFFT program™. The amino acid alignments of the
proteins were converted into codon-based nucleotide alignments using the
PAL2NAL program'”. Subsequently, the Ks values (synonymous sub-
stitutions per site) for each syntenic gene pair were calculated using the
KaKs_Calculator (v2.0) software'®, specifically using the Yang-Nielsen
(YN) method'”. We constructed a histogram of gene pairs across Ks values
ranging from 0 to 10, with 0.1 units, and compared the differences in gene
pair distributions among the various species.

Ancestral Chromosome Restructuring

We initially identified candidate orthologous genes across all genomes using
reciprocal best hits (RBH) with MMseq2 v15-6f452'%, which served as
potential markers for reconstructing ancestral chromosomes. Subsequently,
we employed MCScanX'” for synteny analysis, retaining genes that
exhibited syntenic relationships in both catfish and zebrafish (with a
minimum of five syntenic genes per module) as effective unique markers for
reconstructing the ancestral chromosomes of catfish. We then marked the
ancestral node for catfish within the phylogenetic tree of catfish and zeb-
rafish, organizing the effective unique markers based on their chromosomal
locations across species. Finally, we reconstructed the ancestral chromo-
somes of catfish using Anges v1.01'”'”, applying the parameters acs_sa=1,
acs_ra=1, acs_sci=1, acs_mci=1, and clp_linear=1.

Analysis of Conserved Non-Coding Elements (CNEs)

Using the soft-masked genomes of all species subjected to repeat masking,
we performed the whole-genome alignment with the Cactus (v2.8.2)
program'®'"’. The hal2maf command in the Cactus toolkit was used to
generate a raw genome alignment of eight fish species in the multiple

alignment format (MAF). From this whole-genome alignment, we extracted
four-fold degenerate sites and estimated a neutral phylogenetic model (non-
conserved model) using the phyloFit program'"".

To estimate the expected substitution rate of conserved elements
relative to neutrality (tho), we used the phastCons package' with the
options ‘-target-coverage 0.25, —expected-length 20, —estimate_rho.” The
input alignment was processed in non-overlapping 10"bp windows. The
conserved models for each window were combined using the phyloBoot
program'"’, which allowed us to predict the initial conserved elements. We
generated CNEs by excluding exon regions from the highly conserved ele-
ments using the ‘subtract’ command in BedTools (v2.31.1) toolkit'"*.

Our primary focus was on CNEs located in intergenic regions, within
introns, and within the 20 kb upstream or downstream flanking regions of
the genes. We identified specific insertion sequences longer than 15bp
present in the CNEs of the Amazon sailfin catfish, as these could become
potential new transcription factor binding sites that may alter proteins
regulatory functions. We performed functional enrichment analysis using
the R package clusterProfiler v4.0'" on genes with specific insertions located
upstream and downstream, to evaluate the functional impact of these CNEs
on the Amazon sailfin catfish genome. We ultimately selected the top five
enriched gene ontology (GO) and Kyoto encyclopedia of genes and gen-
omes (KEGG) terms to present the associated genes and their functional
descriptions.

Identification of Rapidly Evolving Genes (REGs) and Positively
Selected Genes (PSGs)

Further analysis involved extracting a subset of orthologous genes between
the Amazon sailfin catfish and other fishes, including various catfish species
and zebrafish, to identify PSGs and rapidly evolving genes REGs in the
Amazon sailfin catfish genome. To detect REGs, we used the CODEML
branch model in the PAML (v4.9) package™. The null model assumed that
the non-synonymous to synonymous substitution ratio (Ka/Ks) was uni-
form across branches, whereas the alternative model allowed for branch-
specific variation in Ka/Ks within the ancestral branches of Amazon sailfin
catfish. We calculated p-values using the likelihood ratio test (LRT) to
compare the two models, determining significant REGs based on a corrected
p-value < 0.05 using the Bonferroni method.

In addition, we used the CODEML branch-site model in the PAML
(v4.9) package to identify potential PSGs. Under the null hypothesis, the Ka/
Ks value for each site on each branch was constrained to 1, while the
alternative hypothesis allowed variable dN/dS values at specific sites within
Amazon sailfin catfish. The p-values from the LRT were obtained following
the CODEML analysis. PSGs were defined based on a nominal 5% tradi-
tional p-value (<0.05) and the presence of at least one positively selected site
with a posterior probability >0.90, as determined using an empirical
Bayesian approach. We selected the top five enriched GO and KEGG terms
to present the associated genes and their functional descriptions for PSGs
and REGs.

Data availability

Raw reads, genome assembly and annotation were deposited into National
Genomics Data Center with project number PRJCA030928 for Pter-
ygoplichthys pardalis. The genome assembly, mRNA sequences, protein
sequences, and gene annotations are also available at Figshare'* at https:/
doi.org/10.6084/m9.figshare.27080665.v2.
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