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Supplementary Materials and Methods 

DNA extractions, library preparation and sequencing. We extracted total DNA from 20 mg of muscle 

or fins using the DNeasy Blood & Tissue Kits from QIAGEN® and quantified the genomic DNA using a 

Qubit fluorometer (Life Technologies, Inc.).  

For the samples sequenced using the exon capture approach, Daicel Arbor Biosciences (Ann 

Arbor, MI) performed library preparation using an Illumina TruSeq-style library preparation protocol. 

Target capture probes were designed based on alignments of 1,051 single-copy exons optimized for 

otophysans (Otophysi baitset1). Probes were synthesized with a myBaits custom probe. Samples were 

sequenced on an Illumina HiSeq 2500 platform at 100bp pair-end. 

For the whole-genome short-read (‘shotgun’) sequencing approach, we sent high-quality DNA 

samples to four different facilities: Daicel Arbor Biosciences (Ann Arbor, MI), Novogene Corporation 

Incorporated (Sacramento, CA), GENEWIZ from Azenta Life Sciences (South Plainfield, NJ), and 

Oklahoma Medical Research Foundation (Oklahoma City, OK). Each facility prepared individual libraries 

using the Illumina TruSeq Library Construction Kit for insert size 350 bp and sequenced them at 150bp 

pair-end on an Illumina HiSeq 2500 and Illumina NovaSeq S4 platforms, aiming for ~30X coverage 

assuming a genome size of 2.04-2.42 Gbp based on data from three ariid species: Neoarius graeffei 

(reference genome), Ariopsis canteri, and Brustiarius solidus (survey genomes; see below). 

 

Reference genome sequencing and assembly. A subadult lesser salmon catfish (Neoarius graeffei) was 

collected from Barratta Creek, Australia (-19.568° S, 147.207° E) on August 7, 2020. Flash-frozen 

samples (blood, skin, fin clips, gill rakers, muscle) preserved in ethanol and RNA later were sent to the 

Vertebrate Genome Laboratory (VGL) for DNA/RNA extraction, sequencing, and assembly. High 

molecular weight DNA, isolated from blood using the Bionano Prep SP Frozen Blood DNA Isolation 

protocol v2 (Bionano Genomics), was quantified (Qubit 3 fluorometer) and assessed for fragment length 

(Agilent Fragment Analyzer).  



VGL generated a reference genome using third-generation sequencing technologies and an iterative 

assembly pipeline v2.02. DNA (6 µg) was sheared (Megaruptor 3) before PacBio library preparation 

(SMRTbell Express Template Prep Kit 2.0) and size selection (>10 kb). The library was sequenced on a 

Sequel IIe instrument. Bionano optical maps were generated from 750 ng DNA using direct labeling 

(DLE1) and the Bionano Prep DLS protocol.  Hi-C data (67x) was produced using the Arima-HiC 2.0 kit 

(Arima Genomics). For Iso-Seq data, total RNA was extracted (QIAGEN RNAeasy Protect kit) and a 

PacBio Iso-Seq Express 2.0 library was prepared and sequenced on a Sequel IIe instrument. 

The assembly process included genome profile analysis, phased assembly of HiFi long reads (hifiasm3), 

contig removal (purge_dups pipeline), and scaffolding using Bionano and Hi-C data. Quality control 

involved QUAST4, BUSCO5,6, Merqury7, and Pretext8. For Iso-Seq, the pipeline masked genomic 

sequences, aligned transcripts, proteins, and RNA-Seq reads to the genome, predicted gene models, and 

assigned names and accessions. The final assembly, annotations, and associated data are available under 

NCBI accession GCF_027579695.1. 

 

Survey genomes. We used Novogene Corporation Incorporated genomic services and solutions to survey 

the genomes of two ariid species: Ariopsis canteri and Brustiarius solidus. They extracted DNA, prepared 

a 350bp insert DNA library using the Illumina TruSeq Library Construction Kit, and sequenced it using 

an Illumina NovaSeq platform 150 pair-end. They also performed bioinformatic analysis which included 

data quality control, analysis of k-mer frequency, preliminary genome assembly with SOAPdenovo9, and 

inspection for contamination. The survey results for Ariopsis canteri show a genome size of 2046.67 

Mbp, heterozygous rate of 0.28%, and repeat content of 69.95%. For Brustiarius solidus, the survey 

results show a genome size of 2393.73 Mbp, a heterozygous rate of 0.29%, and a repeat content of 

74.19%. 

 

Assembly of short-read genomes. Illumina raw reads were quality checked with FastQC v0.11.510 and 

filtered using Trimmomatic v0.3811 to remove low-quality bases and adapters. We assembled the resulting 

trimmed sequences with SPAdes v3.13.112 and removed contaminants using NCBI’s Foreign 

contamination Screen (FCS) tool (https://github.com/ncbi/fcs). To improve the quality of the assemblies, 

we used RagTag v2.1.013 to scaffold the SPAdes preassemblies as well as the survey genome assemblies. 

RagTag used the lesser salmon catfish reference genome to scaffold the assemblies, arranging and 

aligning the sequences, and adding gaps to connect them, without any modification to the input query 

sequence.  

 

https://github.com/ncbi/fcs


Assembly of exon capture data and mining of exons from the genomes. We assembled the raw reads 

for 18 species into loci using the FishLifeExonCapture pipeline 

(https://github.com/lilychughes/FishLifeExonCapture). Briefly, we first trimmed the raw reads for low-

quality base calls and adapter contamination with Trimmomatic v0.3811. Next, we mapped the trimmed 

reads against the representative Otophysi 1,051 sequences using BWA v0.7.1714, and removed PCR 

duplicates with  SAMtools v1.915. We generated initial assemblies with Velvet v1.2.0716, and used the 

longest assembled contig as a reference for aTRAM v2.217. We ran aTRAM for a maximum of five 

iterations and removed redundant contigs with CD-HIT v4.8.118 with a threshold of 98% similarity. To 

find reading frames, we used the coding2genome algorithm in Exonerate v2.4.019, to align the assembled 

contig to an Otophysi reference sequence previously verified by visual inspection. Finally, we aligned the 

exons using the reading-frame-aware aligner MACSE v2.0320.  

 For each of the 1,051 target sequences from the Otophysi baitset, we parameterized an HMM 

profile and executed a nHMMER search on each genome, using default settings in HMMER v3.2.121. Hits 

were obtained for each marker for each of the species and extracted from genomes with custom Python 

scripts (https://github.com/lilychughes/FishLifeExonHarvesting). After performing standard procedures 

for sequence quality control and assembly, we aligned exons using MACSE v2.03. All aligned sequences 

were checked visually in Geneious Prime® v2022.122. We concatenated individual exon alignments into a 

supermatrix consisting of 1,039 genes and 119 taxa (255,570 bp). 

 

Legacy markers. To build phylogenetic trees, we expanded our taxonomic sampling from exon capture 

and WGS by adding 36 more species. We assembled a supermatrix by combining the 1,051 exon markers 

with multi-locus sequence data from previous studies23–25. This supermatrix included three nuclear legacy 

markers (MYH6, RAG1, RAG2) as well as four mitochondrial markers (12S, 16S, ATPase 6/8, CYTB), 

all generated via PCR and Sanger sequencing23–25.  

 

Phylogenomic analyses of exon markers, divergence time estimation and phylogenetic uncertainty 

in downstream analyses. To account for phylogenetic and divergence time uncertainty in downstream 

phylogenetic and comparative genomic analyses, we employed two main strategies for assembling 

subsets from the expanded matrix. These subsets overlapped only in legacy markers, thereby maintaining 

the same set of species across subsets. The first strategy involved creating 12 largely independent subsets, 

each consisting of 93 loci, while the second strategy consisted of four independent subsets, each with 265 

loci (Supplementary Data S2). The analyses revealed that using more, albeit smaller, gene subsets of 93 

loci resulted in higher phylogenetic disparity (error), as estimated via multidimensional scaling (MDS) of 

a tree space plot using the R package phytools v1.2-026 (Figure S1). Therefore, downstream analyses used 

https://github.com/lilychughes/FishLifeExonCapture
https://github.com/lilychughes/FishLifeExonHarvesting


trees inferred from four subsets of 265 markers, as well as the complete dataset (see main text). Resulting 

trees capture the uncertainty in divergence times and phylogenetic relationships by incorporating different 

underlying data, which differs from the common practice of using "pseudo-replicated" trees derived from 

a Bayesian posterior distribution estimated from a single data set, often limited to a few genes (see also 27–

29). Through the use of a sample of topologies spanning the tree space using both concatenation and 

coalescent approaches, our analyses additionally account for gene tree-species tree discordances that arise 

from incomplete lineage sorting, which can produce false positives in estimates of positive selection30. 

 
Figure S1. Tree spaces for the trees estimated in this study including a comparison for the two subset 

approaches. MT: ‘master tree’, AT: alternative ASTRAL-III tree based on the full dataset. The orange dot 

represents the average (centroid) tree in tree space. Tree space plot depicting in black the 12 subsets scheme 

and the four subsets scheme approaches in red. The 12 subsets scheme containing fewer markers per subset 

shows greater phylogenetic disparity (error) compared to the four-subsets scheme. 

 

Prior to phylogenetic analyses, the best-fitting partitioning scheme was determined for complete 

datasets and subsets using PartitionFinder v2.1.131. In each case, maximum-likelihood (ML) trees were 

estimated in RAxML-NG v0.9.032 using the best-fit partition selected via the Bayesian Information 

Criterion (BIC), the GTR model, and a heuristic tree search strategy. The number of bootstrap replicates 

was determined automatically via the autoMRE function in RAxML-NG. Next, we estimated individual 

gene trees in RAxML-NG using by-codon partitions based on sequence alignments from all individual 

loci. Finally, gene trees were used as input for coalescent-based analyses in ASTRAL-III v5.7.133. For tree 

topology comparison purposes, we also conducted phylogenetic analyses using two alternative 

approaches. First, protein sequences based on the 3,519 genes identified BUSCO for each species were 



used as input OrthoFinder v2.3.334 to produce a species tree using Species Tree from All Genes (STAG35), 

which reconciles paralogues, co-orthologues, or other gene duplication events. Second, the OrthoFinder 

runs also identified 432 single copy orthologue sequences, which we used as input for concatenation-

based ML and coalescent-based analyses using both RAxML-NG and ASTRAL-III, respectively. 

Finally, to time-calibrate the resulting trees obtained with RAxML-NG and ASTRAL-III, we used 

the MCMCTree package, as implemented in the program PAML v4.9h36, which can handle genome-scale 

datasets in a Bayesian framework37. These analyses used only two partitions (1st+2nd and 3rd codon 

positions) and the 14 calibration points from two previous studies25,38 (Supplementary Table S1; Figure S2 

for additional details).  

 

Figure S2.  Calibration points.   Ariid ‘master tree’ (full dataset, RAxML) showing the fourteen calibration 

points used as priors in MCMCTree. 
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Supplementary Table S1. Priors and calibration points used for divergence time estimations in MCMCTree based on previous studies. 

Calibration 

No. Node MRCA 

Lower 

bound 

(Ma) 

Upper 

bound 

(Ma) Distribution 

MCMCTree 

parameters 

Calibration 

type 

Justification for 

calibration 

Reference for 

calibration Notes 

1 Ariidae + Anchariidae Gogo + Galeichthys 70.5 80.7 Gamma G(500,684.9315) 

Secondary 

calibration 

Secondary calibration 

based on Betancur-R. et al. 

(2012); the primary 

calibration from that study 
used ariid fossils of Late 

Campanian–Early 

Maastrichtian age (70 Ma) 

Betancur-R et al. 

(2012)25 * 

2 Ariidae 
Galeichthys + 
Cathorops 35.6 59.2 Gamma G(500,1063.83) 

Secondary 
calibration 

Secondary calibration 

based on Betancur-R. et al. 
(2012) 

Betancur-R et al. 
(2012)25 * 

3 Cathorops 

C. dasycephalus, C. 

mapale 20.4 - Uniform 

L(0.204,0.1,1,1e-

300) Fossil skull 

Cathorops goeldii (Pirabas 

form.; 20.4-23.03 Ma) 

Betancur-R et al. 

(2012)25; Stange et al. 

(2018)38  

4 Notarius 
Notarius + sister 
genus 20.4 - Uniform 

L(0.204,0.1,1,1e-
300) 

Fossil 
otolith 

Notarius sp. (Pirabas 
form.; 20.4-23.03 Ma) Stange et al. (2018)38 ** 

5 Bagre Bagre + sister genus  20.4 - Uniform 

L(0.204,0.1,1,1e-

300) 

Fossil 

otolith 

Bagre protocaribbeanus 

(Pirabas form.; 20.4-23.03 

Ma) Stange et al. (2018)38 *** 

6 Sciades S. dowii + S. parkeri 5.3 20.4 Uniform - Fossil skull 
S. dowii (Urumaco 
Formation; 5.3-11.63 Ma) Stange et al. (2018)38 **** 

7 

Sciades (Caribbean 

clade) 

S. proops + S. 

herzbegii 5.3 20.4 Uniform 

B(0.053,0.24,1e-

300,0.05) Fossil skull 

S. herzbegii (Urumaco 

Formation; 5.3-11.63 Ma) Stange et al. (2018)38 **** 

8 
Bagre (Caribbean 
clade) 

Bagre 

marinus/filamentosus 
+ B. bagre 5.3 20.4 Uniform 

B(0.053,0.24,1e-
300,0.05) Fossil skull 

B. aff. marinus (Urumaco 
Formation; 5.3-11.63 Ma) Stange et al. (2018)38 **** 

9 

Notarius 

quadriscutis/luniscutis 

Notarius 

quadriscutis/luniscutis 

+ remaining Notarius 5.3 20.4 Uniform 

B(0.053,0.24,1e-

300,0.05) Fossil skull 

Notarius quadriscutis 

(Urumaco Formation; 5.3-

11.63 Ma) Stange et al. (2018)38 ****, ***** 

10 Potamosilurus 
P. macrorhynchus + 
P. velutinus 4 8 Uniform 

B(0.04,0.08,1e-
300,1e-300) Geological 

Uplift of New Guinea 
Central Mountain range 

Betancur-R et al. 
(2012)25  

11 

Trans-isthmian 

Cathorops 

Cathorops 

(Caribbean) + 

Cathorops (Pacific) 2.8 - Uniform 

L(0.028,0.1,1,1e-

300) Geological 

Final rising of Panama 

isthmus 

Betancur-R. et al. 

(2012)25; Rincon-

Sandoval et al. 

(2020)27 

******, 

******* 

12 

Trans-isthmian 

Notarius 

Notarius aff. kessleri 

+ N. neogranatensis 2.8 - Uniform 

L(0.028,0.1,1,1e-

300) Geological 

Final rising of Panama 

isthmus 

Betancur-R. et al. 

(2012)25; Rincon-

Sandoval et al. 

(2020)27 

******, 

******* 

13 

Trans-isthmian 

Ariopsis 

Ariopsis seemanni + 

Ariopsis canteri 2.8 - Uniform 

L(0.028,0.1,1,1e-

300) Geological 

Final rising of Panama 

isthmus 

Betancur-R. et al. 
(2012)25; Rincon-

Sandoval et al. 

(2020)27 ****** 

14 

Sierra Nevada S. 

Marta Massif -- C. 
mapale/C. wayuu 

Cathorops mapale + 
C. wayuu 0.8 1.2 Uniform 

B(0.008,0.012,1e-
300,1e-300) Geological 

Northward displacement of 
Santa Marta Massif 

Betancur-R. et al. 
(2010, 2012)24,25  



* These are secondary calibrations. The estimated origin of siluriforms according to molecular dating analyses (e.g, ~150 mya; Lundberg et 

al. 200739) is much older than predicted by the oldest fossils dated from the Late Campanian-Early Maastrichtian (73–68 mya), suggesting 

a taphonomic bias in the catfish fossil record. Thus, we constrained two basal nodes (ariids and arioids (= ariids + anchariids)) using 

secondary calibrations from Betancur-R. et al. (2012)25. That study used an extensive selection of bonyfish outgroups to avoid estimating 

overly old root ages for both ariids and arioids. Because we did not include those outgroups in our alignments, we used instead secondary 

calibrations based on a gamma distribution drawn around the mean and the 95% HPD age estimates obtained previously for both nodes: 1- 

mean 73.0 Ma, 95% HPD 70.5-80.7 Ma; 2- mean 46.9 Ma, 95% HPD 35.6-59.2 Ma. 

** The sister genus of the clade Notarius is unstable; the MRCA was adjusted on a tree-by-tree basis. 

*** The sister genus of Bagre is unstable; the MRCA was adjusted on a tree-by-tree basis. 

**** The upper bound is set to 20.4 based on the fossils from the Pirabas formation (calibrations No. 2-4). This calibration is intended to be 

placed in the stem lineage of S. dowii. However, because MCMCTree does not allow the implementation of stem calibrations, this is 

effectively redundant with calibration 6 and therefore is not used here.  

***** The sister clade of Notarius quadriscutis/luniscutis is unstable; the MRCA was adjusted on a tree-by-tree basis. 

****** See also Stange et al. (2018)38 for a close age estimate for the MRCA for the Cathorops transisthmian pair (2.58 Ma) without the use of a 

geological calibration. The minimum age of 2.8 Ma is chosen based on the last undisputed age of the rising of the isthmus; an older upper 

bound is assigned due to the controversial dates of this event based on recent studies. See comments in Rincon-Sandoval et al. (2020)27.  

*******The transisthmian clades in Cathorops and Notarius are unstable; the MRCA was adjusted in each case on a tree-by-tree basis.



Reconstruction of ancestral habitats. For the habitat occupancy dataset (Supplementary Data S4), we 

assigned species into major habitat categories (i.e., marine, euryhaline, freshwater, benthic, pelagic 

planktivore ) by aggregating information from a wide range of sources from the primary literature25,40,41. 

We conducted three independent analyses for each dataset: 1) transitions between marine and freshwater 

habitats, where euryhaline species were coded with ambiguity (see below); 2) transitions between 

stenohalinity to euryhalinity, where marine and freshwater species were coded as stenohaline and those 

present in both habitats as euryhaline; and 3) transitions along the benthic-pelagic axis in the water 

column, where pelagic planktivore  species were codified based on high gill raker counts as a proxy25,42–44 

(see below). To address instances where habitat occupancy is polymorphic (e.g., euryhaline species; 

Supplementary Data S3), we conducted ancestral character reconstructions that accounted for tip-state 

ambiguity through stochastic character mapping analyses (SIMMAP45) using the R package phytools 

v1.2-0 (see http://blog.phytools.org/2023/05/fitting-discrete-character-evolution.html). We then assessed 

the suitability of three models of discrete state evolution for binary states, including equal (ER) or 

symmetric rates, all rates different (ARD) or asymmetric rates, and symmetric (SYM) transition model, 

and used the best fit model to determine the distribution of habitat transition events over the course of 

ariid evolution using SIMMAP. Across the three ecological axes, transitions were counted when a nodal 

pie is >50% of one color and one of its descendant branches is >50% of the other color. The range of 

transitions for HyPhy analyses is often less than the total number of transitions counted due to fewer 

species with genomic data available. For HyPhy analyses based on marine-to-freshwater transitions, 

euryhaline tips with polymorphic habitat probabilities were either coded based on the most likely tip state 

inferred with SIMMAP or excluded from the analyses (see episodic diversifying selection section below 

for details).  

For water column transitions, identifying pelagic species in Ariidae poses a challenge, as there is 

limited information available on habitat affiliation. Instead, we differentiate between benthic and pelagic 

planktivore species using gill raker counts as a proxy, a trait that correlates with diet composition and prey 

size. Pelagic planktivore species with a high gill raker count are predicted to have better feeding 

efficiency on zooplankton, whereas those with low gill raker counts tend to forage on benthic habitats46–51. 

To assign ariid species as benthic or pelagic planktivores, we used gill raker counts for either multiple 

individuals examined previously4 or based on the median number of rakers from the range given in the 

literature42,44,52–54. A total of six pelagic planktivores species identified here have 28–59 rakers on the first 

gill arch, whereas the remaining 113 species coded as benthic have 5–25 rakers. While species classified 

as pelagic planktivores were confirmed to feed on zooplankton through dietary information 

(Supplementary Table S2), it is possible that species with low gill raker counts may also be pelagic, 

leading to a potential underestimation of benthic-to-pelagic transitions in Ariidae. Nevertheless, by 



focusing on pelagic planktivores, we were able to examine the evolutionary trajectories of a subset of 

species with a more restricted trophic ecology along the benthic-pelagic axis.  

 

Supplementary Table S2. Gill raker counts on first gill arch and dietary information for pelagic 

planktivore species.  

Species 

Gill rakers (median 

counts) Diet information 

Brustiarius nox 59 Feeds on large crustaceans such as Macrobrachium, large insects and 

nymphs, fishes (usually Ophieleotris aporos), leeches, earthworms, plants 

and detritus, zooplankton and planktivorous crustaceans, terrestrial 

insects.44,55 

Cathorops hypophthalmus 39 Diet: bony fishes, mobile benthic crustacea shrimps/crabs, mobile benthic 

worms, mobile benthic gastropods/bivalves. The gracile dentition of C. 

hypophtalmus is presumably related to a planktivore diet, although this has 

not, been determined by stomach content analysis. "With twice the number 

of gill-rakers than those of the other TEP ariid catfish, it probably feeds 

mostly on plankton.40,54 

Doiichthys novaeguineae 48 Consume fine particles, such as suspended plant material and zooplankton, 

small insect larvae and fine detritus.42 

Genidens planifrons 28 
Filter feeder; eats plankton including Mysidopsis shrimps and Micropogonias 

furnieri eggs. 

Nedystoma dayi 36 Feeds mainly on aquatic insect larvae; filter feeder.52,55,56 

Neoarius hainesi 35 Stomach content: aquatic insect larvae (Chironomidae), gastropod mollusks, 

crabs. Consume small aquatic invertebrates, and different food items derived 

from the floodplain.53,57 

 

Identification of candidate and non-candidate genes for PhyloG2P analyses. We compiled a dataset of 

2,310 genes, including 249 candidate genes obtained from the literature (Figure S3), 96 single-copy genes 

from the Actinopterygii OrthoDB, and 1,965 single-copy orthologs shared among seven Siluriformes 

species with reference genomes available (see below). The candidate genes dataset comprised genes 

related to functional categories linked to habitat transitions (see details in main text and below). We 

identified a set of high-confidence non-candidate orthologs based on genes obtained with the 

Actinopterygii OrthoDB in BUSCO for 63 ariid species that had high-quality genome assemblies. The 

outgroup Gogo arcuatus and the genome assemblies of Nemapteryx aff. armiger and Osteogeneiosus 

militaris were excluded from this analysis due to their low completeness and high fragmentation. Initially, 

we identified a total of 3,466 single-copy genes in BUSCO. These genes were further parsed through 

OrthoFinder, resulting in 432 single-copy orthogroups with orthologs in all selected species, although not 

every species was present in each orthogroup. Subsequently, 109 non-candidate BUSCO genes were 

retained, which were present in at least 70% of the species, had at least 70% sequence similarity, and had 

a sequence length greater than 200 bp. All alignments and gene trees were visually inspected in Geneious 

Prime® v2022.1 to identify additional instances of paralogy, resulting in the retention of 96 genes for 

downstream analysis. In addition to the BUSCO genes, the largest set of non-candidate 1,965 single-copy 



orthologs was derived from a mined dataset comprising 2,453 genes out of a pool of 3,208 genes, 

sampled using the same set of filters (>70% species, >70% similarity, >200 bp). These genes belong to a 

set of single copy orthologs shared among the complete annotated set of proteins from seven Siluriformes 

species in addition to our reference genome, Neoarius graeffei. These species are Tachysurus fulvidraco 

(GCF_022655615.1), Silurus meridionalis (GCF_014805685.1), Pangasianodon hypophthalmus 

(GCF_027358585.1), Clarias gariepinus (GCF_024256425.1), Ictalurus furcatus (GCF_023375685.1), 

Hemibagrus wyckioides (GCF_019097595.1), and Ictalurus punctatus (GCF_001660625.3). 

 

 

Figure S3. Candidate genes involved in lineage-specific adaptations. 
 

Episodic diversifying selection of candidate and non-candidate genes. To assess the strength of 

selection at the molecular level using dN/dS and to investigate lineage-specific adaptations in transitions 

between marine and freshwater habitats, transitions between stenohalinity to euryhalinity, and along the 

benthic-pelagic axis in the water column, we used various methods from the software package Hypothesis 



Testing using Phylogenies (HyPhy v2.5.5858). In total, 2,310 genes (249 candidates, 96 BUSCOs, and 

1,965 single-copy orthologues) were tested for positive selection using only the master tree due to the 

computational demands. After applying a BUSTED-E filter to mitigate alignment/sequencing error (see 

below), we determined the branches of interest for each transition based on the ancestral habitat 

reconstruction results prior to testing (Figure S4). For marine-to-freshwater transitions, we defined 

freshwater as foreground branches. For salinity tolerance transitions, we defined euryhaline as foreground 

branches. For the water-column transitions, we defined pelagic planktivores as foreground branches.

 

Figure S4. HyPhy schemes used for transitions between marine and freshwater habitats, transitions 

from stenohalinity to euryhalinity, and along the benthic-pelagic planktivore axis in the water 

column. In the aBSREL and BUSTED-E methods, foreground branches are depicted in blue. For 

BUSTED-PH, test branches are depicted in green, while nuisance branches are shown in dark gray. For 
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RELAX, test branches are displayed in green, reference branches in orange, and background branches in 

light gray. 

 

 

Figure S5. HyPhy schemes used for transitions between marine and freshwater habitats, transitions 

from stenohalinity to euryhalinity, and transitions along the benthic-pelagic planktivore axis in the 

water column. Test branches corresponding to species from the derived habitat are depicted in orange, 

while reference branches corresponding to species from the ancestral habitat are depicted in blue. 

 

The HyPhy analyses for marine-to-freshwater transitions were run in two ways. First, we 

included all marine-to-freshwater transitions but ignored reversals to marine habitats within AU-NG, a 

primarily freshwater clade (i.e., we included all species within marine-derived freshwater clades 

regardless of whether some of them returned to marine habitats). This aligns with the theory on adaptive 

radiation, which assumes that radiating lineages originate from a common ancestor59 (the AU-NG 

radiation is monophyletic), but permits daughter lineages to disperse outside their initial ecological setting 

(freshwater habitats). In this scheme, euryhaline tips with polymorphic habitat probabilities were coded 

based on the most likely tip state inferred with SIMMAP. Second, we pruned out euryhaline and marine 

species within the AU-NG adaptive radiation and repeated the tests.  

To determine if a gene experienced positive selection on one or more foreground branches, 

irrespective of their placement in the tree, we employed the Branch-Site Unrestricted Statistical Test for 

Episodic Diversification using the new feature –error-sink (BUSTED-E60,61). Briefly, this method extends 

the standard BUSTED-S (with the --error-sink Yes argument) method by adding an “abiological” 

evolutionary component: branches and sites that evolve with dN/dS ≥ 100, up to 1% total. Local 

misalignments and mis-annotations which would otherwise trigger positive selection detection are instead 

captured by this error sink. In this analysis, we designated both stem and crown lineages as the 

foreground, enabling us to identify selection signatures emerging during or after the inferred habitat 

transitions. We utilized BUSTED-E to screen the candidate and non-candidate gene sets, comprising a 
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total of 2,310 genes, to identify regions with potentially abnormal variation patterns indicative of false 

positive selection signals due to sequencing or alignment errors. Genes tagged as experiencing positive 

selection with BUSTED-E (119) were retained across various transition schemes for all downstream 

analyses. 

We used the branch-site model with adaptive branch-site random effects likelihood (aBSREL62) 

to identify genes under positive selection during habitat transitions. We focused on the stem lineage of 

clades featuring the derived habitat state (referred to as foreground clades) to identify genes responsible 

for immediate effects during the transition. This test interrogates each foreground branch individually, 

further allowing the detection of signatures of convergence when independent foreground clades exhibit 

positive selection in the same set of genes.  

To investigate whether the evidence of selection was associated with specific phenotypes or traits 

that might drive adaptation during and after the transitions, we used BUSTED-PHenotype (BUSTED-PH; 

https://github.com/veg/hyphy-analyses/tree/master/BUSTED-PH). This analysis allowed us to identify 

genes under positive selection shared between or unique to derived and ancestral habitats, as well as 

radiating and non-radiating clades. Species inhabiting derived habitats were designated as test branches, 

while those from ancestral habitats served as reference branches (Figure S5). When comparing radiating 

and non-radiating derived lineages, we selected four categories of branches for this analysis: test or 

foreground, representing branches with the phenotype of interest in a focal clade (in this case, AU-NG 

lineages with the derived habitat state); reference, representing branches with the phenotype of interest in 

non-focal clades (in this case, remaining worldwide branches with the derived habitat state); background, 

representing branches without the phenotype of interest (in this case ancestral habitat states); and 

nuisance, which are not intended for inclusion in the analysis (e.g., reversals to the ancestral habitat state).  

We also used RELAX63 to identify trends and potential shifts (intensification or relaxation) in the 

stringency of natural selection acting on specific genes. For ancestral versus derived lineage comparisons, 

we utilized test branches (i.e., lineages inhabiting the derived habitat) and reference branches (i.e., 

lineages inhabiting the ancestral habitat). To analyze derived lineages, we selected three types of 

branches: test branches (i.e., AU-NG branches with the target transition), reference branches (i.e., 

remaining worldwide branches with the target transition), and background branches (i.e., remaining 

lineages in the tree).  

For all HyPhy analyses, we applied a correction to the p values by computing a false discovery 

rate (FDR) using the p.adjust tool and the Benjamini-Hochberg procedure in R. We set an FDR cut-off of 

0.05 to determine statistical significance. 

Finally, we used the Mixed Effects Model of Evolution (MEME64) tool, to analyze the sites under 

positive selection for a selected number of genes, based on the default significance threshold (p value < 

https://github.com/veg/hyphy-analyses/tree/master/BUSTED-PH


0.1). This analysis focused on genes shared among the three transitions that showed the lowest p value 

and were associated with specific functions, including body size and elongation, osmoregulation, fin 

shape, immune process, erythropoiesis, metabolic process, nervous system, and gill rakers.  

 

Morphological disparity. We conducted a reanalysis of a morphological dataset for ariids, consisting of 

28 morphometric (e.g., total length, standard length, eye diameter, interorbital distance) and 2 meristic 

(i.e., counts of gill rakers and anal fin rays) traits collected from 666 ariid specimens representing 118 

species25. To evaluate morphological disparity, we employed multivariate trait analysis using the R 

package dispRity65. Our aim was to investigate the impact of habitat on the levels of morphological 

variation among ariids, focusing on marine-to-freshwater transitions by comparing the levels of disparity 

between the AU-NG adaptive radiation, freshwater lineages in other regions, and marine lineages. To 

quantify morphological disparity across habitats, we calculated the sum of variances obtained from the 

first five principal component scores (~90% of the variance) based on the master tree. Finally, we also 

examined the potential relationship between morphological disparity and the number of genes under 

positive selection for body shape and size across the different clades (see below). 

 

Supplementary Notes 

 

Supplementary Note 1 

Genome assembly. Our genome assembly for the lesser salmon catfish is 2.34 Gbp, consisting of 372 

contigs and 38 scaffolds. The assembly has a %GC content of 42.49 and a N50 scaffold length of 83,992 

Mb. The assembly has a total of 28 chromosomes, with 10 scaffolds remaining unassigned. The base calls 

were of high quality, with an average QV score of 60, indicating a high level of confidence in the 

sequencing results. The completeness of the Actinopterygii gene set, as assessed by BUSCO, is 97.8%, 

indicating a high level of completeness. This score is comparable to or higher than the completeness 

scores typically observed in model organism reference genomes, which are often around or just above 

95%66, even for other catfish genomes (Ictalurus punctatus, 96.6%; I. furcatus, 95.6%). The reference 

genome (lesser salmon catfish) contains a substantial number of repetitive sequences, accounting for 

72.41% of its composition. Retroelements make up a larger proportion (Class I, 28.35%) compared to 

DNA transposons (Class II, 24.13%). In comparison, the abundance of retroelements and DNA 

transposons in other available siluriform genomes is considerably lower67. For example, in the genomes 

of I. furcatus, I. punctatus, and Pangasianodon hypophthalmus retroelements account for 9.12%, 8.24%, 

and 6.01%, respectively, while transposon characterization contributes 8.45%, 8.95%, and 5.09% to their 

respective compositions. To enhance the annotation quality being performed by NCBI, we generated 



transcriptomic data using PacBio IsoSeq technology. Assembly statistics for the shotgun genome pre-

assemblies generated using SPAdes can be found in Supplementary Data S4. 

The N50 range for the SPAdes short-read genome pre-assemblies spans from 1.004 Kbp and 

3.499 Kbp (Figure S6a). We assessed the quality of the assemblies using the eukaryota dataset in BUSCO 

v5.4.35, resulting in BUSCO-based completeness of less than 20% for all genomes due to the high 

fragmentation (Figure S7a; Supplementary Data S5).  

To address this fragmentation issue, we scaffolded the pre-assemblies using RagTag using the 

chromosome-level genome of the lesser salmon catfish as the reference. Although the RagTag-based 

assemblies align with the synteny and number of chromosomes/scaffolds in the reference (not necessarily 

reflecting the true synteny or number of chromosomes in each species), this scaffolding approach greatly 

improved the contiguity and accuracy of the genome assemblies, resulting in an overall enhancement in 

quality. Assembly statistics for the RagTag scaffolding can be found in Supplementary Data S6. The N50 

range for RagTag assemblies is between 8.865 Mbp and 67.48 Mbp (Figure S6b). After the scaffolding 

step, BUSCO-based completeness increased to 78.5-99.6% using the eukaryota dataset (Figure S7b) and 

73.2-95% using the actinopterygii dataset (Figure S7c; Supplementary Data S5). The RagTag scaffolding 

was unsuccessful for Nemapteryx aff. armiger, and Osteogeneiosus militaris showed a relatively lower 

N50 value and low BUSCO completeness after RagTag scaffolding. As a result, we relied on the SPAdes 

pre-assemblies for these particular cases. 

 

Supplementary Note 2 

Phylogenomic reconstruction and divergence times. We used the exon capture approach, exon data 

mined from the shotgun genomes, and legacy markers from previous studies23–25 to assemble a 

phylogenomic data matrix consisting of 1,039 exons and 242,949 nucleotide sites for 119 out of 

approximately 157 species, with 24% data missingness. We conducted phylogenomic analyses using 

maximum likelihood (ML) and coalescent-based approaches. Inferred trees were resolved with strong 

support and were largely congruent between subsets and with results from previous studies23–25,42, 

providing a robust phylogenomic framework for downstream comparative analyses.  

The genus-level taxonomy of ariids adopted in this study follows Marceniuk et al.68, while the 

subfamily-level taxonomy used follows Acero and Betancur-R.69 and Betancur-R.24. All reconstructions 

consistently support the division of the family Ariidae into two subfamilies: Ariinae and Galeichthyinae70. 

The subfamily Galeichthyinae, includes four species Galeichthys ater, G. feliceps, G. peruvianus, and G. 

trowi, whereas all remaining species (~97%) belong in the subfamily Ariinae. Within Ariinae, all analyses 

invariably resolve seven major geographically clustered groups or clades. These include: i) A New World 

group, a large paraphyletic group that includes several lineages from the genera Bagre, Notarius, 



Cathorops, Genidens, Sciades, Potamarius, Chinchaysuyoa, and Ariopsis, as well as one monotypic 

genus, Occidentarius. ii) An Indo-West Pacific clade comprising species from the genus Netuma; iii) A 

Western Africa clade, which includes species in the genus Carlarius. iv) A Madagascar clade, represented 

by Betancurichthys madagascariensis. v) An India and Southeastern Asia group, which includes the 

genera Arius, Osteogeneiosus, Jayaramichthys, Cryptarius, Ketengus, Hemipimelodus, Pseudosciades, 

Kyataphisa, Hemiarius, Cephalocassis, and Batrachocephalus; vi) Another Indo-West Pacific clade 

containing  species from the genus Plicofollis; and vii) the Australia and New Guinea adaptive radiation, 

comprising the genera Cinetodus, Neoarius, Nemapteryx, Pachyula, Doiichthys, Nedystoma, 

Paracinetodus, Potamosilurus, Aceroichthys, Pararius, Megalosciades, Pauparius, Cochlefelis, 

Bleekeriella, and Brustiarius. 

We also inferred three additional trees for topology comparison purposes: a concatenation-based 

ML tree and a species tree using the 432 single copy orthologues from the Actinopterygii OrthoDB, as 

well as a species tree that reconciles gene duplications using the STAG approach in OrthoFinder based on 

3,551 single- and multi-copy BUSCO sequences. The relationships estimated with these approaches were 

highly consistent with those based on the expanded matrix (Figure S8; Supplementary Data S7). 

The inferred dates from subsets with age estimates for MCMCTree analyses are provided in 

Supplementary Data S8, Figure 1, and Figure S9. Divergence-time estimates are reasonably in good 

agreement with the age of the ariid stem, as estimated using legacy markers25. Crown Ariidae was 

estimated to be middle Eocene in age (~48.3 Ma, 95% HPD: 44.5-52.3 Ma), whereas the stem age (= 

crown Anchariidae + Ariidae) was estimated to be around 72 Ma. The subfamily Ariinae emerged in the 

Oligocene (~31 Ma, 95% HPD: 27-35), and the origin of Old World ariines date to the Miocene (~22 Ma, 

95% HPD: 19-26). The Western Africa clade (Carlarius) and the Madagascar species (Betancurichthys) 

were estimated to have originated in the Burdigalian of the Early Miocene, around 18 and 20 million 

years ago, respectively. Similarly, the India-SE Asia clade was estimated to have emerged during the 

Early Miocene, specifically in the Aquitanian (~20.8 Ma, 95% HPD: 17.8-24.1). Finally, the AU-NG 

adaptive radiation was estimated to have taken place in the Miocene, approximately ~12.95 Ma (95% 

HPD: 11-15). 



 

 

 

Figure S6. Summary statistics of N50 for the a) SPAdes pre-assemblies and b) RagTag assemblies for the 65 ariid genomes sequenced. N50 values 

range between 1 Kbp for Genidens planifrons and 3.49 Kbp for Osteogeneiosus militaris for the SPAdes pre-assemblies, and between 8.86 Mbp for 

Osteogeneiosus militaris and 67.8 Mbp for Neoarius midgleyi for the RagTag assemblies. Scaffolding of genomes using a reference genome of the 

closest related species with short divergence time can generate longer contiguous genomic sequences. Note that plots (a) and (b) have different scales 

(Kbp and Mbp, respectively). 

 

 

 



 

Figure S7. Genome assembly completeness assessed through BUSCO scores. The bar chart illustrates the proportions of complete single copy 

(S, green), complete duplicated (D, dark blue), fragmented (F, yellow), and missing (M, red) genes. a) The completeness percentages, based on the 

eukaryote odb10, for the SPAdes pre-assemblies. The SPAdes pre-assemblies exhibit high fragmentation, with completeness ranging from 6% to 

37%. b) The completeness percentages are shown for the RagTag assemblies, based on the eukaryote odb10. Out of the 65 genome sequences, 54 

had completeness above 80%, while the remaining samples had completeness between 75% and 79%. The specific species falling in this range 

include Ariopsis assimilis, Cathorops dasycephalus, Cathorops festae, Cathorops melanopus, Galeichthys feliceps, Nedystoma dayi, Neoarius 

midgleyi, Plicofollis layardi, and Plicofollis tonggol. Scaffolding failed for Osteogeneiosus militaris, for which the completeness was of 12% c) The 

completeness percentages using the actinopterygii odb10. Among the 65 genome sequences, 26 had completeness between 73% and 79%, 30 had 

completeness between 80% and 84%, and 6 had completeness between 94% and 95%. The genome of Nemapteryx aff. armiger could not be 

scaffolded with RagTag. The completeness of the reference genome is reported in panels b and c as Neoarius graeffei VGL.



 
Figure S8. Alternative trees. a) Species tree inferred with the STAG method implemented in OrthoFinder using 3,551 single- and multi-copy 

BUSCO sequences from the Actinopterygii OrthoDB. b) Phylogenetic tree inferred with RAxML-NG using 432 single copy orthogroups. c) 

Phylogenetic tree inferred with ASTRAL-III using 432 single copy orthogroups.
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Figure S9. Divergence date uncertainty for major ariid clades based on the 10 trees dated with 

MCMCTree. ‘Master tree’: RAxML ALL. 

 

Supplementary Note 3  

Habitat transitions. For each dataset, we conducted three independent analyses by assigning species to 

major habitat categories: i) marine or freshwater; ii) stenohaline or euryhaline; iii) benthic or pelagic 

planktivore. As noted above, our reconstructions of ancestral habitats account for cases with uncertain 

habitat occupancy. The ER model was found to have the best fit for transitions between marine and 

freshwater habitats. For transitions between stenohalinity to euryhalinity, and transitions along the 

benthic-pelagic axis in the water column, the ARD model had the best fit. 

For marine-to-freshwater transitions, our analyses are consistent with previous work24,25, showing 

that marine habitats represent the most likely ancestral condition for ariids. We have identified 10-12 

transitions to freshwater habitats across various regions worldwide using subset trees, the master tree, and 

the alternative tree (Figure 1, Figure S10). Furthermore, these trees reveal that 2-3 lineages within the 
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AU-NG adaptive radiation had reverted to the ancestral marine condition. Additionally, we calculated the 

average time spent in each state on the complete tree, which revealed that ancestral ariid lineages spent 

approximately 78% of their time as marine (82 species), while derived ariid lineages spent around 22% of 

their time as freshwater (37 species) (Supplementary Data S9). For HyPhy trees based on fewer species, 

for which whole genome data is available and where the sampling is more biased towards freshwater 

species, ancestral ariid lineages spent approximately 61% of their time as marine, while derived ariid 

lineages spent approximately 39% of their time as freshwater. 

For salinity tolerance transitions, we identified 9-11 shifts towards euryhalinity in diverse 

biogeographic settings, of which 5-7 occurred within the AU-NG adaptive radiation (Figure 1, Figure 

S11). Ancestral ariid lineages spent on average, 86% of their time as stenohaline, while derived ariid 

lineages spent around 14% of their time as euryhaline (Supplementary Data S9). When considering only 

the genomic data used for the HyPhy analyses, ancestral ariid lineages spent approximately 80% of their 

time as stenohaline, while derived ariid lineages spent approximately 20% of their time as euryhaline. 

Regarding water-column transitions, we identified 5-6 transitions to pelagic planktivory (Figure 1, Figure 

S12). Among these transitions, 3-4 occurred in the AU-NG adaptive radiation, while 2 were observed in 

in marine species from South and Central America. Ancestral ariid lineages spent on average 95% of their 

time as benthic, while derived ariid lineages spent on average 5% of their time as pelagic planktivore s 

(Supplementary Data S9). Focusing solely on the genomic sampling used for the HyPhy analyses, 

ancestral ariid lineages spent approximately 83% of their time as benthic, whereas derived ariid lineages 

spent roughly 17% of their time as pelagic planktivores. 

 

Supplementary Note 4 

Candidate and non-candidate gene analyses. To investigate transition-specific gene adaptations in 

freshwater, euryhaline, and pelagic planktivore lineages, we employed the aBSREL, BUSTED-E, 

BUSTED-PH, and RELAX methods in HyPhy. Refer to the Materials and Methods section above for a 

description of the various methodologies employed and how they relate to the hypotheses under 

investigation. Using the master tree, we analyzed a set of 2,310 genes, which comprised 249 candidate 

genes obtained from the literature, 96 single-copy genes from the Actinopterygii OrthoDB, and 1,965 

single-copy orthologs shared among seven Siluriformes species (Figure 2; Supplementary Data S10). We 

focused on genes that showed a significant p value (FDR corrected p value of <0.05) and were 

consistently identified across multiple analyses and trees. This approach allowed us to explore positive 

selection across different analyzes and retain genes that consistently exhibited significance in each habitat 

transition. We further investigated the overall functional categories of the 2,310 genes using PANTHER. 



This analysis revealed significant overrepresentation in twenty-one categories, including cellular process, 

metabolic process, and biological regulation, among others (Figure S13).  

 

 

Figure S13. PANTHER bar chart displaying the 21 biological processes associated with the 2,310 

candidate, single-copy orthologues, and BUSCO genes. 

 

 

 
Figure S14. Bar chart displaying the percentage of positively selected genes (PSGs) across different 

habitat transitions, along with the corresponding datasets. The candidate genes dataset showed a 

higher percentage of PSGs than the non-candidate genes dataset for all the HyPhy methods tested and the 

different habitat transitions.
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Figure S10. Phylogenomic trees and ancestral habitat reconstruction based on SIMMAP analyses. Trees were estimated using the complete 

dataset with all 1,039 genes and also four subsets with 265 genes (all subsets overlap in seven legacy markers only: 12S, 16S, ATP6&8, CYTB, 

MYH6, RAG1, RAG2). Tree inference is based on either concatenation ML analyses (RAxML) or multi-species coalescent analyses (ASTRAL-

III). Resulting topologies were time-calibrated in MCMCTree using 14 calibration points. SIMMAP reconstructions (equal rates model) are shown 

as red (marine) and blue (freshwater) pies for all 10 trees. Marine-to-freshwater transitions are counted when a nodal pie is >50% red and one of 

its descendant branches is >50% blue. The number of transitions for HyPhy analyses is less than the total number of transitions counted due to 

fewer species with genomic data available. For the first tree only, tips sequenced based on whole genomes are shown in bold; tips sequenced via 

exon capture are denoted with one asterisk (*); and tips denoted with two asterisks (**) indicate placement based on the seven legacy markers only 

(HyPhy analyses used tips in bold only). 



 



Figure S11. Phylogenomic trees and ancestral habitat reconstruction based on SIMMAP analyses. Trees were estimated using the complete 

dataset with all 1,039 genes and also four subsets with 265 genes (all subsets overlap in seven legacy markers only: 12S, 16S, ATP6&8, CYTB, 

MYH6, RAG1, RAG2). Tree inference is based on either concatenation ML analyses (RAxML) or multi-species coalescent analyses (ASTRAL-

III). Resulting topologies were time-calibrated in MCMCTree using 14 calibration points. SIMMAP reconstructions (equal rates model) are shown 

as purple (stenohaline) and magenta (euryhaline) pies for all 10 trees. Euryhaline transitions are counted when a nodal pie is >50% red and one of 

its descendant branches is >50% blue. For the first tree only, tips sequenced based on whole genomes are shown in bold; tips sequenced via exon 

capture are denoted with one asterisk (*); and tips denoted with two asterisks (**) indicate placement based on the seven legacy markers only 

(HyPhy analyses used tips in bold only). 



 



Figure S12. Phylogenomic trees and ancestral habitat reconstruction based on SIMMAP analyses. Trees were estimated using the complete 

dataset with all 1,039 genes and also four subsets with 265 genes (all subsets overlap in seven legacy markers only: 12S, 16S, ATP6&8, CYTB, 

MYH6, RAG1, RAG2). Tree inference is based on either concatenation ML analyses (RAxML) or multi-species coalescent analyses (ASTRAL-

III). Resulting topologies were time-calibrated in MCMCTree using 14 calibration points. SIMMAP reconstructions (equal rates model) are shown 

as amaranth (benthic) and pink (pelagic planktivore) pies for all 10 trees. Benthic-to-pelagic planktivore transitions are counted when a nodal pie 

is >50% amaranth and one of its descendant branches is >50% pink. For the first tree only, tips sequenced based on whole genomes are shown in 

bold; tips sequenced via exon capture are denoted with one asterisk (*); and tips denoted with two asterisks (**) indicate placement based on the 

seven legacy markers only (HyPhy analyses used tips in bold only). 



Positive, intensified, and relaxed selection linked to ecological transitions 

We compiled two sets of genes: candidate (249 genes), encompassing eight different functional categories 

in fishes47,49,51,71–75,57 (see Materials and Methods and Figure S3), and non-candidate (2,061 genes), which 

included high-confidence single-copy genes from the BUSCO Actinopterygii OrthoDatabase and single-

copy orthologues (SCOs) from OrthoFinder34. We used these gene sets (total of 2,310 genes) along with a 

suite of packages (e.g., aBSREL, BUSTED-E, BUSTED-PH, and RELAX) implemented in HyPhy 

v2.5.58 (see Materials and Methods), to investigate episodic diversifying selection associated with 

transition-specific signatures in freshwater, euryhaline, and pelagic planktivore lineages across Ariidae. 

See Figure 2 and Figures. S15-S18.  

We first used BUSTED-E to filter the gene sets by identifying regions that may display unusual 

variation patterns (e.g., w > 100 and weight < 1%), which could indicate potential false positive signals of 

selection stemming from sequencing or alignment errors. An initial comparison between BUSTED-

PH/aBSREL vs. BUSTED-E using the treatments explaining above, shows a large difference in the 

number of genes under positive selection identified by these approaches (84, 189, 26 respectively), 

suggesting that failure to correct for alignment/sequencing errors could significantly inflate the number of 

genes detected to be under positive selection (Figure S14). We thus retained the 119 BUSTED-E genes 

across various transition schemes for all downstream analyses. 

We then assessed whether the candidate genes selected a priori, which were identified by 

previous studies47,49,51,71–75,57 to have an association with traits involved in fish adaptations, had a higher 

incidence of positive selection relative to the non-candidate BUSCOs and SCOs gene sets. Across all 

transitions examined, candidate genes exhibited a higher proportion of PSGs compared to non-candidate 

genes (0.4-8% vs 0.04-1.4%, respectively; Figure S14). 

Overall, marine-to-freshwater transitions showed the highest number of genes under positive 

selection, followed by stenohaline-to-euryhaline and water-column transitions. However, this trend is 

influenced in part by the number of branches tested within each habitat transition (Figure 2; Figure S4), 

and thus are not necessarily comparable. Across these transitions, genes associated with ecological 

specialization, including those involved in developmental, metabolic, immune, reproductive, and 

transport processes, consistently experienced positive diversifying selection (see Figure 2). Additionally, 

we found 21 significantly overrepresented biological process Gene Ontology (GO) terms across all 

transitions (Figure S13; Supplementary Data S10). 

The number of PSGs is influenced by the duration that lineages spend in different habitats, which 

can be misleading when comparing habitats or clades. Ariids have predominantly occupied ancestral 

habitats (marine, stenohaline, benthic) for 78-94% of their evolutionary history when considering 

complete taxonomic sampling, and 61-84% when considering trees with whole-genome species only that 



were used for positive selection analyses (Supplementary Data S9). This contrasts with the limited time 

spent in derived habitats (freshwater, euryhaline, pelagic-planktivore), ranging from 5-22% (complete 

taxonomic sampling) to 16-39% (whole-genome sequences) (Supplementary Data S9). Our results 

reported below take these factors into account. Additionally, based on the two alternative coding schemes 

implemented for marine-to-freshwater transitions (see below and Supplementary Materials and Methods), 

our analyses reveal that HyPhy can be sensitive to tree choice. Initial analyses based on the master tree 

only show significant differences in PSGs for the marine-to-freshwater transition, depending on how 

species are coded (e.g., 37, 39, 45 with euryhaline species; 14, 28, 41 without euryhaline species for 

aBSREL, BUSTED-PH AU-NG, and BUSTED-PH remaining test clades; see Supplementary Data S15a). 

However, when analyses are performed using the 10 trees and only PSGs identified in at least nine trees 

are selected, the differences become more subtle (e.g., 40, 64, 59 with euryhaline species; 39, 45, 51 

without euryhaline species for aBSREL, BUSTED-PH AU-NG, and BUSTED-PH remaining test clades; 

see Supplementary Data S15b). Thus, all results reported below are based on a 9+ trees cutoff. 

 

Supplementary Note 5 

Marine-to-freshwater transitions. For this analysis, we used two coding strategies. First, we coded 

euryhaline species based on the most probable tip state (either freshwater or marine) based on SIMMAP, 

which accounted for tip-state ambiguity. Following theory of adaptive radiation, we coded all tips within 

the AU-NG radiation with the ancestral habitat state for the clade, which assumes that radiating lineages 

originate from a common ancestor59 (see Supplementary Materials and Methods). The second approach 

excluded euryhaline species, as well as tips that displayed reversals to the ancestral marine condition 

within the AU-NG clade (see Supplementary Materials and Methods). The way euryhaline species are 

coded for marine-to-freshwater transitions has a substantial impact on the results (excluding euryhaline 

species results in much fewer PSGs than including them; see Supplementary Data S15). Thus, we focus 

this section on the set of 66 shared PSGs across coding strategies. 

Genes associated with body size and elongation exhibited the highest number of PSGs in 

freshwater lineages. Body shape divergence in fish is one of the most common patterns of morphological 

variation associated with adaptation to a new environment and habitat specialization. The genetic 

regulation of body size and shape is a complex trait influenced by multiple genes (highly polygenic) and 

environmental factors51,76. When comparing marine and freshwater lineages, 26 out of 61 PSGs were 

associated with body size and elongation in freshwater lineages and 22 out of 43 in marine lineages. 

Although the proportion of PSGs associated with these traits is higher in marine lineages, the total 

number of relevant PSGs is greater in freshwater lineages. This observation seems to align with the higher 

phenotypic disparity observed in freshwater lineages (Figures 3, 4; Figure S15-S16). It also underscores a 



strong genotype-phenotype connection77,78. Similar patterns have been reported in other marine-derived 

freshwater clades such as Belonidae and Tetraodontidae, where body size disparity is higher in freshwater 

habitats79. PSGs in ariids associated with this category include genes from the Insulin-like growth factor 

and transforming growth factor-beta gene families, which have also been found in studies with cichlid 

fishes51,80. Other notable PSGs include genes related to development and growth49,81, such as CFAP53, 

which plays an important role in the very early development of the zebrafish embryo82, HBP1, which 

regulates the timing of cortical neurogenesis by elongating the cell cycle and is essential for normal 

cortical development83, and LRRK2, which is involved in development and regeneration84 (Figures 2, 4).  

The category with the second-highest number of PSGs was associated with immune processes, 

showing a higher number of immune-related PSGs in marine (6) compared to freshwater (4) lineages. 

Freshwater species exhibit varying immune responses to salinity changes; when marine species shift to 

freshwater, they encounter unfamiliar pathogens and microbial communities, necessitating immune 

response genes that regulate immune cell function, pathogen recognition, and cytokine production85,86. 

Notable PSGs in this category include genes such as TNK1, involved in innate immunity87, IL-11, 

associated with immune cell activation88, SGPL1, linked to immune processes89, TH2, essential for 

maintaining immune homeostasis and combating parasitic infections85, and DNAJA2, involved in 

developmental stages and stress responses90.  

Additional PSGs associated with this transition in other functional categories include genes 

related to the osmoregulatory system, such as aquaporin 7 (AQP7) a water channel protein linked to cell 

volume regulation and sensing73, and prolactin (PRL), known for its role in regulating chloride cells with 

a gradual action91. Vision-related genes, including PYGO2, involved in the development and function of 

the visual system in fishes92, appeared to be under positive selection among all freshwater species. 

Additionally, variations in fin-shape genes can be attributed to changes in the regulation of fin ray growth, 

which involve processes such as cellular proliferation, differentiation, and survival80. PSGs related to fin 

shape include the fibroblast growth factor family93 and exostosin-like glycosyltransferase 3 (EXTL3), 

known to affect cartilage development and pectoral fin formation94,95. 

We aimed to assess the impact of positive selection during and after the transition to freshwater 

habitats. We observed a smaller number of PSGs directly involved in the transition (37) compared to 

those identified during and after the transition (66). During habitat transitions, organisms initially rely on 

pre-existing genetic variation to cope with the new environment, requiring fewer new genetic 

adaptations96,97. As they acclimate and establish themselves, increased positive selection on a broader 

range of genes occurs, reflecting a dynamic interplay between genetic adaptation and environmental 

change. 



These PSGs were associated with various biological functions, including biological regulation, 

cellular processes, developmental processes, homeostatic processes, immune system responses, 

multicellular organismal processes, cellular localization, response to stimuli, and transmembrane 

transport. We found some PSGs closely linked to traits such as body size and elongation (e.g., 

ATP6V1G1, CDK17, CFAP53), and immune function (e.g., HIVEP). Additionally, we identified PSGs 

acting during the transition related to other traits such as fin morphology (e.g., EXTL3, FOXC1A, FGF4), 

erythropoiesis (ADNP2), and osmoregulation (PRL), (Figure 2, Figure S17). Further details on the 

osmoregulatory gene are provided below. 

We also conducted a site-specific positive selection test to determine the contribution of PSGs to 

convergent and parallel amino acid substitutions. Using the mixed effects model of evolution MEME, we 

analyzed 66 PSGs and identified 663 PSSs associated with transitions from marine to freshwater 

environments, indicating significant evolutionary pressure on these genes during adaptation 

(Supplementary Data S16). The PSSs were primarily linked to genes involved in cellular processes (30), 

followed by those related to biological regulation (22), developmental processes (10), response to 

stimulus (9), localization (4), and immune processes (3). Looking at parallel (identical substitutions) vs. 

convergent (different substitutions) changes in PSSs, our results did not reveal ecological PSS 

convergence or PSS parallelism involving the same mutation at the same amino acid position across all 

freshwater clades (Figure S18; Supplementary Data S16). However, 396 out of 663 PSSs were shared 

between at least two freshwater clades, and in the 15 notable PSSs (in 9 PSGs) depicted in Figure S18, 6 

display convergence, whereas 12 show parallel changes. These results suggest a balance between 

common genetic changes and diverse evolutionary paths among different lineages during freshwater 

adaptation98,99. 

Salinity tolerance transitions. In the transition from stenohalinity (narrow salinity ranges) to 

euryhalinity (tolerance of a wide range of salinities), our BUSTED-PH analyses revealed a higher number 

of genes under positive selection for stenohaline lineages (67) compared to euryhaline lineages (33). This 

pattern was anticipated, given that ariids have spent 80–85% of their time in the stenohaline state and 15–

20% in the euryhaline state (Figure 3; Figure S15). 

Six genes unique to euryhaline lineages were identified when comparing PSGs between 

stenohaline and euryhaline lineages, each potentially playing a critical role in adapting to changing 

environmental conditions. Among them, Kininogen-1 (KNG1) is known for its role in regulating blood 

pressure and inflammation, suggesting it may play a crucial role in environmental adaptation100. 

Ceruloplasmin (CP), involved in the immune response and possessing antimicrobial properties, acts as an 

antioxidant in plasma through its ferroxidase activity, contributing to iron homeostasis101. Purine 

nucleoside phosphorylase (PNP) is linked to both immunodeficiency and autoimmunity102. GINS 



complex subunit 3 (GINS3), as part of the GINS heterotetrameric complex, is crucial for DNA replication 

initiation and replisome progression103, maintaining genomic integrity during cellular division. 

SYNDECAN-3’s (SDC3) involvement in inflammation and angiogenesis suggests a potential role in 

immune response and tissue remodeling, beneficial in adapting to the changing conditions of euryhaline 

habitats104.  Lastly, translocase of inner mitochondrial membrane 29 (TIMM29) is involved in protein 

insertion into the mitochondrial inner membrane, essential for maintain efficient mitochondrial function 

in fluctuating energy demands of euryhaline habitats. These results suggest that the genes experiencing 

positive selection may play essential roles in these adaptations, protecting ariids from environmental 

stressors. These findings are intriguing, as transitions to euryhalinity involve changes in oxygen uptake, 

metabolism, hydromineral balance, and the immune system, particularly lymphocyte activities and 

circulating cytokine levels85. 

Only two osmoregulatory genes, AQP7 and PRL, were identified as being under positive 

selection during salinity tolerance transitions. In contrast, other osmoregulatory-related genes, including 

claudins, solute carrier proteins, ATPase Na+/K+ transporting, and arginine vasopressin receptors, did not 

exhibit signs of positive selection. These findings suggest a potential preadaptation, where euryhaline 

ariids may already possess genetic variations in osmoregulatory genes that facilitate adaptation to a wide 

range of salinities. Consequently, there may be less selective pressure acting on these genes compared to 

other functional categories105.  

We then examined the impact of positive selection during and after the transition to euryhaline 

habitats. We found that a smaller number of PSGs were directly involved in the transition (28) compared 

to those identified during and after the transition (72). Subsequently, we analyzed these 72 genes using the 

MEME method to identify amino acid sites under positive selection, revealing 472 PSSs. The PSSs were 

primarily associated with genes involved in cellular process (31), biological regulation (22), metabolic 

process (13), developmental process (9), immune process (6), and transmembrane transport (2). Among 

these 472 PSSs, 58 were shared between at least two euryhaline clades. In Figure S18, we highlight four 

notable PSSs (in four PSGs), with only one displaying convergence (position 20 of the SOX21B gene), 

while four exhibit parallel changes. This pattern is commonly observed, as close relatives are more likely 

to share the same ancestral state before independent substitutions occur106 (e.g., Figure S18, position 99 of 

the ADARB1B gene). 

 

Water column transitions. In our analysis of transitions within the water column, we found 58 PSGs 

associated with benthic lineages, which have predominantly inhabited this habitat, accounting for 83–95% 

of their evolutionary history. In contrast, pelagic planktivore species, which have spent only 5–17% of 

their evolutionary time in this habitat, displayed 13 PSGs (Figure 3). 



 Among the PSGs unique to pelagic planktivore lineages compared to benthic lineages, three 

genes stand out. The zinc transporter 10 (SLC39A10), crucial for fetal definitive hematopoiesis by 

maintaining zinc homeostasis, plays a vital role in hematopoiesis and early development107. The DNA 

primase small subunit (PRIM1), responsible for synthesizing short RNA primers necessary for DNA 

replication, is essential for cell growth, development, and repair, ensuring accurate duplication of genetic 

material108. Additionally, PNP, associated with immune processes102, was identified among these unique 

PSGs. 

In examining amino acid substitutions, we analyzed 75 PSGs and identified 353 PSSs associated 

with water-column transitions. These PSSs were predominantly linked to genes involved in cellular 

processes (35), biological regulation (26), metabolic processes (14), response to stimuli (12), 

developmental processes (10), and transmembrane transport (2). Among these PSSs, 14 were shared 

between at least two pelagic planktivore clades. In Figure S18, we highlight five notable PSSs (in four 

PSGs), with two displaying convergence (position 8 of the FKBP4 gene and position 95 of the 

ATP6V1G1 gene), while only one exhibiting two parallel changes (positions 108 and 121 of the LRSAM 

gene). 

 

Supplementary Note 6 

Adaptive radiation in Australia & New Guinea vs. other clades in derived habitats elsewhere. When 

analyzing positive selection results across the three transitions and comparing the AU-NG adaptive 

radiation with the remaining test clades, we observed a higher incidence of PSGs in non-radiating clades 

compared to the AU-NG adaptive radiation across all transitions (Supplementary Data S14-S15). This 

difference may be attributed to the presence of more lineages outside the adaptive radiation and the longer 

time these species have spent in the non-radiating habitat compared to their radiating counterparts (Figure 

1). Functional categories that exhibited the highest count of PSGs in both radiating and non-radiating 

clades included cellular processes, biological regulation, metabolic, developmental, response to stimulus, 

immune, and transmembrane transport (Figures S15- S16). 

During transitions involving the water column and salinity tolerance, genes associated with body size 

and elongation comprised the largest proportion of PSGs in the AU-NG adaptive radiation (50% and 44% 

respectively). However, in marine-to-freshwater transitions, the percentage of PSGs linked to body size 

and elongation was higher in the remaining freshwater test clades compared to the AU-NG clade (27% in 

AU-NG vs. 43% in the remaining test clades). This disparity suggests differing evolutionary pressures or 

adaptive strategies between these groups during habitat transitions. Genes related to immune processes 

were the next most abundant category in the AU-NG clade across all three habitat transitions (10 % for 

water-column transitions, 7% for the marine-to-freshwater transitions, and 5% for the salinity-tolerance 



transitions). This suggests potential immune system adaptations to combat pathogens and environmental 

challenges encountered during habitat colonization109.  

When investigating PSGs in stem lineages associated with habitat shifts using aBSREL, we found 

that the non-radiating freshwater clades exhibited a higher number of PSGs (32) compared to the AU-NG 

adaptive radiation (1). In contrast, in salinity-tolerance and water-column transitions, the AU-NG adaptive 

radiation showed a higher number of PSGs (21, 11, respectively) than the remaining test clades (12, 7). 

Analyses of positive selection during and after the transition using BUSTED-PH, the remaining test 

clades consistently showed a higher number of PSGs for the marine-to-freshwater, stenohaline-to-

euryhaline and water-column transitions (49, 69, 73) compared to the AU-NG adaptive radiation (41, 18, 

10), indicating a consistent trend of higher PSG counts in the remaining test clades across multiple habitat 

transitions compared to the AU-NG adaptive radiation. 

We found that during transitions involving changes in salinity, two osmoregulatory genes, AQP7 

and PRL, appeared to have played pivotal roles in adaptation. Interestingly, in the salinity-tolerance 

transition, these genes underwent positive selection in euryhaline species outside the adaptive radiation, 

whereas in the marine-to-freshwater transition, they were positively selected within the adaptive radiation. 

PRL, emerged as a significant PSG in the aBSREL results, indicating its involvement in immediate effects 

during the transition, a hypothesis further supported by MEME analyses (see Figure 4 and Figure S18). 

Among the 12 PSSs unique to the AU-NG clade, out of the total 663 PSSs associated with marine-to-

freshwater transitions, three alone were found on the osmoregulatory PRL gene (positions 121, 162-163). 

Position 121 showed convergence between all AU-NG radiation species and a Neotropical freshwater 

species (Chinchaysuyoa labiata), while positions 162-163 were unique to the AU-NG clade. These results 

suggest that an osmoregulatory adaptation in prolactin in the ancestor of the AU-NG radiation may have 

facilitated its successful colonization of freshwater habitats in Australia and New Guinea. Additionally, 

one PSS was found on two different genes associated with body size and elongation (DMRT2 and 

RERGLA), displaying parallelism at positions 323 and 336, respectively, among all AU-NG radiation 

species. These findings underscore the potential significance of these genomic factors in aiding the 

colonization and diversification of sea catfishes in Australo-Papuan rivers, possibly facilitated by specific 

pre-adaptations, particularly evident in the PRL gene, with three PSSs identified within the AU-NG clade. 

Our study sheds additional light on the complexity of the potential adaptation process from 

marine to freshwater environments. The involvement of PRL, instead of the more commonly implicated 

aquaporins, claudins, and vasopressin genes found in other fish species110–112, suggests that multiple 

pathways may exist for fish to adapt to freshwater habitats from ancestral marine environments99,113. This 

also challenges the deterministic view proposed by Ishikawa et al.'s fatty acid metabolic study75, as we 

did not find multiple copies of FADS2, and the sole copy we identified was not under positive selection 



despite the recognized importance of fatty acid metabolism in overcoming nutritional constraints 

associated with freshwater adaptation in ray-finned fishes. These findings suggest a more nuanced and 

multifaceted mechanism underlying the adaptation to freshwater environments. 

As previously noted, transitions along the benthic-to-pelagic axis are significant drivers of 

divergence in fish radiations, often exerting selective pressure on genes related to body depth51 (i.e., 

ATP6V1G1, LRSAM1, SIGMAR1), fin shape114 (EXTL3), and gill raker development47,115,116 (FGF4), 

potentially enhancing locomotion and prey capture efficiency. This pattern is evident in various fish 

radiations, including cichlids, sticklebacks, and whitefishes46–51. Despite comprising more pelagic 

planktivore lineages, the AU-NG adaptive radiation exhibited fewer PSGs (10) for benthic-to-pelagic 

transitions compared to other pelagic clades elsewhere (73). Our positive selection analyses focused on 

pelagic planktivore  species, specifically highlight one gene associated with gill raker formation47,49 in the 

AU-NG adaptive radiation, the Fibroblast Growth Factor family 4 (FGF4). Additionally, two other genes, 

a voltage-dependent calcium channel (CACNA2D3A) and the CDC Like Kinase 2 (CLK2A), showed signs 

of positive selection in the remaining pelagic planktivore species. The finding in the FGF4 gene related to 

gill rakers was supported by MEME analyses, revealing a single change at position 218 present in 

Brustiarius nox, the ariid species with the highest raker counts (58). This suggests a potential association 

between genetic variation in FGF4 and morphological adaptations in gill raker development. 

 

Supplementary Note 7 

Strength of selection. Our analyses revealed a prevailing trend of intensified selection in derived (test) 

habitats or states across the three distinct transitions, relative to their ancestral (reference) counterparts. 

This suggests that evolutionary pressures associated with these transitions favor the acquisition of novel 

genetic adaptations. 

Freshwater lineages transitioning from marine environments displayed intensified selection on 

three potentially adaptive genes: odorant receptor 131-2 (OR131-2), a kazal-type serine peptidase 

inhibitor domain 3 (KAZALD1), and heme transporter FLVCR2. These genes may enhance sensory 

perception, defense against novel pathogens, and iron metabolism in iron-depleted freshwater habitats117–

119. In contrast, DMRT2, involved in somite development and sex determination120, exhibited relaxed 

selection, suggesting a potentially reduced or modified ancestral function in freshwater. Interestingly, 

genes like ATP6V1G1 and TMEM170A, crucial for pH and calcium homeostasis91, showed relaxed 

selection within the AU-NG adaptive radiation but intensification in the non-radiating lineages elsewhere, 

potentially due to varying environmental factors across different freshwater systems. 

Euryhaline lineages across both radiating and non-radiating clades showed intensified selection 

for four genes compared to stenohaline lineages: PRIM1 and PNP, essential for DNA replication and 



nucleotide metabolism102,108, and LRRK2 and NR2C1, involved in development and regeneration84. This 

highlights adaptations for coping with the challenges of fluctuating salinity environments. The heightened 

selection on essential cellular processes like DNA replication and nucleotide metabolism, underscores 

their importance in osmotic stress adaptation, while positive selection on development-related genes may 

reflect changes in body size and elongation in euryhaline species. Interestingly, sigma non-opioid 

intracellular receptor 1 (SIGMAR1), a multifunctional gene121, showed relaxed selection in euryhaline 

lineages. This suggests the presence of potential pre-existing mechanisms for osmotic stress management.  

Water column transitions revealed intensified selection in pelagic planktivores compared to 

benthic species for two genes: PNP and LRSAM1. This suggests adaptations in key systems like 

development, immunity, and potentially nervous system function during the shift to a pelagic habitat102,107.  

Interestingly, PNP exhibited contrasting patterns of selection between the AU-NG adaptive radiation 

(GUIS) and the remaining pelagic planktivore test clades (GURS), suggesting distinct evolutionary forces 

shaping this gene.  Conversely, SLC39A10 showed the opposite pattern, relaxation of selection for the 

AU-NG adaptive radiation and intensification of selection for the remaining pelagic planktivore test 

clades. These differing patterns suggest that distinct evolutionary forces shaped these genes under varying 

circumstances within the pelagic environment. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S15. Genes under positive selection and changes in selection strength associated with twenty-

one biological processes during the habitat transitions. For the ancestral against the derived habitats, a 

BUSTED-PH analysis was run, depicting the ancestral habitats in light slate gray and the derived ones in 

dark slate gray. In the aBSREL analysis, we focused on the stem lineage to identify genes under positive 

selection during the transition. In the BUSTED-PH and RELAX analyses, the cyan bars represent the 

AU-NG adaptive radiation, while the gray bars represent other derived clades worldwide. The RELAX 

analysis separates genes under intensification of selection (RELAX-GUIS) and relaxation of selection 

(RELAX-GURS) into separate panels. 



 
 

Figure S16. Genes under positive selection and changes in selection strength associated with twenty-

one biological processes during the marine-to-freshwater transition. For the ancestral against the 

derived habitats, a BUSTED-PH analysis was run, depicting the ancestral habitats in light slate gray and 

the derived ones in dark slate gray. In the aBSREL analysis, we focused on the stem lineage to identify 

genes under positive selection during the transition. In the BUSTED-PH and RELAX analyses, the cyan 

bars represent the AU-NG adaptive radiation, while the gray bars represent other derived clades 

worldwide. The RELAX analysis separates genes under intensification of selection (RELAX-GUIS) and 

relaxation of selection (RELAX-GURS) into separate panels. 



 
Figure S17.  Location of positively selected genes (PSGs), identified by BUSTED-E, aBSREL, and 

BUSTED-PH, in association with marine-to-freshwater habitat transitions using the two coding schemes 

(m2f-E: marine-to-freshwater transitions including euryhaline species; m2f-NE: marine-to-freshwater 

transitions without euryhaline species), emphasizing the shared PSGs between the schemes (m2f-sh), 

relative to coordinates in the Neoarius graeffei genome, with color-coded functional categories. Each of 

the three-layered circles in the plot represents a habitat transition. m2f: marine-to-freshwater transitions; 

s2e: stenohaline-to-euryhaline transitions; b2p: benthic-to-pelagic planktivore transitions. 

 



 

 

Figure S18.  Alignment of PSS and amino acids. Marine-to-freshwater transitions: results of nine genes 

(AQP7, PRL, HIVEP1, NT5DC3, DMRT2, RERGLA, EXTL3, FGF4, ADNP2) with the lowest p values for 

branch-site results, related to specific functions linked to habitat transitions (e.g., osmoregulation, 

immune process, body size and elongation, fin shape, and erythropoiesis). Parallel sites under selection 

for MEME were: AQP7: 87; PRL: 163; HIVEP1: 33-36; NT5DC3: 81; DMRT2: 163; RERGLA: 336; 

EXTL3: 600, 844; FGF4: 214; ADNP2: 33. Convergent sites under selection for MEME were: PRL: 121, 

162; NT5DC3: 160; FGF4: 214; ADNP2: 39. Stenohaline-to-euryhaline transitions: results of four genes 

(SOX21B, ADARB1B, TCF15, MRPS35) with the lowest p values for branch-site results, related to 

specific functions linked to habitat transitions (e.g., metabolic process, nervous system, and body size). 

Parallel sites under selection for MEME were: SOX21B: 37; ADARB1B: 99; TCF15: 92; MRPS35: 34. 

Convergent sites under selection for MEME were: SOX21B: 20. Benthic-to-pelagic planktivore  

transitions: results of four genes (FGF4, FKBP4, LRSAM1, ATP6V1G1) with the lowest p-values for 

branch-site results, related to specific functions linked to habitat transitions (e.g., gill rakers, immune 

process, body size). Parallel sites under selection for MEME were: LRSAM1: 108, 127. Convergent sites 

under selection for MEME were: FKBP4: 8; ATP6V1G1: 95. PSS in the derived habitats are shown in 

blue boxes for freshwater species, magenta for euryhaline species, and pink for pelagic planktivore 

species. PSS changes related to the adaptive radiation are shown in cyan boxes. 

 



 
Figure S19.  Strength of selection acting on genes during transitions to derived habitats across three 

distinct evolutionary radiations. Intensified selection is shown in green boxes, while relaxed selection is 

shown in purple boxes. The analyses reveal a prevailing trend of intensified selection in derived habitats 

across all transitions (a-d), observed in both radiating and non-radiating lineages (e-g). Freshwater 

lineages exhibited more genes under intensified selection (GUIS) than genes under relaxed selection 

(GURS) regardless of the presence of euryhaline species (a) or their exclusion (b). (c) The strength of 

selection in euryhaline lineages versus stenohaline lineages showed a higher number of genes under 

intensification of selection than relaxation of selection, without a significant difference in the number of 

genes. (d) Strength of selection in pelagic planktivore lineages versus benthic lineages showed a higher 

incidence of genes under intensification of selection, with relaxation of selection affecting at most one 

gene. Both radiating (AU-NG) and non-radiating freshwater lineages possessed a higher count of genes 

under intensified selection (e, f). However, the number of intensified genes was lower in non-radiating 

lineages when excluding euryhaline species (f). (g) Euryhaline lineages exhibited more genes under 

intensified selection than relaxed selection. Lastly, for (h) AU-NG radiating pelagic planktivore lineages 

vs. non-radiating pelagic planktivore a contrasting pattern emerged in the pelagic environment, with 

radiating and non-radiating lineages experiencing potentially opposing evolutionary forces, as evidenced 

by the contrasting selection patterns. The center line, box, and whiskers in the boxplots represent the 

median, interquartile range, and range of the data, respectively. Source data are provided as a Source Data 

file. 

 

Morphological disparity and genes under selection for body shape and elongation. We conducted a 

reanalysis of the morphometric dataset for ariids25, consisting of 28 morphometric (e.g., total length, 

standard length, eye diameter, interorbital distance) and 2 meristic (i.e., counts of gill rakers and anal fin 

rays) traits for 118 species. We implemented multivariate trait analysis to assess morphological disparity. 

Our aim was to investigate the impact of habitat (i.e., freshwater AU-NG adaptive radiation, freshwater in 

other regions, marine habitats) on the levels of morphological variation among ariids. To quantify 

morphological disparity across habitats, we calculated the sum of variances obtained from the first five 

principal component scores (~90% of the variance) based on the master tree. The results show that while 

freshwater species within the AU-NG adaptive radiation (average disparity= 224.2) exhibit slightly lower 

morphological disparity (224.2) compared to freshwater ariids found in other parts of the world (245.5), 

marine lineages show by far less variability in body size compared to their freshwater counterparts (103.1; 

Figure 4).  
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From a phylogenetic genotype-to-phenotype perspective, polygenic inheritance plays a crucial 

role in shaping body size and elongation in fishes122.  As previously mentioned, a diverse set of genes 

contributes to various aspects of body shape, including elongation and overall body proportions. Thus, 

analyzing individual genes in isolation for body shape and elongation is not nearly as helpful at these 

macroevolutionary scales. However, the results of total morphological disparity can be compared directly 

with those of positive selection analyses. Of particular significance is the marked increase in body shape 

disparity in freshwater lineages overall (Figure 3; Figure S20), a finding that is line with the identification 

of a substantial number of genes (60-64) associated with body size and elongation under positive 

selection in these lineages (Figure S17). In the AU-NG adaptive radiation, we identified fewer genes 

under positive selection relative to other freshwater clades elsewhere, which is also consistent with a 

slightly lower total disparity in this clade (Figure 3; Figure S20). Notably, although a recent study did not 

find significant differences in body size disparity between marine and freshwater ariids123, despite the fact 

that rates of evolution are indeed faster in freshwater species (see25), our analyses reveal that body shape 

disparity is higher in freshwater lineages compared to marine lineages (Figure 3; Figure S20; see also25). 

 

Figure S20. Evolutionary time spent by marine and freshwater ariid lineages in each habitat, along 

with the number of positively selected genes (PSGs) associated with body size and elongation, under 

two sampling strategies: (a) marine-to-freshwater transitions including euryhaline species, and (b) 

excluding euryhaline species. Time spent in each habitat is differentiated in two ways: (i) complete tree 

(CT; black stroke; 119 species), and (ii) sampling restricted to taxa with whole-genome sequences used 

for HyPhy analyses (HT; gray stroke; 66 species).  In both scenarios, freshwater ariid lineages (blue) 

exhibit a higher number of PSGs compared to marine ariid lineages (red), aligning with the greater 

morphological disparity observed in the relatively younger freshwater ariid lineages. (a) Including 

euryhaline species: Marine ariid species spent approximately 78% (CT) and 61% (HT) of their 

evolutionary history in the ocean, while freshwater ariid species spent 22% (CT) and 39% (HT) in rivers. 

Mean disparity in freshwater ariid lineages was 234.85 (224.2 in AU-NG, 245.2 in non-radiating 

lineages), compared to 103.1 in marine lineages. (b) Excluding euryhaline species: Marine ariid species 
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spent approximately 80% (CT) and 56% (HT) of their evolutionary history in the ocean, while freshwater 

ariid species spent 20% (CT) and 44% (HT) in rivers. Mean disparity in freshwater ariid lineages was 

269.3 (294.0 in AU-NG, 245.5 in non-radiating lineages), compared to 103.1 in marine ariid lineages. 

Boxplots depict the median (center line), interquartile range (box), and range (whiskers). Source data are 

provided as a Source Data file. 

 

Supplementary Note 8 

Repeat content & Transposable elements. To investigate whether genomic TE and repeat content 

varied across ariids and whether differences in specific TE and repeat families were correlated with 

ecological transitions, we used a phylogenetic ANOVA approach124 (Figure S21). This testing was 

repeated to identify correlations in ten distinct TE and repeat classes (short interspersed nuclear elements 

(SINE), long interspersed nuclear elements (LINE), long terminal repeats (LTR), transposons (TRANSP), 

rolling circle elements (RC), unclassified repeats (UN), simple RNAs (SRNA), satellite elements (SAT), 

simple repeats (SR) and low complexity repeats (LC), across the 61 species dataset for each of the three 

transition axes (Supplementary Data S17a). To investigate whether genomic TE and repeat content varied 

across ariids and whether differences in specific TE and repeat families were correlated with ecological 

transitions, we used a phylogenetic ANOVA approach124. To account for multiple comparisons, we 

applied the p.adjust function in R to calculate the FDR and conducted the Benjamini-Hochberg procedure 

for p value correction. We considered results with a significance threshold of 0.05 as statistically 

significant (Supplementary Data S17b). Among ariid species, retroelements emerged as the dominant 

category within repeat classes, followed closely by DNA transposons (Figure S21; Supplementary Data 

S17a). Additionally, marine, euryhaline, and pelagic planktivore species exhibited a greater proportion of 

the genome covered by TE and repeat classes in comparison to their freshwater, stenohaline, and benthic 

counterparts (Figure 4; Figure S21).  Despite notable differences observed among the groups, our analysis 

did not reveal significant associations (FDR corrected p values < 0.05) between the content of TE and 

repeat families and habitat across all three axes of variation.  

 In addition to the accumulation of adaptive variation in genic regions that underpinning facilitates 

adaptation to new habitats, changes to other aspects of the genome including TEs and repeat content have 

also been shown to drive, and result from, adaptation to new environments125. However, due to the variation 

in the distribution and function of TEs and repeats across different fish species and the general complexity 

of the genomes of many fish species126 it can be challenging to confidently identify TEs across the genome 

and to link TEs and repeat diversity to evolutionary patterns and processes across clades. The copy number 

and composition of TEs vary substantially among different fish taxa, with percentages ranging from 

approximately 6% in the green spotted pufferfish to around 55% in the zebrafish126,127. Remarkably, the 

lesser salmon catfish, with a genome size of approximately 2.34 Gbp, exhibits a high abundance of TEs, 

constituting a total interspersed repeat content of 69.23%. The fish genome of the lesser salmon catfish is 



predominantly composed of LTR and LINE elements, while SINEs are generally scarce, consistent with 

observations in other fish species127. Although adaptation to new environments has been shown to be 

accompanied by dramatic changes in repeat and TE content128, we did not detect any significant consistent 

changes in repeat families across the ariid clade. This result may indicate that substantial adaptive changes 

in response to habitat transitions may first evolve as a result of selection directly on mutations in coding 

genic regions. It also raises the possibilities that the habitat transitions we investigate here occurred too 

gradually, were not immediately accompanied by complete reproductive isolation, or occurred too recently 

meaning that independent changes in repeat content may have not accumulated in different lineages. 

 

 
Figure S21. Violin plots highlighting differences in the proportion of the genome that different TE 

and repeat families span. Genome proportions for each TE and repeat class across the 61 species were 

plotted including short interspersed nuclear elements (SINE), long interspersed nuclear elements (LINE), 

long terminal repeats (LTR), transposons (TRANSP), rolling circle elements (RC), unclassified repeats 

(UN), simple RNAs (SRNA), satellite elements (SAT), simple repeats (SR) and low complexity repeats 

(LC), with individuals grouped by each ecological contrast that was tested. These include 1a) marine vs. 

freshwater (euryhaline species codified considered the most likely binary tip state as inferred with 

SIMMAP), 1a*) marine vs. freshwater (no euryhaline species),  1b) marine vs. freshwater AU-NG species 

vs. all other freshwater species (euryhaline species codified considered the most likely binary tip state as 



inferred with SIMMAP), 1b*) marine vs. freshwater AU-NG species vs. all other freshwater species (no 

euryhaline species) 2a) stenohaline vs. euryhaline, 2b) stenohaline vs. euryhaline species from AU-NG vs. 

all other euryhaline species, 3a) benthic vs. pelagic planktivore , and 3b) benthic vs. pelagic planktivorous 

species from AU-NG, vs. all other pelagic planktivore  species. TE and repeat contents with significant 

phylogenetic ANOVA values (FDR corrected p values < 0.05) are plotted in color while non-significant 

tests are in gray.  
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