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Abstract 

Bac kgr ound: Genomic data have unveiled a fascinating aspect of the ev olutionar y past, showing that the mingling of different species 
through hybridization has left its mark on the histories of n umer ous life forms. However, the relationship between hybridization 

events and the origins of cyprinid fishes remains unclear. 

Results: In this study, we generated de novo assembled genomes of 8 cyprinid fishes and conducted phylogenetic analyses on 24 
species. Widespread allele sharing across species boundaries was observed within 7 subfamilies of cyprinid fishes. Based on a sys- 
tematic analysis of multiple tissues, we found that the testis exhibited a conserved pattern of di v ergence between the herbi v or ous 
Megalobrama amblycephala and the carni v or ous Culter alburnus , suggesting a potential link to incomplete r e pr oducti v e isolation. Sig- 
nificant differences in the expression of 4 genes ( dpp2 , ctrl , psb7 , and ppce ) in the li v er and intestine, accompanied by variations in 

enzyme activities, indicated swift divergence in digesti v e enzyme secr etion. Mor eov er, we identified intr ogr essed genes linked to 
organ development in sympatric fishes with analogous feeding habits within the Cultrinae and Leuciscinae subfamilies. 

Conclusions: Our findings highlight the significant role played by incomplete r e pr oducti v e isolation and frequent gene flow events, 
particularly those associated with the development of digestive organs, in driving speciation among cyprinid fishes in diverse fresh- 
water ecosystems. 

Ke yw ords: diet di v erg ence, g enetic intr ogr ession, phylogenomics, incomplete r e pr oducti v e isolation 
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Introduction 

Cyprinidae (order Cypriniformes) is the largest and most diverse 
family of ray-finned fish, comprising about 13 subfamilies and 

370 genera [ 1 , 2 ]. This family includes popular aquarium fishes 
like goldfish and koi, as well as the valuable vertebrate model or- 
ganism, the zebrafish [ 2 ]. As a family of freshwater fish, the ori- 
gin time of Cyprinidae was estimated at 154 million years ago 
(MYA) [ 3 ], and they are now widely distributed in almost all types 
of water around the world [ 2 ]. Their great diversities in feeding 
and r epr oductiv e beha viors , as well as morphology, including body 
length (ranging from about 8 mm for Paedocypris progenetica to ap- 
pr oximatel y 3 m for Catlocarpio siamensis ) [ 4 , 5 ] and digestive or- 
gans [ 6 , 7 ], are intriguing to evolutionary biologists due to their 
phylogenetic relationships and adaptive radiation ev olution. Ho w- 
e v er, the narr ow distribution r anges or small population sizes of 
Cyprinidae fish now face threats from human activity, such as 
overfishing, damming of upland rivers, pollution, habitat destruc- 
tion, and novel viral infections [ 8 ]. 

Intr ogr ession plays a significant and frequent role in adaptive 
evolution [ 9 ]. At least 10% of animal species are involved in hy- 
bridization, although most hybrid individuals have low viability or 
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re sterile [ 10 ]. While re producti ve isolation (RI) is frequently ob-
erv ed in inter generic hybridization among birds and mammals, it
s less common in cyprinid fish species, as evidenced by the docu-

ented instances of disrupted isolation [ 11–13 ]. Natural selection,
ncluding variable water environments and deleterious homozy- 
osity for small population sizes, brings great pressures to the sur-
iv al of fr eshwater fish [ 14 , 15 ]. Hybridization has the potential
o generate genetic diversity and create opportunities for novel 
da ptiv e r adiations, although it has been considered a breakdown
f isolating mechanisms [ 16 ]. The low viability or sterility of hy-
rids could reinforce RI through selection for assortative mat- 

ng and result in adaptive introgression [ 10 ]. The rate of intro-
ression depends on the pr essur es of the fr eshwater envir onment
nd affects fish biodiversity [ 17 ]. Natural hybridization involving
ntergeneric hybridization was always observed among cyprinid 

shes [ 18–20 ], while bisexual fertile progenies were detected in
he laboratory experiments of various hybrid groups [ 13 ]. This evi-
ence suggests that prezygotic isolation e volv es mor e r a pidl y than
ostzygotic isolation in cyprinid fishes, challenging the assump- 
ion of the criticality of variation in dietary niche breadth for spe-
iation. Now, the relationship between biodiversity and introgres- 
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f  
ive hybridization in cyprinid fishes is still obscure. Phylogenomics
rom whole genome sequences could provide us with more de-
ailed evidence of it than the fragmented detective technologies,
ncluding rDN A [ 20 ], mitochondrial DN A, and microsatellites [ 21 ].

Diet plays a crucial role in the biodiversity and habitat dis-
ribution of fishes and is influenced by differences in foraging
ehavior and digestive organ morphology [ 22 ]. The selection of
iet is particularly important for sympatric species [ 23 ]. In the
ase of cyprinid fishes, 4 main categories of diet have been iden-
ified. These include herbivorous fishes (e.g., Megalobrama ambly-
ephala and Ctenopharyngodon idella ), carnivorous fishes (e.g., Cul-
er alburnus and Elopichthys bambusa ), filter-feeding fishes (e.g., Hy-
ophthalmichth ys nobilis ), and omniv orous fishes (e.g., Cyprinus car-
io and Carassius auratus ) [ 24 ]. These fish species are distributed
cr oss differ ent w ater lay ers to acquir e v arious types of food r e-
ources . Cyprinid fishes ha v e e volv ed unique ada ptations for food
igestion, such as advanced protrusible pharyngeal teeth, despite
he absence of jaw teeth and stomachs [ 25 ]. The number and
hape of teeth in cyprinid fishes exhibit significant variation and
re used as phenotypic features for species classification [ 2 ]. In
ast African cichlids, the number of tooth rows on both jaws has
een associated with specific feeding ecologies [ 26 ]. Ho w e v er, it
emains unclear whether variations in the width of the dietary
ic he ar e critical for the biodiv ersity of cyprinid fishes. 

In this study, we obtained the de novo assembled genome
equences of 8 cyprinid fish species and conducted compara-
ive genome analyses using a set of 24 high-quality assembled
enome sequences . T hr ough gene flow anal yses , we in vestigated
ybridization e v ents and their contributions to the speciation
f cyprinid fishes . Furthermore , we conducted evolutionary con-
tr aints anal yses on v arious tissues and or gans and inv estigated
heir div er gence between M. ambl ycephala and C. alburnus . Our
ndings emphasize the significance of gene flow e v ents in the ori-
in of cyprinid fishes and the functional div er gence that driv es
peciation. 

ethods 

ample collection 

hr ee sexuall y matur e male C. alburnus (NCBI:txid194366) and
. ambl ycephala (NCBI:txid75352), r aised in identical contr olled

onditions for 24 months posthatc hing, wer e br ed at the En-
ineering Center of Polyploid Fish Breeding, National Educa-
ion Ministry, Changsha, Hunan, China. The br oodstoc k wer e
ourced from the Yangtze River (30 ◦25 ′ 56 ′′ N, 114 ◦50 ′ 32 ′′ E).
he parents of Gobiocypris rarus (NCBI:txid143606) were ob-
ained from the Liu Sha River, Sichuan Province (coordinates
9 ◦19 ′ 31 ′′ N, 102 ◦40 ′ 38 ′′ E). We also collected 1 individual of each
sh species ( Cirrhinus molitorella [NCBI:txid172907], Pseudorasb-
ra parva [NCBI:txid51549], Xenocypris davidi [NCBI:txid291826],
lopichthys bambusa [NCBI:txid238031], and Ctenopharyngodon idella
NCBI:txid7959]) from Dongting Lake, Hunan, China (coordi-
ates 29 ◦15 ′ 8 ′′ N, 112 ◦50 ′ 24 ′′ E). These individuals were deeply
nesthetized with 300 mg/L tricaine methanesulfonate (Sigma-
ldrich) for 10 minutes (20 ◦C) in a separation tank. After con-
rming their deaths , the muscle , br ain, liv er, intestine, kidney, and
estis of all samples were collected after dissection. 

N A isola tion and whole genome sequencing 

igh-quality and high-molecular-weight genomic DNA was iso-
ated from muscle based on the DNA extraction methods . T he
urification was performed using the QIAGEN Genomic Kit based
n the standard oper ating pr ocedur e . T he degradation and con-
amination of the extracted DN A w ere detected using 1% agarose
els . T hen, DN A purity w as determined using the NanoDrop One
V-Vis spectrophotometer (Thermo Fisher Scientific) with 260/280
nd 260/230 r atios. DNA concentr ation was measured by the
ubit 4.0 Fluorometer (Invitrogen). 
After quality c hec king, the genomic DNA of C. alburnus and M.

mbl ycephala was r andoml y shear ed using Megaruptor (Dia gen-
de). DN A w as size-selected using an SPRI bead protocol. The pu-
ity of the extracted DN A w as determined using a NanoDrop spec-
rophotometer (Thermo Fisher Scientific). All procedures were car-
ied out at room temperature. Large DN A fragments w ere sep-
rated using BluePippin DNA Size Selection System. DNA dam-
 ge r epair and end r epair wer e performed. Barcoded ov erhang
air pin ada pters wer e ligated to the fr a gment ends . T he connec-
ion reaction was performed using the Ligation Sequencing Kit
Oxford Nanopore, SQK-LSK108). A constructed DNA library was
uantified using Qubit. Lastly, sequencing was performed using
anopore sequencing. 
The genomic DNA of C. alburnus and M. amblycephala was uti-

ized for whole genome resequencing. First, high-quality DNA
amples were used to pr epar e single-str anded circular libr aries.
ubsequently, the circular libraries were transformed into DNA
anoballs (DNBs), which are spherical structures containing mil-

ions of copies of the circular DNA templates. Once the DNBs were
ormed, they were loaded onto patterned nanoarra ys . Following
he loading of DNBs onto the nanoarra ys , combinatorial probe an-
hor synthesis sequencing was conducted. Finally, DNBSEQ-T7 se-
uencing was performed using a paired-end approach (150 bp ×
) in accordance with the standard protocol [ 27 ]. 

In total, 15 μg DNA for the 6 fishes ( C. idella , C. molitorella , P.
arva , X. davidi , G. rarus , and E. bambusa ) was used for the prepa-
ation of SMRTbell target-size libraries, which were constructed
sing PacBio’s standard protocol (Pacific Biosciences) with 15-kb
r epar ation solutions . T he main steps for libr ary pr epar ation ar e

isted as follows: (i) The genomic DN A w as sheared using g-TUBEs
Covaris), (ii) an A-tailing reaction was used to form an overhang,
iii) the fr a gments wer e ligated with the hair pin ada pter using
he SMRTbell Express Template Prep Kit 2.1 (Pacific Biosciences),
iv) the library was treated with nuclease and purified using AM-
ure PB Beads, and (v) the SMRTbell library was purified using PB
eads . T he high-quality library was checked for fragment size us-

ng the Agilent 2100 Bioanalyzer (Agilent Technologies). Sequenc-
ng Primer V2 and Sequel II Binding Kit 2.1 were used for PacBio
equel II sequencing. 

enome assembly and chromosomal 
rganization 

he adapter and low-quality bases of the 2 species were fil-
er ed befor e assembl y using Fastp ( RRID:SCR _ 016962 ) (v. 0.21.0)
 28 ]. All clean reads of C. alburnus and M. amblycephala were
sed for genome assembly using Nextdenovo ( RRID:SCR _ 025033 )

v. 2.3.0) [ 29 ]. The par ameters “r andom_r ound = 20, min-
map2_options_cns = -x ava-ont -t 40 -k17 -w17, and next-
r a ph_options = -a 0” were used in genome assembly. The base
rrors in the genome generated were fixed using Nextpolish ( RRID:
CR _ 025232 ) (v. 1.3.0) [ 30 ]. For the 6 fishes ( C. idella , C. molitorella ,
. parva , X. davidi , G. rarus , and E. bambusa ), the HIFI data was
sed for genome assembly using hifiasm (0.15.4-r347) software
 RRID:SCR _ 021069 ) [ 31 ]. 

Hi-C libraries of C. alburnus and M. amblycephala were created
r om m uscle cells. Briefly, cells wer e fixed with formaldehyde and

https://scicrunch.org/resolver/RRID:SCR_016962
https://scicrunch.org/resolver/RRID:SCR_025033
https://scicrunch.org/resolver/RRID:SCR_025232
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l ysed, and the cr oss-linked DN A w as digested with MobI. Sticky 
ends were biotinylated and proximity ligated to form chimeric 
junctions that were enriched for and then physicall y shear ed to 
a size of 300–700 bp, as illustrated in Rao et al. [ 32 ]. Chimeric fr a g- 
ments r epr esenting the original cr oss-linked long-distance phys- 
ical inter actions wer e then pr ocessed into pair ed-end sequenc- 
ing libraries . T he clean r eads of Hi-C wer e obtained fr om trim- 
ming adapter sequences and low-quality pair-end r eads, whic h 

were truncated at the putative Hi-C junctions, and then the re- 
sulting trimmed reads were aligned to the assembl y r esults with 

BW A ( RRID:SCR _ 010910 ) (v . 0.7.17) [ 33 ]. Inv alid r ead pairs, includ- 
ing Dangling-End and Self-cycle, Re-ligation, and Dumped prod- 
ucts, wer e filter ed by HiC-Pr o ( RRID:SCR _ 017643 ) (v. 2.8.1) [ 34 ].
They were used for the correction of scaffolds and the cluster- 
ing, ordering, and orientation of scaffolds onto c hr omosomes by 
LACHESIS (release: 2017-12-21) [ 35 ]. After this step, placement and 

orientation errors exhibiting obvious discrete chromatin interac- 
tion patterns were manually adjusted. 

Gene prediction and annotation 

For protein-coding gene prediction in the genomes of C. alburnus 
and M. amblycephala , w e emplo y ed 3 integrated methods: de novo 
pr ediction, homology searc h, and cDNA-based pr ediction (m us- 
cle, br ain, liv er, intestine, kidney, and testis). De novo gene mod- 
els wer e pr edicted using Augustus ( RRID:SCR _ 008417 ) (v. 3.4.0) 
[ 36 ] with default parameters. In the homolog-based anal ysis, pr o- 
tein genes from 5 species ( C. carpio : GCF_018340385.1, C. aura- 
tus : GCF_003368295.1, O. macrolepis : GCA_012432095.1, P. tetrazona : 
GCF_018831695.1, and D. rerio : GCF_000002035.6) obtained from 

NCBI were used to predict gene regions using GeneWise (v. 2.4.1) 
with default parameters . T he cDNA-based approaches involved 

using Hisat2 ( RRID:SCR _ 015530 ) (v. 2.1.0) [ 37 ] and TransDecoder 
( RRID:SCR _ 017647 ) (v. 5.5.0) software to predict open reading 
fr ames (ORFs). Subsequentl y, we integr ated the r esults of genome 
annotation using GETA (v. 2.5.7). Gene functional predictions were 
assigned using Blast-2.11.0 + against public databases, including 
Swiss-Pr ot, the Non-Redundant Pr otein Sequence Database (NR),
and the EuKaryotic Orthologous Groups database; KEGG Orthol- 
ogy annotations were conducted with Kofamscan software; and 

motifs and domains wer e pr edicted using Hmmer [ 38 ] software 
against the PFAM database. 

To identify re petiti ve sequences, we utilized both de novo–
based and homology-based methods. First, LTR_FINDER_parallel 
( RRID:SCR _ 018969 ) (v. 1.1) [ 39 ], LTRharvest (GenomeTools, v. 1.6.1) 
[ 40 ], LTR_r etrie v er ( RRID:SCR _ 017623 ) (v. 2.9.0) [ 41 ], and Repeat- 
Modeler ( RRID:SCR _ 015027 ) (v. 2.0.1) software were employed to 
build a de novo r epeat libr ary, whic h was then merged with the 
Re pbase database. Re peatMask er ( RRID:SCR _ 012954 ) was subse- 
quently used to predict repeat sequences using the new repeat 
library database. Tandem repeats were detected using Tandem 

Repeats Finder (TRF). For transfer RN A (tRN A) identification, w e 
used tRNAscan-SE ( RRID:SCR _ 008637 ) (v 2.0.7) [ 42 ], while riboso- 
mal RB A (rRN A) w as annotated using Blastn ( RRID:SCR _ 001598 ) 
(BLAST v. 2.2.26, e-v alue: 1e −5 ) a gainst the human rRNA sequence 
from the Rfam database . T he small nuclear RN A (snRN A) and mi- 
croRN A (miRN A) w ere sear ched using the Rfam database and the 
Infernal ( RRID:SCR _ 011809 ) (v. 1.0.2) software. 

Compar a ti v e phylogenomics 

For the phylogeny analyses, we performed multiple whole genome 
alignments (WGAs) for 17 (nonpolyploid species) and 24 (includ- 
ing 7 polyploid species) species using cactus (v. 2.1.1), respec- 
iv el y [ 43 ]. The WGAs were utilized to construct a phylogenetic
ree with Beaufortia kweichowensis as the root. To facilitate the
nal ysis, syntenic bloc ks wer e concatenated into 10-kb windows.
ubsequently, a file containing 6 Mb (17 species) and 4.75 Mb
24 species) sequences for each genome was gener ated, r espec-
iv el y. To build the maximum likelihood tree, w e emplo y ed RAxML
 RRID:SCR _ 006086 ) (v. 8.2.12) [ 44 ] with the following parameters:
p 12,345 -# 100 -m GTRGAMMA -s all.phylip -o B.kw eicho w ensis
f a -x 12,345 -k -n tree -T 10. The coalescent species tree estima-
ions were performed using Astral ( RRID:SCR _ 001886 ) (v. 5.15.5)
 45 ]. For estimating div er gence times, we used the MCMCTree
 RRID:SCR _ 025348 ) in PAML (4.9j) [ 46 ] with 4 fossil calibration
ime points . T he conserv ed scor es of the 17 nonpol yploid species
ere estimated using the phastCons tool from the phast packages

 47 ]. VCF files for each species were generated by aligning whole
enomes to the zebrafish genome using Chen’s methods [ 48 ]. To
nvestigate gene flo w, w e exclusiv el y anal yzed the 17 nonpol yploid
enomes fr om non-inbr ed populations using the ABB A-B AB A test
mplemented in the Dsuite (0.4 r38) software [ 49 ] with the D-
tatistic method. The results were visualized using the Fbr anc h
nd dtools.py pr ogr ams in Dsuite. To ensur e a sufficient number
f informative sites for analysis within each examined window,
 e emplo y ed a Python script named “ABB AB AB Awindo ws.p y” to
etect window D values. We used a window size of 20 kb with a
tep size of 10 kb, implemented through the script’s parameters 
-w 20,000 -m 100 -s 10,000.”

N A isola tion and messenger RN A sequencing 

otal RNA from the brain, liver, intestine , muscle , kidney, and
estis organs of 3 individuals ( C. alburnus and M. amblycephala )
as isolated and purified according to the TRIzol extraction 

ethod, r espectiv el y [ 50 ]. The RN A concentration w as measured
sing NanoDr op tec hnology. Total RN A samples w er e tr eated with
Nase I (Invitrogen) to remove any contaminating genomic DNA.
he purified RN A w as quantified using a 2100 Bioanalyzer system

Agilent). The isolated messenger RN A (mRN A) w as fr a gmented
ith a fr a gmentation buffer. The r esulting short fr a gments wer e
 e v erse tr anscribed and amplified to pr oduce cDNA. The tr an-
criptome data of 36 samples (3 biological r eplicates) wer e ob-
ained using DNA nanoball DNBSEQ-T7 ( RRID:SCR _ 017981 ) tech-
ology according to the standard method [ 51 ]. The main steps
re listed as follows: (i) single-stranded circular libraries were 
r epar ed using MGI Library Prep Kits; (ii) after the hybridization
f a DNA anchor, a fluorescent probe is attached to the DNA
anoball using combinatorial pr obe anc hor sequencing chem- 

stry; (iii) the high-resolution imaging system captures the fluo- 
escent signal; and (iv) after digital processing of the optical sig-
al, the sequencer generates high-quality and accurate sequenc- 

ng information. Low-quality bases and ada pters wer e trimmed
ut using SOAPn uk e with the thresholds “-n 0.01 -l 20 -q 0.4 -A
.25 –cutAdaptor -Q 2 -G –polyX 50 –minLen 150” [ 52 ]. The high-
uality reads were used in the next analyses. 

ene expression profiling 

ll clean reads of M. amblycephala and C. alburnus were mapped
o their corresponding reference genomes using HISAT2 (v. 2.1.0) 
 37 ] with default parameters . T hen, the mapped files were handled
ith SAMtools/BCFtools ( RRID:SCR _ 005227 ) (v. 1.10) [ 53 ], while the
nique ma pped r eads wer e obtained using htseq-count ( RRID:
CR _ 011867 ) (v. 0.12.4) [ 54 ]. The gene expression value of mRNA
equencing (mRNA-seq) was normalized and calculated based on 

he transcripts per million (TPM) values. Genes with mapped reads
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 5 in each sample were not used in our next anal yses. Differ en-
ial expression (DE) analysis was performed using Deseq2 ( RRID:
CR _ 015687 ) [ 55 ] of the R pac ka ge with the following thresholds: P
 0.001 and P adj < 0.001. Organ-specific genes (OSGs) were iden-

ified using the following criteria: gene expression in the target
issue or organ differs significantly from that in the other 5 tis-
ues and or gans. Or phan genes (OGs) were detected based on the
hresholds of BLASTx with an e-value of 1e −5 and tBLASTx with an
-value of 1e −5 . The sequences with no BLAST result in the pub-
ic database were considered potential OGs . T hen, the expressed
Gs (TPM > 10) were considered OGs in the corresponding tissue
r or gan. GO anal ysis was performed with a significance threshold
false discovery rate of the Benjamini–Hochberg method < 0.05). 

i v ersifying selection analysis 

n total, 17,337 orthologous gene pairs (OGPs) between M. ambly-
ephala and C. alburnus were obtained using the all-against-all re-
iprocal BLASTP (v. 2.8.1) with an e-value of 1e −6 based on pro-
ein sequences (sequence alignment > 70%). Then, transcripts that
ere shorter than 300 bp were discarded from OGPs. OGPs in the

omparison of M. amblycephala and zebrafish and the comparison
f M. amblycephala and zebrafish were obtained based on the above
hresholds. We performed DE analyses on the OGPs between M.
mblycephala and C. alburnus in the 6 tissues and organs. DE anal-
sis was performed using Deseq2 [ 55 ] with the following thresh-
lds: P < 0.001 and P adj < 0.001. The Ks and Ka/Ks values were
alculated based on the following analysis process: (i) ParaAT2.0
nd muscle softw are w ere used in sequence alignment of OGPs
ith the default parameters, and (ii) kaks_calculator3.0 program
as used to calculate Ks and Ka/Ks values using the maximum

ikelihood method [ 56 ]. The threshold of P < 0.05 was used in our
nalyses. 

easurement of enzymatic content 
qual amounts of liver (0.1 g) from M. amblycephala and C. albur-
us (10 individuals in each species) were collected from the En-
ineering Center of Polyploid Fish Breeding of National Education
inistry in Hunan, China. Then, homogenates were used to deter-
ine the activity of trypsin and lipase . A trypsin assa y kit (A080-2-

) and a lipase assay kit (A054-1-1) w ere pur c hased fr om Nanjing
iancheng Bioengineering Institute (Jiangsu, China), and the exper-
mental protocols follo w ed the manufacturer’s instructions . T he
ignificant difference was performed using Student’s t -test. 

ematoxylin and eosin staining 

 10-mm-thick section of skeletal muscle from 4 fish species, M.
mblycephala , C. alburnus , C. idella , and E. bambusa , was dissected
rom the dorsum region. A 10-mm-thick section of intestine was
issected from the abdominal cavity of each of the 4 fish species
fter removing food residues . T he tissue sections were then fixed
n Bouin’s solution for 24 hours. After fixation, the tissues were
ashed with distilled water for 4 hours at room temperature.
he fixed tissues were then dehydrated using a series of alco-
ol concentrations (e.g., 70%, 80%, 90%, and 100%) and embed-
ed in par affin bloc ks . T he paraffin-embedded tissue blocks were
ectioned into 10- μm-thick slices using a microtome . T he tissue
ections were processed for hematoxylin and eosin (HE) staining
ccording to the manufacturer’s instructions using an HE stain-
ng kit. Digital images of the stained sections were captured using
 microscope (DX8; Olympus). The samples obtained from 3 indi-
iduals were performed for each hybrid variety, and quantitative
ata on HE staining were collected from them. 
esults 

enome assembly 

 total of 8 species of cyprinid fishes from East Asia were se-
uenced using PacBio HiFi or Oxford Nanopore technology, result-

ng in over 602.21 Gb of raw data ( Supplementary Table S1 ). De
ovo assembled genomes were obtained with contig N50 ranging
rom 7.57 to 38.12 Mb. Chromosome-scale genomes were assem-
led for blunt snout bream ( Megalobrama amblycephala , BSB) and
opmouth culter ( Culter alburnus , TC) using 204.8 Gb Hi-C data. The
esulting assemblies exhibited scaffold N50 values of 42.91 Mb
nd 39.60 Mb, r espectiv el y (Table 1 and Supplementary Tables S1 –
2 ). Assembly quality was assessed using BUSCO, scoring between
4.5% and 98.7% ( Supplementary Table S3 ). We significantly im-
r ov ed the genome assemblies for both M. amblycephala (contig
50 incr eased fr om 2.4 to 15.42 Mb [ 57 ]) and C. alburnus (contig
50 incr eased fr om 17.8 to 18.55 Mb [ 58 ]). High-quality genome
ata for Cirrhinus molitorella , Pseudor asbor a parva , and Xenocypris da-
idi wer e pr esented for the first time . T hrough a combination of de
ovo , protein homology, and cDNA-based prediction, we annotated
6,550 and 27,303 protein-coding genes for M. amblycephala and
. alburnus , r espectiv el y ( Supplementary Tables S4 –S5 ). Repetitive
lements comprised 51.81% (568.18 Mb) and 50.49% (544.26 Mb)
f the assemblies for M. amblycephala and C. alburnus , r espectiv el y
 Supplementary Table S6 ). Noncoding RN A w as predicted in 8.76%
nd 7.21% of the genome assemblies for M. amblycephala and C. al-
urnus , r espectiv el y ( Supplementary Table S7 ). Furthermore, we
btained high-quality assembled genomes for 15 cyprinid fishes
with an av er a ge scaffold N50 of 34.39 Mb) and Beaufortia kwei-
 howensis fr om public databases ( Supplementary Table S8 ). These
3 cyprinid fishes r epr esent 7 nonpol yploid subfamilies ( Danioni-
ae , Xenocyprinae , Gobioninae , Leuciscinae , Cultrinae , Labeoninae , and
ypophthalmichthyinae ) and 3 polyploid subfamilies ( Schizothoraci-
ae , Barbinae , and Cyprininae ), with genome sizes r anging fr om 0.86
o 1.90 Gb and c hr omosome numbers v arying widel y fr om 48 to
50 (Table 1 , Supplementary Tables S1 –S2 , and S8 ). 

hylogenomic analyses and introgression 

o investigate the evolutionary relationships among extant
 yprinids, w e analyzed 24 genomes with butterfly hillstream loach
 B. kweichowensis ) as an outgroup (Fig. 1 A and Supplementary
ig. S1 ). Our results sho w ed that Gobioc ypris rarus belongs to the
ubfamil y Gobioninae , e v en though fr om a mor phological perspec-
iv e, it a ppears similar to zebr afish (whic h belongs to the sub-
amily Danioninae of Cyprinidae). Molecular clock analysis with
ossil calibration indicated their divergence time ranging from
1.5–61.3 MYA (Fig. 1 A and Supplementary Table S9 ). Phylogenetic
r ees r econstructed the e volutionary history of subfamil y Leucisci-
ae , showing that 1 group (including Leuciscus idus , Abramis brama ,
nd Rutilus rutilus ) div er ged fr om another gr oup ( Ctenopharyngodon

della and Elopichthys bambusa ) ranging from 23.8 to 35.1 MYA.
his div er gence occurr ed earlier than the div er gence times ob-
erved among other subfamilies ( Cultrinae , Gobioninae , Xenocypri-
ae , and Hypophthalmichthyinae ) (Fig. 1 A and Supplementary Table
9 ). Furthermor e, phylogenomics anal ysis pr ovided e vidence r e-
arding the div er gence of common ancestors of extant cyprinids,
hic h r anged fr om 81.9 to 100.0 MYA (Fig. 1 A and Supplementary
able S9 ). The ancestor of Danio rerio (subfamily: Danioninae ) di-
 er ged earl y in the evolution of extant cyprinids, while the ances-
or of Cirrhinus molitorella and Labeo rohita (subfamily: Labeoninae )
iv er ged between 36.5 and 53.6 MYA (Fig. 1 A and Supplementary
able S9 ). These findings will assist us in understanding the evo-
utionary process of fish and constructing more reasonable clas-
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Table 1: Assembly statistics of 8 species of cyprinid fishes 

Species Common name Subfamily 
Scaffold N50 

(Mb) 
Contig N50 

(Mb) 
Contig 

length (Mb) 
BUSCO 

completeness (%) 

Megalobrama amblycephala Blunt snout bream Cultrinae 42.91 15.42 1,096.68 94.5% 

Culter alburnus Topmouth culter Cultrinae 39.60 18.55 1,077.98 98.3% 

Ctenopharyngodon idella Gr ass car p Leuciscinae / 35.62 901.49 98.5% 

Cirrhinus molitorella Mud carp Labeoninae / 38.12 1,066.79 98.6% 

Pseudor asbor a parva Stone mor ok o Gobioninae / 7.57 1,292.12 98.5% 

Xenocypris davidi Bleeker’s y ello w tail Xenocyprinae / 38.11 1,044.52 98.7% 

Gobiocypris rarus Raregudgeon Danioninae / 13.24 1,108.08 98.3% 

Elopichthys bambusa Yellow cheek carp Leuciscinae / 30.38 863.54 98.4% 

Figure 1: Phylogenomic analyses of cyprinid fish. (A) Time-calibrated phylogenetic tree. Red pot represents fossil calibration time points, which were 
obtained from “Timetree of Life.” Black number in the branch represents the median of the range of divergence times . T he name marked in red 
r epr esents the species sequenced in this study. (B) Gene flow determined using the f-br anc h method. Dashed red line represents gene flow (f4-ratio > 

0.05) between 2 species. 
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sification relationships within the cyprinids, with the support of 
data from fields such as fossils , monsoons , and geography [ 59 ,
60 ]. 

Pr e vious studies hav e r eported phylogenetic discordance 
across genome regions in nonpolyploid cyprinid fishes from the 
East Asian region. This discordance has been attributed to incom- 
plete linea ge sorting, intr ogr ession, and the fish’s demogr a phic 
history [ 61 ]. To investigate this, we conducted gene flow analysis 
and observ ed perv asiv e intr ogr ession among the 17 nonpol yploid 

cyprinid fishes (f4-ratio > 0.0006, z -score > 3, and P < 0.05) (Fig. 1 B).
The ABB A-B AB A tests [ 49 , 62 ] r e v ealed str ong gene flow e v ents
among subfamily Gobioninae , including Par acanthobr ama guichenoti 
and Gobiocypris rarus (f4-ratio = 0.1, z -score = 129, and P < 0.001), G.
rarus and Gobio gobio (f4-ratio = 0.1, z -score = 120, and P < 0.001),
and P. guichenoti and G. gobio (f4-ratio = 0.1, z -score = 96, and P 
< 0.001) (Fig. 1 B and Supplementary Table S10 ). Notably, distinct 
gene flow signals (f4-ratio > 0.05) between 2 species were predom- 
inantly detected in 22 groups involving 12 species and 7 subfam- 
ilies ( Cultrinae , Danioninae , Gobioninae , Hypophthalmichthyinae , Leu- 
ciscinae_1 , Leuciscinae_2 , and Xenocyprinae ) (red dotted line in Fig. 1 B 

and Supplementary Table S10 ). Recent studies utilizing mitochon- 
drial genomes and de novo nuclear genomes have also highlighted 

frequent gene flow events during the radiation of cyprinid fishes 
[ 60 ]. Our findings, based on high-quality genome assemblies, sup- 
port the hypothesis that gene flow is the primary driver of the ob- 
served phylogenetic incongruence among nonpolyploid cyprinid 
fishes. (  
onserv a tion of the reproducti v e system in 

peciation 

he frequent occurrence of gene flow events between cyprinid 

shes, including M. amblycephala and C. alburnus , suggests incom-
lete r epr oductiv e isolation as a potential contributing factor to
heir speciation in the East Asian region. To investigate the under-
ying genetic mechanisms, we focused on comparing the genomes 
f these 2 species, which belong to different genera within the
ultrinae subfamily but share overlapping habitats in the middle 
nd lo w er r eac hes of the Yangtze Riv er Basin (Fig. 2 A). While lab-
ratory experiments have indicated some degree of postzygotic 
solation, no natural hybrid populations have been identified in 

he wild [ 63 ]. A conserved synteny analysis revealed a high de-
ree of gene conservation between M. amblycephala and C. albur- 
us ( Supplementary Figs. S2 –S3 ), making them a suitable model
or studying the genetic basis of their speciation. 

To investigate the genetic differences between M. amblycephala 
nd C. alburnus , we conducted compar ativ e gene expression anal-
ses in 6 tissues: br ain, liv er, intestine, muscle, kidney, and testis
 Supplementary Tables S11 –S12 ). Our findings r e v ealed that the
estis exhibited a higher proportion of OSG, accounting for 6.67%
n C. alburnus and 7.95% in M. ambl ycephala , compar ed to the in-
estine and kidney (Fig. 2 B). We focused on OGs [ 64 ] and identi-
ed a greater number of OGs in the testis of both species, sug-
esting r a pid div er gence in this or gan (Fig. 2 C and Supplementary
able S13 ). Ho w e v er, the number of differ entiall y expr essed genes
DEGs) between the 2 species was lower in the testis than in
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Figure 2: Div er gent e volution of M. ambl ycephala and C. alburnus in East Asia. (A) Habitat distribution of extant M. amblycephala [ 65 ] and C. alburnus . 
P artial ov erla p in the habitats of the 2 species . (B) T he number and percenta ge of OSGs in M. ambl ycephala and C. alburnus . (C) The number and 
percentage of OGs in M. amblycephala and C. alburnus . (D) Differential expression between M. amblycephala and C. alburnus in 6 tissues and organs. (E) 
The distribution of Ka/Ks values relating to OSGs in the 6 tissues and organs . T he median value (black dot) was signed in the figure. (F) Conserved 
scores of OSGs in the 6 tissues and organs . T he median value (black line and number) was signed in the figure . T he comparisons involve the intestine 
and testis. “∗” r epr esents “0.01 < P ≤ 0.05,” “∗∗” r epr esents “0.001 < P ≤ 0.01,” and “∗∗∗” r epr esents “P ≤ 0.001.”
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he 3 tissues (Fig. 2 D, Supplementary Fig. S4 , and Supplementary
 ables S14 –S16 ). T o explor e functional div er gence, we calculated
a/Ks values for OSGs and found that the testis exhibited lo w er
a/Ks values compared to the intestine ( t -test: P = 0.04) but
igher values compared to the 3 tissues (liver, brain, and mus-
le, t -test: P < 0.001) (Fig. 2 E). Similar patterns were observed
or DEGs and the shared genes (OSGs and DEGs) ( Supplementary
ig. S5 ). Finally, to assess the degree of sequence conservation [ 47 ],
e calculated phastCons scores of OSGs and observed the high-
st median value in the testis, which was higher than in the in-
estine, kidney, and muscle ( t -test: P < 0.05) (Fig. 2 F). A similar
henomenon was noted when analyzing DEGs using phastCons
cores ( Supplementary Fig. S6 ). M. amblycephala and C. alburnus ex-
ibited lo w er genetic v ariation in their testes compar ed to their

ntestines. 
t  
apid evolution of digesti v e system in speciation 

he di verse digesti ve systems of cyprinid fishes allow them to
dapt to various food sources, including plankton, aquatic plants,
nd benthic organisms, contributing to their ecological niche dif-
er entiation [ 66 ]. Differ ential expr ession anal yses r e v ealed that
he intestine of C. alburnus had the lo w est number of OSGs (752,
.15%), while M. amblycephala ’s intestine had the second lo w est
942, 5.95%) (Fig. 2 B). The number of OGs in the intestine (0.59%
n C. alburnus and 0.51% in M. amblycephala ) was lower compared
o the testis, brain, and kidney (Fig. 2 C). The study demonstrates
hat the genetic makeup of the intestine exhibits a higher de-
r ee of conserv ation compar ed to the other tissues and organs.
o w e v er, r a pid genetic div er gence betw een the herbiv orous M.
mblycephala and the carnivorous C. alburnus was observed in
heir intestines. For instance, the highest number of DEGs be-
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Figure 3: Diet div er gences between M. amblycephala and C. alburnus . (A) The 4 genes relating to differential expression between M. amblycephala (BSB) 
and C. alburnus (TC) in both the intestine and liver (3 biological replicates sho w ed “_1, ” “_2, ” and “_3”). (B) Significant differences in the enzyme activity 
of lipase and trypsin for the comparison between M. amblycephala and C. alburnus. 
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tween the 2 species was detected in their intestines (Fig. 2 D and 

Supplementary Tables S14 –S15 ). Mor eov er, the Ka/Ks values of 
OSGs were higher in the intestine compared to the brain, kid- 
ney, muscle, and testis (Fig. 2 E). Lastly, the phastCons scores of 
OSGs in the intestine were lower than those in the br ain, liv er,
muscle , and testis , although they were higher than in the kidney 
(Fig. 2 F). Similar tr ends wer e observ ed in the phastCons scores of 
DEGs ( Supplementary Fig. S6 ). Our findings provide preliminary 
evidence suggesting a potential rapid divergence in genetic diver- 
sity within the digestive organs of M. amblycephala and C. alburnus .

To investigate the genetic basis of diet divergence between her- 
bivor ous M. ambl ycephala and carnivor ous C. alburnus , we con- 
ducted a functional analysis of their DEGs in the intestine . T hese 
genes associated with digestive enzymes were enriched for hy- 
dr ol yzing O-gl ycosyl compounds (GO: 0004553) and peptidase ac- 
tivity (GO: 0008233) in terms of Molecular Function annotation,
while carbohydrate metabolic process (GO: 0005975) and lipid 

catabolic process (GO: 0016042) were enriched for Biological Pro- 
cess annotation ( Supplementary Fig. S7 ). Among these genes,
dpp2 , ctrl , psb7 , and ppce were identified as potential genes involved 

in pe ptidase acti vity, exhibiting higher expression in the digestive 
or gans (liv er and intestine) of C. alburnus compar ed to M. ambl y- 
cephala (Fig. 3 A). After detecting the enzyme activities of trypsin 

and lipase in digestive organs, we found that the enzyme activ- 
ities were higher in the carnivorous C. alburnus compared to the 
herbivor ous M. ambl ycephala (Fig. 3 B). We conducted analyses on 

positiv el y selected genes (PSGs) (Ka/Ks > 1) between the 2 species 
and identified 30 of them that belong to OSGs in the 6 tissues 
and organs ( Supplementary Table S17 ). Among the share genes of 
PSGs and OSGs in the intestine, caspbl and vsig were found to be 
associated with peptidase activity (GO: 0008233), apoptosis, and 

imm une r esponses, whic h ar e closel y r elated to the types of di- 
gested food ( Supplementary Fig. S8 ) [ 67 , 68 ]. These findings sug- 
gest that the observed genetic diversity may be related to adap- 
tations in digestive enzyme secr etion, r eflecting potential dietary 
adjustments. 

Gene flow and its potential impact on feeding 

habits 

Frequent gene flow e v ents wer e observ ed among cyprinid fishes,
including M. amblycephala , C. alburnus , C. idella , and E. bambusa .
Among these, significant gene flo w w as detected betw een carniv- 
orous C. alburnus (subfamily Cultrinae ) and E. bambusa (subfamily 
Leuciscinae ) ( z -score > 45.8, f4-ratio = 0.039, and P < 0.001). Addi- 
tionall y, gene flow e v ent w as identified betw een the herbiv orous 
M. ambl ycephala (subfamil y Cultrinae) and C. idella (subfamil y Leu- 
iscinae ) ( z -score > 38.3, f4-ratio = 0.044, and P < 0.001) (Fig. 1 B
nd Supplementary Table S10 ). The ov erla pping habitats of these
 species were primarily distributed in the eastern region of China
Fig. 4 A). 

To investigate the effects of gene flow e v ents on diet diversity,
e analyzed the 117 intr ogr essed genomic r egions (window size:
0 kb) between the 2 carnivorous fish species, which were associ-
ted with 69 genes ( Supplementary Table S18 ). Similarly, the 102
ntr ogr essed r egions (windo w size: 20 kb) betw een the 2 herbiv o-
ous fish species were associated with 68 genes ( Supplementary
able S19 ). Among these genes, the top 3 molecular function an-
otations in both carnivores and herbiv ores w er e r elated to tr an-
cription regulator activity (GO: 0140110), DNA-binding transcrip- 
ion factor activity (GO: 0003700), and RNA pol ymer ase II–specific
ctivity (GO: 0000981) ( Supplementary Tables S20 –S21 ). Among
hese genes, 10 intr ogr essed genes wer e shar ed between carni-
ores and herbivores (Fig. 4 B). Moreover, 84 categories (38.36%)
or biological processes and 16 categories (66.67%) for molecular 
unctions wer e shar ed betw een carniv ores and herbiv ores false
iscov ery r ate (FDR < 0.05, Fig. 4 C and Supplementary Figs. S9 –
10 ). These shar ed intr ogr essed genes wer e associated with an-

mal or gan de v elopment, including skeletal m uscle or gan de-
elopment (GO: 0060538; sox6 and ttn.2 ) and head development
GO: 0060322; zfhx3 , tcf7l2 , and meis1b ) ( Supplementary Fig. S11 ).
btb16a (linked to osteogenic differentiation [ 69 ]) exhibited the
r oadest expr ession pattern among all intr ogr essed genes, being
etected in 5 different tissues and organs (Fig. 4 D). This suggests
hat zbtb16a may be a hotspot for intr ogr ession e v ents between
ultrinae and Leuciscinae . 

Ther e wer e potential r elationships between diet habits and or-
an de v elopment, including mouth and pharyngeal tooth mor- 
hologies, intestinal morphology, and skeletal muscle structure 

Fig. 4 E). Compar ativ e anal yses r e v ealed that carnivor ous fishes
xhibited larger and superior mouths, longer and sharper teeth,
horter intestines, thinner intestine linings, and smaller cross- 
ectional areas in skeletal muscle fibers compared to herbivo- 
ous fishes (Fig. 4 ). It is noteworthy that some of the introgressed
enes have been experimentally validated in zebrafish to have 
unctional associations with dietary traits. For instance, tp53 and 

le3a are implicated in intestinal morphology [ 70 , 71 ], while grin2bb
nd grin1a are linked to food intake behavior [ 72 , 73 ]. Additionally,
nf536 , zfhx3 , elavl4 , hoxc11a , pik3r3b , and irf2bpl have been identi-
ed as potential regulators of swimming behavior. These findings 
uggest that these intr ogr essed genes may relate to organ devel-
pment and feeding behavior may contribute to diet div er gence
or these fishes. 

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae117#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae117#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae117#supplementary-data
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https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae117#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae117#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae117#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae117#supplementary-data
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https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae117#supplementary-data
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Figure 4: Gene flow in herbivorous and carnivorous fishes. (A) Habitat distribution of M. amblycephala [ 65 ], C. alburnus , C. idella , and E. bambusa in East 
Asia. T heir o v erla p and unique habitats reflect their speciation of endemic East Asian cyprinid fishes in the ri ver-lak e ecosystems of East Asia. (B) Venn 
dia gr am showing intr ogr essed genes between carnivores and herbivores. (C) The intr ogr essed genes were expressed in different tissues and organs, 
while there was no introgressed gene expressed in the brain. (D) GO analyses of the shared 10 introgressed genes in carnivores and herbivores. (E) 
Phylogenomic analyses of the 6 endemic cyprinid species in China; introgressions visualizing at SNPs of zbtb16a (potential introgressed SNPs marking 
r ed arr ow); the mor phologies of mouth, pharyngeal teeth, and intestine; micr ostructur e of intestine (thic kness of intestinal wall marking in figur e); 
and muscle (average area marking in figure) in the 4 endemic cyprinid species. Blue dot represents filter-feeding fish, green dot represents herbivorous 
fish, and red dot represents carnivorous fish. 



Distant hybridization among cyprinid fishes | 9 

 

 

 

 

 

 

i  

t  

t  

n
v

A
S
i

g

c

R

 

g
g

i

d
 

b
S  

g  

S
p
S
(  

g
S
t
(
S
n

b
 

b
 

b
S
m
a
k
m  

1
p  

C
o  

f  

w
 

a
 

Discussion 

The East Asian r egion, c har acterized by its unique topogr a phy, in- 
cluding the uplift of the Qinghai–Tibet Plateau, abundant rivers,
and diverse climatic en vironments , is home to a multitude of 
freshwater fish species [ 60 , 74 , 75 ]. Cyprinids represent the largest 
and most diverse vertebrate group, with over 654 species, includ- 
ing 440 endemics in China [ 76 ]. Investigating the genetic mecha- 
nisms underlying their rapid speciation is vital for understanding 
e volutionary r adiation in East Asian cyprinids. Our findings sug- 
gest that frequent gene flow e v ents among cyprinid fishes have 
contributed to their r a pid ada ptiv e r adiation, as e videnced by our 
analyses of 7 nonpolypoid subfamilies . T his prompts the question: 
How does intr ogr essiv e hybridization in East Asian cyprinids re- 
late to r a pid speciation? 

Ra pid e volutionary c hanges in the mammalian testis mani- 
fest at the molecular le v el, contributing to r epr oductiv e isolation.
Compar ativ e gene expr ession studies acr oss v arious mammalian 

or gans r e v eal that the testis exhibits the highest rates of evo- 
lutionary expr ession c hange [ 77 , 78 ]. Ther efor e, compar ativ e ge- 
nomic analysis of M. amblycephala and C. alburnus revealed a lo w er 
degree of genetic divergence in the testis compared to the intes- 
tine. Additionall y, labor atory experiments hav e demonstr ated the 
production of fertile hybrids between various cyprinid species [ 13 ,
63 ], suggesting the possibility of incomplete RI and the pr e v alence 
of intr ogr essiv e hybridization in East Asian c yprinids. Ho w e v er,
further r esearc h is needed to elucidate the specific factors hin- 
dering and driving r a pid speciation in these cyprinid fishes. 

The complex and variable inland water ecosystem plays a cru- 
cial role in the ada ptiv e e volution of fish [ 79 , 80 ]. Among these fac- 
tors, the diversity of food sources gradually influences the feeding 
habits of different populations, resulting in the adaptive evolution 

of their digestive and locomotion systems [ 81 ]. Our findings sug- 
gest that speciation in M. amblycephala and C. alburnus may have 
been driven by diet-dependent adaptations. Cyprinid fishes dis- 
play significant diversity in behavior, habitat, geogr a phy, and mor- 
phology, including variations in feeding and digestive organs [ 60 ,
76 ]. Robust pharyngeal teeth and toothless jaws enable them to 
consume a wide range of foods [ 82 , 83 ]. Our results reveal that 
r a pid genetic div er gence between M. ambl ycephala and C. alburnus 
occurs in the intestine . T he variations in digestive enzyme secre- 
tion and digestive organs reflect their distinct feeding pr efer ences 
and the effectiveness with which they metabolize different food 

types [ 84 ]. Considering the absence of postzygotic isolation and 

the ov erla pping habitat between M. amblycephala and C. alburnus 
[ 63 , 85 ], our results suggest that ecological differentiation driven 

by dietary differences may be an important factor leading to the 
r a pid formation of these 2 species. 

When postzygotic r epr oductiv e isolation is no longer a sig- 
nificant barrier to gene flow among East Asian cyprinids, natu- 
ral selection, including monsoon activities [ 60 ], and the uplift of 
the Qinghai–Tibet Plateau [ 75 ], can attenuate prezygotic isolation,
providing opportunities for gene flow, thus promoting speciation 

in cyprinid fishes [ 86 ]. To adapt to diverse food supplies in dif- 
fer ent aquatic envir onments, feeding habits hav e div er ged in the 
subfamilies Cultrinae (herbivorous M. amblycephala and carnivo- 
rous C. alburnus ) and Leuciscinae (herbivorous C. idella and carniv- 
orous E. bambusa ). Does gene flow facilitate the divergence of di- 
ets for ada ptiv e e volution? Our r esults demonstr ate the intr ogr es- 
sion of genes associated with skeletal muscle and head develop- 
ment between fishes with the same diet. These changes play cru- 
cial roles in feeding and digestive efficiency. Fishes with the same 
diet in different subfamilies exhibit similar phenotypes involv- 
a

ng the mouth, teeth, intestine, and muscle . T hese results suggest
hat coe volving inter actions of diet habits occur in their speciation
hr ough intr ogr essiv e hybridization. Ho w e v er, further e vidence is
eeded to establish a definitive association between dietary con- 
 er gent e v olution and gene flo w. 

dditional Files 

upplementary Table S1. Summary of whole genome sequencing 
n 8 species. 
Supplementary Table S2. Genome assembly of 8 species. 
Supplementary Table S3. Completeness of the 8 assembled 

enomes. 
Supplementary Table S4. Statistics of gene prediction. 
Supplementary Table S5. Gene function annotation of M. ambly- 
ephala and C. alburnus . 
Supplementary Table S6. Summary of repeat contents. 
Supplementary Table S7. The summary of predicted noncoding 
NA in M. amblycephala and C. alburnus . 

Supplementary Table S8. Information of downloaded genomes. 
Supplementary Table S9. Range of div er gence time in Fig. 1. 
Supplementary Table S10. D statistic on the species tree based on
enome-wide single-nucleotide pol ymor phisms (SNPs). The out- 
roup was fixed as Beaufortia kweichowensis . 
Supplementary Table S11. Summary of transcriptome sequenc- 
ng data. 
Supplementary Table S12. Summary of transcriptome mapping 
ata. 
Supplementary Table S13. List of orphan genes (OGs) in M. am-
lycephala and C. alburnus . 
upplementary Table S14. Summary of differ entiall y expr essed
enes (DEGs) between M. amblycephala and C. alburnus in 6 organs.
upplementary Table S15. The gene number of orthologous gene 
airs and differential expressed genes (DEGs) in 6 organs. 
upplementary Table S16. The summary of organ-specific genes 

OSGs), positi ve selecti ve genes (PSGs), and differential expressed
enes (DEGs) in 6 organs. 
upplementary Table S17. Summary of expressed positive selec- 
ive genes (PSGs) between C. alburnus (TC) and M. amblycephala 
BSB) in the 6 organs. 
upplementary Table S18. Summary of gene flow between car- 
ivorous C. alburnus and E. bambusa . 

Supplementary Table S19. Summary of gene flow between her- 
ivor ous M. ambl ycephala and C. idella . 

Supplementary Table S20. GO enric hment of intr ogr essed genes
etw een carniv orous C. alburnus and E. bambusa . 

Supplementary Table S21. GO enric hment of intr ogr essed genes
etw een herbiv or ous M. ambl ycephala and C. idella . 
upplementary F ig. S1. Ph ylogenetic trees constructed using 
ultiple whole-genome alignments of 17 (no polyploid species) 

nd 24 (including 7 polyploid species) species with Beaufortia 
weichowensis as the root, respectively. (A) Concatenation-based 

ethod for estimating a phylogenetic tree of 17 species with
0-kb length windows. (B) Coalescent method for estimating a 
hylogenetic tree of 17 species with 10-kb length windows. (C)
oncatenation-based method for estimating a phylogenetic tree 
f 24 species with 10-kb length windows. (D) Coalescent method
or estimating a phylogenetic tree of 24 species with 10-kb length
indows. (E) Species tree with estimated divergence time. 

Supplementary Fig. S2. The Hi-C interaction heatmap of 24 link-
 ge gr oups in the genomes of M. ambl ycephala and C. alburnus . 
Supplementary Fig. S3. The collinearity analysis between M.
mblycephala and C. alburnus . Twenty-four pairs of homologous 
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 hr omosomes wer e determined based on 17,337 orthologous gene
airs. 
Supplementary Fig. S4. The differential expression between M.
mblycephala and C. alburnus in 6 or gans. Upr egulated genes in M.
mbl ycephala ar e marked in blue, while the upregulated genes in
. alburnus are marked in red. 

Supplementary Fig. S5. The distribution of Ka/Ks values in the
 organs . (A) T he Ka/Ks values of DEGs . (B) T he Ka/Ks values of
hared genes between DEGs and OSGs . T he median value is in-
icated by a black dot, and the gene number is provided below
ac h or gan name. In the t -test, “∗” r epr esents 0.01 < P ≤ 0.05, “∗∗”
 epr esents 0.001 < P ≤ 0.01, and “∗∗∗” r epr esents P ≤ 0.001. 
Supplementary Fig. S6. Conserv ed scor es of DEGs ( M. ambl y-
ephala vs. C. alburnus ) in the 6 or gans. “∗” r epr esents 0.01 < P ≤
.05, “∗∗” r epr esents 0.001 < P ≤ 0.01, and “∗∗∗” r epr esents P ≤
.001. 

Supplementary Fig. S7. The DEGs ( M. amblycephala vs. C. alburnus )
ssociated with diet habit. (A) The heatmap of the DEGs in the
ntestine . T he hydr ol yzing O-gl ycosyl compounds and peptidase
ctivity in Molecular Function, as well as carbohydrate metabolic
rocess and lipid catabolic process in Biological Process . (B) T he
ene distribution of DEGs in the intestine. 
Supplementary Fig. S8. The alignment of 2 positiv el y selected
enes (PSGs) in the intestine. 
Supplementary Fig. S9. The GO terms of intr ogr essed genes in
he carnivorous ( C. alburnus and E. bambusa ) and herbivorous (M.
mblycephala and C. idella ) fishes. 
Supplementary Fig. S10. The distribution of enriched functional
ategories (FDR < 0.05) in Biological Process and Molecular Func-
ion for the intr ogr essed genes. 
Supplementary Fig. S11. Heatmap exhibiting the expression of
ntr ogr essed genes in the carnivorous ( C. alburnus and E. bambusa )
nd herbivorous ( M. amblycephala and C. idella ) fishes. 
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gous gene pairs; OGs: orphan genes; OSG: organ-specific gene;
SGs: positiv el y selected genes; RI: r epr oductiv e isolation; TC: top-
outh culter; TPM: transcripts per million; TRF: tandem repeats
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