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Abstract 

Bac kgr ound: Cobia ( Rach ycentr on canadum ) is the only member of the Rachycentridae family and exhibits considera b le sexual dimor- 
phism in growth r ate . Sex determination in teleosts has been a long-standing basic biological question, and the molecular mechanisms 
of sex determination/differentiation in cobia are completely unknown. 

Results: Here , w e reported 2 high-quality, chromosome-level annotated male and female cobia genomes with assemb l y sizes of 586.51 
Mb (contig/scaffold N50: 86.0 kb/24.3 Mb) and 583.88 Mb (79.9 kb/22.5 Mb), r especti v el y. Synteny infer ence among perciform genomes 
r ev ealed that cobia and the remora Echeneis naucrates were sister groups. Further, whole-genome resequencing of 31 males and 60 
females, genome-wide association study, and sequencing de pth anal ysis identified 3 short male-specific r egions within a 10.7-kb 
contin uous genomic r egion on male c hromosome 18, whic h hinted at an undifferentiated sex chromosome system with a putati v e 
XX/XY mode of sex determination in cobia. Importantl y, the onl y 2 genes within/between the male-specific r egions, e poxide hydr olase 
1 ( ephx1 , renamed cephx1y ) and transcription factor 24 ( tcf24 , renamed ctcf24y ), showed testis-specific/biased gene expr ession, wher eas 
their counterparts cephx1x and ctf24x , located in female chromosome 18, were similarly expressed in both sexes. In addition, male- 
specific PCR targeting the cephx1y gene r ev ealed that this genomic feature is conserved in cobia populations from Panama, Brazil, 
Australia, and Japan. 

Conclusion: The first compr ehensi v e genomic surv ey pr esented her e is a v alua b le r esource for futur e studies on cobia population 

structure and dynamics, conservation, and evolutionary history. Furthermore, it establishes evidence of putative male heterogametic 
regions with 2 genes playing a potential role in the sex determination of the species, and it provides further support for the rapid 

evolution of sex-determining mechanisms in teleost fish. 

Ke yw or ds: c hr omosome-lev el genome, cobia, molecular sex markers, stLFR, Hi-C, PacBio sequencing 
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Introduction 

Cobia ( Rachycentron canadum ) is a lar ge migr atory pela gic fish with 

geogr a phic distribution in tropical and subtropical waters world- 
wide with the exception of the eastern Pacific Ocean [ 1 ]. It is a 
promising marine fish species with great aquaculture potential 
due to its desirable traits, such as excellent quality fillets, easy 
adaptation to capti vity, high survi val rates, tolerance to variations 
in temper atur e and salinity, and high gr owth r ate [ 2 ]. The species 
has been farmed in many countries around the world, including 
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hina, Taiwan, and Hong Kong, and mor e r ecentl y expanding to
ustralia, Vietnam, and the American continent (United States,
r azil, P anama, Belize, etc.) [ 3–5 ]. Cobia exhibits a strong sexu-
ll y dimor phic gr owth [ 6–8 ]. Females gr ow faster than males in
oth body length and weight, creating considerable differences 
etween sexes. At similar de v elopmental sta ges, females can be
ouble the size of males [ 1 ]. In light of this, it is widely acknowl-
dged that monosex female breeding through artificial sex control 
an significantly boost cobia aquaculture yields [ 2 ]. The morpho-
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ogical c har acteristics (i.e., secondary sexual tr aits) used for sex-
ng are usually only observed after sexual maturation and thus
re not useful for sexing juvenile fish. Nevertheless, it is often
seful to know the sex of juveniles (e.g., in aquaculture breeding
r ogr ams). Rel ying solel y on cobia mor phology is not enough to
istinguish their sex at any developmental stage, including after
exual maturity. Furthermore, a reliable approach for distinguish-
ng cobia’s genotypic sex has yet to be established. 

Teleost fish exhibit a remarkable diversity and complexity of
ex-determining mechanisms, and sex differentiation involves
he expression of a considerable number of genes in a spatial and
emporal order [ 9 ]. Sexual determination mechanisms in fish may
nvolve genetic control (e.g., heterogamety for males (XY) or fe-

ales (ZW)), multiple sex-determining chromosomes and genes
X1 × 1 × 2 × 2/X1 × 2Y, XX/XY1Y2), environmental triggers (e.g.,
emper atur e , pH, beha vior, population density, and social status)
 10–12 ], epigenetic sex determination, and herma phr oditism [ 13–
6 ]. Curr entl y, m ultiple master sex determination genes have been
 eported in v arious fish species (for r e vie w, see [ 17 ]), suc h as sd y
n rainbow trout ( Oncorhynchus mykiss ) [ 18 ], dmy/dmrt1 in Japanese
ice fish/medaka ( Oryzias latipes ) [ 19 , 20 ], amhy/amhby in P ata go-
ian pejerrey ( Odontesthes hatcheri ) [ 21 ], Nile tilapia ( Oreochromis
iloticus ) [ 22 ], three-spined stickleback [ 23 , 24 ] and northern pike
 Esox lucius ) [ 25 ], hsd17b1 in y ello wtail spp. [ 26 ], and bcar1 in chan-
el catfish ( Ictalurus punctatus ) [ 27 ]. 

The e v en r epr esentation of males and females within cobia
opulations suggests that there is a genetic system (i.e., a mas-
er gene) driving sex determination, and the species is considered
onoc horistic [ 1 ]. Rar e occurr ences of intersex individuals hav e
een reported in India [ 28 ] and Australia [ 3 ], with the latter sup-
osedly attributed to the presence of endocrine-disrupting com-
ounds in the water. Unfortunately, limited knowledge is avail-
ble on the molecular mechanisms of sex determination and dif-
erentiation in this species. To date, there have been no reported
ex c hr omosomes, sex-determining r egions, or sex determination
enes in cobia. Furthermor e, cytologicall y ther e ar e no distin-
uishable sex c hr omosomes observ ed between genders, as male
nd female cobia show the same diploid number (2n = 48) and
he same karyotype morphology [ 2 , 29 ]. Hence, the lack of reli-
ble genotypic and phenotypic a ppr oac hes for distinguishing the
ex of cobia presents a significant hurdle for practitioners seeking
o optimize br oodstoc k mana gement, conduct molecular selec-
iv e br eeding, and adv ance the conserv ation of the species. Conse-
uently, it is crucial to explore the genetic underprinnings of sex
etermination and de v elop molecular markers that permit non-

nv asiv e and early sexing of cobia individuals. 
Cobia is the extant monotypic member of family Rachycen-

ridae , order Carangiformes , which consists of 6 families . T hree
f these families (i.e ., Rachycentridae , Coryphaenidae , and Ech-
neidae) are within the super family Echeneoidea that comprise
 monophyletic grouping [ 30 , 31 ]. R. canadum was assumed to be
losel y r elated (sister gr oups) to the r emor as ( Ec heneis naucrates ),
ithin the family Echeneidae, based on the morphology (form,

olor, and fin shape) of juveniles [ 31 ]. Ho w ever, osteological ex-
minations r e v ealed a gr eater likelihood of sister gr oups between
. canadum and Coryphaena based on the larval morphology [ 31 ].
n addition, a phylogenetic analysis of 138 putativ el y informativ e
 har acters of 11 species (including R. canadum ) resulted in a single
ost parsimonious tree and sho w ed that Rachycentridae is the

ister-group to Echeneidae [ 32 ]. Phylogenetics of Carangoides based
n the complete mitochondrial DN A, ho w ever, supported that
he relationship between R. canadum and mahi-mahi ( Coryphaena
ippurus ), within family Coryphaenidae, was the closest [ 33 ]. Al-
hough these studies have shed light on R. canadum phylogeny
n relation to other clades, whether it is more closely related to
oryphaenidae or Echeneidae still remains contro versial. T here-

ore, further studies are required to elucidate the phylogenetic re-
ationships of R. canadum within the order Carangiformes and un-
erstand its evolutionary history. 

Genomic resources for cobia are currently extremely limited,
indering a better understanding of the genetic basis of sex de-
ermination and differentiation, as well as the molecular mech-
nisms of remarkable sexual dimorphisms in this unique fish
pecies . T her efor e, the goals of this study were to (i) assemble
he first male and female c hr omosome-le v el r efer ence genome for
obia; (ii) identify candidate sex-linked genomic regions and pu-
ative sex-determining genes, as well as de v elop affordable and
 a pid male-specific DNA markers to determine the genetic sex of
obia; and (iii) elucidate the phylogenetic relationship between co-
ia and other teleosts via genome synteny. 

esults 

ssembly and annotation of c hromosome-lev el 
ale and female cobia genomes 

e sequenced 1 male and 1 female cobia using single-tube long
r a gment r ead (stLFR) and Hi-C tec hnologies, eac h sex with ov er
85-fold genome cov er a ge ( Supplementary Tables S1, S2 ). De novo
enome assembly was performed on 87.07 Gb and 78.12 Gb of
lean stLFR reads separately generated for male and female, re-
pectiv el y ( Supplementary Table S1 ). A 586.23 Mb of the male
enome was assembled with a contig/scaffold N50 of 86.0 kb/10.3
b ( Supplementary Table S3 ), which is close to the 585.72 Mb esti-
ate from k -mer analysis ( Supplementary Fig. S1A ). The genome

ssembly size for the female was 583.56 Mb (accounting for 99.2%
f the k -mer estimated 588.46 Mb) with a contig/scaffold N50 of
9.9 kb/6.3 Mb ( Supplementary Table S3 and Supplementary Fig.
1B ). Detailed information on the estimation of the genome size
ased on k -mer analysis is shown in Supplementary File Note 1 .
o further impr ov e the genome assembl y and anc hor the scaffold
equences to c hr omosomes, we gener ated 81.5 Gb and 103.1 Gb
i-C data for the male and female, r espectiv el y ( Supplementary
able S2 ). By incor por ating the Hi-C data, 586.51 Mb of the male
enome was assembled with a scaffold N50 of 24.3 Mb, whereas
he female genome assembly size was 583.88 Mb with scaffold
50 of 22.5 Mb ( Supplementary Table S3 ). A total of 563.06 Mb

96.00% of the assembly) of the male and 537.27 Mb (92.02%
f the assembly) of the female genome sequence were ordered
nd oriented into 24 pseudo-c hr omosomes, r espectiv el y (Fig. 1A ,
upplementary Fig. S2 and Table S4 ). 

This outcome was consistent with the pr e vious r eport on co-
ia karyotype (2n = 48) [ 29 ]. All 24 c hr omosomes of the male
nd female genomes sho w ed a clear one-to-one syntenic rela-
ionship (Fig. 1 A and Supplementary Table S4 ). The quality of
he 2 genome assemblies was assessed in 2 aspects: (i) complete
nd single-copy B USCO scor es of 94.2% (male) and 93.8% (female)
 Supplementary Table S5 ) and (B) an av er a ge of 96.45% and 97.88%
N A sequencing (RN A-seq) r eads fr om gonadal tissues of cobia
 8 ] could be mapped to the male and female genome assemblies,
 espectiv el y. These r esults indicate that the assembled genomes
ere high quality. 
A total of 21,604 and 21,688 protein-coding genes were sep-

r atel y annotated in the male and female genome assembly
 Supplementary Table S3 ), and over 99% of them were annotated
y a functional database ( Supplementary Table S6 ). The BUSCO
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Figure 1: Ov ervie w of male and female cobia genome featur es. (A) Landsca pe of the 24 assembled cobia c hr omosomes . In the male genome , 
c hr omosome numbering is organized in descending order according to c hr omosome assembl y size, wher eas the female genome’s c hr omosome 
numbering follows a one-to-one syntenic relationship with the male genome. From the outer to the inner: (A) GC_content, (B) transposable element 
content density, (C) gene density, (D) c hr omosomes, and (E) syntenic relationship of female (left of the circle) and male (right of the circle) 
c hr omosomes. (B) Phylogenetic tree of 10 vertebrate genomes constructed using 572 single-copy orthologous genes . T he numbers (blue) on the 
br anc hes r epr esent the estimated div er gence time in million years a go (Mya). Time span in br ac kets wer e the 95% confidence interv al of div er gence 
time, and red circles indicate the calibration time from fossil. All nodes had support values of 100%. 
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e v aluation of the protein sequences identified 93.1% and 92.6% 

of complete single-copy genes for the male and female genome 
assembl y, r espectiv el y ( Supplementary Table S5 ). Appr oximatel y 
11.08% of the male genome and 11.55% of the female genome 
were annotated as re petiti ve elements ( Supplementary Tables S7, 
S8 ). We also identified 1,304 and 1,289 noncoding RNAs, with a 
total length of 116.9 kb and 117.0 kb in the male and female 
genomes, r espectiv el y ( Supplementary Table S9 ). 

Phylogenetic construction and evolution analysis 

reveals R. canadum and E. naucrates as sister 
groups 

To investigate the evolutionary relationship of cobia ( R. canadum ) 
and related teleosts, a phylogenetic tree was constructed using 
572 single-copy orthologous genes of cobia and 9 other fish species 
( Supplementary Figs. S3, S4 ). Of these, 3 were Carangiformes, in- 
cluding 2 Carangidaes of Trachinotus ovatus (pompano) and Seri- 
ola lalandi (y ello wtail amberjack), as w ell as one Echeneidae of E.
naucrates (r emor a or liv e sharksuc ker). The r emaining 6 wer e Cal- 
lorhinchus milii (elephant shark), Larimichthys crocea (large y ello w 

croker), Danio rerio (zebrafish), O. latipes (medaka), Gadus morhua 
(Atlantic cod), and Epinephelus lanceolatus (giant grouper). The phy- 
logenetic relationship sho w ed that R. canadum clustered within 

the order Carangiforme, together with E. naucrates , S. lalandi , and 

T. ov atus , whic h was consistent with r esults r eported pr e viousl y 
[ 31 ] and confirmed that R. canadum and E. naucrates were sister 
groups ( Supplementary Fig. S5 ). From the estimates of divergence 
time, the ancestor of R. canadum separated from the ancestor of 
E. naucrates a ppr oximatel y 51.4 million years ago (Mya). The an- 
cestor of R. canadum and E. naucrates separ ated fr om the ances- 
tor of S. lalandi and T. ovatus approximately 84.0 Mya (Fig. 1 B).
In addition, the 24 pseudo-c hr omosomes of cobia had a clear 
one-to-one relationship to E. naucrates ( Supplementary Fig. S6A ),
while 7 c hr omosomes (6, 7, 10, 13, 14, 15, and 17) of R. canadum 
er e observ ed to hav e a hit to 2 or 3 c hr omosomes of T. ov atus
 Supplementary Fig. S6B ) . Unfortunately, the chromosomal-level 
enome of S. lalandi was not available , so no syntenic relationship
as explored between R. canadum and S. lalandi. 

har acteriza tion of sex-specific regions in cobia 

o locate the sex-specific genomic region(s) of cobia, a total of
,681 Gb of filtered whole-genome resequencing (WGRS) data 
er e gener ated fr om 91 individuals (31 males and 60 females),
ith an av er a ge of ∼49-fold depth per sample ( Supplementary
able S10 ). Using the male genome as r efer ence , an a v er a ge ma p-
ing rate of 99.0% per sample was obtained ( Supplementary
able S10 ). In total, 551,838 filtered single-nucleotide polymor- 
hisms (SNPs) were detected. The genome-wide association anal- 
sis (GWAS) using the male genome as r efer ence r e v ealed a sin-
le peak ( −log P values of up to 244.37) with 162 SNPs signif-
cantly associated with sex, spanning over a region of ∼4.04

b (559.54 kb to 4.59 Mb) on male c hr omosome 18 (MChr18)
Fig. 2 A, B and Supplementary Table S11 ). Most important, the
62 str ongl y sex-associated SNPs sho w ed the same pattern where
ll 31 males were heterozygous, but homozygous for all 60 fe-
ales ( Supplementary Table S11 ). These results hinted at a pu-

ative male heterogametic or potential XX/XY model of sex deter- 
ination, with a fully sex-linked region on MChr18. In addition,

he principal component analysis (Fig. 2 C) and a neighbor-joining
ree (Fig. 2 D) calculated using the SNPs from MChr18 sho w ed
hat male and female individuals clustered into 2 distinct groups.
or eov er, the r elativ e component of genetic differ entiation (esti-
ated as Fst ) between males and females further confirmed the

egion detected by GWAS (Fig. 2 E). Hence, both the GWAS and
st scan, which takes genetic structure into consideration, con- 
istently identified a peak genomic region on MChr18, showing 
he highest probability as a sex-associated region in cobia. While
WAS indicated potential association signals in 3 other genomic 

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae034#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae034#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae034#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae034#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae034#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae034#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae034#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae034#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae034#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae034#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae034#supplementary-data


4 | GigaScience , 2024, Vol. 13 

Figure 2: Genome-wide distribution of SNPs from 31 males and 60 females. (A) Manhattan plot showing –log 10 P value of each SNP from the GWAS 
investigating sex-associated regions on the cobia genome . T he horizontal line indicates the genome-wide significance threshold −log 10 ( P ) = 7.7. (B) The 
SNP distribution on Chr18. The 162 SNPs significantly associated with sex spanning over a region of ∼4.04 Mb (559.54 kb to 4.59 Mb). (C) Principal 
component analysis of 91 individuals using SNPs. (D) Phylogenetic tree showing relationships of females (blue) and males (orange). (E) Genome-wide 
scan of fixation index ( Fst ) matching the results from the GWAS. 

a  

a  

d  

g  

s  

b  

M  

f  

i  

o  

w  

p  

t  

g
 

m  

s  

d  

f  

a  

t  

i  

q  

d  

a  

t  

T  

t  

a  

g  

M  

t  

(  

i  

o  

o  

n  

2  

D
ow

nloaded from
 https://academ

ic.oup.com
/gigascience/article/doi/10.1093/gigascience/giae034/7712664 by D

AF: D
ept of Agriculture and Fisheries user on 01 August 2024
reas (MChr4, MChr5, and MChr17) (Fig. 2 A), a more detailed ex-
mination r e v ealed that the SNP genotypes within these regions
id not consistently exhibit heterozygosity in males and homozy-
osity in females ( Supplementary Table S12 ). Furthermore, the re-
equencing data sho w ed comparable coverage of these regions in
oth males and females. Additionally, 3 genes were identified on
Chr4: mdn1 (midasin AAA ATPase 1), trm6 (tRNA methyltrans-

erase 6 noncatalytic subunit), and fermt1 (FERM domain contain-
ng kindlin 1), while no genes were detected on Chr5. On Chr17,
stm1 (osteoclastogenesis associated tr ansmembr ane pr otein 1)
 as identified. Ho w e v er, these genes hav e not pr e viousl y been r e-
orted to have a functional role in sexual development and func-
ion. Consequently, we conclude that it is improbable these re-
ions play an important role in sex determination. 

The genome-wide difference of sequencing depth between
ales and females was also analyzed to identify the sex-

pecific region(s) in cobia. By investigating the mean depth (sites
epth/av er a ge depth), the sex-linked region identified above was
urther narro w ed do wn on MChr18. Unfortunately, an unaccept-
ble number of gaps with variable length wer e observ ed within
he region and the flanking regions. To improve the contigu-
ty of this sex-associated region, we performed PacBio HiFi se-
uencing of the DNA from a male cobia individual, which ren-
ered 1,170,581 highly accurate PacBio long reads with an aver-
ge length of 16.1 kb (longest read: 40.4 kb; N50 = 15.9 kb) to-
aling 18.86 Gb, r epr esenting 32 × cov er a ge of the male genome.
his set of PacBio reads was assembled first and then aligned to
he MChr18. A large scaffold of 15.99 Mb from the PacBio genome
ssembly that contained the above identified sex-associated re-
ion was further reassembled with MChr18. The result was a new
Ch18 with a total length of 21.98 Mb, and 843 genes (68 more

han in the original MCh18) were detected from its reannotation
 Supplementary Table S13 ). Most important, all the gaps present-
ng within the sex-linked region and its flanking regions in the
riginal MChr18 wer e full y filled. GWAS anal ysis was carried out
n the ne wl y assembled MChr18, whic h detected 232 SNPs sig-
ificantly associated with sex in a single peak. Consistently, all
32 SNPs sho w ed that all 31 males w er e heter ozygous, but all

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae034#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae034#supplementary-data
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60 females were homozygous ( Supplementary Table S14 ). Inter- 
estingly, further sequencing depth analysis revealed that 3 short 
male-specific regions of Y1 (400 bp; 3,187,350 to 3,187,750 bp), Y2 
(1,100 bp; 3,195,150 to 3,196,250 bp), and Y3 (1,000 bp; 3,197,050 to 
3,198,050 bp) within a continuous region of 10.7 kb were discov- 
ered within the sex region, which sho w ed no WGRS reads mapped 

from 60 females (corresponding depth of zero for females) but 
with a mean depth of 0.5 (haploid copy specific to males) in 31 
males (Fig. 3 A, B), suggesting that the Y1, Y2, and Y3 are puta- 
tiv e male-determining r egions that could contain the candidate 
master sex-determining genes. In addition, the θπ value analysis 
sho w ed that the div er gence mainl y came fr om the male gr oup 

(Fig. 3 C). 

The cephx1y and ctcf24y: the putati v e dri v ers of 
cobia sex determination 

We further scanned the 10.7-kb sex-associated region on MChr18.
A short insertion (540 bp within the sixth intron region) in a func- 
tionally annotated gene of e po xide hydrolase 1_ ephx1 (3,184,084 
to 3,188,235 bp) was identified in the male-specific region Y1.
Ther e wer e no genes detected in regions Y2 and Y3 (Fig. 3 A).
Ho w e v er, another gene, transcription factor 24_ tcf24 (3,190,353 to 
3,193,193 bp), was detected between Y1 and Y2 (Fig. 3 A). These 2 
genes, especially the ephx1 , were considered of high interest for 
male function in cobia. In addition, both genes were also found 

in the homologous female c hr omosome of FChr18 (19.29 Mb).
Alignment of ephx1 and tcf24 genomic sequences in MChr18 and 

FChr18 r e v ealed a high nucleotide identity of 96.6% and 95.9%, re- 
spectiv el y. Indel (insertion–deletion) v ariants with v ariable length 

and SNPs also existed in both gene (coding regions and introns) 
comparison groups ( Supplementary File : Genomic DNA sequence 
alignment of ephx1 and tcf24 ). The 2 genes on MChr18 were termed 

cobia ephx1y ( cephx1y ) and cobia tcf24y ( ctcf24y ), as well as cephx1x 
and ctcf24x for Fchr18. As nucleotide sequence div er gence impacts 
protein sequence, gene structure predictions were performed for 
both genes . T he results sho w ed that cephx1x spans about 3.78 kb 
and consists of 7 introns and 8 exons (Fig. 4 A1) encoding 455 
amino acids (Fig. 4 B1). Ho w e v er, onl y 6 intr ons and 7 exons wer e
detected for cephx1y with a total length of 4.15 kb, which sho w ed 

1 exon (VII) absent (Fig. 4 A 1 ) encoding 416 amino acid residues 
(Fig. 4 B1). 

The nucleotide identity between exon sequences of cephx1x and 

cephx1y ranged from 95.1% to 98.3% with an av er a ge of 97.3% 

(Fig. 4 A1). A closer look at cephx1x and cephx1y r e v ealed that 
the largest sequence differences were 2 indels of 165 bp of X- 
specific insertion and 540 bp of Y-specific insertion in the non- 
coding regions (Fig. 4 A1), while the remaining were randomly dis- 
tributed SNPs and short indels ( Supplementary File ). It is note- 
worthy that the Y1 region was in fact the male-specific fr a gment 
specifically inserted in the sixth intron of the cephx1y (Fig. 4 A1 
and Supplementary File ). In terms of tcf24 , the ctcf24y contained 

the same number of exons (4) and introns (3) as ctcf24x (Fig. 4 A2),
ctcf24y spans 2,840 bp and encodes 202 amino acids, and ctcf24x 
has 3,024 bp with a tr anslated pr otein pr oduct of 204 amino acids 
(Fig. 4 B2). The observed sequence identity in exons was 96.9% to 
98.8%. There was also a large 220-bp X-specific insertion in the 
third intron of ctcf24x, and several small indels and SNPs were 
also detected between them (Fig. 4B 1 and Supplementary File ).
Mor eov er, we built a structural model for both genes . T he Ephx1 
is a protein coding gene, with the Cephx1y protein folds essen- 
tially identical to Cephx1x (C α root mean square deviation of 
1.108 Å), while the Cephx1x had an extra 41–amino acid helix- 
urn-helix domain (missing in Cephx1y), which plays an impor- 
ant role in the stability of the protein (Fig. 4 C1). In addition, the
mino acid alignment of the 2 ephx1 genes of cobia and other fish
ike E. naucrates , E. lanceolatus , and Seriola dumerili r e v ealed that the
oss of the helix-turn-helix domain existed only in the Cephx1y
 Supplementary File ) . Both cobia tcf24 counterparts lack a fixed
r ordered 3-dimensional structure, and a total of 9 amino acid
ifferences at 6 sites were detected between Ctcf24x and Ctcf24y

Fig. 4 C2) . 
A further investigation of the expression pattern of ephx1 and

cf24 by examining the cobia gonadal transcriptome [ 8 ] sho w ed
hat both cephx1y and ctcf24y were significantly differentially ex- 
ressed between males and females (Fig. 4 D). The ctcf24y was
or e highl y expr essed in testis (Fr a gments Per Kilobase per Mil-

ion ma pped fr a gments [FPKM]: 7.27) than ov aries (FPKM: 0.28),
ith the log 2 (fold change [FC]) of ovary/testis of −4.8. In addi-

ion, the expression of cephx1y was observed in all 5 testis sam-
les (1.5 ≤ FPKMs ≤ 6.3) but only in 1 of 5 ovary samples (0

FPKMs ≤ 0.02), with the log 2 FC = −9.5, indicating this gene
as nearly exclusively expressed in male cobia (Fig. 4 D). The

ephx1x and ctcf24x sho w ed no significant differential expression
etween testes and o varies . In addition, protein–protein interac-
ion (PPI) network analysis showed that the cephx1y interacts di-
 ectl y and significantl y with 3 cyp1 genes: cyp1a1 , cyp1b1 , and
yp1d1 (Fig. 4 E). Testis-specific expression was observed for cyp1a1 ,
hile cyp1b1 was ov er expr essed in the ovary, and cyp1d1 was ab-

ent [ 8 ]. The ephx1 gene together with cyp1a1 and cyp1b1 are in-
olved in the metabolism of xenobiotics through the cytochrome 
450 pathway ( Supplementary Fig. S7 ). In addition, the cephx1y
lso inter acts indir ectl y with hsd17b1 and 3 other CYP compo-
ents: c yp19a1a (gonadal aromatase), c yp19a1b (br ain ar omatase),
nd cyp3a65 (predicted to enable steroid hydro xylase acti vity in
ebrafish). 

ex-specific DNA markers of development and 

opulation specificity validation 

o de v elop sex-specific markers, 2 forw ar d (F) and 2 r e v erse (R)
rimers were designed to target the male-specific fragment in- 
ertion region within the sixth intron of cephx1y . The first set of
rimers, cephx1_ 1 (F1–R1), was designed to amplify a 404-bp re-
ion where there was an absolute deletion of the fr a gment for
ephx1x in the region of FChr18; ther efor e, the PCR would onl y
mplify the “Y” sequence . T he second set of primers, cephx1_ 2
F2–R2), had the forw ar d primer located in the male-specific re-
ion of cephx1y , while the r e v erse primer (R2) was situated in
 region common to both cephx1y and cephx1x , resulting in a
r edicted PCR pr oduct size of 359 bp. Following the PCR v alida-
ion of 8 male and 11 female cobia individuals from Panama,
oth pairs of primers successfully amplified a male-specific 
roduct in all the unambiguously phenotypically sexed males 

Fig. 4 F). 
Furthermor e, distinct patterns wer e observ ed for the 2 mark-

rs during the analysis of cr oss-population v alidation. Similarl y to
anama population, both cephx1 _1 and cephx1 _2 successfully am- 
lified a PCR product from all males and was absent from females
ithin the population of Brazil. Sanger sequencing of the PCR
roducts, using both sets primers, confirmed the accuracy of the
arget sequences in both Panama and Brazilian populations. How- 
 v er, cephx1_ 1 did not show any amplification in both males and
emales in Japan and Australia populations, while cephx1 _2 suc-
essfully amplified a shorter 180-bp product exclusively in males,
nd females sho w ed no amplification. In contrast, a longer 359-

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae034#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae034#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae034#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae034#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae034#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae034#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae034#supplementary-data
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Figure 3: (A) Alignments of the stLFR reads from male and female individuals to the sex-associated regions. (B) Average depth normalized per group. 
For both A and B, the letters of Y1, Y2, and Y3 stand for the distinct regions between males and females. (C) Genetic diversity of sex-determining 
region. Blue line indicates the female group, and y ello w line represents the male group. 
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p product was amplified from male DNA originating from the
r azilian and P anama populations (Fig. 4 F). Subsequent Sanger
equencing of PCR products confirmed the presence of the 180-bp
r a gment in Japan and Australia populations. In addition, the fail-
re of cephx1_1 to amplify in Japan and Australia populations is
ue to its r e v erse primer being situated within the 179-bp (359 bp
180 bp) missing region. 
f  
iscussion 

he absence of a c hr omosome-le v el r efer ence genome for cobia
osed a significant challenge for in-depth genomic analysis for the
pecies, such as the investigation on its phylogenetic relationship
ith other teleosts and sex determination mechanisms. In the
resent study, we successfully obtained 2 high-quality genomes
or both sexes of cobia using a combined strategy involving stLFR
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Figure 4: (A) Schematic representation gene structure of cephx1y and cephx1x , ctcf24y and ctcf24x in cobia. The red boxes indicate sex-specific 
insertions. (B) Amino acid sequence alignment of cephx1y and cephx1x , as well as ctcf24y and ctcf24x of cobia. (C) Structural model of cobia ephx1 
(c1_Blue color) and tcf24 (c2_Green color). The red color represents an extra helix-turn-helix domain in cephx1 ; the purple color indicates amino acid 
differences between the paralogs. C, C-terminus; N, N-terminus. (D) The expression profile of ephx1 and tcf24 in the testes and ovaries based on 
gonadal transcriptomic analysis. “∗” and “∗∗” indicate P < 0.01 and P < 0.001, r espectiv el y. (E) The inter action of cephx1y with CYP components (gr een 
and y ello w shaded) and other proteins based on the STRING PPI netw ork. Nodes r epr esent genes, and edges r epr esent corr elation between nodes. (F) 
Sex-specific markers in cobia. The PCR amplification in P anama, Br azil, Ja pan, and Austr alia populations. 
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nd Hi-C technologies . T he high B USCO scor e of 94.2% for the
ale and 93.8% for the female indicates the completeness of the
 genome assemblies. To our knowledge, this r epr esents the first
nnotated c hr omosome-le v el r efer ence genome of the species.
hese resources will provide researchers with opportunities to ex-
lore the molecular mechanisms controlling cobia’s sex determi-
ation system and other economically important traits through
enomic selection for faster growth, disease resistance, and high-
uality fillets . Moreo ver, it ma y also allow the de v elopment of
urther in-depth studies to better understand the biology of the
pecies, such as how this large pelagic migrant inhabits all tropi-
al and subtropical oceans of the globe and to inform more sus-
ainable fisheries management practices. 

The study of sex determination systems in teleosts can be
ec hnicall y c hallenging as most of them possess undifferentiated
ex c hr omosomes and hav e v arious complex and div erse mec h-
nisms for determining sex [ 34 , 35 ]. GWAS have gained popu-
arity in exploring sex determination mechanisms, enabling the
dentification of sex-linked markers, sex determination loci, and
andidate genes [ 36–39 ]. In this study, we conducted GWAS to
nvestigate the genetic basis of sex determination in cobia and
dentified a sex-associated region on MChr18, with 232 most sig-
ificantly sex-linked SNPs that presented as heterozygote geno-
ypes in all males and complete homozygosity in all females of
he ca ptiv e P anama cobia population. The high density of sex-
pecific SNPs was a feature of the putative sex determination
ocus, which has also been observed in sex determination stud-
es of other aquatic species [ 36 , 40 ]. Mor eov er, this male-specific
eterozygosity pattern suggested that the cobia may possess a
utativ e male heter ogametic sex determination system (XX/XY),
hich would be consistent with being a gonochoristic species [ 1 ].

n addition, the selection signatures of the fixation index Fst and
equencing depth analysis served to further strengthen the evi-
ence for the potential sex determination locus identified through
W AS. T aken together, the integration of GWAS, Fst scanning, and
equencing cov er a ge anal ysis identified a str ongl y sex-linked r e-
ion and provided the evidence that the MChr18 is the potential
ndifferentiated homologue containing sex-specific loci, which is

n a gr eement with the pr e vious karyotype anal ysis wher e no mor-
hologically distinct sex chromosomes for cobia were found [ 29 ].
he combination of these strategies has pr ov en to be an effective
 ppr oac h for inv estigating the putativ e sex determination mec ha-
ism in cobia, as well as in other species [ 36 , 41 , 42 ]. Furthermore,

t is noteworthy that the sex-associated region on MChr18, identi-
ed pr eliminaril y in the male genome assembl y by combining the
tLFR and Hi-C reads, contained several gaps with variable length
ithin the region and the flanking regions . T he highly repeated

ontent of this region complicated the assembly of the region. By
urther adding the PacBio HiFi reads, we obtained a small gap-free
ex-linked region of 10.7 kb. This highlights the po w er of using
ong sequencing reads to assemble highly re petiti ve and complex
enomic regions. 

The small sex-associated region characterized on MChr18 con-
ains 2 putative master sex-determining genes for cobia, ephx1 (a
hort male-specific fr a gment insertion within Y1) and tcf24 (be-
ween Y1 and Y2). Although ephx1 has not pr e viousl y been re-
orted as a master sex gene or linked to sex determination, it

s known to regulate endogenous steroid metabolism (i.e., andro-
ens and estrogens), suggesting a functional role in sexual de v el-
pment and function in mammals [ 43 ]. A pr e vious study in hu-
ans sho w ed that upon treatment with an ephx1 inhibitor, a de-

rease in estradiol formation was seen in ovaries [ 44 ]. In mice,
phx1 is upregulated in the embryo-containing oviduct and is
hought to play a role in preimplantation embryo development
 45 ]. Ho w e v er, its r epr oductiv e function in fish remains poorly
tudied [ 46–48 ]. Here, the cepxh1y was observed to be nearly ex-
lusiv el y expr essed in the testes of adult fish by examining a
 ecentl y published gonadal transcriptome of cobia [ 8 ]. In addi-
ion, a small male-specific insertion was detected in the sixth in-
r on of cephx1y , whic h was in fact the identified male-specific re-
ion of Y1. Mor eov er, the loss of exon VII (a 41–amino acid helix-
urn-helix domain) was only observed in the cephx1Y when com-
ared to that of cephx1x and the other fish species and mammals.
ll these findings suggest that cephx1y could be a potential sex-
etermining gene in cobia . In addition, the PPI network analysis
ho w ed that cephx1y exhibits direct or indirect interactions with
 Cyp genes and hsd17b1. The Cyp genes, specifically P450 aro-
atase ( c yp19a1a ), are kno wn to have a crucial function in the de-

elopment of gonads in various fish species [ 49 , 50 ]. The hsd17b1 ,
 gene involved in the steroidogenic pathway, has been recognized
s a master sex-determining gene in y ello wtail species [ 26 ], which
elong to the same order (Carangiformes) as cobia. 

The ephx1 gene encodes microsomal e po xide hydrolase
EPHX1), an enzyme known to be involved in the metabolism of
enobiotics and is thought to mediate functions including bioac-
ivation and detoxification of environmental deleterious com-
ounds [ 45 , 51 ]. The occurrence of cobia intersex individuals
as been reported in India [ 28 ] and Australia [ 3 ]. The observa-
ion of 17% intersex individuals is attributed to increased lev-
ls of endocrine-disrupting compounds (EDCs) from industrial
nd a gricultur al pollutants in local w aterw a ys . Inter estingl y, the
PHX1 enzyme has been reported to be involved in xenobiotic
etabolism and regulates endogenous steroid metabolism [ 43 ].

her efor e, it stands to reason that EDC exposure could have an
ffect on EPHX1 catalytic activity, disrupting its functional asso-
iations with the cytoc hr ome P450 famil y, whic h mediate sex de-
ermination and differentiation pathways and potentially cause
berrations in gonadal development of cobia, more so given that
ephx1y is the only male-specific gene detected in the species.
ish exhibit a wide variety of sex-determining genes (for r e vie w,
ee [ 17 ]), and mor e “ne wcomers” with no pr e viousl y known r ole
n sex determination have also been discov er ed in r ecent years,
uch as Paics in blue tilapia ( Oreochromis aureus ) [ 52 ] and bcar1 in
hannel catfish ( Ictalurus punctatus ) [ 27 ]. The present study has
dentified cephx1y as a novel potential sex determination gene
n cobia, offering new knowledge on the molecular mechanisms
nvolved in teleost sex determination. Further functional exper-
ments, such as genome editing, are necessary to confirm and
urther explore these findings, as well as to clarify the complete

ec hanism by whic h cephx1y might modulate ar omatase activity
r other steps of the steroidogenic pathway in cobia and poten-
ially other teleosts. 

The transcription factor tcf24 was first described in humans
n 2002, but its functions remain largely unknown [ 53 ]. The only
ublication related to this factor in fish r e v ealed that tcf24 is up-
egulated in the hindbrain of individually housed three-spined
tic klebac k ( Gasterosteus aculeatus ) as a molecular basis for so-
ial behavior [ 54 ]. The ctcf24y was significantl y upr egulated in the
estes by examining the data from the cobia gonadal transcrip-
ome [ 8 ], suggesting a potential role in testicular differentiation
f cobia. It is important to note that tcf24 has a paralog, tcf23 (also
alled OUT), which plays a role in mammalian r epr oduction. In
umans, tcf23 is a ne wl y identified decidual mediator of proges-
erone action [ 55 ]. In mice, it was expressed in adult r epr oductiv e
issues (e .g., uterus , o varies , and testes) [ 56 ], indicating its poten-
ial role in male and female r epr oductiv e biology. Studies in fish
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have also shown that tcf23 was highly upregulated in the ovaries 
of coho salmon ( Oncorhync hus kisutc h ) after treatment with 11-KT 

(11-ketotestoster one). In r ainbow tr out, tcf23 was detected exclu- 
siv el y in the gonads of both sexes [ 57 ]. To date, functional stud- 
ies of both tcf24 and tcf23 on r epr oductiv e biology ar e still v ery 
limited, particularly in teleost fishes . T hus , further detailed func- 
tional c har acterization of tcf24 is r equir ed to understand its po- 
tential role in sex determination and differentiation in cobia. 

Identifying reliable and universally applicable sex-linked mark- 
ers in fish poses challenges due to the considerable variability 
in sex determination genes and systems, e v en among closely re- 
lated species and within populations of the same species [ 58–
60 ]. The curr ent r esearc h successfull y de v eloped and v alidated 

2 male-specific PCR-based markers (ov erla pping amplicons) tar- 
geting cephx1 for the cobia population of Panama. These 2 mark- 
ers wer e v alidated and shown to be amplifiable only in males 
among individuals fr om Br azil. In the Japan and Australia pop- 
ulations, primers for cephx1_1 did not amplify, while primers for 
cephx1_2 amplified shorter 180-bp products in males compared to 
the 359 bp found in the Brazil and Panama populations, revealing 
a shorter cephx1y intron 6 in the Asian and Australian populations 
when compared with the 2 populations from the Americas. Nev- 
ertheless, the absence of cephx1y in cobia females in far-distant 
populations across the globe indicates a conserved role of cephx1y 
as a k e y putati ve sex-determining gene for the species . T he de- 
velopment of this simple sex-specific PCR tool has the potential 
to significantl y impr ov e artificial fertilization and pr ecise br eed- 
ing in the cobia aquaculture industry, ultimately leading to the 
de v elopment of monosex populations and increased productivity.
Additionally, it aids nonlethal sampling and impr ov es animal wel- 
fare in breeding programs. 

The placement of the cobia ( R. canadum ) within the Carangi- 
formes order and its status as the only member of the Rachycen- 
tridae famil y ar e w ell established. Ho w e v er, ther e hav e been di-
v er gent findings r egarding its phylogenetic r elationship to other 
species, particularly whether it is more closely related to the 
Coryphaenidae or Echeneidae [ 31–33 , 61 , 62 ]. In the current study,
compar ativ e genome analysis between R. canadum and 1 Echenei- 
dae ( E. naucrates ), as well as 2 Carangidaes ( T. ovatus and S. la- 
landi ), sho w ed that R. canadum and E. naucrates were sister groups,
and the ancestor of R. canadum separated from the ancestor of 
E. naucrates a ppr oximatel y 51.4 million years ago. This investiga- 
tion r epr esents the first of its kind and provides insights into the 
e volutionary r elationship of R. canadum thr ough compar ativ e ge- 
nomic and phylogenetic anal ysis. Unfortunatel y, genomes of the 
only 2 species within the Coryphaenidae family, the mahi-mahi 
or common dolphinfish ( C. hippurus ) and the pompano dolphin- 
fish ( Coryphaena equiselis ), are not yet a vailable . T herefore , a more 
complete study of the evolution of the Rachycentridae genome 
(cobia as a single r epr esentativ e) needs to be further investigated 

when dolphinfish genomes become a vailable . 

Conclusions 

We have successfully assembled and annotated high-quality 
c hr omosome-le v el r efer ence genomes for male and female co- 
bia, which will provide a valuable resource for future investiga- 
tions into the population structur e, e volutionary history, fisheries 
mana gement, and conserv ation of cobia and other Carangiformes 
species . Furthermore , the findings of this study suggest that cobia 
may harbor a putative male heterogametic (XX/XY) genetic sex 
determination system, with 2 genes, cephx1y and ctcf24y , as po- 
tential putative main drivers of cobia sex determination. Notably,
ephx1y could r epr esent a putativ e nov el sex-determining gene,
hich further supports the rapid evolution of sex-determining 
echanisms in teleost fish. Moreover, our development of a prac-

ical PCR-based method for identifying genetic sex in cobia can as-
ist in breeding monosex female populations in commercial farm- 
ng of the species. 

aterials and Methods 

xperiential fish and sample collection 

he majority of cobia individuals used in this study were obtained
rom Open Blue Sea Farms, the Republic of Panama. One male and
 female adult fish at 2 years old were sampled for the whole-
enome de novo sequencing and assembly. In addition, a total of
1 fin clips from adult fish (31 males and 60 females) were sam-
led for whole-genome resequencing. For the de v elopment and
alidation of sex-specific DNA markers , the o vary and testis tis-
ues were dissected from 5 male and 5 female fish, and 9 fin clips
from the 91 referenced above) were chosen from 3 male and 6
emale fish. Mor eov er, to v alidate the population specificity of the
ex-specific DNA markers, fin clips from adult fish were obtained
rom 3 additional cultured populations in Japan (3 males and 5
emales), Brazil (8 males and 5 females), and Australia (8 males
nd 10 females). Sex of fish individuals was determined through
annulation or gonadal observations. 

enome sequencing 

igh-quality and molecular weight genomic DNA was extracted 

rom fin clips of male and female cobia with a QIAamp DNA
urification kit (Qiagen) in accordance with the manufacturer’s 
r otocol. P air ed-end stLFR libr aries [ 63 ] and Hi-C libr aries wer e
onstructed using published protocols available via protocols.io 
 64 ] and sequenced on the BGISEQ-500 platform (BGI; RRID:SCR _
17979 ) [ 65 ], yielding 100-bp paired-end (PE) reads. Barcodes were
rst split from stLFR raw reads and subsequently filtered by Soap-
lter v2.2 (parameter: -y –p –M 2 –f -1 –Q 10) to generate high-
uality sequences . T he genome sizes of the male and female co-
ia were estimated based on k -mer analysis ( k = 17) using Jelly-
sh v2.2.6 [ 66 ] and Genome Scope v1.0 [ 67 ]. Genome size was es-
imated with the formula genome size (Mb) = k -mer number/ k -

er depth. For PacBio sequencing, high molecular weight ge- 
omic DNA from testis was extracted using a standard phe-
ol/c hlor oform method. The testis was selected because it en-
ur es certainty r egarding the sex and it yielded high-quality DNA.
he integrity of the extracted DN A w as assessed by 0.75% agarose
el electr ophor esis, and the concentr ation w as quantified b y a
ubit 4 Fluorometer (Thermo Fisher Scientific). Ten micr ogr ams
f DN A w as then used to construct the library for PacBio SMRT se-
uencing using the SMRTbell express template prep kit (PacBio).
he library was sequenced using the PacBio Sequel II System 

 RRID:SCR _ 017990 ) with HiFi sequencing modes. 

enome assembly 

he high-quality paired-end stLFRs, with read length of 100 bp,
ere used for initial genome assembly by employing the 10X Ge-
omics softwar e supernov a [ 67 ]. First, the format of high-quality
 eads was tr ansformed to 10X Genomics format, and then the
ale and female cobia genomes were separately assembled with 

upernova v2.1.1. To further improve the quality of the assem- 
l y, Ga pcloser (v1.12; RRID:SCR _ 015026 ) [ 68 ] was used with de-
ault parameters to fill ga ps. Furthermor e, Pur ge_ha plotigs ( RRID:
CR _ 017616 ) [ 69 ] was used to r educe r edundancy of the initial as-

https://scicrunch.org/resolver/RRID:SCR_017979
https://scicrunch.org/resolver/RRID:SCR_017990
https://scicrunch.org/resolver/RRID:SCR_015026
https://scicrunch.org/resolver/RRID:SCR_017616
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embly. The uniformity and completeness of the cobia male and
emale genome assemblies were evaluated by the read mapping
ate as well as BUSCO [ 70 ]. Finally, chromosome-level assemblies
ere constructed using Hi-C data. HiC-Pro v3.2 ( RRID:SCR _ 017643 )

 71 ] was utilized to perform quality control of raw reads. Valid
 eads (the r eads with contact information after processing of HiC-
r o pipeline, including r ead alignment, detection and filtering of
 alid inter action pr oducts, binning, and contact map normaliza-
ion) were used for assignment of contigs or scaffolds to chro-

osomes . J uicer v1.5 ( RRID:SCR _ 017226 ) [ 72 ] and 3D-DNA (3D de
ovo assembly) [ 73 ] was used to anchor the male and female
obia genome assembly onto pseudo-chromosomes. In order to
nhance the continuity of the sex-associated region, we further
onducted genome assembly of a male cobia using PacBio reads.
he obtained HiFi long r eads wer e fed to hifiasm (v0.14.1-r314;
RID:SCR _ 021069 ) with the default parameters, and the primary
ssembl y r esult p ctg.gfa file was conv erted into FASTA format
ith in-house scripts. 

enome annotation 

epeatModeler v1.0.8 ( RRID:SCR _ 015027 ) [ 74 ], LTR_FINDER v1.0.6
 RRID:SCR _ 015247 ) [ 75 ], and TRF tool v.4.09 ( RRID:SCR _ 022193 )
 76 ] were used for de novo prediction of repeat elements based
n the features of the repeat sequences. Homolog-based searches
gainst the RepBase database (v21.01) [ 77 ] using Re peatMask er
.3.3.0 ( RRID:SCR _ 012954 ) and RepeatProteinMask v.3.3.0 were
erformed. Protein-coding genes were identified using a combina-
ion of homology-based and de novo prediction. For the homology-
ased gene prediction, homologous protein sequences of 6 well-
nnotated fish species, including zebrafish, tongue sole, stickle-
ac k, tila pia, medaka, and Ja panese pufferfish, wer e downloaded
rom Ensembl (release 94), while large y ello w croaker w as from
CBI. First, homologous proteins were aligned with the cobia
enome using BLAT v319 ( RRID:SCR _ 011919 ) [ 78 ], and then Ge-
eWise v2.4.1 ( RRID:SCR _ 015054 ) [ 79 ] was employed to predict
enes. For the de novo prediction, the ab initio gene prediction
r ogr am of Augustus software v3.1 ( RRID:SCR _ 008417 ) [ 80 ] was
 hosen, adopting zebr afish genes as a tr aining dataset. Gene
ets were integrated into a comprehensive and nonredundant
ene set using GLEAN [ 81 ]. The completeness of the final gene
et was assessed by searching for 4,584 single-copy actinoptery-
ian genes in BUSCO. Noncoding RNAs (microRNA and riboso-
al RN A) w ere also identified by aligning the cobia genome se-

uences to Rfam [ 82 ] using Infernal v1.1.1 ( RRID:SCR _ 011809 ) [ 83 ],
nd transfer RNAs (tRNAs) were defined using tRNAscan-SE v1.3.1
oftware ( RRID:SCR _ 008637 ) with eukaryote default parameters.
unctional annotation of the predicted protein-coding genes was
onducted by aligning the pr edicted pr otein sequences to the
ublic database, including SwissPr ot, Inter pr o, TrEMBL, and KEGG
atabases, using BLASTp with a maximal e-value of 1e-05. 

hylogenetic tree construction and di v ergence 

ime estimation 

o confirm the evolutionary status of cobia, 9 other fish species,
ncluding C. milii , E. naucrates , S. lalandi , T. ovatus , E. lanceolatus , L.
rocea , D. rerio , O. latipes , and G. morhua , were selected to uncover
rthologous gene sets and conduct genome phylogenetic analy-
is . T he male cobia genome was chosen as the r epr esentativ e of
. canadum to define gene families. For the other 9 teleosts, pro-
ein sequences of C. milii , E. naucrates , S. lalandi , L. crocea , D. rerio , O.
atipes , and G. morhua w ere do wnloaded from Ensembl (release 99);
he E. lanceolatu from NCBI (GCF_005,281,545.1); and T. ovatus from
igshare [ 84 , 85 ]. All-to-all orthologous genes were aligned using
LASTP v2.2.26 with an e-value cutoff of 1e-7. Gene families were
luster ed by Tr eeFam [ 86 ] pipeline. F or ph ylogenetic tr ee anal y-
is, single-copy gene families from male cobia and 9 other fish
pecies were aligned using MUSCLE v3.8.31 ( RRID:SCR _ 011812 )
 87 ]. Phase 1 sites were extracted and merged to a supergene as
n input of MrBayes v3.1.2 ( RRID:SCR _ 012067 ) [ 88 ] with C. milii
s the outgroup. The divergence time for cobia and the other 3
ar angiformes ( T. ov atus , S. lalandi , and E. naucrates ) was estimated
y MCMCTree from the PAML v4.4 ( RRID:SCR _ 014932 ) [ 89 ] pack-
ge based on the HKY85 model. Correlated rates were used for
 molecular clock model. Three-calibration fossil evidence was
ound using the website TimeTree [ 90 ], including C. milii with other
eleost fish (453–497 Mya), O. latipes with perciformes species (104–
45 Mya), and E. naucrates with S. lalandi (70–86 Mya). 

hole-genome resequencing and identification 

f the sex-specific genomic region 

enomic DN A w as isolated from the fin clips of individual fish (31
ales and 60 females) and used to construct 100-bp PE libraries

nd sequenced with the Dipseq-T1 platform. Raw reads that con-
ained more than 10% Ns , contained adaptors , or had a half base
uality below 12 were discarded. Filtered reads (2,680 Gbp in to-
al) were then mapped to the male reference genome, which re-
ulted in an av er a ge ma pping r ate of 99.04% and 49.42 × depth.
he population SNPs were called with Accelerated Sentieon node
 91 ], and sites were filtered that matched the condition “QD < 2.0
| MQ < 40.0 || MQRankSum < -12.5 || ReadPosRankSum < -8.0
| FS > 60.0 || SOR > 3.0.” Finally, a merged vcf for 91 samples with
ltered SNPs (filtering with –max-missing 0.8 –maf 0.05 –minDP
 –min-meanDP 3) on c hr omosomes wer e gener ated and used
or later compar ativ e anal ysis. Filter ed SNPs wer e annotated by
npEff (v 4.3t; RRID:SCR _ 005191 ) [ 92 ] and then classified into re-
ions of exon, intron, splicing site, and upstream and downstream
nter genic r egions. 

Using the male genome as r efer ence, w e emplo y ed 2 different
trategies to identify the sex-specific region(s) in cobia. A GWAS
as first performed using EMMAX [ 93 ], a mixed linear model, to

est whether any of the SNPs identified wer e significantl y asso-
iated with sex. The first 10 PCs of PCA from plink (v1.90b6.12)
ere used as concomitant variables at the same time. Second, we

alculated depth of each site for all 91 samples using samtools-
epth module (v-1.9) [ 94 ]. T he a v er a ge depth distribution analysis
etween the male and female group (bin 50 bp, normalized per se-
uencing depth of each sample) was also emplo y ed b y exploiting
he difference in sex c hr omosome ploidy between males and fe-

ales . T he Fst (Wright’s fixation index) between male and female
roups and θπ (nucleotide diversity) of each group were calcu-
ated by vcftools (v0.1.13) [ 95 ]. A variant density a ppr oac h was per-
ormed b y sear c hing for differ ences in SNP density between males
nd females . T he PPI netw ork prediction [ 96 , 97 ] w as adopted for
he identified putative master sex-determining gene for cobia. 

evelopment of sex-specific markers and 

opulation specificity validation 

ex-specific primers were designed using Primer3
 RRID:SCR _ 003139 ) [ 98 ] in Geneious Prime 2021.2.2
Biomatters). Two sets of primers ( cephx1_1 ) (forw ar d:
 

′ -ATCC AAC ATTTC AAGATC AAC AGGTT-3 ′ ; r e v erse: 5 ′ -
GGGACA TCCTGA T A TCT AACCAA T A-3 ′ ) ( cephx1_2 ) (forw ar d:
 

′ -GCT AGTTT AGAAAA TGAC AGCTC AC A-3 ′ ; Re v erse: 5 ′ -
T AAAA TTCCAAGA TGTGAACAAGCC-3 ′ ) for cephx1 were de-

https://scicrunch.org/resolver/RRID:SCR_017643
https://scicrunch.org/resolver/RRID:SCR_017226
https://scicrunch.org/resolver/RRID:SCR_021069
https://scicrunch.org/resolver/RRID:SCR_015027
https://scicrunch.org/resolver/RRID:SCR_015247
https://scicrunch.org/resolver/RRID:SCR_022193
https://scicrunch.org/resolver/RRID:SCR_012954
https://scicrunch.org/resolver/RRID:SCR_011919
https://scicrunch.org/resolver/RRID:SCR_015054
https://scicrunch.org/resolver/RRID:SCR_008417
https://scicrunch.org/resolver/RRID:SCR_011809
https://scicrunch.org/resolver/RRID:SCR_008637
https://scicrunch.org/resolver/RRID:SCR_011812
https://scicrunch.org/resolver/RRID:SCR_012067
https://scicrunch.org/resolver/RRID:SCR_014932
https://scicrunch.org/resolver/RRID:SCR_005191
https://scicrunch.org/resolver/RRID:SCR_003139
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signed based on a 540-bp continuous fr a gment insertion in males 
wher e ther e is an absolute deletion for the gene in females.
PCR conditions were first tested on 2 individual samples (1 
male and 1 female) to verify PCR amplification and presence 
(in males)/absence (in females) pol ymor phism, then further 
scr eened on mor e sexed fish fr om P anama, Br azil, Ja pan, and 

Australia [ 99 ]. 

Additional Files 

Supplementary Fig. S1. The k -mer depth distribution curve (a: 
male, b: female). Horizontal axis: k -mer depth. Vertical axis: fre- 
quency of k -mer at specified depth. Blue area represents observed 

k -mer depth distribution. Area under red line r epr esents low- 
fr equency k -mers, whic h ar e identified as sequencing err ors. Re- 
liable k -mers are shown under the black line, which are used to 
estimate genome size. Vertical dashed lines show peak positions 
of k -mer depth distribution. Nonrepeat fraction is shown under 
y ello w line. 
Supplementary Fig. S2. Chr omosome-le v el assembl y of the male 
and female cobia genome using Hi-C data (a: male, b: female).
Heatmap of contact metrics generated from mapping of Hi-C 

reads to genome sequences . T he darker the red, the stronger the 
inter action. Inter action intensity of intr ac hr omosomes is str onger 
than that of interc hr omosomes. Boundaries of c hr omosomes ar e 
obvious. 
Supplementary Fig. S3. Gene family comparison of cobia and 

other fish, and single-copy orthologs were used to construct the 
phylogenetic tree. Statistics of orthologous families for R. canadum 

(cobia), T. ovatus (pompano), S. lalandi (y ello wtail amberjack), E.
naucrates (live sharksucker), C. milii (elephant shark), L. crocea (large 
y ello w croker), D. rerio (zebrafish), O. latipes (medaka), G. morhua 
(Atlantic cod), and E. lanceolatus (giant grouper). Single-copy or- 
thologs r epr esent single-copy genes in the family. Multiple-copy 
orthologs r epr esent genes with m ultiple copies in the famil y.
Other orthologs r epr esent the gene families not in all species.
Unique paralogs mean that genes belong to the families that ex- 
isted in only 1 species. Unclustered genes represent the genes that 
could not be clustered into gene families. 
Supplementary Fig. S4. Venn dia gr am showing shared ortholo- 
gous groups for R. canadum (cobia), S. lalandi , L. crocea , and E. lance- 
olatus . A total of 11,968 gene families were shared by the 4 species.
In addition, 255 gene families were specific in R. canadum . 
Supplementary F ig. S5. Ph ylogenetic tree. Single-copy families 
wer e c hosen to construct a phylogenetic tr ee. C. milii is the out- 
group. 
Supplementary Fig. S6. Genome comparisons shows 24 c hr omo- 
somes of R. canadum with a one-to-one relationship with 24 c hr o- 
mosomes of the other 3 Carangiformes, including 2 Carangidaes 
of T. ovatus and S. lalandi , as well as 1 Echeneidae of E. naucrates . (A) 
R. canadum and E. naucrates (live sharksucker). (B) R. canadum and T.
ovatus (pompano). Right half round: chromosomes of R. canadum .
Left half round: chromosomes of E. naucrates and T. ovatus . 
Supplementary Fig. S7. The metabolism xenobiotics by the cy- 
toc hr ome P450 pathway. 
Supplementary Table S1. Statistics of r aw r eads and clean reads 
gener ated fr om stLFR. 
Supplementary Table S2. Statistics of r aw r eads and clean reads 
gener ated fr om Hi-C. 
Supplementary Table S3. Summary of male and female cobia 
genome assembly and annotation. 
Supplementary Table S4. Scaffolding statistics based on Hi-C 

data for each chromosome of male and female cobia genome. 
upplementary Table S5. Quality assessment of female and male 
enome assembly completeness and gene sets with the BUSCO 

ool (using Actinopterygii gene set of BUSCO database). 
upplementary Table S6. Functional annotation of predicted 

rotein-coding genes of the male and female cobia genome. 
upplementary Table S7. Statistics of repeat elements in the male 
obia genome. 
upplementary Table S8. Statistics of repeat elements in the fe-
ale cobia genome. 

upplementary Table S9. Noncoding RNA prediction in the male 
nd female cobia genome. 
upplementary Table S10. Statistics of male and female cobia re-
equencing. See separate Excel sheet. 
upplementary Table S11. A total of 162 SNPs str ongl y associated
ith sex at the peak region on Chr18 detected by genome-wide
ssociation studies. See separate Excel sheet. 
upplementary Table S12. GWAS detected suggestive signals of 
ex association at Chr4, Chr5, and Chr17. 
upplementary Table S13. Genes annotated in reassembled male 
 hr omosome 18 (MChr18). See separate Excel sheet. 
upplementary Table S14. In total, 231 SNPs str ongl y associated
ith sex at the peak region on Chr18 detected by genome-wide
ssociation studies. See separate Excel sheet. 

bbreviations 

 USCO: Benc hmarking Univ ersal Single-Copy Orthologs; EDC: 
ndocrine-disrupting compound; Gb: gigabase; GWAS: genome- 
ide association study; Mya: million years ago; NCBI: Na- 

ional Center for Biotechnology Information; PE: paired-end; 
PI: pr otein–pr otein inter action; SNP: single-nucleotide pol ymor-
hism; stLFR: single-tube long fr a gment r ead; tRNA: tr ansfer RNA;
GRS: whole-genome resequencing. 
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