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Abstract 

Rainbow trout (RBT) has gained widespread attention as a biological model across various fields and has been rapidly adopted for 
aquaculture and recreational purposes on 6 continents. Despite significant efforts to develop genome sequences for RBT, the functional 
genomic basis of RBT’s environmental, phenotypic, and ev olutionar y v ariations still r equir es e pigenome r efer ence annotations. 
This study has produced a compr ehensi v e catalog and e pigenome annotation tr ac ks of RBT, detecting gene r egulator y elements, 
including chromatin histone modifications, chromatin accessibility, and DNA methylation. By integrating chromatin immunoprecip- 
itation sequencing, A T AC sequencing, Methyl Mini-seq, and RNA sequencing data, this new r egulator y element catalog has helped to 
c har acterize the epigenome dynamics and its correlation with gene expression. The study has also identified potential causal variants 
and transcription factors regulating complex domestication phenotypic traits. This research also provides valuable insights into the 
e pigenome’s r ole in gene ev olution and the mechanism of duplicate gene retention 100 million years after RBT whole-genome dupli- 
cation and during re-diploidization. The ne wly de veloped epigenome annotation maps are among the first in fish and are expected 

to enhance the accuracy and efficiency of genomic studies and applications, including genome-wide association studies, causati v e 
variation identification, and genomic selection in RBT and fish comparative genomics. 
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Introduction 

Rainbow trout (RBT) is among the most intensively studied fish in 

man y r esearc h ar eas [ 1 ]. RBT, nativ e to North America and Asia’s 
Pacific Ocean, has been introduced to every state and province in 

North America and worldwide to e v ery continent except Antarc- 
tica. In the United States, RBT is the most cultivated cool and cold 

fr eshwater fish [ 2 ]. Consider able biological knowledge has been 

de v eloped for this species due to the RBT’s widespread use as 
a model and cultivation as a food and sport fish. A plethora of 
knowledge is available for the biology of RBT, and it serves as a 
complementary r esearc h model for economicall y important fish 

other than RBT, such as Atlantic and Pacific salmon species [ 1 ]. 
The recent decade’s considerable accumulation of genomic re- 

sources underscores the escalating r equir ement to employ ge- 
nomic methodologies in RBT-focused r esearc h and a pplications in 

aquaculture and fisheries [ 3 ]. For example, RBT is an ideal model 
for delving into gene and genome evolution. Its status as a par- 
tiall y tetr a ploid or ganism, marked by a unique whole-genome 
duplication (WGD) e v ent (salmonid-specific fourth WGD), with 

subsequent partial re-diploidization and significant genome re- 
arr angements, is an a ppealing subject for genetic exploration. In 

addition, the potential of ele v ating aquacultur e species, suc h as 
RBT, through genomic methodologies is critical to making supe- 
rior germplasm with enhanced economic traits [ 3 ]. 

T he a v ailability of genome sequence r efer ences is essential for 
genomics-based selection. An accur atel y assembled and anno- 
tated genome sequence is the cornerstone, facilitating in silico 
Recei v ed: Mar c h 28, 2024. Revised: July 16, 2024. Accepted: October 24, 2024 
© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess GigaScience. This is an
Attribution License ( https://cr eati v ecommons.org/licenses/by/4.0/ ), which permits 
the original work is pr operl y cited. 
a pping and v alidation of single-nucleotide pol ymor phism (SNP)
ariants . T his , in turn, streamlines the design of SNP chip as-
a ys , optimizing the precision of genetic anal yses. Furthermor e,
he genome sequence facilitates functional genomics and pro- 
eomic a ppr oac hes in RBT r esearc h [ 3 ], unr av eling the intricacies
f an ov erl y complex and duplicated genomic landscape . T his ap-
r oac h driv es adv ancements in genetic understanding and lays
he foundation for robust genomic analyses and impr ov ement of
he RBT. 

Efforts to make a pangenome r efer ence av ailable for RBT hav e
egun, and at least 3 c hr omosome-le v el genome assemblies are
o w available [ 4 , 5 ]. Ho w ever, epigenome reference annotations

or RBT are lacking and needed to understand the functional ge-
omic basis of the r a pidl y domesticating RBT’s phenotypic , en vi-
 onmental, and e volutional v ariations. Annotating the genome for
 hr omatin histone modifications and accessibility is essential for
dentifying the genome regulatory elements . T he c hr omatin or-
anization of genomic regions involved in functional/regulatory 
nteractions is more accessible to nucleases and other DNA- 

odifying enzymes due to alter ed structur e and binding of tran-
cription factors [ 6 ]. 

Epigenetics is vital in understanding the cellular and molec- 
lar processes, including cell type–specific regulation of gene 
xpr ession, cellular differ entiation, genomic imprinting, embry- 
nic de v elopment, and c hr omosome inactiv ation. Regions of
pen c hr omatin identified by A T AC-seq, combined with expres-
ion analysis, allow for associating functional/regulatory ele- 
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unrestricted reuse, distribution, and reproduction in any medium, provided 

https://orcid.org/0000-0003-2142-6716
https://orcid.org/0000-0002-0578-0734
https://orcid.org/0000-0002-7058-5150
https://orcid.org/0009-0008-2484-9355
https://orcid.org/0000-0001-6920-8692
https://orcid.org/0000-0001-6023-9521
mailto:mosalem@umd.edu
https://creativecommons.org/licenses/by/4.0/


2 | GigaScience , 2024, Vol. 13 

m  

s  

t  

m  

m
 

h  

t  

c  

s  

m  

H  

m  

a  

l  

m  

e  

a  

r  

p  

s  

c  

v  

w  

fi
 

n  

c  

H  

v  

s  

c  

t  

m  

B  

n  

p
 

s  

g  

2  

fi  

h  

t  

f  

o  

F  

t  

s  

m  

i  

i  

t  

s  

R  

r  

e  

(  

b  

e  

t  

i  

p

R
O
A  

s  

u  

8  

1  

f  

a  

(
 

r  

g  

p  

f  

m

I
c
G  

g  

H  

(  

m  

n  

f  

t  

g
 

i  

g  

o  

H  

h  

A  

p  

g  

d
 

h  

o  

n  

H  

(  

H  

t  

fi  

a  

S  

t  

l  

a
 

g  

e  

t  

v  

(  

m  

T  

(  

e  
ents with transcribed genes [ 7–9 ]. Although the genomic DNA
equence is mainly identical in all cells, the chromatin con-
ext of the DNA changes from tissue to tissue. Some of the

ost significant differences are due to posttranslational histone
odifications. 
The ENCODE project has assayed more than a dozen different

istone modifications. H3K4 methylation was first discov er ed in
he RBT testis by Honda et al. [ 10 ]. A high abundance of H3K4me3
orrelates with promoters of active genes and transcription start
ites [ 11–14 ], while increased levels of H3K27me3, a re pressi ve
ark, are associated with promoters of inactive genes [ 15 , 16 ].
3K27ac is a c hr omatin mark of active regulatory elements and
ay differ entiate activ e enhancers and pr omoters fr om their in-

ctiv e counter parts [ 16 ]. H3K4me1 is a c hr omatin mark of r egu-
atory elements correlated with enhancers and other distal ele-

ents but is also enric hed downstr eam of TSS [ 16 ]. Ele v ated le v-
ls of H3K27ac and H3K4me1 are linked with enhancer regions
nd correlate with open chromatin sites [ 13 , 17 ]. The combinato-
ial profile of these different epigenetic marks has been used to
r edict c hr omatin states in se v er al species [ 18–23 ], including liv e-
tock. Using the profiles of histone marks in concert with open
 hr omatin and tr anscription pr ofiles allows an unprecedented
iew of the functional elements present in the RBT genome,
hich is the first in aquaculture species and among the first in
sh. 

DNA methylation is one of eukaryotes’ major epige-
etic/epigenomic mechanisms that modify the primary genetic
ode by converting cytosine into 5-methylcytosines (5mCs).
o w e v er, in fish, lar ge-scale gene expr ession studies that r e-
eal the role of DNA methylation have been done in a few
pecies [ 24–26 ]. Integrating the DNA methylation data with
 hr omatin modification and accessibility can help understand
he regulation of gene expression, tissue complexity, organis-

al de v elopment, and e volution at the systems biology le v el.
esides , it pro vides valuable molecular information for the ge-
etic impr ov ement of fish for food production and biomedical
urposes. 

The Functional Annotation of Animal Genomes (FAANG) con-
ortium provided a functional annotations atlas of farm animal
enomes , including pig, cattle , and c hic ken, for the first time [ 19 ,
7 , 28 ]. Curr entl y, ther e is a dearth of functional annotations for
sh, especiall y aquacultur e species. Mor eov er, epigenomic tr ac ks
av e onl y been compr ehensiv el y established for zebr afish [ 29 ]. In
he European Union, the A QU A-FAANG project aims to provide
unctional annotation tr ac ks of 6 aquacultur e species [ 30 ]. On the
ther hand, in the United States , o ver the past 10 years of the
AANG pr oject, aquacultur e has been r epr esented by 1 species,
he RBT. As part of this FAANG consortium, the main aim of this
tudy was to annotate the RBT genome for c hr omatin histone
odifications, c hr omatin accessibility, and DNA methylation by

ntegr ating data fr om c hr omatin imm unopr ecipitation sequenc-
ng (ChIP-seq), A T AC sequencing (A T AC-seq), and Methyl Mini-seq
ogether with gene expression data from RNA sequencing (RNA-
eq) across various tissues of the RBT. The study provides a unique
BT catalog/genome annotation tr ac ks of se v er al tissues in cor-
 elation with v ariation in gene expr ession. The study also r e v eals
pigenetic functions of pr e viousl y identified quantitativ e tr ait loci
QTL) for complex phenotypic traits important for domestication
y mapping QTL onto genome tr ac ks of the new gene regulatory
lements , including promoters , enhancers , super-enhancers , and
ranscription factor binding sites . T he study also offers insights
nto the epigenome’s role in gene evolution after the genome du-
lication in RBT. 
esults 

verview of the sequencing dataset 
ppr oximatel y 1.59 billion ChIP-seq reads, 1.06 billion A T AC-
eq, 0.53 billion RNA-seq, and 1.0 billion Methyl Mini-seq were
sed in these analyses, with av er a ge ma pping r ates of 97%, 94%,
1.3%, and 79%, r espectiv el y ( Additional File 1 ). A total of 421,240,
,057,603, 758,037, 1,392,453, and 1,628,755 peaks were obtained
or H3K4me3, H3K4me1, H3K27ac, H3K27me3, and A T AC, with an
v er a ge peak size of 749, 438, 604, 585, and 691 bp, r espectiv el y
 Additional File 1 ). 

Figure 1 A shows the signal intensity of each epigenetic mark
 elativ e to the transcription start site (TSS) of the protein-coding
enes . T he A T AC-seq signal peaked around the TSS. The major
eaks for H3K4me3 and H3K27ac were observed at about 500 nt in
ront of TSS, with minor peaks shortly after TSS. H3Kme1 sho w ed

oderate peaks about 1,000 nt upstream of TSS and right after. 

dentification and characterization of 10 

hroma tin sta tes in the r ainbo w trout genome 

enome-wide epigenomics ma ppings wer e gener ated by inte-
rating 4 histone modifications ChIP-seq data sets (H3K4me3,
3K4me1, H3K27ac, and H3K27me3), c hr omatin accessibility

A T AC-seq), and DNA methylation (Methyl Mini-seq). Data from 6
ajor tissues (br ain, liv er, spleen, white m uscle , intestine , and kid-

ey) were included in all analyses except for A T AC-seq, where data
rom the first 3 tissues were a vailable . T he e pigenomic mark er in-
egr ation pr edicted 10 categories of c hr omatin states in the RBT
enome (Fig. 1 B–F). 

The first predicted 2 states were (i) active TSS (TssA), indicat-
ng active promoters, and (ii) flanking active TSS (TssAFlnk), to-
ether covering 1.42% of the genome. Strong epigenomic signals
f H3K4me3, H3K27ac, and intermediate H3K4me1 signal, with no
3K27me3, c har acterized these 2 active chromatin states. TssA
ad higher A T AC-seq signals compared to the TssAFlnk state.
s expected, these active promoter states were enriched around
rotein-coding gene TSS and TSS flanking regions (2 kb), Zink fin-
er transaction factors, and highly transcribed (TPM > 2 ) genes but
epleted in the r epr essed genes (TPM < 0.2) (Fig. 1 B–F). 

Chromatin states 3 to 6 are composed of 4 types of en-
ancers: (i) genic enhancers (EnhG) c har acterized by v ery str ong
pen c hr omatin signal and moder ate H3K27ac and H3K4me1 sig-
als; (ii) strong active enhancers (Str.Enh) characterized by strong
3K27ac, and H3K4me1 signals but moderate open chromatin;

3) intermediate active enhancers (MidEnh) with moder ate/str ong
3K4me1 signal, and (4) poised enhancers (EnhPois). It is impor-

ant to note that the EnhPois sho w ed minimal c hr omatin modi-
cation and openness signals, yet ChromHMM identified them as
 c hr omatin state . T he first three active enhancer states (EnhG,
tr.Enh, and MidEnh) cover 3.86%, while the EnhPois spans 7.2% of
he genome . T hese enhancers wer e enric hed in QTL (discussed be-
ow), highl y expr essed genes, the 3’UTR/TES (especiall y EnhPois),
nd gene bodies but depleted in the r epr essed genes (Fig. 1 B–F). 

The se v enth c hr omatin emission state , co vering 7.25% of the
enome, was c har acterized by r elativ el y str ong A T AC-seq signals,
nrichment in CpG island regions, and moderate enrichment in
he suppressed genes . T he eighth c hr omatin state, named bi-
alent enhancers (BivEnh), is characterized by open chromatin
A T AC-seq), str ong r epr essor H3K27me3 signal, and weak pr o-

oter/enhancer signals from H3K4me3, H3K27ac, and H3K4me1.
he ninth c hr omatin state r epr esented the r epr essed/pol ycomb

ReprPC) regions spanning 2.57% of the genome and moder atel y
nriched in 3‘UTR/TES (Fig. 1 B–F). Both Bi vEnh and Re prPC were

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae092#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae092#supplementary-data
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Figur e 1: Disco v ery and c har acterization of c hr omatin marks and states in the r ainbow tr out genome. (A) Epigenetic mark’s signal intensity fr om 

A T AC-seq, H3K4ME3, H3K27as, H3Kme1, and H3K27me3 ChIP-seq r elativ e to the protein-coding genes’ TSS. (B, C) Names and abbreviations of 10 
c hr omatin states identified in the rainbow trout genome. (D) Epigenetic mark probabilities associated with each chromatin state indicated in numbers 
(0–1) and color intensity. (E) P er centage of genomic coverage of each chromatin state. (F) Enrichment of each chromatin state associated with various 
genomic annotations, including genes, TSS and flanking regions( ±2 kb around TSS and TES), expressed genes (TPM ≥2), and repressed genes 
(TPM < 0.2), CpG islands, and QTL for fish/m uscle gr owth, fillet quality, and bacterial cold water disease (BCWD). (G) UCSC genome br owser tr ac ks 
showing the landscape of the chromatin states at the MLC1 gene in 6 tissues. Only in muscle is MLC1 flanked by strong enhancers (red), weak 
enhancers (dark green), and active TSS states (purple). In the other tissues, MLC1 had quiescent (light green) or poised enhancers (blue). (H) Av er a ge 
methylation le v els r elativ e to the position of eac h activ e c hr omatin state (1–5). 

Ta ble 1: Count, per centage, and mean/median length (bp) of each 

c hr omatin state 

State Count Percentage 
Mean/median 

state length (bp) 

1-TSSA 496,173 4 .33 1,382/1,200 
2-TSSAFlnk 604,309 5 .27 1,081/1,000 
3-EnhG 1,167,656 10 .19 1,008/600 
4-Str.Enh 651,095 5 .68 1,550/1,000 
5-MidEhh 1,439,241 12 .56 993/600 
6-EnhPois 1,520,923 13 .27 6,295/3,800 
7-A T AC-CpG 2,962,192 25 .85 1,078/400 
8-BivEnh 254,795 2 .22 574/400 
9-ReprPC 618,191 5 .39 4,762/2,000 
10-Quies 1,746,493 15 .24 179,332/88,600 
Total 11,461,068 100 .00 
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enriched in CpG islands and genes with no or minimal expression.
The 10th c hr omatin status was quiescent (Quies), with poor c hr o- 
matin modification signals covering most of the genome (77.67%) 
(Fig. 1 B–F). 

The c hr omatin states wer e used to gener ate genome anno- 
tation tr ac ks av ailable thr ough the UCSC genome br owser (see 
data availability). Table 1 summarizes the annotation tr ac ks c har- 
acterization with 515,159 c hr omatin stats; the activ e c hr omatin 

states (1–5) r epr esent 24.8% of the state counts, and the nonac- 
tive states (6–10) represent 75.2%. There were 47,433 active pro- 
moters, 80,404 active enhancers (EnhG, Str.Enh, and MidEnh), and 

50,353 r epr essed enhancers (EnhPois and BivEnh). Table 1 also 
shows eac h c hr omatin state’s mean and median length, with the 
nhancers’ medians ranging between 400 and 1,000 bp and a re-
r essed pol ycomb median of 2,000 bp. 

Figure 1 G shows an example of the UCSC genome browser
r ac ks displaying the c hr omatin r egulatory states at the myosin
ight chain 1 (MLC1) gene in 6 tissues. Only in muscle is MLC1
anked by strong enhancers and active TSS states; the other 5
issues sho w ed poised enhancers or quiescent states. 

The density of eac h c hr omatin state r elativ e to the position
f TSS of the protein-coding genes is shown in Additional File 2 .
he TssA and, to a lesser extent, TssAFlnk sho w ed maximum en-
ichments at TSS. The other c hr omatin states sho w ed enrichment
round 5 kb on both sides of TSS. 

The A T AC-seq data were missing in 3 tissues . T he ChromHMM
ool was found to be reliable for predicting states based on combi-
ations of av ailable c hr omatin tr ac ks. In a study using the mouse
NCODE pr oject data, Chr omHMM accur atel y assigned c hr omatin
tates e v en when certain marks, suc h as A T AC-seq, were missing
 31 ]. The r esearc h concluded that the absence of certain marks
id not significantly impact the assignment. Although the states 
ost affected were those most enriched in the missing mark in a

0-mark model, the opposite was not necessarily true, highlight- 
ng redundancy between the marks. 

To address the effect of the missing A T AC-seq data in 3 tissues,
e created a separate 10-state chromatin model without A T AC-

eq data and uploaded the bed files to the journal portal Folder
ame: Tr outChr omHMm_State_without_A T AC_seq). A quick com- 
arison of enhancers with and without A T AC-seq data r e v ealed a
5% reduction in genetic enhancers and a 23% increase in strong
nhancers using the muscle and kidney data. The mouse ENCODE
a per r eported similar differ ences in the number of enhancers
 31 ]. 

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae092#supplementary-data
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N A methyla tion rela ti v e to the c hroma tin sta tes 

her e wer e distinct patterns of DNA methylation near and within
ac h c hr omatin state, as shown in Fig. 1 H. All the activ e c hr omatin
tates (1–5) were h ypometh ylated compared to their flanking re-
ions. As expected, the promoter TssA and its flanking regions
ssAFlnk wer e str ongl y h ypometh ylated. Similarl y, all the activ e
nhancers (EnhG, Str.Enh, MidEnh) wer e moder atel y h ypometh y-
ated. 

istone modification association with gene 

xpression 

istone marks correlation with gene expression 

e c har acterized the enric hment of the tissue-specific histone
arks at promoter regions of tissue-specific expressed genes

mong 6 tissues. To do that, genes showing more than 10-fold in-
r eases in expr ession compar ed to the rest of the tissues or more
han 1 TPM value with zero TPM expression in other tissues were
rst identified. Then, histone marks uniquely identified within
3 kb from TSS (including −3 kb of the promoter region) of the

ame gene showing tissue-specific expression were cross-listed.
he number of the tissue-specific histone marks was divided by
he total number of each histone mark in the genome to ob-
ain a normalized r elativ e abundance of each histone mark. Data
ho w ed that H3K4me1 was enriched in the tissue-specific genes
ompared to the same genes in other tissues where the genes are
ilent or scarce (c hi-squar e P < 0.001). Conv ersel y, H3K27me3 was
nriched in the silenced genes, compared to the tissue-specific
xpressed genes (chi-square P < 0.001, Fig. 2 A, Additional File 1 ). 

We also looked at the association of histone marks within
3 kb of TSS to gene expression. Densities of c hr omatin marks
 T AC-seq, H3K4me1, H3K4me3, and H27Kac were higher in

he genes with expression values more than 1 TPM (log10
MP equals zero). On the other hand, H3K27me3 chromatin
ark density was higher in genes with less expression (Fig. 2 B,
dditional File 3 ). There was significant correlation between

he histone marks and the log10 TPM values ( P < 0.001,
 

2 = 0.074). 

hromatin states correlation with gene expression 

e identified 5,551 tissue-specific c hr omatin states within ±10
b of genes’ TSS. There were 2,150 genes with tissue-specific
ene expression and chromatin states, suggesting a correlation
n gene expression ( Additional File 1 ). All the active chromatin
tates (states 1–5, active promoter, and enhancers) were enriched
n genes with tissue-specific expr ession, especiall y the str ong en-
ancers . Notably, EnhP ois and, to a lesser extent, A T AC-CpG states
ere also enriched, indicating the involvement of other epigenetic
ec hanisms in r egulating gene expr ession (Fig. 2 C). To get more

nsight into the correlation between chromatin state and gene ex-
ression, we looked at the distribution of eac h c hr omatin state
ensity near genes with various relative gene expression levels.
s seen in Fig. 2 D, the c hr omatin state densities of the open c hr o-
atin states within ±3 kb of TSS, including TssA and TssAFlnk,

nd enhancers, including EnhG, Str.Enh, MidEnh, and EnhP ois ,
ere higher in the genes with expression level more than 1 TPM

log10 TMP equals zero). On the other hand, chromatin states
epPC, A T A C-CpG , and BivEnh did not show c har acteristic density
atterns r elativ e to gene expr ession. Ther e was a negligible corre-

ation between the c hr omatin states and the log10 TPM values ( R 

2 

 0.01), though. 
N A methyla tion correla tion with gene 

xpression 

e c har acterized the methylation le v el near and within genes,
10 kb flanking TSS. The mean le v el of CpG methylation more

han ±5 kb flanking TSS was about 75%; howe v er, a shar p de-
rease in DNA methylation to about 10% on av er a ge was observ ed
t the TSS (Fig. 2 E). Regarding the DNA methylation correlation
ith gene expression, our data sho w ed a w eak ( R 

2 = 0.002–0.04 de-
ending on the distance to TSS) but statistically significant corre-

ation between the av er a ge percenta ge of DNA methylation within
3 kb flanking TSS and gene transcription expression ( P < 0.0001)

 Additional File 2 ). As seen in Fig. 2 F, there was a trend of negative
orrelation between DNA methylation and gene expression, espe-
ially of the most highly expressed genes, with a log10 TPM value
f more than 3; the correlation varies between tissues, though. 

etection and char acteriza tion of 
uper-enhancers 

e identified a total of 5,799 nonredundant super-enhancers (SEs)
n all studied tissues ( Additional File 4 ). Super-enhancers are clus-
ers of enhancers enriched within 12.5 kb of the genome. Figure 3 A
hows the ranked SEs identified by HOMER based on an extr emel y
igh H3K27ac signal compared to conventional enhancers [ 32 ].
here was 5,104 SEs within or neighboring 4,120 genes within 10
b. Of those SEs, there was an av er a ge of 850.5 SEs in all tissues,
 anging fr om 630 in the spleen to 1,167 in the intestine (Fig. 3 B,
dditional File 4 ). The SEs had an av er a ge length of 25,234 bp,
 eac hing a maximum length of 133 kb (Fig. 3 C). Figure 3 D shows
he c hr omosome distribution of the SEs with an av er a ge of 159 SEs
er c hr omosome . T he SEs wer e gener all y shar ed between tissues,
ith 599 (13.8%) SEs ubiquitously existing in all tissues and only
05 (10.3%) SEs existing in a single tissue. For example, a muscle-
pecific SE at location NC_048582.1:54022672-54039559 was asso-
iated with the muscle-specific gene guanosine monophosphate
eductase (GMPR). The SEs were enriched around the gene TSS
Fig. 3 E). SEs were also enriched in highly expressed genes, with
,737 unique SEs ov erla pping with expressed genes (TPM values
 2) and only 286 SEs ov erla pping in the r epr essed genes (TPM
 0.2). Figure. 3 F shows an example of a super-enhancer with
3K27ac signal flanking the C1QTNF4 gene only in muscle com-
ared to a typical enhancer in all other tissues. Gene Ontology

GO) enric hment anal ysis of the SE neighboring genes sho w ed in-
olvement in important molecular functions, including catalytic
ctivity, DNA, and metal/ion binding. In the biological process, SE
enes were enriched in biosynthetic, cellular metabolic process,
nd transcription ( Additional File 4 ). 

nhancers in QTL 

o demonstrate the utility of the new chromatin annotations
n identifying potential causal variants for complex phenotypic
raits important for domestication, we cross-matched previously
dentified QTL in the RBT genome with genome tr ac ks of the new
ene regulatory elements, including promoters and enhancers.
e used pr e viousl y identified QTL with known genomic loca-

ions for fish gr owth, m uscle yield, fillet quality, and bacterial cold
ater disease (BCWD) [ 33–38 ]. We identified 2,074 Str .Enh, over -

apped with QTL-harboring genes located on 15 c hr omosomes,
ith mean and median ov erla p lengths of 1,524 and 1,000 bp,
 espectiv el y (Fig. 4 A, Additional File 5 ). We also found 847 Mi-
Enh ov erla pped with QTL-harboring genes located on 15 c hr o-
osomes, with mean and median ov erla pping lengths of 1,084

nd 800 bp, r espectiv el y. Additionall y, 3,975 EnhG enhancers over-

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae092#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae092#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae092#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae092#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae092#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae092#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae092#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae092#supplementary-data
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Figure 2: Histone modification and c hr omatin state corr elation with gene expr ession. (A) Enric hment of H3K4me1 histone mark within ±3 kb of TSS of 
the tissue-specific genes (top) and H3K27me3 in the genes silenced in other tissues (bottom). (B) Densities of the c hr omatin marks within ±3 kb of TSS 
r elativ e to gene expression. A T AC-seq, H3K4me1, H3K4me3, and H27Kac density were higher in the genes with expression levels of more than 1 TPM 

(log10 TMP equals zer o). Conv ersel y, H3K27me3 density was higher in genes with less expr ession. (C) Enric hment of c hr omatin states (1–7), particularl y 
Str.Enh within ±3 kb of TSS of the tissue-specific genes. (D) Densities of the open c hr omatin states within ±3 kb to TSS r elativ e to gene expression. 
Chromatin state densities of TssA and TssAFlnk and enhancers EnhG, Str.Enh, MidEnh, and EnhPois were higher in the genes with expression levels of 
more than 1 TPM (log10 TMP equals zero). Conversely, chromatin states RepPC and the A T AC-CpG and BivEnh did not show c har acteristic density 
patterns r elativ e to gene expr ession. (E) Av er a ge methylation percenta ge r elativ e to TSS. (F) DN A methylation per centa ge r elativ e to gene expr ession 
(log10 TMP). 
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lapped with QTL-containing genes on all chromosomes, with 

mean and median ov erla p lengths of 874 and 600 bp, r espectiv el y 
( Additional File 4 ). Figure 4 A, B shows the QTL and enhancers’ fold 

enric hment (observ ed/expected) per c hr omosome . T her e wer e 124 
fish/m uscle gr owth and 84 BCWD unique QTL ov erla pping with 

239 unique SEs ( Additional File 5 ). 
To further investigate the epigenetic function of the SNPs in 

QTL, we looked at SNPs within QTL that ov erla p with the genic,
strong, and mid-enhancers and have transcription factor bind- 
ng motifs (TFBMs). A total of 112 SNPs that met these crite-
ia were located within 4 TFBM spanning 85 genes involved in
sh/m uscle gr owth, fillet quality, and BCWD (Fig. 4 C, Additional
ile 5 ). Inter estingl y, most TFBMs (99%) wer e classified into onl y
 families . T he first TFBM family was C/EBP (with 3 TF mem-
ers, C/EBP alpha, beta, and delta), making up 69.4% of the TF-
Ms . T he second TFBM family comprises glucocorticoid recep-
or (GR) and GR beta, constituting 30.1% of TFBMs (Fig. 4 B).
hese data suggest a significant role of C/EBP and GR transcrip-

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae092#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae092#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae092#supplementary-data
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Figure 3: Super-enhancers and their c har acterization. (A) Ranked SEs identified by HOMER based on an extr emel y high H3K27ac signal compared to 
con ventional enhancers . (B) Number of SEs in each tissue . (C) SE length distribution. (D) Chromosome distribution of the SEs. (E) SEs ar e enric hed 
around the gene TSS. (F) Example of a super-enhancer with H3K27ac signal flanking the C1QTNF4 gene in muscle compared to a typical enhancer in 
all other tissues. 
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ion factors in regulating fish/muscle growth, fillet quality, and
CWDs. 

istone mark/state role in gene evolution 

ollowing whole-genome duplication 

BT is a member of the Salmonidae family that underwent a
almonid-specific whole-genome duplication (Ss4R) 80–100 mil-
ion years ago [ 39 ]. This WGD makes RBT an interesting model for
tudying the early stages of gene evolution. T herefore , we sought
o identify the role of epigenomic chromatin marks and states in
ene evolution following WGD and during the rediploidization of
BT. 

We identified 20,660 gene duplicates inferr ed fr om collinear
locks in the RBT genome (see Methods section). We further iden-
ified 104 collinear blocks of at least 20 genes in the genome.
ene duplicates of RBT were then mapped against the Northern
ike, whic h r epr esents the ancestral singletons before duplica-
ion. We found 9,155 singletons in the Northern pike genome cor-
esponding to 11,654 ohnologue pairs in RBT ( Additional File 6 ).
o distinguish the e volutionary pr ocesses that drive the preser-
ation of gene duplicates after WGD, gene expr ession pr ofile di-
 er gence was quantified among the duplicate pairs of RBT and

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae092#supplementary-data
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Figure 4: Enhancers in QTL. Fold enrichment per chromosome of active enhancers (A) that overlap with QTL (B) for fish/muscle growth, fillet quality, 
and BCWD. (C) Number of SNPs and genes within QTL that ov erla p with genic, str ong, and mid-enhancers and have transcription factor binding motifs 
(TFBMs) mainly belonging to glucocorticoid receptors (GRs) and C/EBP transcription factors. 
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ancestral genes of the Northern pike . T he anal ysis r e v ealed the 
presence of 73.6% gene conservation cases, 14.2% neofunctional- 
ization cases, 12% specialization cases, and 0.2% subfunctional- 
ization cases ( Additional File 6 ). 

We compared the fold enrichment of the histone marks and 

the abundance of c hr omatin states within the promoter region 

located 2 kb upstream of the TSS of each gene copy. Compared to 
neofunctionalized genes, there was less divergence in the histone 
modification profiles of conserved gene paralogues (Wilcoxon test, 
P = 7.13E-270) (Fig. 5 A). H3K27ac of the conserved gene pairs ex- 
hibited the highest corr elation compar ed to H3K4me1 (Wilcoxon 

test, P = 7.42E-99) and H3K4me3 (Wilcoxon test, P = 4.84E-08). The 
H3K4me3 profile of the neofunctionalized gene pairs sho w ed the 
most significant dissimilarity compared to the conserved genes 
(Wilcoxon test, P = 1.07E-163). 

Similarl y, the c hr omatin states in the pr omoter r egion of con- 
served gene pairs exhibited the highest corr elation compar ed to 
neofunctionalized (Wilcoxon test, P = 4.53E-46) and specialized 

genes (Wilcoxon test, P = 4.89E-11) (Fig. 5 B). In addition, we ob- 
served less abundance of Str.Enh within the first 7 chromatin 

states, upstream of the TSS of conserved genes. Except for BivEnh 

and RepPC, it was observed that the abundance of states upstream 

of the TSS was higher in gene pairs that are maintained through 

conservation (Wilcoxon test, P < 2.2e-16) (Fig. 5 C). Table 2 also 
shows the r elativ e enric hment of all the c hr omatin states in eac h 

gene category. The single-copy genes had strong promoter and 

moderate signals compared to the conserved genes, which had 

str ong pr omoter and enhancer signals . T he neofunctionalized and 

specialized genes had moderate enhancer signals and very weak 
promoter signals. 

Discussion 

The pioneering ENCODE projects built the foundations for dis- 
cov ering the r egulatory element and their functions in humans 
and mammalian model species [ 20 , 40 , 41 ]. Following the ENCODE 
models, in the past decade, the FAANG consortium provided a 
functional annotations atlas of the farm animal genomes, includ- 
ing pig, cattle, and c hic ken, for the first time [ 19 , 27 , 28 ]. Ho w e v er,
functional annotations of fish genomes are still in their infancy,
with compr ehensiv e epigenomics tr ac ks av ailable perha ps onl y 
for zebrafish [ 29 ]. In the United States , o ver the past 10 years of 
the FAANG pr oject, aquacultur e was r epr esented by 1 species, the 
RBT. As a part of the FAANG project, this study thus aimed to iden- 
ify and c har acterize an atlas of regulatory elements and provide
pigenome annotation tr ac ks fr om RBT populations in the United
tates. We de v eloped and c har acterized an atlas of r egulatory el-
ments and epigenome annotation tr ac ks of the RBT. ChIP-seq,
 T AC-seq, Methyl Mini-seq, and RNA-seq data were integrated
cross RBT tissues to identify gene regulatory elements, includ- 
ng c hr omatin histone modifications, c hr omatin accessibility, and
NA methylation. 
This study identified regulatory elements, including 47,433 ac- 

iv e pr omoters (19,784 TssA and 27,649 TssAFlnk). When this
an uscript was read y for publication, the Ensemble genome 

r owser r eleased c hr omatin tr ac ks for RBT, including pr omoters,
nhances, and open c hr omatin stats. For comparison, the Ensem-
le genome annotation browser has 23,394 promoters [ 42 ]. A total
f 29,302 active promoters in our study were shared with promot-
rs in the Ensemble genome browser ( > 100 nt). We also identi-
ed 80,404 active enhancers and 50,353 repressed enhancers, to- 
ether (130,757) covering about 11.34% of the genome. The En-
emble genome annotation has 102,440 enhancers. Of all the en-
ancers identified in our study, 71,382 ov erla pped in genome posi-
ions with enhancers in the Ensemble genome browser ( > 100 nt).
ariation in the numbers of the regulatory elements between our
esults and the Ensemble browser is expected due to differences in
sh populations , tissues , physiological conditions , and the bioin-
ormatics pipelines. In zebrafish, efforts to characterize the chro- 

atin landscape identified 140,000 cis -regulatory elements [ 29 ].
nd in mice, 33% of the genome had a c hr omatin signatur e of
romoter , enhancer , transcriptional, and heterochromatin states 
 41 ]. 

In this study, the RBT active promoter and enhancer chromatin
tates were enriched around the genes TSS and TSS-flanking re-
ions and zinc finger transcription factors and wer e highl y tr an-
cribed but depleted in the r epr essed genes (Fig. 1 ). The RBT en-
ancers were also enriched in the expressed genes. Consistent 
ith our results, the chicken genome promoters were more en-

iched in TSS, 5 ′ UTR, and CpG islands than in enhancers . T he
 hic k en acti v e pr omoters and enhancers wer e mor e enric hed in
he TSS and the gene body of the highly expressed than the re-
ressed genes [ 18 ]. 

This study also identified distinct patterns of DNA methylation 

ssociated with each chromatin state (Fig. 1 ). All the active chro-
atin states (1–5) were h ypometh ylated compared to their flank-

ng regions. On the other hand, the poised enhancers and qui-
scent genome regions were h ypermeth ylated. The bivalent en-

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae092#supplementary-data


8 | GigaScience , 2024, Vol. 13 

Figure 5: Association of the c hr omatin mark/state with the mechanism of duplicate gene retention. (A) The histone mark divergence of each category 
of the duplicate gene pair was quantified using the Pearson correlation coefficient of each histone mark profile for the duplicated gene pairs. Gene 
pairs with conserved expression exhibit the highest correlation of histone mark profiles upstream of TSS. (B) Correlation of state counts between gene 
pairs within each category. Gene pairs with conserved expressions demonstrate the highest correlation of state counts. (C) The shared number of 
states 1–7 within 2 kb upstream of the TSS is higher in conserved gene pairs . T he shared numbers of bivalent enhancer (BivEnh) and r epr essiv e 
polycomb complex (RepPC) sho w ed a lo w er correlation. 
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ancers wer e str ongl y h ypometh ylated, the A T AC-CpG state was
lightly h ypermeth ylated, and the r epr essed pol ycomb sho w ed
o change in the methylation levels. Similar DNA methylation
atterns wer e observ ed in the pig genome, wher e the pr omoter
nd the TSS transcribed states were h ypometh ylated, and the en-
ancer states sho w ed intermediate methylation le v els [ 19 ]. Pr e vi-
usl y, we also r eported a shar p decline in DNA methylation within
he ±2 kb of the TSS of the muscle genes [ 43 ]. 

We c har acterized the enric hment of the tissue-specific c hr o-
atin marks at pr omoter r egions of tissue-specific expressed

enes. H3K4me1 was enriched in the tissue-specific genes com-
ared to the same genes in other tissues (silenced genes). On
he other hand, H3K27me3 was enriched in the tissue-silenced
enes compared to the tissue-specific expressed genes (Fig. 2 ).
n addition, c hr omatin marks A T AC-seq, H3K4me1, H3K4me3,
nd H27Kac were enriched in the expressed genes ( > 1 TPM),
hile H3K27me3 was enriched in promoters of the silenced genes

Fig. 2 ). Similarl y, the open c hr omatin states involving pr omoters
nd enhancers wer e mor e enric hed in the genes with mor e than
 TPM expression value. On the other hand, the repressed chro-
atin states RepPC, A T A C-CpG , and BivEnh did not show c har ac-

eristic density patterns r elativ e to gene expression (Fig. 2 ). Con-
istent with our results, in the pig genome, the active chromatin
tates (pr omoters, tr anscribed r egions, and enhancers) wer e en-
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Table 2: Relativ e enric hment of the c hr omatin states in the single-copy genes compar ed to the conserv ed, neofunctionalized, and spe- 
cialized genes 
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riched in tissue-specific genes, while the repressed states were de- 
pleted [ 19 ]. In cattle, the relationships between chromatin states 
and gene expression sho w ed that genes with TssA had the highest 
expr ession compar ed to genes with EnhP ois , Bi vFlnk, and Re prPC 

[ 28 ]. 
Regar ding the DN A methylation, w e noticed a sharp decline 

in DNA methylation le v el within ±3 kb, flanking the genes’ TSS.
There was a trend of a weak negative correlation between DNA 

methylation and gene expr ession, especiall y in the most highly 
expressed genes (log10 TPM > 3), and the correlation varied be- 
tween tissues (Fig. 2 ). These data confirm our pr e vious r eports 
showing a weak to moder ate negativ e corr elation betw een DN A 

methylation le v els and gene tr anscription expr ession in m uscle.
The correlation was dependent on CpG position r elativ e to TSS.
The correlation was negative within ±1 kb of the TSS and positive 
in the gene body [ 43 ]. 

We have identified a total of 5,799 unique SEs in the RBT 

genome. Each tissue contained an av er a ge of 850.5 genes over- 
lapping/neighboring SEs (Fig. 3 B). The SEs were generally shared 

between tissues, with only 805 (10.3%) SEs existing in a single tis- 
sue, and the rest were shared between more than 1 tissue. In to- 
tal, 599 (13.8%) SEs were ubiquitously existing in all tissues. SEs 
in zebrafish sho w ed more tissue specificity in 4 of 5 tissues than 

regular enhancers [ 44 ]. 
GO analysis of the SEs’ neighboring genes r e v ealed functions 

r ele v ant to essential molecular functions, including catalytic ac- 
tivity, DNA and metal/ion binding, and biological processes, in- 
cluding biosynthetic and cellular metabolic processes and tran- 
scription. SEs play a crucial role in determining cell identity and 

have been linked to the de v elopment of diseases [ 45 ]. Genes lo- 
cated within or near SEs had a higher gene expression than other 
genes, consistent with pr e vious r eports in mammals [ 46 ]. 

This study explored the potential epigenetic functions of pr e vi- 
ously identified QTL for complex phenotypic traits important for 
domestication by mapping QTL onto genome tracks of the regu- 
latory elements . T he active enhancer states (EnhG, Str.Enh, and 

MidEnh) and the EnhPois were enriched in genome regions span- 
ning QTL. We identified 2,074 Str.Enh, 847 MidEnh, and 3,975 EnhG 

enhancers ov erla pped with QTL-containing genes on all c hr omo- 
somes. Similar to our data, a recent study on cattle confirmed that 
activ e pr omoters/tr anscripts exhibited the highest enric hment for 
QTL. The cattle study also sho w ed that w eak enhancers had the 
ighest enrichment for expression quantitative trait loci (eQTLs) 
ompared to 14 other chromatin states [ 28 ]. 

We took a closer look to investigate the potential epigenetic
unctions of the SNPs in QTL that ov erla p with the enhancers and
a ve TFBMs . Out of 108 SNP markers within 84 genes involved in
sh/m uscle gr owth, fillet quality, and BCWD, we identified 8 TF-
Ms (Fig. 4 ). Inter estingl y, almost all the TFBMs (99%) wer e classi-
ed into only 2 families: the C/EBP and the GRs. 

The glucocorticoid hormone is k e y in regulating muscle mass,
nd prolonged cell exposure to it causes muscle atrophy [ 47 ].
uscle-specific deletion of GR in mice skeletal muscle increases 
 uscle mass, r educing fat mass and m uscle atr ophy [ 48 , 49 ]. Sim-

larly, C/EBP β is a central regulator of cancer muscle mass loss
cachexia) via promoting the expression of atrophy-inducing fac- 
ors [ 50 ]. In RBT, stress increases cortisol levels and susceptibil-
ty to BCWD. A recent study found that rainbow trout BCWD-
esistant fish are less sensitive to a cortisol-induced IgM re-
ponse than susceptible/control fish [ 51 ]. Another recent study by
e Laval et al. [ 52 ] revealed that short-term lipopolysaccharide-

nduced immune signaling can activate C/EBP β-dependent c hr o-
atin accessibility, leading to trained immunity in hematopoietic 

tem cells during secondary infection. This establishes an epige- 
etic mechanism of memory function in innate immunity. 

Our data regarding the C/EBP and GR warrant further studies to
nclude CRISPR-Cas9 gene editing to confirm the causative nature 
f the SNPs involved in C/EBP and GR transcription factors and
heir role in regulating muscle growth, fillet quality, and BCWD.
he m uscle gr owth and quality and BCWD QTL anal ysis tar geted

n this study is an example of the potential utility of the genome
nnotation tr ac ks gener ated as v aluable tools in prioritizing ge-
etic variants when searching for causal variants and alleles with
ajor effects on domestication traits and genomic selection. 
The ancestral genome of teleost fish underwent a teleost- 

pecific third WGD (Ts3R), estimated to hav e occurr ed 225–
33 million years ago [ 53 ], followed by the div er gence of the
almonidae famil y, whic h underwent a fourth salmonid-specific 
GD (Ss4R), estimated to have occurred ∼80–100 million years 

go [ 39 ]. The recent salmonid-specific WGD and the existence of
arge genome segments as duplicate regions make RBT unique 
s a model organism to study the early stages of gene evolution.
her efor e, we sought to identify the evolutionary processes that
rive the preservation of gene duplicates and gain a better un-
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erstanding of the role of epigenomes in gene evolution following
GD and during the rediploidization of RBT. 
To distinguish the evolutionary processes that drive the preser-

ation/neofunctionalization of gene duplicates after WGD, gene
xpr ession pr ofile div er gence was quantified among 11,654 ohno-
ogue pairs in RBT and their ancestral singletons in the Northern
ike . T his phylogenetic a ppr oac h was initiall y de v eloped by As-
is and Bac htr og [ 54 ]. The anal ysis r e v ealed the pr esence of 73.6%
ene conservation cases, 14.2% neofunctionalization cases, 12%
pecialization cases, and 0.2% subfunctionalization cases . T hese
esults indicate that conservation maintains the majority of the
ene duplicates following WGD. In Atlantic salmon, Lien et al. [ 39 ]
eported that 42% of the Ss4R duplicates displayed conserved co-
xpression with their orthologs in Northern pike. 

Enhancers and promoters predominantly enrich epigenetic sig-
atures [ 55 , 56 ]. We thus postulated that genes displaying notice-
ble variations in gene expression would also exhibit contrasting
pigenetic patterns. To validate this hypothesis, we compared the
old enrichment of the histone marks and the abundance of c hr o-

atin states within the promoter region located 2 kb upstream
f the TSS of each gene copy. Compared to neofunctionalized
enes, there was less divergence in the histone modification pro-
les of conserved gene paralogues. H3K27ac of the conserved gene
airs exhibited the highest correlation compared to H3K4me1 and
3K4me3 (Fig. 4 A). In their recent study on Atlantic salmon, Verta
t al. [ 57 ] reported that the transcriptional divergence observed in
uplicated genes resulting from WGD is correlated with variations

n the number of nearby regulatory elements, suggesting that the
unctional div er gence between ohnologues following WGD is pri-

aril y driv en by enhancers. In this study, the H3K4me3 pr ofile
f the neofunctionalized gene pairs sho w ed the most significant
issimilarity compared to the H3K4me3 profile of the conserved
enes, which aligns with the divergence observed in gene expres-
ion. Our results suggest a role for the promoters in the functional
iv er gence between ohnologues following WGD. 

Similarl y, the c hr omatin states in the pr omoter r egion of con-
erved gene pairs exhibited the highest corr elation compar ed to
eofunctionalized and specialized genes, which may help explain
heir increased stability and conservation (Fig. 5 B). Furthermore,
ompared to other enhancers, we observed less abundance of
tr.Enh upstream of the TSS in the conserved genes. Also, except
or BivEnh and RepPC, the abundance of the c hr omatin state up-
tream of the TSS was higher in gene pairs maintained through
onservation (Fig. 5 C). Together, our study reveals significant en-
ichment of distinct epigenetic signatures in ohnologue pairs ex-
ibiting div er gent gene expr ession modes. 

Ov er all, this study pr ovides a ne w atlas of regulatory elements
n the RBT genome, which will help accelerate the genetic selec-
ion efforts, mainly through genome-wide association studies and
enomic selections, to impr ov e essential pr oduction tr aits in RBT
or domestication. In addition, the ne w c hr omatin atlas will help
n understanding the functional genomic basis of RBT’s pheno-
ypic , en vir onmental, and e volutional v ariations. 

ethods 

nimals and tissues 

ix tissues (brain, intestine, li ver, kidne y, spleen, and white mus-
le) were collected at Washington State University, Dr. Gary Thor-
aard’s labor atory, fr om 2 individual doubled haploid Swanson
lonal line fish. Tissues were flash-frozen in liquid nitrogen be-
ore being stored at –80 ◦C until further processing. The Institu-
ional Animal Care and Use Committee at Washington State Uni-
 ersity r e vie wed and a ppr ov ed the animal study under pr otocol
02456. 

hIP-seq and A T AC-seq 

hIP-seq (H3K4me3, H3K27ac, H3K4me1, and H3K27me3) library
r epar ations wer e performed using the iDeal ChIP-seq kit (Di-
genode, cat. C01010059), as previously described [ 18 , 19 ]. In brief,
 ppr oximatel y 20–30 mg powdered tissue was cross-linked us-
ng 1% formaldehyde for 8 minutes before quenching with 100 μL
lycine for 10 minutes. Cell nuclei were isolated by centrifugation
t 2,000 × g for 5 minutes, resuspended in 600 μL iS1 buffer, and
ncubated on ice for 30 minutes. Chromatin was sheared using a
ioruptor Pico for 10 to 15 cycles, depending on the tissues. For

mm unopr ecipitation, about 1–1.5 μg of sheared chromatin was
sed as input with 1 μg of the specific histone mark antibody ac-
ording to the manufacturer’s protocol: H3K4me3 (part of the Di-
genode iDeal Histone kit #C01010059), H3K27me3 (#C15410069),
3K27ac (#C15410174), and H3K4me1 (#C15410037). An input
ith no antibody was used as a negative control for each sam-
le. NEBNext Ultra DNA library prep kit (#E7645L) from New Eng-

and Biolabs was used for library construction. Libraries were
equenced using an Illumina HiSeq 4000 platform ( RRID:SCR _
16386 ) with a single-end read length of 50 bp. Additionally, A T AC-
eq libr aries wer e pr epar ed using a modified Omni-A T AC57 proto-
ol on cryopr eserv ed nuclei [ 58 ]. The DN A sequencing w as per-
ormed on Illumina’s NextSeq platform, with a 40-bp paired-end
ead length. Sequencing reads were trimmed with Trim Galore
 RRID:SCR _ 011847 ) (v.0.6.5) [ 59 ] and aligned with bowtie2 ( RRID:
CR _ 016368 ) [ 60 ] (v.2.5.4a) to the RBT genome (NCBI Accession
CA_013265735.3), and then duplicates were marked using Pi-
ard ( RRID:SCR _ 006525 ) (v.2.18.7). MACS2 was used to call regions
f signal enrichment (“peaks”) [ 61 ]. The correlations between as-
a ys , tissues , and biological replicates were performed by deep-
ools ( RRID:SCR _ 016366 ) [ 62 ]. 

hroma tin sta te annota tion 

hromHMM69 (v.1.20) was used to predict the c hr omatin state by
ntegrating ChIP-seq (H3K4me3, H3K4me1, H3K27ac, H3K27me3,
nd input contr ol) fr om 2 biological replicates of all 6 tissues and
 T AC-seq data from 3 tissues (br ain, liv er, and spleen). A 10-state
odel was chosen to represent the most appropriate number of

istinct states based on the histone marks and accessibility com-
inations and their enrichment [ 18 , 19 ]. In addition, the fold en-
ichment of each chromatin state for each gene annotation el-
ment (e.g., TSS, 5 ′ UTR, and QTL) was calculated by (C/A)/(B/D),
here A, B, C, D are the number of bases in a c hr omatin state, a

ene element, ov erla pped between a c hr omatin state and a gene
lement, in the genome, r espectiv el y. 

NA sequencing data 

NA sequencing data for the 6 tissues used in this study were
ownloaded from our previously described NCBI BioProject PR-

NA389609. Sequence read mapping to genome reference and as-
essment of TPM expression values per gene was performed using
he CLC genomics workbench (Qiagen). 

ethyl-MiniSeq 

enome-wide bisulfite library preparation and sequencing were
one using the Methyl-MiniSeq Service at Zymo Research as pr e vi-
usly described [ 43 ]. Briefly, DN A w as extr acted using Quic k-DNA
lus Miniprep Kit. Then, 500 ng genomic DN A w as digested with 60

https://scicrunch.org/resolver/RRID:SCR_016386
https://scicrunch.org/resolver/RRID:SCR_011847
https://scicrunch.org/resolver/RRID:SCR_016368
https://scicrunch.org/resolver/RRID:SCR_006525
https://scicrunch.org/resolver/RRID:SCR_016366
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units of Taq αI follo w ed b y 30 units of MspI (NEB) and then purified 

with Zymo Research DNA Clean & Concentrator-5. According to Il- 
lumina’s guidelines, DNA fr a gments wer e ligated to adapters con- 
taining 5 ′ -methylcytosine instead of cytosine . T he adaptor-ligated 

fr a gments of 150–250 bp and 250–350 bp were retrieved from a 
2.5% NuSie v e 1:1 a gar ose gel using the Zymoclean Gel DNA Re- 
co very Kit. T he EZ DNA Methylation-Lightning Kit was used for 
the bisulfite treatment. PCR was performed, and then the products 
were purified using DNA Clean & Concentrator-5 for sequencing 
on an Illumina HiSeq. 

Raw FASTQ files were adapter- and quality-trimmed using 
TrimGalore 0.6.5 [ 59 ]. Filled-in nucleotides were also trimmed us- 
ing TrimGalore 0.6.5. Reads with a quality < 20 wer e r emov ed.
Bismark 0.22.3 was used to align the sequence reads to the RBT 

genome (NCBI Accession GCA_013265735.3) [ 63 ]. The methylated 

and unmethylated read totals for each CpG site wer e r etrie v ed us- 
ing the Bismark Methylation Extractor. CpG sites with fewer than 

10 read depths or more than the 99.9th percentile of coverage in 

each sample were filtered out to account for PCR bias . T he methy- 
lation le v el of the c ytosines w as calculated as the number of reads 
calling C divided by the total number of reads calling C and T, as 
pr e viousl y described [ 43 ]. JMP Pro Version 15 (SAS Institute) was 
used to gener ate figur es and statistical measures of the associ- 
ation betw een DN A methylation per cent and gene transcription 

expr ession le v els. 

Histone marks correlation with gene expression 

To assess the enrichment of the c hr omatin marks and states 
around the TSS of the tissue-specific expressed genes among tis- 
sues, we first determined the TPM value of each gene in each tis- 
sue . T he expression level of each gene in a specific tissue was com- 
pared to its expression level in all remaining tissues. For a gene to 
be tissue specific, the fold-change in the expression level of the 
gene had to be ≥10-fold than the sum of the TPM values in all 
other tissues, or the TPM value of the gene had to be ≥1 and the 
rest of the other tissues zero. The same genes were considered si- 
lenced genes in the other tissues (showing no or almost no expres- 
sion) for comparison. Second, we identified the c hr omatin mark or 
state that uniquely exists in the tissue-specific genes within ±3 kb 
of TSS in eac h gene. JMP Pr o Version 15 (SAS Institute) was used 

to gener ate figur es and statistical measur es of the association be- 
tween gene transcription expression levels and densities of the 
c hr omatin marks and states. 

Identification of super-enhancers 

The HOMER algorithm findPeaks tool was utilized to identify 
peaks and calculate ChIP-seq tags from the H3K27ac ChIP- 
seq bam files . T he parameter of finding histone-enric hed r e- 
gions (-style histone) was used. H3K27ac-enriched signals were 
used to identify enhancers [ 32 , 64 ]. Enhancers that were located 

within 12.5 kb of each other were clustered together. The en- 
hancer clusters were then ranked based on H3K27ac signals us- 
ing the HOMER super-enhancer tool. Enhancers with a tangent 
slope greater than 1 were considered super-enhancers, while en- 
hancers with a tangent slope less than or equal to 1 were con- 
sider ed conv entional enhancers. Nonr edundant super-enhancers 
were determined by merging (at least an overlap of 50% of SE 
length) across all tissues . Genes o v erla pped with SE were anno- 
tated for GO molecular functions and biological processes using 
DAVID [ 65 ]. 
nhancers and transcription factor binding sites 

n QTL 

r e viousl y identified QTL associated with fish gr owth, m uscle
rowth, fillet quality, and BCWD were used as gene elements in
he c hr omatin state anal yses explained abov e [ 33–38 ]. Genes ov er-
apped with enhancer states in QTL were identified. Then, we
earched for SNPs within QTL that ov erla pped with the genic,
trong, and mid-enhancers and were located within transcrip- 
ion factor binding motifs . T he transcription factor binding motifs
ere identified by PROMO [ 22 ] using Version 8.3 of TRANSFAC soft-
are. SNPs within these motifs that may affect transcription fac-

or binding were identified. The most common motifs associated 

ith fish/muscle growth and fillet quality traits were presented. 

istone mark/state role in gene evolution 

ollowing WGD 

dentification of genes in collinear blocks 
he RBT protein sequences and genomic positions were obtained 

rom the NCBI database (Accession number “GCA_013265735.3”).
or genes with multiple transcripts, the transcript with the longest
oding sequence (CDS) was selected. To determine homology,
r otein-coding genes wer e compar ed a gainst themselv es using
LASTp, specifically the all-vs.-all local BLASTp a ppr oac h. The top
 hits, excluding self-hits, with an E-value threshold of less than
0 −5 for each protein sequence were recorded. This process al-
o w ed for identifying potential homologous pr oteins acr oss the
 ainbow tr out genome. 

The MCScanX software package [ 66 ] was utilized to catego-
ize genes into 5 distinct types based on their copy number
nd genomic distribution. These types include singletons, dis- 
ersed duplicates, tandem duplicates, proximal duplicates, and 

GD/segmental duplicates. To execute the duplicate gene clas- 
ifier, a core program of MCScanX, the BLASTp output, and the
nnotation file were used as input files. 

The classification of gene duplication was determined as fol- 
o ws: initially, all genes w ere labeled as singletons and assigned
anks based on their order on chromosomes. Genes that exhib-
ted BLASTp hits to other genes were then relabeled as dispersed
uplicates. Gene pairs were classified as proximal duplicates if 
heir difference in gene rank was less than 20 (configurable) or
s tandem duplicates if the difference in gene rank was equal to
. Finall y, the MCScanX pr ogr am was executed, and anc hor genes
ithin collinear blocks were relabeled as segmental/WGD dupli- 

ates. 
In cases where a gene appeared in multiple hits, it was as-

igned to a unique class based on the following order of priority:
GD/segmental duplicates , tandem duplicates , proximal dupli- 

ates, and dispersed duplicates. 

ivergence of histone modifications 
e first calculated the log2-transformed fold enrichment ratio.
 hen, we con v erted these r atios into z scor es using the form ula
 X = ( χ − μ)/ δ as in [ 67 ]. In this equation, χ r epr esents the ratio
alue for a specific gene, μ denotes the mean ratio of all genes, and
signifies the standard deviation of this ratio across all genes. 
To assess the correlation and divergence of histone modifica- 

ion patterns between duplicate gene pairs, we utilized the Pear- 
on correlation coefficient r of the histone modification profiles 
or the duplicated gene pair and dissimilarity index (1 − r ), re-
pectiv el y. By comparing the mean values of r or 1 − r in each
ene category, we determined the significance using the Wilcoxon 

ank-sum test. 
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uantification of gene expression 

o quantify gene expression, we obtained the raw RNA-seq reads
f RBT (Acc# SRP108798) and Northern pike (Acc# SRP040114)
rom the NCBI SRA database. To ensure data quality, these raw
 eads wer e then subjected to trimming using the CLC Genomics

orkbenc h (v ersion 22.0). 
Next, we mapped the high-quality reads to the reference

enome sequence (GCF_013265735.2) using the HISAT2 aligner
 68 ]. To r etrie v e the abundance le v els of eac h gene, we utilized
he BAM files and employed the TPMCalculator to calculate the
ene expr ession le v els based on the number of uniquel y ma pped
eads to each gene. 

dentification of the mechanisms of duplicate gene preserva-
ion 

 he WGD duplicates , obtained from the output file that contains
ollinear blocks identified by MCScanX ( RRID:SCR _ 022067 ) [ 66 ],
ere subjected to a blast analysis against noncollinear genes from

he Northern pike. If both members of the duplicate gene pair
atched the same singleton (with an E-value < 10 −5 ), the gene

riplet was selected for further downstream analysis. 
We limited our analyses to triplets, where every gene copy is

xpressed in at least 1 tissue. To determine the expression prior
o duplication, we used the singletons’ expression profile in male
orthern pike as a proxy. All absolute expression levels were then
onverted into relative expression levels, representing the propor-
ions of contributions to total expression. These relative expres-
ion values were emplo y ed as gene expression profiles for com-
arison. 

We emplo y ed the phylogenetic method de v eloped by Assis and
ac htr og [ 54 ] and Perry and Assis [ 54 , 69 ] to categorize the evolu-
ionary processes and mechanisms that retain pairs of duplicate
enes. To determine the pr eserv ation of these duplicates, we cal-
ulated the Euclidean distances between the expression profiles of
1 and ancestral copies ( E D1,A ), D2 and ancestral copies ( E D2,A ), and

he combined D1–D2 expression profile and that of the ancestral
opy (E D1 + D2,A ). To establish a baseline le v el of gene div er gence,
e also calculated the Euclidean distances between the expres-

ion profiles of singletons in sister species ( E S1,S2 ). We explored var-
ous cutoff values to define expr ession div er gence and ultimatel y
elected the semi-interquartile range from the median due to its
obustness to outliers. Based on previously established rules, we
lassified each pair of duplicates as conserved, neofunctionalized,
ubfunctionalized, or specialized. In cases where duplicates are
onserved, we expect E D1,A ≤ E S1,S2 and E D2,A ≤ E S1,S2 . For neofunc-
ionalization of D1, we anticipate E D1,A > E S1,S2 and E D2,A ≤ E S1,S2 .
imilarly, for neofunctionalization of D2, we expect E D1,A ≤ E S1,S2 

nd E D2,A > E S1,S2 . In cases where duplicates are subfunctionalized,
e anticipate E D1,A > E S1,S2 , E D2,A > E S1,S2 , and E D1 + D2,A ≤ E S1,S2 . Fi-
ally, for the specialized duplicates, we anticipate that E D1,A , E D2,A ,
nd E D1 + D2,A are all greater than E S1,S2 . 

r oofr eading 

r ammarl y (2024) was used for text improving and pr oofr eading
 70 ]. 

dditional Files 

dditional File 1. Ov ervie w of the sequencing dataset, QC, and en-
ichment of histone marks/states in tissue-specific genes versus
ilenced genes. 
dditional File 2. Density of each chromatin state relative to the
osition of TSS of the protein-coding genes and correlation be-
w een DN A methylation and gene expression. 
dditional File 3. Association of histone marks within ±3 kb of
SS to gene expression. 
dditional File 4. Supper enhancers. 
dditional File 5. Enhancers, super-enhancers, TFBM in QTL. 
dditional File 6. Retention mechanisms for rainbow trout gene
uplicates—73.6% gene conservation cases, 14.2% neofunctional-

zation cases, 12% specialization cases, and 0.2% subfunctional-
zation cases. 
dditional File 7. Description file showing the location of each
 hr omatin state by c hr omosome. 

bbreviations 

mC: 5-methylcytosine; BCWD: bacterial cold water disease; CDS:
oding sequence; ChIP-seq: c hr omatin imm unopr ecipitation se-
uencing; FAANG: Functional Annotation of Animal Genomes;
MPR: guanosine monophosphate reductase; GO: Gene Ontology;
R: glucocorticoid rece ptor; MLC1: m yosin light c hain 1; RBT: r ain-
o w trout; RN A-seq: RN A sequencing; SE: super-enhancer; SNP:
ingle-nucleotide pol ymor phism; TFBM: tr anscription factor bind-
ng motif; TSS: transcription start site; WGD: whole-genome du-
lication. 
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