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Abstract 

Bac kgr ound: Uncovering the epigenomic regulation of immune response is essential for a comprehensive understanding of host 
defense mechanisms, though it remains poorly investigated in farmed fish. 

Results: We r e port the first annotation of the response of turbot ( Scophthalmus maximus ) immune cells to viral (poly I:C) and bacterial 
(inacti v e Vibrio anguillarum ) mimics, inte gr ating RN A sequencing with assay for tr ansposase-accessible c hromatin (A T AC) sequencing 
(A T AC-seq) and chromatin immunoprecipitation sequencing (ChIP-seq) (H3K4me3, H3K27ac, and H3K27me3) data from head kidney 
( in vivo ) and primary leukocyte cultures ( in vitro ) 24 hours after stimulation. Among the 8,797 differentially expressed genes (DEGs), 
we observed enrichment of transcriptional acti v ation pathw ays in r esponse to Vibrio and imm une pathw ays—including interfer on- 
stim ulated genes—for pol y I:C. We identified nota b le differ ences in chr omatin accessibility (20,617 in vitro , 59,892 in vivo ) and H3K4me3- 
bound regions (11,454 in vitro , 10,275 in vivo ) between stimulations and contr ols. Ov erlap of DEGs with promoters showing differential 
accessibility or histone mark binding r ev ealed significant coupling of the transcriptome and chromatin state. DEGs with acti v ation 

marks in their promoters were enriched for similar functions to the global DEG set but not al w a ys, suggesting ke y r egulator y genes 
being in a poised state. Acti v e pr omoters and putati v e enhancers wer e enric hed in specific tr anscription factor binding motifs, many 
common to viral and bacterial responses. An in-depth analysis of chromatin state surrounding key DEGs encoding transcription 

factors was also performed to understand turbot immune response. 

Conclusions: This m ultiomics inv estigation pr ovides an impr ov ed understanding of the e pigenomic basis of turbot imm une r esponse 
to mimics of viral and bacterial stim uli, offering nov el functional genomic information that provides a v alua b le r esource for exploring 
imm une r egulation in flatfish. 

Ke yw ords: turbot, immune response, epigenomics, chromatin state, transcription factor 
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Bac kgr ound 

The functional annotation of farm animal genomes is impor- 
tant for understanding traits with complex genetic arc hitectur e,
such as disease resistance, growth, feed efficiency, or r epr oduc- 
tion [ 1–4 ]. Until r ecentl y, functional annotation mainl y focused on 

protein-coding genes using transcriptomics. Transcriptome anno- 
tation is now consolidated with robust pipelines [ 5 ], and through- 
out the years, transcriptome annotations for human [ 6 ], model 
species [ 7 , 8 ], terr estrial liv estoc k [ 9–11 ], and some aquaculture 
species [ 12 , 13 ] have been published. 

Noncoding regulatory elements, including promoters, en- 
hancers , silencers , and insulators , ha ve been studied in sev- 
er al liv estoc k species but ar e mostl y unexplor ed in aquacultur e 
species . T hese elements pla y essential r oles in r egulating gene ex- 
pression, and their state can change depending on tissue, cell type,
sex, age, and health status [ 14 ]. Thus, annotation of regulatory el- 
ements in different contexts aids to address not only basic ques- 
tions related to morphology and physiology [ 15 , 16 ] but also func- 
tional genomic responses to environmental variation [ 17–19 ]. Ge- 
netic variation at noncoding elements also underpins phenotypic 
Recei v ed: February 4, 2025. Revised: April 30, 2025. Accepted: June 8, 2025 
© The Author(s) 2025. Published by Oxford Uni v ersity Pr ess on behalf of GigaScienc
Commons Attribution License ( https://cr eati v ecommons.org/licenses/by/4.0/ ), whic
medium, provided the original work is properly cited. 
ariation [ 20 , 21 ] and can thus be leveraged to improve our ability
o pr edict pol ygenic tr aits using genomic data [ 22 ]. In this respect,

ore than 90% of phenotype-associated single-nucleotide poly- 
orphisms (SNPs) identified in human genome-wide association 

tudies (GWAS) are located in noncoding regions [ 23 ], with similar
 esults r e ported for li v estoc k [ 24 ]. 

In the past decade, human and liv estoc k functional annota-
ion initiativ es hav e inv estigated epigenetic mec hanisms involv ed
n gene regulation through the study of chromatin state modi-
cations across the genome [ 25 ]. Chromatin can switch dynami-
ally between active and inactive states in minutes to hours , lea v-
ng epigenetic footprints that can be transmitted vertically fol- 
o wing DN A r eplication [ 26 , 27 ]. Man y differ ent sequencing as-
a ys ha v e been de v eloped to infer c hr omatin epigenetic status, in-
luding c hr omatin accessibility (assay for tr ansposase-accessible 
 hr omatin sequencing [A T AC-seq]) [ 28 ], pr otein–DNA inter actions
c hr omatin imm unopr ecipitation sequencing [ChIP-seq]) [ 29 ] and
ong-r ange c hr omatin inter actions (Hi-C) [ 30 ]. These and other
ssays are being applied by the FAANG Consortium [ 4 , 31–33 ].
urrent annotations of chromatin state and regulatory elements 
e. This is an Open Access article distributed under the terms of the Cr eati v e 
h permits unrestricted reuse, distribution, and reproduction in any 

ctober 2025

https://orcid.org/0000-0002-2760-3675
https://orcid.org/0000-0003-3548-6306
https://orcid.org/0000-0002-7361-7795
https://orcid.org/0000-0001-9904-9282
https://orcid.org/0000-0002-9702-7140
https://orcid.org/0000-0002-0256-0218
https://orcid.org/0000-0002-7336-306X
https://orcid.org/0000-0002-7490-9677
https://orcid.org/0000-0001-8050-7722
https://orcid.org/0000-0002-9501-4506
https://orcid.org/0000-0001-8438-9305
mailto:oscararamburugonzalez@gmail.com
mailto:paulino.martinez@usc.es
https://creativecommons.org/licenses/by/4.0/


2 | GigaScience , 2025, Vol. 14 

r  

3  

f  

i  

p
 

r  

t  

g  

c  

[  

w  

M  

t  

[  

[  

d  

f  

H  

t  

i  

n  

s  

o
 

g
5  

n  

fi  

s  

i  

s  

k  

l  

t  

b  

g  

a  

s  

c  

t

D
T  

s  

t  

(  

m  

v  

a  

t  

t  

t  

E  

A  

i  

c  

c  

c  

(  

p  

n  

v  

r

M
A
T  

S  

c  

v  

t  

f  

fi  

o  

(  

1  

1  

p  

d  

w  

m

P
D  

i  

t  

(  

a

I
S  

l  

a  

b  

p  

(  

f  

fi  

g  

i  

6  

g  

4  

w  

a  

w  

fi  

A  

P  

f  

i  

t  

S

I
c
L  

a  

i  

f  

i  

c  

D
ow

nloaded from
 https://academ

ic.oup.com
/gigascience/article/doi/10.1093/gigascience/giaf077/8203056 by BIB. U

N
IVER

SITAIR
E D

E SAIN
T Q

U
EN

TIN
 EN

 YVELIN
ES user on 07 O

ctober 2025
emain limited to a few terrestrial farm animal species [ 9 , 16 , 34 ,
5 ]. Ho w e v er, a catalog of regulatory elements is being generated
or se v er al important fish species used as model species [ 36 ] and
n global aquaculture [ 13 ], currently the fastest-growing animal
roduction sector [ 37 , 38 ]. 

Turbot ( Scophthalmus maximus ) is a valuable farmed fish in Eu-
ope and Asia (more than 100,000 tons), with the highest produc-
ion in China [ 39 ], follo w ed b y Spain [ 40 ]. Turbot is in its sixth
ener ation of selectiv e br eeding and infectious disease outbreaks
onstitute one of the main challenges this young industry faces
 39 , 41 ]. This is a broader trend shared by global aquaculture,
here infectious diseases cause losses totaling more than 5,000
 € per year [ 42 ]. Functional annotation of the turbot transcrip-

ome has been performed against high-quality r efer ence genomes
 41 , 43–45 ], including for imm une-or gans stim ulated with viruses
 46 ], bacteria [ 47 , 48 ], and parasites [ 49–52 ]. Candidate genes for
isease resistance have been further explored by mapping dif-
er entiall y expr essed genes (DEGs) within QTL regions [ 53–55 ].
o w e v er, limited attention has been given to noncoding regula-

ory elements, beyond a recent analysis of chromatin accessibil-
ty focused on early development [ 56 ]. How chromatin state and
oncoding regulatory elements are regulated during immune re-
ponses remains undefined in turbot and scarcel y explor ed in
ther farmed finfish. 

The head kidney has been targeted in all pr e vious functional
enomics studies in turbot investigating pathogen responses [ 46–
1 , 55 ] due to its centr al r ole in fish imm unity [ 57 ]. Head kid-
ey is a key endocrine and lymphoid organ in most marine
shes and, analogous to the mammalian bone marr ow, r espon-
ible for the production of multiple types of leukocytes, includ-
ng B-l ymphocytes, earl y-sta ge T-l ymphoc ytes, and my eloid cells
uc h as gr anuloc ytes and monoc ytes/macr opha ges [ 58–60 ]. Head
idney is a key site of ada ptiv e imm une r esponses and a nic he for
ong-li ved antibod y-producing cells. It also contains many cells
hat play a central role in innate immune responses, following
inding of pathogen-associated molecular patterns (PAMPs) to
ermline pattern r ecognition r eceptors (PRRs). These responses
ctiv ate v arious effector cellular functions tar geting pathogen de-
truction and clearance. Head kidney was ther efor e selected to
 har acterize r esponses to pathogen mimics for its diversity of cell
ypes and immune pathwa ys . 

ata Description 

he aim of this study was to generate the first comprehen-
ive functional annotation of the innate immune response of
urbot using a c hr omosome-le v el r efer ence genome sequence
ASM1334776v1) [ 41 ]. Live fish (18 individuals) and primary im-
 une cell cultur es (18 cultur es) wer e stim ulated using mimics of

ir al (pol y I:C) and bacterial (killed Vibrio anguillarum ) infections
nd compared to controls to capture changes in the transcrip-
ome alongside c hr omatin accessibility and epigenetic state by in-
egrating RNA-seq, A T AC-seq, and ChIP-seq data. The experimen-
al design and assays follo w ed the protocols established in the
uropean Commission Horizon 2020 A QU A-FAANG project (Grant
greement 817923). We aimed to generate comparable datasets

n response to the same bacterial and viral mimics in 6 commer-
ially important farmed fish species: European seabass ( Dicentrar-
 hus labrax ), gilthead seabr eam ( Sparus aurata ), r ainbow tr out ( On-
orhync hus m ykiss ), Atlantic salmon ( Salmo salar ), common carp
 Cyprinus carpio ), and turbot ( Scophthalmus maximus ). Our results
rovide a deeper understanding of the epigenomic basis for in-
ate immunity in turbot and a nov el r esource to prioritize genetic
ariation associated with noncoding elements regulating immune
esponses. 

ethods 

nimals 

hirty 8-month-old immature turbot specimens provided by Stolt
ea Farm SA (Ribeira, Spain) were housed in indoor tanks with re-
ir culating seaw ater at the facilities of the Aquarium of the Uni-
 ersity of Santia go de Compostela (Spain) for a period of acclima-
ion of 15 days at 16 ◦C ( Supplementary Table S1 ). All fish were
asted for 24 hours before stimulations were performed. Eighteen
sh wer e stim ulated in vivo by intr a peritoneal injection, while the
ther 12 were used for leukocyte isolation for in vitro stimulation
see following sections). Fish were anesthetized by bath (MS-222;
00 mg/L) and then euthanized by anaesthetic overdose (MS-222;
50 mg/L) before tissue sampling. All animal procedures were ap-
r ov ed by the Bioethics Committee of the University of Santiago
e Compostela (body authorized according to R.D. 53/2013) and
ith the authorization of the Xunta de Galicia regional govern-
ent. 

rotocols 

etailed protocols for the in vivo and in vitro stimulations, RNA
solation, A T AC-seq, and ChIP-seq (including libr ary pr epar a-
ion) follo w ed for turbot are available in the FAANG repository
data.faang.org; URLs for protocols in Supplementary Tables S1
nd S 2 ). 

n vivo imm unostim ulation 

ix fish were used per experimental condition for the in vivo stimu-
ations: (i) poly I:C for viral mimic immunostimulation, (ii) killed V.
nguillarum for bacterial imm unostim ulation, and (iii) phosphate-
uffered saline (PBS) for control. For poly I:C (Sigma P1530), we
r epar ed a working stock at 5 mg/mL in PBS, preheated to 55 ◦C

15 minutes) and cooled at room temperature (20 minutes) be-
ore use. Fish were then injected intraperitoneally with 5 μg per g
sh weight. For bacterial imm unostim ulation, an extr act of V. an-
uillarum (strain P0382; INRA) was used. Bacteria were cultured
n a tryptic soy broth medium to an OD600 (optical density at
00 nm) of 1.5. The bacterial pellet (derived from 100 mL of full-
r own cultur e) w as w ashed in an isotonic solution of NaCl (9 g/L)
 times and resuspended in 1 mL of the same solution. Bacteria
ere killed by incubation for 30 seconds at 100 ◦C, allowed to cool
t r oom temper atur e, and stor ed at −80 ◦C. The bacteria extract
as inoculated in each specimen and diluted in PBS (1:10) for a
nal volume of 100 μL. Control fish were injected with 100 μL PBS.
fter 24 hours, head kidney samples were extracted, washed with
BS, and cut into at least 3 pieces ( > 20 mg eac h); 2 wer e flash
rozen on dry ice for A T AC-seq and ChIP-seq, and the other was
mmersed in RNAlater (Thermofisher Scientific) for RNA extrac-
ion and RNA-seq. All samples were then stored at −80 ◦C (Fig. 1 A,
upplementary Table S2 ). 

n vitro stimulation: leukocyte isolation and 

ulture 

eukoc ytes w ere isolated from 12 fish. The entire head kidney was
septically isolated and placed in a Petri dish with 40 mL of cell

solation media (500 mL of Leibovitz L-15 medium [L-15], 10 mL
etal bovine serum [FBS, 2%], 0.02% EDTA). Samples were then cut
nto small pieces and passed through a 100- μm nylon mesh with
onstant flow of cell isolation media. Leuk ocytes wer e separ ated

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data


Multiomics of turbot immune response | 3 

Figure 1: Experimental design followed for turbot imm unostim ulations: (A) in vivo imm unostim ulation of immature fish with subsequent sampling of 
head kidney and (B) in vitro stimulation of head kidney leukocytes of immature fish; 18 samples were used for RNA-seq, 18 for A T AC-seq, and 18 for 
ChIP-seq/ μChIPmentation with antibodies to H3K4me3, H3K27ac, and H3K27me3 histone marks. 
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by centrifugation of 40 mL of the cell suspension gently layered in 

a 50-mL tube containing 51% P er coll (400 × g , 30 minutes, 4 ◦C, no 
brakes). The interface layer was collected by centrifugation (400 
× g , 10 minutes, 4 ◦C) and washed 3 times with L-15 medium con- 
taining 0.1 FBS, k ee ping the pelleted leukocytes (Fig. 1 B). 

To ensure enough cells were a vailable , samples were pooled 

by pairs after cell counting, and cell viability was e v aluated by 
the trypan blue exclusion test, totaling 6 pools (each 18 × 10 6 

cells; Supplementary Table S1 ). Then, each pool was divided into 
9 aliquots of 2 × 10 6 cells (in 2 mL) that were dispensed into wells,
for a total of 54 wells (6 pools × 9 aliquots): 18 stimulated with 

20 μL poly I:C solution, 18 with 20 μL inactivated V. anguillarum ,
and the remaining 18 wells used as controls (Fig. 1 B). All leuko- 
cyte cultures were incubated for 24 hours at 16 ◦C. Cells were then 

collected in 2-mL Eppendorf tubes and pelleted at 500 × g for 5 
minutes at room temperature. Eighteen pellets were resuspended 

in RNAlater and stored at −80 ◦C for RNA-seq, while the other 36 
wer e flash fr ozen in dry ice and stor ed at −80 ◦C for A T AC-seq and 

μChIPmentation, r espectiv el y ( Supplementary Table S1 ). 

Genome reference 

The genome (ASM1334776V1) used as r efer ence was assembled 

at the c hr omosome le v el and published by Martínez et al. [ 41 ].
It consists of 145 contigs (contig N50: 20.4 Mb) and 127 scaffolds 
(scaffold N50: 22.9 Mb), capturing 22 c hr omosomes r epr esenting 
98.6% of the genome. 

RN A isola tion and sequencing 

After sample thawing, total RN A w as extracted and purified us- 
ing the miRNeasy Kit (QIAGEN) with specific modifications for (i) 
frozen head kidney ( > 20 mg), following a protocol for “Total RNA 

extraction for tissues,” and (ii) frozen leukocytes (2 × 10 6 cells),
following a protocol for “Total RNA extraction for frozen cells”
( Supplementary Table S2 ). RNA integrity and quantity wer e e v al- 
uated in a Bioanalyzer (Bonsai Technologies) and in a NanoDrop 

ND-1000 spectr ophotometer (NanoDr op Tec hnologies). RNA in- 
egrity number (RIN) av er a ged 8.3 acr oss all samples, al ways
bove 7.3. RNA samples wer e deliv er ed to Novogene for library
r epar ation using NEBNext Ultr a Dir ectional RNA Libr ary Pr ep
its for Illumina and sequenced using an Illumina NovaSeq S4
latform to generate 150-bp paired-end reads. 

N A-seq da ta processing 

N A-seq data w er e pr ocessed using nf-cor e/rnaseq 3.10.1 [ 61 ]
un with default parameters, using the turbot Ensembl genome 
SM1334776v1 [ 41 ] as r efer ence. In brief, the pipeline e v aluated
uality of raw reads using FASTQC ( RRID:SCR _ 014583 ) [ 62 ] and
rimmed adapters and low-quality bases using Trim Galore ( RRID:
CR _ 011847 ) [ 63 ]. Reads were then mapped using STAR ( RRID:
CR _ 004463 ) [ 64 ]. Normalized transcript read counts were ob-
ained using RSEM ( RRID:SCR _ 000262 ) [ 65 ]. After nf-core process-
ng, the resulting count tables were filtered to remove genes with
xpression below 5 transcripts per million (TPM < 5) and repre-
ented in only 1 sample across all conditions. 

ifferential gene expression and Gene Ontology 

nalysis 

EGs between stimulated and control samples were identified 

sing the R/Bioconductor pac ka ge DESeq2 v1.38.1 ( RRID:SCR _
15687 ) [ 66 ]. Genes with false discovery rate (FDR)–adjusted P <
.05 were considered DEGs. Functional enrichment of the DEG 

ists was performed using ShinyGO v0.77 ( RRID:SCR _ 019213 ) [ 67 ].
ene Ontology (GO) terms for Biological Process of each list were

anked by statistical significance (FDR-adjusted P < 0.05). All ex- 
ressed genes across conditions were used as the background for
O analyses. 

 T AC-seq: Library preparation and sequencing 

ollo wing a standar d protocol for “Nuclei isolation for A T AC-seq
r ocedur es” ( Supplementary Table S2 ), the frozen head kidney
r a gments ( > 20 mg; in vivo assay) and cell pellets (2 × 10 6 cells;
n vitro assay) w ere thaw ed and resuspended in 1 mL TST buffer.

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://scicrunch.org/resolver/RRID:SCR_014583
https://scicrunch.org/resolver/RRID:SCR_011847
https://scicrunch.org/resolver/RRID:SCR_004463
https://scicrunch.org/resolver/RRID:SCR_000262
https://scicrunch.org/resolver/RRID:SCR_015687
https://scicrunch.org/resolver/RRID:SCR_019213
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
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ac h tissue fr a gment was cut into smaller pieces with a scalpel,
ashed with the rubber back of a syringe, and filtered through a

0- μm cell strainer, while cell pellets were resuspended by gen-
le pipetting. The number and integrity of nuclei were assessed
ith a hemocytometer (minimum of ∼50,000 nuclei in a 16.5- μL

uspension; ∼3,000 nuclei/ μL) before carrying out the Tn5 trans-
osase reaction with Illumina Tagment DNA TDE1 enzyme (37 ◦C,
0 minutes, 1,000 rpm; Illumina) following the standard “Omni-
 T AC protocol” ( Supplementary Table S2 ) [ 68 ]. The resulting DNA
as purified with a MinElute PCR purification kit (Qiagen), and
N A concentration w as assessed with a Qubit device using the
sDNA HS kit (ThermoFisher Scientific). Library amplification (10–
2 PCR c ycles) w as carried out using the NEBNext Ultra II DNA
ibr ary Pr ep Kit (Ne w England Biolabs), with IDT for Illumina UD
ndexes (96 ×, Plate A, Set 1; Illumina). Library size selection was
erformed to r emov e fr a gments below 180 bp and above 700 bp
sing AMPure XP beads (Beckman Coulter). Finally, DNA fragment
ize distribution was assessed with the Bioanalyzer High Sensitiv-
ty DNA Assay kit (Ag ilent Technolog ies). ATAC-seq libr aries wer e
eliv er ed to Novogene to be sequenced on an Illumina NovaSeq
4 platform generating 150-bp paired-end reads. 

hIP-seq and μChIPmentation: Library 

repar a tion and sequencing 

he frozen head kidney fragments ( > 20 mg) and leukocyte pellets
2 × 10 6 cells) were thawed on ice. Following a standard “ChIP-
eq” protocol ( Supplementary Table S2 ), the tissue fr a gments wer e
r ansferr ed into a Dounce homogenizer containing a protease in-
ibitor coc ktail (PIC, Roc he; 1 tablet in 50 mL PBS) solution im-
ersed in ice and homogenized using pestles A and B (from less

o more plunger adjustment). The leukocyte pellets were resus-
ended in the PBS and PIC solution. The amount and quality of
uclei were assessed with a hemocytometer and trypan blue
taining ( > 10 million cells for head kidney; > 100,000 for leuko-
yte cultures). Due to the low number of nuclei r ecov er ed fr om the
euk ocyte cultur es, a μChIPmentation pr otocol (Dia genode) was
sed, following a modified protocol ( Supplementary Table S2 ). 

In both cases, c hr omatin cr osslinking was done using a
% formaldehyde solution follo w ed b y quenc hing with gl ycine
0.125 M). Nuclei were pelleted and resuspended in complete
onication buffer, while leukocyte nuclei were resuspended in
anks’ Balanced Salt Solution (HBSS; Thermo Fisher Scientific)—

L1 buffer ( Supplementary Table S2 ). Chromatin was sheared us-
ng a Covaris S2 focused ultrasonicator with the following param-
ters: 2% duty cycle, intensity 3, with 200 cycles per burst, at 4 ◦C
or 8 minutes and 6 minutes for head kidney tissue and leuko-
ytes, r espectiv el y. 

The imm unopr ecipitation was performed using Dia genode an-
ibodies for 3 marks: H3K4me3 (marking active promoter re-
ions; cat. C15410003; 1.3 μg/ μL), H3K27ac (marking active en-
ancer and promoter regions; cat. C15410196; 2.8 μg/ μL), and
3K27me3 (marking Polycomb repressed regions; cat. C15410195;
.1 μg/ μL). For head kidney samples, antibodies were coupled with
r e washed pr otein A and pr otein G beads and the tubes left un-
er r otation ov ernight ( ∼16 hours) at 4 ◦C, following the standard
hIP-seq protocol. After washing the beads and decrosslinking,

he samples were purified using the MinElute PCR purification kit
Qiagen) and later quantified with DNA HS Qubit (ThermoFisher
cientific). Imm unopr ecipitated c hr omatin was stor ed at −20 ◦C
ntil library preparation, using a Microplex v3 kit (Diagenode). For
he leukocyte samples, the μChipmentation kit for histones (Di-
genode) was used for c hr omatin imm unopr ecipitation and ChIP-
eq library preparation ( Supplementary Table S2 ). 

Before sequencing, the quantity and quality of purified libraries
ere assessed using the Qubit DNA HS kit (ThermoFisher Scien-

ific) and the High Sensitivity DNA Assay kit (Agilent Technolo-
ies), r espectiv el y. A minim um of 60% of the c hr omatin was r e-
uir ed to hav e a size distribution between 200 and 700 bp (cen-
er ed ar ound 350–400 bp). ChIP-seq libr aries wer e deliv er ed to
ovogene for sequencing on an Illumina NovaSeq S4 platform
enerating 150-bp paired-end reads. 

 T AC-seq and ChIP-seq data processing 

 T AC-seq and ChIP-seq data were processed using the nf-
ore/atacseq v1.2.2 and nf-core/chipseq v1.2.2 pipelines [ 68 ],
 espectiv el y, run with the narrow_peak option for A T AC-seq
nd H3K4me3 and H3K27ac ChIP-seq datasets, and with the
road_peak option for H3K27me3. The other parameters were
 e pt by default. Quality assessment of the reads was carried
ut with FASTQC ( RRID:SCR _ 014583 ) [ 62 ] and adapters and low-
uality bases trimmed with Trim Galore ( RRID:SCR _ 011847 ) [ 63 ].
eads were mapped to the turbot genome using BWA ( RRID:
CR _ 010910 ) [ 69 ]. Further filtering was done with SAMtools ( RRID:
CR _ 002105 ) [ 70 ], BAMtools ( RRID:SCR _ 015987 ) [ 71 ], and pysam
 RRID:SCR _ 021017 ) [ 70 ]. Genome-wide imm unopr ecipitation (IP)
nric hment r elativ e to contr ols was done with deepTools ( RRID:
CR _ 016366 ) [ 72 ], and br oad/narr o w peaks w ere called using
ACS2 ( RRID:SCR _ 013291 ) [ 73 ]. Once the nf-core run was finished,

uboptimal replicates with very low peak numbers were excluded
fter visualizing their bigwig files on the Integr ativ e Genomics
iewer (IGV; RRID:SCR _ 011793 ) [ 74 ] ( Supplementary Table S3 B). 

hIP-seq and μChIPmentation blacklist 
o impr ov e the signal-to-noise r atio of the ChIP-seq and
ChIPmentation data, a blacklist consisting of high signal and

ow mappability regions was constructed using ChIP-seq and
ChIPmentation inputs, including 21 control ChIPseq turbot sam-
les (EN A accession PRJEB57784), follo wing a publicl y av ailable
ipeline [ 75 ]. The mappability of the turbot genome for read

engths of 100 bp and 150 bp ( k -mers 100 and 150) was quanti-
ed using the uma p softwar e pac ka ge ( RRID:SCR _ 018217 ) [ 76 ]. The
ener ated ma ppability files wer e fed into the ENCODE blac klist
oftware [ 77 ] to generate the blacklist. Alignment and peak files
eriv ed fr om the nf-cor e pipeline wer e filter ed with BAMtools to
 emov e r eads and peaks located in the blac klist r egions. 

ifferential histone modification regions and 

ifferentially accessible regions 

ignificant differential histone modification regions (DHMRs) and
iffer entiall y accessible regions (DARs) (adjusted P < 0.05) be-
ween stimulated samples and controls were identified using Diff-
ind ( RRID:SCR _ 012918 ) [ 78 ] with default settings. 

ntegr a tion of ChIP-seq and A T AC-seq data with 

N A-seq da ta 

or each condition tested, the promoters of DEGs overlapping with
 egions ta gged as DARs and/or DHMRs wer e identified. When a p-
licable, a hypergeometric test was performed to c hec k the sig-
ificance of ov erla pping between eac h pair ( P < 0.05, Bonferroni
orrection). 

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://scicrunch.org/resolver/RRID:SCR_014583
https://scicrunch.org/resolver/RRID:SCR_011847
https://scicrunch.org/resolver/RRID:SCR_010910
https://scicrunch.org/resolver/RRID:SCR_002105
https://scicrunch.org/resolver/RRID:SCR_015987
https://scicrunch.org/resolver/RRID:SCR_021017
https://scicrunch.org/resolver/RRID:SCR_016366
https://scicrunch.org/resolver/RRID:SCR_013291
https://scicrunch.org/resolver/RRID:SCR_011793
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://scicrunch.org/resolver/RRID:SCR_018217
https://scicrunch.org/resolver/RRID:SCR_012918
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Chroma tin sta te inferences 

Genome-wide c hr omatin states for each condition wer e pr edicted 

using ChromHMM ( RRID:SCR _ 018141 ) [ 79 ] integrating the ChIP- 
seq data ( μChIPmentation for in vitro samples) for the 3 histone 
marks (H3K4me3, H3K27ac, and H3K27me3) and A T AC-seq data.
Chr omatin state pr ediction w as performed b y testing ChromHMM 

models, including from 8 to 15 states, k ee ping the one that re- 
turned the most biologically relevant chromatin states for head 

kidney and leukocyte data separ atel y [ 34 , 36 , 80 ]. The genome- 
wide distribution of r esulting c hr omatin states was visualized 

on IGV ( RRID:SCR _ 011793 ) [ 74 ]. Regions annotated as enhancer- 
related states by ChromHMM were retrieved, and each stimula- 
tion dataset was compar ed a gainst its r espectiv e contr ol to iden- 
tify potential enhancer-related regions . T hen, potential enhancers 
annotated as “intergenic” or “intron” were k e pt as differential 
enhancer-state regions for further analysis. 

Transcription factor motif analysis 

Enric hed tr anscription factor binding motifs (TFBMs) included in 

the HOMER software ( RRID:SCR _ 010881 ) [ 81 ] were identified us- 
ing the findMotifsGenome.pl function (settings: -size given -mask 
-mset v ertebr ates) in the differ ent lists of pr omoter-associated 

DHMRs/DARs and putative enhancers for each condition. Random 

genomic regions with GC-content matching each input genomic 
list were used as the background for automatic motif analysis by 
HOMER. Following the recommended guidelines for the HOMER 

pr ogr am, onl y TFBMs with P < 0.05 (after Bonferroni correction) 
and percentage of target sequences > 10% were considered en- 
riched. 

GO analysis of the transcription factors (TFs) predicted to 
bind enriched TFBMs was performed with Metascape ( RRID:SCR _ 
016620 ) [ 82 ] using zebrafish Danio rerio as the r efer ence. Finall y, a 
selection of TF genes that were DEGs and contained promoter re- 
gions ov erla pping DARs or DHMRs were explored with IGV ( RRID: 
SCR _ 011793 ) [ 74 ]. 

Results 

Raw sequencing data and sample metadata 

A total of 186 multiomic datasets were produced in this study, in- 
cluding RNA-seq (36), A T AC-seq (36) and ChIP-seq (108; 36 per hi- 
stone mark, plus 6 ChIP-seq input controls). Full information on 

samples and metadata is shared in Supplementary Tables S1 and 

S2 . 

RNA-seq 

On av er a ge, 69,580,246 r aw r eads per libr ary wer e pr oduced acr oss 
the 36 RNA-seq samples, with 97.2% mapping to the turbot 
genome ( Supplementary Table S3 A). Principal component anal- 
ysis (PCA) sho w ed that 77% of the tr anscriptome v ariance was 
explained by PC1, separating the in vivo and in vitro stimulations 
(Fig. 2 A). Despite all 3 in vivo conditions (head kidney samples) 
grouping together, a suggestive spatial segregation was observed 

mainl y acr oss PC1, with the contr ol at one end and the Vibrio stim- 
ulation at the other. For the in vitro stimulations (primary cell cul- 
tures of kidney-isolated leukocytes), PC2 clearly separated the Vib- 
rio stimulation from poly I:C and control samples, the last 2 show- 
ing some ov erla p (Fig. 2 B). 

Differ ential expr ession anal ysis w as performed b y comparing 
eac h stim ulated condition to the r espectiv e contr ols, both for the 
in vitro and in vivo stimulations. In total, 8,797 DEGs were iden- 
tified across all comparisons (T able 1 , Supplementary T able S4 ).
or the in vitro stimulations, a stronger response was observed for
ibrio than poly I:C stimulation, both for up- and downregulated
enes . Meanwhile , poly I:C sho w ed a higher number of DEGs than
ibrio for the in vivo stimulations both for up- and downregulated
enes (Table 1 , Supplementary Table S4 ). Ov er all, mor e DEGs were
etected in the in vitro than in the in vivo stimulations (7,940 vs.
,758, r espectiv el y). 

unctional enrichment among DEGs 

O analysis identified enriched biological processes for up- and 

ownregulated DEGs in all conditions ( Supplementary Table S5 ).
mong the downregulated DEGs, metabolism, cell cycle, and cy- 

oskeleton organization terms were enriched for the in vitro stim-
lations, while a limited number of terms were detected for in vivo
timulations ( Supplementary Table S5 ). 

More abundant and specific enriched GO terms were detected 

mong the upregulated DEGs. Although RN A metabolism w as en-
iched for most stimulations, poly I:C stimulation was linked to
 more specific activation of k e y immune functions (particularly

n vitro ), such as interferon-stimulated genes and cytokine path-
a ys , and regulation of Toll-like receptors, besides more general

mmune terms. DEGs for the Vibrio in vitro stim ulation wer e en-
ic hed for imm une-r elated terms associated with cytokine and
e v er al tr ansport pathwa ys , wher eas Vibrio in vivo upr egulated
enes displayed strong enrichment of terms related to cytoskele- 
on or ganization, tissue de v elopment, and syncytium formation
 Supplementary Table S5 ). 

Comparing upregulated DEGs between conditions, important 
mm une-r elated GO terms wer e commonl y enric hed between
oth poly I:C and Vibrio in vitro stimulations, as well as the poly I:C

n vitro and in vivo stimulations (Fig. 3 , Supplementary Table S6 ,
upplementary Table S7 ). These included interferon type I stimu-
ated genes ( socs1a , socs1b , nod2 , nmi ), cytokine signaling (the same
enes plus traf2 and il15ra ), and MHC-I pathways ( erap1b , tapbpl ,
apbp 2). Activ ation of tr anscription, pr otein localization, and a
mall number of terms associated with “pe ptid yl-arginine mod-
fication” ( prmt1 , prmt3 , prmt5 , prmt7 ), critical to maintain self-
ntigenic integrity, were commonly overrepresented in poly I:C 

nd Vibrio in vivo , as well as between the in vitro and in vivo Vib-
io stimulations (Fig. 3 , Supplementary Table S6 , Supplementary
able S7 ). 

We detected se v er al DEGs r egulated in opposite directions for
oly I:C and Vibrio stimulations (Table 2 , Fig. 3 , Supplementary
able S6 ), suggestive of div er gent imm une r esponse to bacteria
nd virus. Among the in vivo upregulated DEGs for Vibrio and
ownr egulated for pol y I:C, we observ ed enric hment of gener al

mmune and inflammatory functions, including genes such as il- 
b , traf4a , and f2r . Conv ersel y, imm une-r elated genes, including
od2 , sting1 , irf1b , and apaf1 , w ere do wnregulated for Vibrio and
pr egulated for pol y I:C in vivo . Inter estingl y, man y orthologs of
uman and mouse genes involved in the type-I IFN response [ 83 ,
4 ] were upregulated in the poly I:C stimulations but downreg-
lated with Vibrio extr acts, especiall y in the in vivo stimulation

Table 2 ). 
Considering condition-specific DEGs (Fig. 3 , Supplementary 

able S6 ), those upregulated by poly I:C in vitro were enriched
or terms associated with the Toll-like receptor signaling path- 
ay ( usp4 , tasl , irak3 ), while tr anscriptional activ ation terms wer e

ound among upregulated DEGs for Vibrio in vitro. For the in
ivo stim ulations, tr anscriptional activ ation GO terms wer e en-
ic hed for upr egulated DEGs after pol y I:C stim ulation, wher eas
esponse to stimulus (explained by tlr3 , hamp , tnip1 , fxc1a , and

https://scicrunch.org/resolver/RRID:SCR_018141
https://scicrunch.org/resolver/RRID:SCR_011793
https://scicrunch.org/resolver/RRID:SCR_010881
https://scicrunch.org/resolver/RRID:SCR_016620
https://scicrunch.org/resolver/RRID:SCR_011793
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
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Figur e 2: PC A of the in vivo and in vitro tr anscriptomic r esponse to stim ulation with pol y I:C and Vibrio . (A) PCA of the whole tr anscriptomic dataset. 
(B) Independent PCAs for the in vitro and in vivo transcriptomic assays. 

Table 1: Number of differ entiall y expr essed genes (DEGs) for the 
in vitro and in vivo stimulations with Vibrio and poly I:C 

Stimulant Stimulation 
Do wnregula ted 

DEGs 
Upregulated 

DEGs 
Total 
DEGs 

Vibrio In vitro 3,217 3,321 6,538 
In vitro 929 910 1,839 

Poly I:C In vitro 544 858 1,402 
In vitro 1,918 2,001 3,919 
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cr12a , among other genes) and syncytium formation (explained
y kirrel3l , jam2a , and plekho1b ) wer e enric hed for Vibrio . 

 T AC-seq and ChIP-seq 

ost libraries sho w ed > 95% read mapping to the turbot genome,
xcept four A T AC-seq Vibrio in vitro libraries with lo w er mapping
ates due to the presence of the bacterial DNA in the cell culture
av er a ge 54%) ( Supplementary Table S3 B). On av er a ge, we identi-
ed 24,251 ( in vitro ) and 62,013 ( in vivo ) peaks per sample for A T AC-
eq; 26,199 (H3K4me3), 13,461 (H3K27ac), and 27,765 (H3K27me3)
eaks for the in vivo ChIP-seq data; and 15,870 (H3K4me3), 5,363

H3K27ac), and 38,784 (H3K27me3) peaks for the in vitro ChIP-
eq data. Hier arc hical clustering of the samples cluster ed them
y technique and condition (Fig. 4 ), excluding the H3K27ac mark,
here in vivo and in vitro clusters for poly I:C were separated. This

s concordant with the behavior observed for regulatory elements
or this experimental condition, as discussed in future sections.
n addition, the marks associated with r epr ession (H3K27me3)
nd activation (H3K4me3) of regulatory elements sho w ed, respec-
iv el y, the expected negativ e and positiv e corr elation with RNA-
eq data. A similar pattern was observed in the PCA plot, where
ec hniques wer e segr egated mostl y acr oss PC1, unless for the r e-
r ession (H3K27me3), mostl y explained by PC2, also r esponsible
or differentiation across conditions ( Supplementary Fig. S1 ). Vib-
io sho w ed the gr eatest differ entiation among the stim ulations,
hile poly I:C and controls were mostly intermingled, particu-

arly for A T AC-seq ( in vitro and in vivo ) and H3K4me3–ChIP-seq
 in vitro ). 

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
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Figure 3: UpSet plots illustrating ov erla p of DEGs for (A) in vitro poly I:C vs. Vibrio , (B) in vivo poly I:C vs. Vibrio , (C) Poly I:C in vitro vs. in vivo , and (D) 
Vibrio in vitro vs. in vivo . The colored boxes show enriched GO terms related to the immune system found in the subsets with the same color. Asterisks 
( ∗) highlight cases where suggestive immune-related GO terms were identified, despite not being significantly enriched. Double asterisks ( ∗∗) highlight 
specific genes (in parentheses) associated with relevant immune functions. 
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ChIP-seq blacklist 
Certain genomic regions obscure epigenetic analyses because of 
anomalous, unstructured, or high signal due to particular ge- 
nomic features [ 77 ]. Using the 21 ChIP-seq and μChIPmentation 

input controls (EN A project PRJEB57784), w e constructed a black- 
list of low-confidence genomic regions for turbot ChIP assays 
( Supplementary Table S8 ). On av er a ge, 6.98% ( ∼39 Mb) of the 
turbot genome was included in the blacklist, consisting of 
high input signal (5.58%) and low mappability (1.40%) regions 
( Supplementary Fig. S2 ). 

Chroma tin sta te annota tion 

Genome-wide c hr omatin state pr edictions wer e pr oduced us- 
ing ChromHMM employing the ChIP-seq and A T AC-seq data 
fr om stim ulated and contr ol samples fr om head kidney tissue 
( in vivo ) and head kidne y–deri v ed leuk ocytes ( in vitro ) (Fig. 4 ,
Supplementary Table S9 ). For the in vivo samples (Fig. 5 A), a 10- 
state model was c hosen, including pr omoters/tr anscription start 
sites (TSSs; states 1, 2, 3 and 4), potential enhancer regions (states 
5 and 6), A T AC islands (state 7; i.e., A T AC peaks lacking histone 
marks), r epr essed r egions (states 8 and 9) and low signal regions 
(state 10). For the in vitro leukocytes (Fig. 5 B), an 8-state c hr omatin 

model was chosen, including promoters/TSSs (states 1, 2, and 3),
otential enhancer regions (states 4 and 5), A T AC islands (state
), r epr essed r egions (state 7), and low signal r egions (state 8). For
ac h c hr omatin state ma p, ±2-kb r egions ar ound the TSS sho w ed
ignal specifically for chromatin states 1, 2, 3, and 4 for head kid-
ey ( in vivo ) and states 1, 2, and 3 for leukocytes ( in vitro ), mostly
orr esponding to pr omoter r egions and/or tr anscriptionall y activ e
egions. 

ARs and DHMRs following stimulation 

e next aimed to identify regulatory regions in the turbot genome
ffected by the immune stimulation. Significant DARs and DHMRs 
FDR-adjusted P < 0.05) comparing Vibrio and poly I:C stimulations
o control samples were identified (Table 3 , Supplementary Table
10 ). Globally, a higher number of DARs and DHMRs were detected
or up- than for downr egulated r egions, mor e in vivo than in vitro ,
nd more for Vibrio than poly I:C comparisons. Additionally, his-
one marks H3K27ac and H3K27me3 sho w ed m uc h lo w er DHMRs
han H3K3me3 or A T AC-Seq DARs. 

ssociation of A T AC-seq and ChIP-seq data with 

N A-seq da ta 

e tested if DARs and DHMRs for H3K4me3 and H3K27ac marks
nnotated as pr omoter/TSS r egions (up to −1 kb upstream of

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
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Table 2: Imm une-r elated DEGs showing opposite responses fol- 
lowing Vibrio and poly I:C stimulations 

Comparison Differentially expressed genes (DEGs) 

In vitro —upregulated by poly I:C, 
do wnregulated b y Vibrio 

aldh2-like , arhgap22 , arrdc2 , asb9-like 
ascc3 , atxn7l1 , bpifcl, c1qa, cep170b , 
chaf1b , cnnm4b , dync1h1 , ece2b , 
ermp1-like , gna14 , gpr155a , 
has1 ,ip6k2-like , mapk8a , mycbp2 , 
nfkb1, notch2 , pld4-like, psda, rilp, 
serinc1-like, sgk2b, sp100.1, spsb4a , 
sptbn1 , stim2b, synpr, tank , tent4b, tlr8 , 
tmem269-like, tnk2b, tpm4b, trim25-like , 
trim35-14 , usp1 , vcanb 

In vitro —upregulated by Vibrio , 
do wnregulated b y poly I:C 

bcat-like, ctns , gid8b-like, pcxb, psat1 , 
rab11b-like, rtf2, sfxn2, slc25a43 , stat3 , 
thoc7, tollip, vhl, vps26c, vps41 

In vivo —upregulated by poly I:C, 
do wnregulated b y Vibrio 

ador a4a, ankr d10b , apaf1 , arhgap12b , 
atg9a, atxn7l1 , bpifcl, 
camkk1b , casp1a-like , cylda, emilin1, 
fem1c , gfral, gna14 , gnptab, il22ra2 , 
irf1b , nlrc3-like , nod2 , nsmce4a , otulina, 
parp15-like , pstpip1b , pstpip2 , rasgef1b , 
rnf146, rnf170 , sting1 , themis2 , txk , 
ubp15, ucp2-like , xcr1-like , xkr8-like 

In vivo —upregulated by Vibrio , 
do wnregulated b y poly I:C 

aebp1, alpl, anxa13l, anxa1a , cald1a , 
capn2b, c hc hd6a, col17a1-like, f2r , 
ggh-like , icn-like, il-1b, il8-like , il11-like , 
kdm2aa, lims2 , map1lc3b, mfsd10, msto1, 
olfm5-like, osbpl10, plpp1like, plxnb2b, 
slc4a4-like , tlr13-like, traf4a , vat1 , 
zan-like 

Turbot orthologs of human/mouse type I IFN stimulated genes (ISGs) are high- 
lighted (in bold upregulated and underlined downregulated), based on the 
database Interferome [ 83 , 84 ]. Note that most of these genes ar e upr egulated 
in response to poly I:C stimulation but downregulated in response to Vibrio 
stimulation . 
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SSs) corresponded to DEGs under the same experimental con-
itions (hypergeometric distribution test, P < 0.05). DARs and
HMRs were much more overrepresented at the promoter regions
f up- rather than downregulated DEGs (Table 4 , Supplementary
able S11 ), suggesting changes in chromatin state associated with
he activation of genes. We performed GO enrichment analyses
f those upregulated DEGs within each experimental condition
 P < 0.05, Table 4 ). Significant enrichment (FDR < 0.05) included
e v er al metabolic activities and particular immune functions, in-
luding antigen pr ocessing/pr esentation and a poptotic/cell death
athways ( Supplementary Table S12 ). Specificall y, enric hed terms
 ere RN A processing—particularly transfer RN A, ribosomal RN A,
nd noncoding RNA—as well as ribosome biogenesis and transla-
ion for the Vibrio in vitro stimulation. In contrast, the terms as-
ociated with the Vibrio in vivo stim ulation wer e linked to pro-
ein localization to the nucleus and or ganelles, DNA r eplica-
ion, and carbohydrate metabolism. The term “pe ptid yl-arginine

odification” was also enriched, involving prmt1 , prmt3 , prmt5 ,
nd prmt7 genes, as outlined before for the whole DEG analysis
RNA-seq). The poly I:C in vivo stimulation sho w ed enrichment
n imm une-r elated pr ocesses, including “antigen pr ocessing and
resentation via MHC-I” (explained by erap1b , tapbpl ) and “regu-

ation of pr ogr ammed cell death” (explained by apaf1 , bida , casp8
nd 10 , socs3a , grinab , bcl2l10 ; Supplementary Table S12 ). No cor-
elation was found between c hr omatin accessibility in promoter
 egions and differ ential expr ession among selected genes r elated
ith T-cell costim ulation, pr o- and anti-inflammatory cytokines,
nd class IV TRIM genes typicall y involv ed in antivir al defense
 Supplementary Fig. S3 ). 

FBM analysis 

o establish TFs potentially associated with chromatin state reg-
lation following immune stimulation, the enrichment of TFBMs
ithin DARs/DHMRs annotated as promoter or enhancer regions
as examined. Significant enrichment was detected for all stimu-

ations . On a v er a ge, acr oss stim ulations, 56.5 (r ange: 0–109) signif-
cantl y enric hed TFBMs wer e detected for upr egulated pr omoters,
ith only 1 significantly enriched TFBM detected in downregu-

ated promoters for Vibrio in vivo. Meanwhile, 5 (range: 1–10) and
5.75 (range: 1–61) respective TFBMs were enriched for downreg-
lated and upregulated enhancers ( Supplementary Table S13 ). 

Most TFBMs and associated TFs predicted for active promoters
nd enhancers were enriched in multiple stimulation conditions:
6 TFs were shared by both Vibrio stimulations and in vivo poly I:C,
2 TFs were shared for both Vibrio stimulations, and 12 TFs were
hared for both in vivo stimulations (Fig. 6 ; Supplementary Table
13 ). 

To further investigate the functions of TFs with enriched
otifs, we used the Molecular Complex Detection algorithm

MCODE) and pr otein–pr otein inter action (PPI) data to identify
onnected functions among differ entiall y expr essed TFs, as well
s among TFs with DARs or DHMRs on their promoters, with a spe-
ial focus on imm une-r elated functions ( Supplementary Fig. S4 ,
upplementary Table S14 ). 

For the Vibrio in vitro stimulation, interconnected clusters of
Fs associated with hemopoiesis and immune functions, par-

icularly the FGF signaling pathway, MAPK signaling pathway,
 ymphocyte activ ation, l ymph v essel de v elopment, and o xidati ve
tr ess r esponse, wer e identified. For the Vibrio in vivo stimulation,
e detected clusters of TFs associated with similar functions:
emopoiesis , MAPK signaling pathwa y, and my eloid leukoc yte dif-

erentiation and cellular senescence ( Supplementary Fig. S4 ). Fi-
all y, for the pol y I:C in vivo stim ulation, hemopoiesis, FGF signal-

ng pathw ay, MAPK signaling pathw ay, my eloid cell de v elopment
nd differentiation, and regulation of cell differentiation sho w ed
onnected TF subsets. 

Using the Integr ativ e Genomics Viewer (IGV), we visualized
 ariation in c hr omatin state ar ound the pr omoters of 9 TF-DEGs
elected from Supplementary Table S14 , as well as the Toll-like
eceptor tlr3 gene, to sho w differences follo wing activation b y the
iffer ent stim ulants (Fig. 7 , Supplementary Figs. 5 and 6 ). 

iscussion 

his study r epr esents the first epigenomic analysis of the tur-
ot head kidney, the primary hematopoietic and lymphoid organ
f teleosts, in response to viral (poly I:C) and bacterial (inacti-
ated V. anguillarum ) mimics. While head kidney transcriptomic
esponses to bacteria, virus, and parasites have been extensively
nvestigated in turbot [ 46 , 48 , 50–52 , 85–87 ], the epigenetic reg-
lation of c hr omatin states following immune stimulation has
ot been r esearc hed befor e . T he head kidney response was ex-
lor ed thr ough intr a peritoneal injection, r eflecting the r esponse

n the whole body, including interactions among immune organs,
nd through in vitro stimulation of primary leukocyte cultures, re-
ecting their direct interaction with stimulants . T he use of the
ame viral and bacterial mimics will enable further compara-
iv e e v aluation among the 6 fish species included in the A QU A-
AANG project pertaining to 5 teleost orders (Salmoniformes,

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
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Figure 4: Heatmap of the hierarchical clustering (Spearman correlation) of the in vivo and in vitro transcriptomic and epigenomic response to 
stimulation with poly I:C and Vibrio for the RNA-seq, open chromatin A T AC-seq, and histone ChIP-seq (H3K4me3, H3K27ac, H3K27me3) samples. 
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Cyprinidontiformes , Spariformes , P er ciformes, and Pleuronecti- 
formes). We first discuss the transcriptional response to immune 
stim ulations, whic h pr ovide context to the c hr omatin assays per- 
formed to understand how transcription is r egulated fr om tr an- 
scription factors up to immune genes in the turbot. 

Transcriptomic response to immune stimulation 

Upregulated genes with k e y immune roles, such as interferon and 

c ytokine pathw ays and Toll-lik e rece ptor r egulation, wer e found in 

both pol y I:C stim ulations and in Vibrio in vitro stimulation. Inter- 
ferons (IFNs) are a subset of class II cytokines with crucial roles 
in antimicr obial defense, especiall y a gainst viruses, but also in- 
tr acellular bacteria [ 88 ]. Inter estingl y, tlr3 , encoding the Toll-like 
r eceptor 3, whic h induces IFN pr oduction after inter action with 

poly I:C [ 89 ], was upregulated in the Vibrio in vivo stimulation but 
not differ entiall y expr essed in pol y I:C in vivo and downr egulated 
fter both in vitro stimulations . We also checked the chromatin
tate distribution along the tlr3 gene ( Supplementary Fig. S6 ) in
oth in vitro and in vivo conditions. Ov er all, no significant c hanges
er e observ ed. Most of the c hr omatin states found within the pr o-
oter and the gene body were annotated as strongly active pro-
oters/tr anscripts, flanking activ e TSSs without A T AC and A T AC

slands (shared by both chromatin state models). Additionally, we 
bserved a weak active promoter/transcript state annotated only 
n the in vivo condition. Ov er all, the lac k of c hr omatin r egulation
uggests that promoter accessibility is not alone sufficient for tlr3
xpr ession. The async hr onism between c hr omatin accessibility of
egulatory elements and gene expression has been reported pre- 
iousl y, with pr omoter peaks preceding gene expression, and dis-
al regulatory elements such as enhancers appearing accessible 
hen gene expression starts [ 90–92 ]. In fact, we observed an ac-

ive enhancer signal (both weak and strong states) close to the

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
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Figure 5: Chromatin state models of the turbot genome: (A) 10-state model based on in vivo samples and (B) 8-state model based on in vitro samples. 
Heatmaps of the emission parameters for each chromatin state are shown for ChIP-seq data with 3 histone marks and A T AC-seq (left), the 
neighborhood around the TSS (middle), and the emission parameters of each chromatin state considered alongside features within the turbot genome 
(right). TES: transcription end site; TSS: transcription start site. 

Table 3: DARs and DHMRs for the in vitro and in vivo immune stimulations with viral and bacterial PAMPs 

PAMP Stimulation Assay 
Do wnregula ted 

DAR/DHMR 
Upregulated 
DAR/DHMR All DAR/DHMR 

Vibrio In vitro A T AC 2,739 17,878 20,617 
H3K4me3 699 10,755 11,454 
H3K27ac 2 623 625 
H3K27me3 6 1,211 1,217 

In vivo A T AC 43,159 16,733 59,892 
H3K4me3 287 9,988 10,275 
H3K27ac 0 3 3 
H3K27me3 4 0 4 

Poly I:C In vivo A T AC 0 0 0 
H3K4me3 0 0 0 
H3K27ac 0 20 20 
H3K27me3 0 0 0 

In vivo A T AC 25 15 40 
H3K4me3 0 1,036 1,036 
H3K27ac 0 38 38 
H3K27me3 126 0 126 
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Table 4: Ov erla p of promoter DARs and DHMRs with DEG promoters (hypergeometric test, P < 0.05). Significant results are underlined. 
Refer to Supplementary Table S11 for further details 

DARs/DHMRs at promoter regions Integr a tion of DARs/DHMRs at promoter regions of DEGs 

Down Up 

Experimental condition Down Up DEG 

DAR/DHMR + 

DEG DEG 

DAR/DHMR + 

DEG 

A T AC poly I:C in vitro - - 544 - 858 - 
A T AC Vibrio in vitro 55 4,922 3,217 1 3,321 1,259 
A T AC poly I:C in vivo 4 1 1,918 - 2,001 - 
A T AC Vibrio in vivo 1,350 6,115 929 34 910 395 
H3K4me3 poly I:C in vitro - - 544 - 858 - 
H3K4me3 Vibrio in vitro 53 4,289 3,217 14 3,321 1,164 
H3K4me3 poly I:C in vivo - 368 1,918 - 2,001 151 
H3K4me3 Vibrio in vivo 22 4,024 929 3 910 242 
H3K27ac poly I:C in vitro - - 544 - 858 - 
H3K27ac Vibrio in vitro - 72 3,217 - 3,321 49 
H3K27ac poly I:C in vivo - 4 1,918 - 2,001 3 
H3K27ac Vibrio in vivo - 1 929 - 910 1 
Activ e pr om pol y I:C in vitro - - 544 - 858 - 
Activ e pr om Vibrio in vitro 106 6,744 3,217 15 3,321 1,782 
Activ e pr om pol y I:C in vivo 4 370 1,918 - 2,001 151 
Activ e pr om Vibrio in vivo 1,263 7,082 929 37 910 463 

pr om: pr omoter . 

Figure 6: UpSet plot dia gr am illustr ating ov erla p of enric hed TFBMs in upr egulated pr omoter and enhancer r egions in r esponse to the differ ent 
stim ulants. Eac h color ed box shows the TFBM found. 
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distal pr omoter r egion of tlr3 in the Vibrio in vivo stim ulation onl y,
which may be linked to the expression of this or other genes in 

that condition. 
Regardless, signal exhaustion 24 hours postinjection (hpi) 

might explain tlr3 downregulation in vitro , and this would not be 
expected for the in vivo poly I:C stimulation, where the peak of 
the in vivo pol y I:C r esponse for this gene has been reported to 
occur later in turbot (3 days postinjection) [ 93 ]. Long-term acti- 
ation of tlr3 by poly I:C has been reported to cause long-term
hysiological impairment in different mouse tissues [ 94 , 95 ]. The
issue expression profile of tlr3 can, ho w ever, vary betw een tis-
ues and cell types in different species; although similar expres-
ion was observed between zebrafish and rainbow trout tissues 
 96 ], this gene’s expression was limited to liver and digestive or-
ans in Fugu [ 97 ], while in human vs . mouse , tlr3 was expressed in
ifferent myeloid cell types [ 98 ]. 

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
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Figure 7: Chromatin state predictions and RNA/A T AC/ChIP-seq tracks in the transcription factor coding gene foxo1a (ENSSMAG00000033089; 
C03:8,218,876–8,241,954), whic h was upr egulated and sho w ed DAR around the promoter for Vibrio in vitro r esponse. Tr anscription factor binding motifs 
for FOXO1A were also enriched in the promoter DARs of DEGs upregulated in response to Vibrio in vitro. 

 

d  

i  

V  

c  

s  

s  

b  

t  

s  

h  

s  

i  

i  

p
 

i  

s  

o  

s
1  

t  

l  

I  

u  

i  

p  

t  

a  

d  

p  

t  

t
 

v  

t  

c  

f  

“  

t  

d  

b  

s  

r  

V
 

p  

i  

s  

t  

[  

n  

o  

v  

b  

t  

i  

I  

t  

w  

c  

t  

o  

f  

d  

c  

1  

r  

b  

b  

o  

d  

v  

O  

c  

b

D
ow

nloaded from
 https://academ

ic.oup.com
/gigascience/article/doi/10.1093/gigascience/giaf077/8203056 by BIB. U

N
IVER

SITAIR
E D

E SAIN
T Q

U
EN

TIN
 EN

 YVELIN
ES user on 07 O

ctober 2025
We cannot discard alternative hypotheses related to changes or
iversification of the TLR3 signaling pathway in flatfish or specif-

cally in turbot, as suggested here by tlr3 activation in response to
ibrio in vivo stimulation and to the parasite Philasterides dicentrar-
 hi by Figuer as et al. [ 43 ]. In fact, we identified other interferon-
timulated DEGs in poly I:C both in vitro and in vivo , including
ocs1a and b (suppressor of cytokine signaling 1), nod2 (nucleotide
inding oligomerization domain containing 2), and nmi (N-Myc in-
er actor), typicall y participating in type I IFN responses [ 99 , 100 ].
ocs1 is a conserv ed, inducible negativ e r egulator of IFN [ 99 ], whic h
as been described before in other finfish species as being respon-
ive to viral [ 101 , 102 ] and bacterial stimulation [ 103 ]. This gene is
nvolved in tissue homeostasis following the IFN response, mark-
ng a critical c hec kpoint in imm une homeostasis as an expected
layer to be found in extended immune responses [ 104 ]. 

On the other hand, nod2 , which encodes for a highly conserved
ntr acellular r eceptor triggering innate antibacterial and antiviral
ignaling pathways in fish, including IFN [ 105–108 ], and nmi , an-
ther highly conserved ISG, which increases ST A T-mediated tran-
cription in response to IFN-gamma in mammals and fish [ 109–
12 ], were also activated after poly I:C stimulation. The activa-
ion of conserved genes involved in positive and negative regu-
ation of IFN signaling suggests a fine adjustment to an intense
FN response to recover tissue homeostasis [ 113 , 114 ]. Also, the
pregulation of these 4 k e y genes after Vibrio in vitro stimulation

s consistent with past reports that place IFN regulation as a k e y
oint of the immune response [ 115 , 116 ]. In this regard, compara-
iv e anal ysis in the A QU AFAANG pr oject will enlighten conserv ed
nd specific mechanisms of immune response regulation across
ifferent farmed fish lineages. Future studies in turbot should ex-
lore shorter periods following in vitro stimulation to provide fur-
her understanding of the head kidney response to viral and bac-
erial mimics, as done in other species [ 117 , 118 ]. 

Upregulated DEGs shared by both in vivo stimulations were in-
olved in the activation of transcription and translation and pro-
ein modification/localization. This included 4 members of the
onserv ed imm une-r elated pr otein ar ginine methyltr ansfer ase
amily ( prmt1 , prmt3 , prmt5 , and prmt7 ), enriched under the term
pe ptid yl-arginine modification.” prmt family members regulate
ranscription and translation and are also involved in signal trans-
uction during inflammation and responses against poly I:C and
acterial lipopol ysacc haride (LPS), in both mammals and finfish
pecies [ 119–122 ]. These 4 genes were also activated in both Vib-
io stimulations, suggesting an important role in the response to
ibrio . 

We also verified if immune genes could be regulated in op-
osite directions after stimulation with viral and bacterial mim-

cs, which could reflect antagonistic immune responses. Increased
usceptibility to bacterial superinfections induced by innate an-
ivir al r esponses has been r eported in se v er al models in mammals
 123 ] in type I and type II IFN r esponses [ 124 , 125 ]. Suc h mec ha-
isms are likely present in teleosts due to the high conservation
f these pathwa ys , and in fact, different patterns of resistance to
iral and bacterial infections were observed among isogenic rain-
ow trout lines [ 126 ]. Howe v er, no negativ e corr elations for r esis-
ance to bacteria and viruses have been observed in the few stud-
es addressing this issue in relation to selectiv e br eeding [ 127–129 ].
ndeed, understanding the cellular basis of antagonistic responses
o viruses and bacteria in fish will r equir e mor e r esearc h, but her e
e identified examples of opposite gene expr ession r esponses, in-

luding genes from the core type I IFN r esponse, conserv ed be-
ween teleosts and humans [ 84 , 110 ], such as sting1 (stimulator
f interfer on r esponse CGAMP inter actor 1) [ 92 , 130 ], irf1b (inter-
er on r egulatory factor 1) [ 131 , 132 ], and nod2 (mentioned abov e),
o wnregulated b y Vibrio and upregulated b y poly I:C in vivo . Re-
ipr ocall y, the critical pr oinflammatory cytokine il1b (interleukin
 beta) [ 133 , 134 ] and the regulator of inflammation traf4a (TNF
eceptor associated factor 4) [ 135 , 136 ] were upregulated by Vibrio
ut downregulated by poly I:C. Interestingly, most genes induced
y poly I:C and repressed by Vibrio extracts had human/mouse ISG
rthologs (22/42 in vitro , 18/34 in vivo ); in contr ast, man y genes in-
uced by Vibrio extracts and repressed by poly I:C, especially in
ivo , had human/mouse orthologs downregulated by type I IFN.
v er all, these observ ations indicate that a significant part of these
ontr asted r esponses is mediated by genes functionall y conserv ed
etween fish and mammals. 
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Epigenetic assays and their association with 

transcriptomic response 

Activation and binding of TFs to regulatory regions lies at the 
top of specific transcriptome cascade responses [ 137 , 138 ]. In our 
study, the exploration of promoters of differentially expressed TFs,
also involving DARs and DHMRs, bar el y sho w ed changes in the 
c hr omatin state distribution between treatments ( Supplementary 
Fig. S5 ). This was the case for egr1 (earl y gr owth r esponse 1),
which plays a k e y role in cell surviv al, macr opha ge pr olifer ation,
and cell death in teleost and mammals [ 139 , 140 ] and regulates 
the expression of il1b and cxcl2 (CXC motif chemokine ligand 2).
The same was observed for meis1 (myeloid ecotropic viral integra- 
tion site homeobox 1), related to hematopoiesis in mammals and 

teleost [ 141 , 142 ]. In all these examples, the TF genes sho w ed biva- 
lent/poised promoters in the 3 in vivo samples (control, Vibrio , and 

poly I:C). A similar situation was found in vitro , where promoters 
of genes, such as mitf (melanocyte inducing transcription factor),
sho w ed activation signals regardless of the experimental condi- 
tion. In pr e vious studies, these biv alent/poised states hav e been 

inter pr eted as a mechanism allowing rapid responses, for exam- 
ple, for genes induced during the pr oinflammatory r esponse [ 118 ,
143 ] or during mammal embryonic de v elopment and in germ cells 
[ 144 , 145 ]. T hus , the expression of primary response genes, such 

as the TF genes exemplified abo ve , ma y be allo w ed b y permissive 
c hr omatin states. 

The presence of differential activation signals at promoter re- 
gions, either in the form of open c hr omatin r egions or the histone 
marks H3K4me3 and H3K27ac, is associated with differential gene 
expression [ 146 ]. H3K27ac is widely accepted as one of the most 
d ynamic acti v ation marks in eukaryotes [ 147 ]. Inter estingl y, we 
did not find important changes between experimental conditions 
in our study, where H3K4me3 was the most dynamic among the 
ChIP-seq marks. We suspect that the increase in H3K4me3 could 

also be an effect of sampling being conducted 24 hpi, especially 
for the in vivo stim ulations. Pr e vious studies hav e r eported that 
H3K4me3 may not have an active role in activating transcription,
an effect that should be detectable early after stimulation, but in- 
stead of marking transcriptional activity itself, this suggests that 
H3K4me3 modification may have a role in maintaining transcrip- 
tional consistency or memory of pr e vious states [ 148 ]. 

DEG pr omoters ov erla pped with DARs/DHMRs for upr egu- 
lated genes in most conditions (Table 4 ). GO enrichment of 
DEGs with activation signals at promoters ( Supplementary Table 
S12 ) was similar to that observed with the whole DEG dataset 
( Supplementary Table S5 ). Vibrio stimulations were particularly 
enriched in terms associated with tr anscription activ ation but 
also with some immune functions, while poly I:C (especially in 
vivo ) sho w ed a more specific r esponse, enric hed in imm une- 
r elated pr ocesses ( Supplementary Table S6 ). Ho w e v er, DEGs as- 
sociated with some k e y immune functions in the transcriptomic 
anal ysis, suc h as r esponse to cytokine stim ulus, did not show 

DARs/DHMRs, suggesting that these gene promoters could be al- 
r eady accessible befor e stim ulation. Cytokines ar e one of the core 
initiators of the inflammatory response, and thus a bivalent state,
read y for acti vation or inactivation of expression, might explain 

this observation (Fig. 6 ). 
Regardless of predicted chromatin states around gene pro- 

moters, we observed an increased expression of immune-related 

genes following poly I:C and Vibrio stimulation, suggesting fur- 
ther c hr omatin unpac king (Table 3 ), e v en if c hr omatin state is 
not str ongl y affected. In fact, many differential regions were de- 
tected between stim ulations, particularl y DARs (i.e., A T AC-seq) 
nd DHMRs (for H3K4me3) for Vibrio . In comparison, fewer DARs
nd DHMRs were detected for the poly I:C stimulations . T his could
e inter pr eted as a r eturn, especiall y in vitro , to the nativ e c hr o-
atin state after 24 hpi, which may suggest the initial response

t this point is exhausted, as suggested by the transcriptomic
ata. 

The intersection between DEGs and DARs was specifically in- 
pected for a selection of immune genes related to T-cell activa-
ion (as a c hec kpoint for the transition to cellular ada ptativ e im-
 unity), pr o- and anti-inflammatory cytokines (related to early

nd late immune response, respectively), and class IV TRIM genes
associated mainly with antiviral responses; Supplementary Fig. 
3 ). Again, no clear correlation was found between differential
romoter accessibility and differential gene expression in any of 
he conditions. In fact, most promoters for the targeted genes
ere not even differentially accessible, adding to the suggestion 

hat poised states are a common feature among immune-related 

enes. Both cd28 (coactivator) and ctla4 (coinhibitor), conserved 

ediators in v ertebr ate T-cell activ ation [ 149 , 150 ], did not show
ignificant changes in chromatin accessibility between compar- 
sons, except for Vibrio in vitro , where the promoter was differen-
ially accessible . T he same was true at the le v el of gene expr es-
ion, though, as both Vibrio assays sho w ed significant do wnregu-
ation of the cd28 gene. Looking at anti-inflammatory cytokines,
he conserved IL10 and a subunit of IL35 (encoded by ebi3 ) were
ignificantl y upr egulated in Vibrio in vitro and pol y I:C in vivo in
he case of il10 , as well as in both poly I:C assays for il35 ( ebi3 ).
or pr oinflammatory cytokines, differ ent sets of genes wer e r eg-
lated for Vibrio in vitro ( il17a / f1 , il17a / f2 , upregulated), poly I:C in
ivo ( il1b , downregulated), and Vibrio in vivo ( il1b , upregulated). All
onditions sho w ed upr egulation of both anti- and pr oinflamma-
ory cytokines, except poly I:C in vivo , which sho w ed upregulation
f all these genes . T he mixture of anti- and proinflammation sig-
als suggests an adv anced r esponse to the stimulants, while illus-
rating the complexity of their coordinated contributions to the 
egulation of inflammatory response . Finally, class IV TRIM genes ,
hich participate in innate immunity [ 151 ], mostly sho w ed signif-

cant upregulation in poly I:C stimulations, consistent with their 
onserv ed r ole in antivir al r esponses [ 152 ]. Inter estingl y, little sig-
ificant differ ential expr ession was found in the Vibrio stimula-
ions (none in vivo ). 

The signals detected for the 3 histone marks and open c hr o-
atin regions were integrated to define chromatin states in in vivo

nd in vitro assa ys . Two c hr omatin state models differing in the
umber of states for the in vitro (8) and the in vivo (10) assays were
nnotated based on the emission parameters of each epigenetic 
ark. Due to the high conservation of the assayed histone marks

mong eukaryotes [ 153 , 154 ], we also compared our chromatin
tate models with other studies using the same histone marks 
 31 , 118 , 155 , 156 ]. The rationale for running 2 models arose from
he differences in biological material and different methodologies 
pplied for the ChIP-seq assays (classic ChIP-seq in the in vivo
ssa ys vs . μChIPmentation in in vitro assa ys). In fact, the 9- and
0-state iterations of the in vitro assay resulted in 1 and 2 redun-
ant c hr omatin states, r espectiv el y, r educing the quality of the
odels. 
Indeed, e v en a 7-state model (str ongl y activ e pr o-

oter/tr anscript, flanking activ e TSSs without A T AC, biva-
ent/poised TSSs, str ong activ e enhancer , A T AC island, r epr essed
olycomb and low signal states) showed nearly similar emission 

arameters and distribution in the TSS neighborhood, suggesting 
 gener al conserv ation of c hr omatin states between the whole

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
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ead kidney and the kidney leuk ocyte fr action. Onl y 1 in vitro
xclusiv e c hr omatin state (biv alent/poised enhancer) and 3 in
ivo exclusiv e c hr omatin states (weak activ e pr omoter/tr anscript,
eak enhancer, and weak r epr essed pol ycomb) wer e inferr ed

rom the 2 independent models. Although the absence of these
 weak states in the in vitro assay can be explained due to the
imited resolution of an 8-state model compared to a 10-state
ne, we hypothesize that the presence of a bivalent enhancer
tate in the in vitro but not the in vivo assay can be the result
f the enrichment of immune cells and lack of contribution of
onleukocytic cells missing in the in vitro assay, where biva-

ent/poised states have been suggested to be relevant in the fast
 egulation of imm une pathways [ 143 , 157 , 158 ]. Altogether, the
ntegration of all histone marks in chromatin states allo w ed us to
dentify the co-occurrence of different histone marks , unco vering
ifferent combinations of activator signals (H3K4me3 + H3K27ac)
nd with r epr essor signals (H3K27me3). 

TFBMs enriched within DARs/DHMRs in the promoters and
nhancer-state r egions pr edicted by Chr omHMM of upr egulated
EGs provided a more detailed picture of regulatory elements
hanged by the immune stimulations (Fig. 6 , Supplementary Table
13 ). Most of the enriched TFBMs wer e shar ed between at least
 tr eatments, whic h supports their gener al r egulatory function.
mong those shared between most stimulations (excluding poly

:C in vitro ), we found se v er al TFBMs of the ETS famil y, whic h ar e
nvolved in cell proliferation, apoptosis, and lymphocyte devel-
pment [ 159 ]. We also found TFBM enrichment for PU.1, a mas-
er TF for the myeloid lineage, that promotes chromatin acces-
ibility, also identified in a similar study in pig [ 118 , 160 , 161 ].
U.1 is thought to promote binding of other TFs enriched in our
tudy, including AP1. This protein is activated by TLRs during
he imm une r esponse [ 162 ] and r egulates gene expr ession in r e-
ponse to cytokines , stress , and bacterial or viral infections [ 163 ],
s well as notably the IFN regulatory factors (IRFs, particularly
RF3, IRF4, and IRF8). The IRFs are k e y regulators of innate an-
iviral and antibacterial responses in vertebrates, including fish
 164 , 165 ]. The observed ontology enrichment clustering of these
Fs reinforces the similarities between the conditions in our study
 Supplementary Fig. S4 ). 

To illustrate the functionality of our turbot epigenomic atlas,
e explored the chromatin state changes in a selection of 9 TF
enes (Fig. 7 , Supplementary Fig. S5 ). These genes were differ-
ntiall y expr essed and sho w ed DARs/DHMRs in their promoters.
mm une-r esponsiv e c hr omatin state r emodeling was found, for
nstance, for irf8 (interferon regulatory factor 8) in the Vibrio in vitro
tim ulation. Her e, an extension of the “str ongl y activ e pr omoter”
tate around the TSS region was visible compared to the non-
timulated and poly I:C stimulated samples, alongside an over-
ll expansion of the “str ongl y activ e tr anscript” and “A T AC island”
tates downstream. IRF8 is a k e y regulator of the NF- κB signal-
ng pathway during inflammation, along with IRF3 [ 166 ]. Both IRF
enes wer e differ entiall y expr essed in pol y I:C and Vibrio in vitro
timulations ( irf8 also in poly I:C in vivo ) and sho w ed promoter
ARs in Vibrio stimulations. 

Another example was found in Vibrio and poly I:C in vivo stimu-
ations for bcl11a (BCL11 transcription factor A), a k e y regulator of
endritic cell differentiation [ 167 ] and a negative regulator of p53
 168 ]. This gene was differ entiall y expr essed in both stim ulations
ut only sho w ed a DAR pr omoter in r esponse to Vibrio stim ulation.
he pr omoter/TSS r egion w as annotated b y ChromHMM as “w eak
 epr essed pol ycomb” in the contr ol, whic h c hanged in both the
ibrio and poly I:C stimulations, extending to a “bivalent/poised”
tate, and, in the case of Vibrio , showing an extension to a “str ongl y
ctiv e pr omoter/tr anscript” state. Weak and str ong signals of ac-
iv e enhancers wer e also detected in the pol y I:C and Vibrio stimu-
ations within the second intron of bcl11a , which were not present
n the controls ( Supplementary Fig. S5 ). A similar situation was
ound in vitro for foxo1a (Forkhead box O1), a TF-coding gene that
articipates in mucosal (innate) immune response, regulating the
xpression of antimicrobial peptides and promoting phagocytosis
uring bacterial and parasitic infections [ 169 , 170 ]. This gene was
iffer entiall y expr essed in Vibrio in vitro and sho w ed an extension
f the “str ongl y activ e pr omoter” state compar ed to the contr ol
nd especially the poly I:C stimulation, while conserving the “biva-
ent/poised TSS” str etc hes downstr eam of the pr omoter. This was
ollo w ed b y many “A T AC islands” along the gene that were also
r esent, although mor e scarcel y, in the contr ol and almost absent

n pol y I:C. Finall y, a “medium enhancer” state was detected within
he first intr on, pr esent onl y in the Vibrio condition. These obser-
ations highlight the relevance of epigenetic chromatin marks at
he first intron and other intr onic r egions associated with gene ex-
ression modulation [ 171 , 172 ], as target regulatory annotations
o explore functional variants for disease resistance and selective
reeding. 

onclusions 

n summary, our study provides the first atlas of regulatory el-
ments in turbot head kidney and leukocytes during the early
 esponse to vir al and bacterial stim ulation, as a contribution
o the A QU A-FAANG pr oject within the umbr ella of the FAANG
nitiative . T he integration of A T AC-seq and ChIP-seq data sug-
ests that changes in c hr omatin state distribution were not as
r equent between stim ulations and contr ols as expected. How-
 v er, the pr esence of DARs and DHMRs between the stim ula-
ions and the contr ols, whic h br oadl y ov erla pped with DEGs,
rovides clear evidence for gene regulation at the epigenetic

e v el that underpins changes in gene expression driving immune
unctions. 

otential Implications 

v er all, this epigenomic atlas will help to decode the molecu-
ar mec hanisms underl ying turbot imm une r esponses to vir al
nd bacterial stimuli and offers a novel resource for develop-
ng selectiv e br eeding str ategies for contr olling diseases, one of
he main concerns of the turbot industry. Future work will ben-
fit from linking the regulatory annotations generated in this
tudy with genetic variants defined by whole-genome resequenc-
ng [ 13 ], to help prioritize causal genetic variants for disease
 esistance tr aits under pinned by gene expr ession r esponses to
athogens. 

dditional Files 

upplementary Fig. S1. (A) Full and (B) separ ate PCAs for eac h as-
ay and stimulation of the in vivo and in vitro epigenomic response
o stimulation with poly I:C and Vibrio for the open chromatin
 T AC-seq and histone ChIP-seq (H3K4me3, H3K27ac, H3K27me3)
amples. 
upplementary Fig. S2. Genomic distribution of the ChIP-seq high
ignal regions (pink) and low ma ppability r egions (blue) of the tur-
ot genome included in the blacklist for each of the 22 chromo-
omes . T he dotted lines r epr esent the a ppr oximate centr omer e

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
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positions, based on the microsatellite analysis of Martínez et al.,
2008. 
Supplementary Fig. S3. (A) Promoter accessibility and gene ex- 
pression (log 2 FC, ordinates) in the in vitro assays of k e y immune 
genes related to (i) regulation of activation of T-cell immune re- 
sponse ( cd28 and ctla4 ), (ii) anti-inflammatory ( il10 , il35 subunit 
ebi3 ) and (iii) proinflammatory cytokines ( il1b , il17a/f1 , il17a/f2 ,
il17a/f3 , il17c , il17d , and tnf ), and (iv) all class IV trim genes an- 
notated in the turbot genome. (B) Promoter accessibility and gene 
expression (log 2 FC, ordinates) in the in vivo assays of k e y immune 
genes related to (i) regulation of activation of T-cell immune re- 
sponse ( cd28 and ctla4 ), (ii) anti-inflammatory ( il10 , il35 subunit 
ebi3 ) and (iii) proinflammatory cytokines ( il1b , il17a/f1 , il17a/f2 ,
il17a/f3 , il17c , il17d , and tnf ), and (iv) all class IV trim genes anno- 
tated in the turbot genome. 
Supplementary Fig. S4. Functional interconnection of active 
TFs detected in response to the different stimulants. (A) Ontol- 
ogy enrichment clusters of upregulated TFs showing promoter 
DARs/DHMRs with TFBMs enriched in promoter or enhancer 
DARs/DHMRs of DEGs detected in Vibrio in vivo stimulation. (B) 
Pr otein–pr otein inter action MCODE network of upregulated TFs 
induced by Vibrio in vivo stim ulation. Eac h cluster is colored with 

the most statistically significant term among terms that clus- 
ter together. The size of each term is given by −log 10 p, and the 
stronger the similarity among nearby terms, the thicker the edges 
between them. Functional interconnection of active TFs detected 

in response to the different stimulants. (C, D) Ontology enrich- 
ment clusters of upregulated TFs showing promoter DARs/DHMRs 
with TFBMs enriched in promoter or enhancer DARs/DHMRs of 
DEGs detected in Vibrio in vitro and Poly I:C in vivo stimulation,
r espectiv el y. (E, F) Pr otein–pr otein inter action MCODE network of 
upregulated TFs induced by Vibrio in vitro and Poly I:C in vivo stim- 
ulation, r espectiv el y. 
Supplementary Fig. S5. (A) IGV screenshots of the chromatin 

structure and RNA-seq, A T AC-seq, and ChIP-seq tr ac ks of differ- 
ent transcription factor coding genes, selected due to them (i) be- 
ing differ entiall y expr essed (DE) in at least one of the conditions,
(ii) having differ entiall y accessible regions (DARs) or differential 
histone modification regions (DHMRs) in at least one of the con- 
ditions, and (iii) being among the TFBMs enriched in response to 
at least one of the conditions. Each chromatin state model anno- 
tation is located in the table below the IGV screenshots. arnt was 
DE and sho w ed DAR and H3K4me3-DAR in its promoter in Vibrio 
in vitro , as well as being among the TFBMs enriched in response to 
both Vibrio in vitro and in vivo . irf8 was DE in both Vibrio and Poly 
IC in vitro but only sho w ed DAR in its promoter in Vibrio in vitro ,
as well as being among the enriched TFBMs in response to Vibrio 
in vitro , in vivo , and Poly IC in vivo . (B) bhlhe40a and bhlhe40b were 
DE and sho w ed DAR in its promoter in Vibrio in vitro , as well as be- 
ing among the enriched TFBMs in response to Vibrio in vitro , in vivo ,
and Poly IC in vivo . (C) mitf was DE and showed DAR in its promoter 
in Vibrio in vitro , as well as being among the enriched TFBMs in re- 
sponse to Vibrio in vitro , in vivo , and Poly IC in vivo . (D) egr1 was DE 
and sho w ed DAR in its promoter in Vibrio in vivo , as well as being 
among the enriched TFBMs in response to both Vibrio in vivo and 

in vitro . stat4 was DE in both Vibrio and Poly IC in vivo but sho w ed 

DAR in its promoter only in Vibrio in vivo , as well as being among 
the enriched TFBMs in response to Vibrio in vivo , in vitro , and Poly 
IC in vivo . 
Supplementary Fig. S6. IGV screenshots of the chromatin struc- 
ture and RNA-seq, A T AC-seq, and ChIP-seq tr ac ks of the tlr3 gene 
in the (A) in vitro and (B) in vivo challenges. 
upplementary Table S1. Metadata of the 12 and 18 tur-
ot specimens utilized for the in vitro (Fvt) and in vivo (Fvv)
hallenges. 
upplementary Ta ble S2. EN A accession IDs to the studies where
he raw sequencing files used for the RNA-seq, A T AC-seq, ChIP-
eq, and μChIPmentation analysis are allocated. 
upplementary Table S3. Summary of the sequencing metrics 
f the A T AC-seq and ChIP-seq data, processed with the nf-core
ipeline. 
upplementary Table S4. Differ ential gene expr ession r esults of
he in vitro challenge stimulated with Poly (I:C) ( P < 0.05). The sym-
ol in column “log 2 FoldChange” denotes the direction of the dif-
er ential expr ession, with negativ e v alues ( −) r eferring to genes
pregulated in the control condition and positive values refer- 
ing to genes upregulated in the tested condition (either Poly I:C
r Vibrio ). Column A shows the stable gene IDs used for further
nalyses. 
upplementary Table S5. GO enric hment anal ysis of the down-
 egulated differ entiall y expr essed genes for Pol y (I:C) in vitro for
iological Process ( P < 0.05). 
upplementary Table S6. Summary of the different GO analyses 
erformed on the lists of common and exclusive differentially ex- 
ressed genes (DEGs) for each comparison. GO enrichment on Bi-
logical Process was chosen as the default analysis (ShinyGO). If
o significant enriched GO terms were identified, GO profiling on
iological Process was used (g:Profiler). If neither significant GO 

nric hment nor pr ofile was found, GO terms for Biological Pr ocess
or the DEGs in the list were obtained (ENSEMBL). 
upplementary Table S7. Imm une-r elated upr egulated DEGs 
howing common responses following Vibrio and poly I:C stimula- 
ions. 
upplementary Table S8. ChIP-seq and ChIPmentation turbot 
lacklist of low mappability and high input signal regions. 
upplementary Table S9. Genome-wide c hr omatin state distribu- 
ion of the in vivo Vibrio samples. 
upplementary Table S10. Differ entiall y accessible regions 

DARs) with respect to the corresponding controls for the A T AC-
eq assays ( P < 0.05). 
upplementary Table S11. Differential accessibility regions 

DARs) and differential histone modification regions (DHMRs) lo- 
ated in promoter regions and integrated with differentially ex- 
ressed genes (DEGs) for the in vivo and in vitro challenges stimu-

ated with Poly (I:C) and Vibrio (hypergeometric test, P < 0.05, Bon-
err oni corr ection). 
upplementary Table S12. GO enric hment anal ysis (Biological 
rocess) for the upregulated differentially expressed genes (DEGs) 
ith differential accessibility regions (DARs) and/or differential 
istone modification regions (DHMRs) in their promoters ( P <
.05). 
upplementary Table S13. Transcription factor (TF) motif enrich- 
ent results for the differential accessibility regions (DARs) and 

ifferential histone modification regions (DHMRs) in promoter 
 egions. Onl y motifs with P < 0.05 (Bonferroni correction) and
r esent in mor e than 10% of the target sequences were consid-
red. 
upplementary Table S14. Upregulated TFs with binding mo- 
if enrichment predicted on DARs and DHMRs (H3K4me3 
nd H3K27ac) of active promoters and enhancer regions . T he
econd column shows TFs with pr omoters ov erla pping with
ARs/DHMRs, while the third column shows TFs that are differ-
ntiall y expr essed genes (DEGs). TFs that ar e in both columns are
nderlined. 
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bbreviations 

 T AC: assay for transposase-accessible chromatin; ChIP: chro-
atin imm unopr ecipitation; DARs: differ entiall y accessible r e-

ions; DEGs: differ entiall y expr essed genes; DHMRs: differ ential
istone modification regions; FAANG: functional annotation of
nimal genomes; FDR: false discovery rate; FGF: fibrinogen growth
actor; GWAS: genome-wide association studies; GO: Gene On-
ology; IFN: interferon; ISG: interfer on stim ulated genes; IGV:
nter activ e genome br owser; MHC: molecular histocompatibil-
ty complex; PAMPs: pathogen-associated molecular patterns;
C: principal component; Poly I:C: pol yinosinic:pol ycytidylic acid;
RRs: pattern recognition rece ptors; SNPs: single-n ucleotide poly-
or phisms; TF: tr anscription factor; TFBM: tr anscription factor

inding motif; TLR: Toll-like r eceptor; TSS: tr anscription starting
ite. 

c kno wledgments 

e acknowledge the technical support and informatic resources
rovided by the Centro de Supercomputación de Galicia (CESGA).
e acknowledge Professor Carolina Tafalla (INIA-CSIC) for the

upport given in the revision of this article. 

uthor Contributions 

.A.: methodology, software, formal analysis, investigation, data
uration, visualization, writing—original draft, writing—review
 editing; B.G.P .: methodology , investigation, resources, writing—
 e vie w & editing; P.R.V.: inv estigation, r esources, writing—r e vie w
 editing; A.B.H.: software, formal analysis, data curation, vi-

ualization, writing—r e vie w & editing; J.L.: inv estigation, r e-
ources, writing—r e vie w & editing; P.D.: softwar e, formal anal-
sis, writing—r e vie w & editing; D.P.M.: softwar e, formal anal y-
is, writing—r e vie w & editing; P.B.: r esources, writing—r e vie w &
diting; D.M.: funding acquisition, methodology, supervision, re-
ources, writing—r e vie w & editing; C.B.: conceptualization, formal
nal ysis, r esources, writing—r e vie w & editing, pr oject adminis-
ration, supervision; P .M.: conceptualization, methodology , formal
nal ysis, r esources, writing—r e vie w & editing, project administra-
ion, supervision. 

unding 

his study was funded by the A QU A-FAANG pr oject, whic h r e-
eiv ed funding fr om the Eur opean Union’s Horizon 2020 r esearc h
nd innov ation pr ogr am under gr ant a gr eement No 817923.
dditional funding was provided by the Xunta de Galicia local
ov ernment (Spain) (ED431C 2022/33), whic h also supported the
 esearc h fellowships of O.A. and P.R.V. (refs. ED481A-2020/119
nd ED481A-2020/491430, r espectiv el y). Contributions fr om
he Roslin Institute were further supported by the BBSRC
nstitutional Str ategic Pr ogr amme gr ants BBS/E/D/10002070,
BS/E/D/20002174, BBS/E/RL/230001B, and BBS/E/RL/ 
30002B. 

a ta Av ailability 

ll raw RNA-seq, A T AC-seq, and ChIP-seq datasets can be ac-
essed through the ENA repository under accession numbers
RJEB47933, PRJEB47934, and PRJEB57784, r espectiv el y. Detailed
etadata for the samples and pr epar ed libr aries ar e av ail-
ble in Supplementary Tables S1 and S2 , r espectiv el y. Detailed
xperimental protocols are publicly available in the FAANG
 epository (data.faang.or g) and following the URLs facilitated in
upplementary Tables S1 and S2 . All additional supporting data
r e av ailable in the GigaScience r epository, GigaDB [ 173 ]. 

ompeting Interests 

he authors declare no competing interests. 

thical Statement 
ll animal pr ocedur es wer e a ppr ov ed by the Bioethics Committee
f the University of Santiago de Compostela (body authorized ac-
ording to R.D. 53/2013) and with the authorization of the Xunta
e Galicia regional government. All animal procedures were car-
ied out in the Animalary of the Faculty of Biology of the Univer-
ity of Santiago de Compostela (Registry ID: ES150780263301) un-
er the supervision of Prof. Jesús Lamas Fernández. 

eferences 

. Andersson L, Archibald AL, Bottema CD, et al. Coordinated
international action to accelerate genome-to-phenome with
FAANG, the Functional Annotation of Animal Genomes project.
Genome Biol. 2015;16(1):57. https:// doi.org/ 10.1186/ s13059-015
- 0622- 4 .

. Tuggle CK, Giuffra E, White SN, et al. GO-FAANG meeting: a
gathering on functional annotation of animal genomes. Anim
Genet. 2016;47(5):528–33. https:// doi.org/ 10.1111/ age.12466 .

. Giuffra E, Tuggle CK. Functional annotation of animal genomes
(FAANG): curr ent ac hie v ements and r oadma p. Annu Re v Anim
Biosci. 2019;7(1):65–88. https:// doi.org/ 10.1146/ annurev-anim
al- 020518- 114913 .

. Clark EL, Archibald AL, Daetwyler HD, et al. From FAANG
to fork: application of highly annotated genomes to improve
farmed animal production. Genome Biol. 2020;21(1):285. https:
// doi.org/ 10.1186/ s13059- 020- 02197- 8 .

. Ra ghav an V, Kr aft L, Mesn y F, et al. A simple guide to de
novo tr anscriptome assembl y and annotation. Briefings Bioinf.
2022;23(2):bbab563. https:// doi.org/ 10.1093/ bib/ bbab563 .

. Frankish A, Carbonell-Sala S, Diekhans M, et al. GENCODE: ref-
erence annotation for the human and mouse genomes in 2023.
Nucleic Acids Res. 2023;51(D1):D942–49. https:// doi.org/ 10.109
3/ nar/ gkac1071 .

. He P, Williams BA, Trout D, et al. The changing mouse em-
bryo transcriptome at whole tissue and single-cell resolution.
Nature. 2020;583(7818):760–67. https:// doi.org/ 10.1038/ s41586
- 020- 2536- x .

. Lawson ND, Li R, Shin M, et al. An impr ov ed zebr afish tr anscrip-
tome annotation for sensitive and comprehensive detection of
cell type-specific genes. eLife. 2020;9:e55792. https:// doi.org/ 10
.7554/eLife.55792 .

. Summers KM, Bush SJ, Wu C, et al. Functional annotation
of the transcriptome of the pig, Sus scrofa , based upon net-
work analysis of an RNAseq transcriptional atlas. Front Genet.
2020;10:1355. https:// doi.org/ 10.3389/ fgene.2019.01355 .

0. Halstead MM, Islas-Trejo A, Goszczynski DE, et al. Large-scale
multiplexing permits full-length transcriptome annotation of
32 bovine tissues from a single nanopore flow cell. Front Genet.
2021;12:664260. https:// doi.org/ 10.3389/ fgene.2021.664260 .

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giaf077#supplementary-data
https://doi.org/10.1186/s13059-015-0622-4
https://doi.org/10.1111/age.12466
https://doi.org/10.1146/annurev-animal-020518-114913
https://doi.org/10.1186/s13059-020-02197-8
https://doi.org/10.1093/bib/bbab563
https://doi.org/10.1093/nar/gkac1071
https://doi.org/10.1038/s41586-020-2536-x
https://doi.org/10.7554/eLife.55792
https://doi.org/10.3389/fgene.2019.01355
https://doi.org/10.3389/fgene.2021.664260


Multiomics of turbot immune response | 17 

 

 

 

 

 

2  

3  

3  

 

3  

3  

 

3  

 

3  

 

3

 

3  

3  

 

3  

 

4
 

4  

 

4  

 

4  

 

4  

 

D
ow

nloaded from
 https://academ

ic.oup.com
/gigascience/article/doi/10.1093/gigascience/giaf077/8203056 by BIB. U

N
IVER

SITAIR
E D

E SAIN
T Q

U
EN

TIN
 EN

 YVELIN
ES user on 07 O

ctober 2025
11. Overbey EG, Ng TT, Catini P, et al. Transcriptomes of an ar- 
ray of chbiicken ovary, intestinal, and immune cells and tis- 
sues. Front Genet. 2021;12:664424. https:// doi.org/ 10.3389/ fgen 

e.2021.664424 .
12. Ramberg S, Høyheim B, Østbye TKK, et al. A de novo full-length 

mRNA tr anscriptome gener ated fr om hybrid-corr ected P acBio 
long-r eads impr ov es the tr anscript annotation and identifies 
thousands of novel splice variants in Atlantic Salmon. Front 
Genet. 2021;12:656334. https:// doi.org/ 10.3389/ fgene.2021.656 
334 .

13. Johnston IA, Kent MP, Boudinot P, et al. Adv ancing fish br eeding 
in aquacultur e thr ough genome functional annotation. Aqua- 
culture. 2024;583:740589. https:// doi.org/ 10.1016/ j.aquacultur 
e.2024.740589 .

14. Kellis M, Wold B, Snyder MP, et al. Defining functional DNA 

elements in the human genome. Proc Natl Acad Sci U S 
A. 2014;111(17):6131–38. https:// doi.org/ 10.1073/ pnas.1318948 
111 .

15. Halstead MM, Ma X, Zhou C, et al. Chromatin remodelling 
in bovine embryos indicates species-specific regulation of 
genome activation. Nat Commun. 2020;11(1):4654. https://doi. 
org/ 10.1038/ s41467- 020- 18508- 3 .

16. Pan Z, Wang Y, Wang M, et al. An atlas of regulatory elements in 

c hic ken: a r esource for c hic k en genetics and genomics. Sci Ad v.
2023;9(18):eade1204. https:// doi.org/ 10.1126/ sciadv.ade1204 .

17. Feinberg AP. Phenotypic plasticity and the epigenetics of hu- 
man disease . Nature . 2007;447(7143):433–40. https:// doi.org/ 10 
.1038/nature05919 .

18. Ec ker S, P ancaldi V, Valencia A, et al. Epigenetic and tran- 
scriptional variability shape phenotypic plasticity. Bioessa ys . 
2018;40(2):1700148. https:// doi.org/ 10.1002/ bies.201700148 .

19. Hu J, Barrett RDH. Epigenetics in natural animal populations. J 
Evol Biol. 2017;30(9):1612–32. https:// doi.org/ 10.1111/ jeb .13130 . 

20. Villar D, Frost S, Deloukas P, et al. The contribution of non- 
coding regulatory elements to cardio vascular disease . Open 

Biol. 2020;10(7):200088. https:// doi.org/ 10.1098/ rsob.200088 .
21. Boltsis I, Gr osv eld F, Gir aud G, et al. Chr omatin conformation 

in de v elopment and disease. Fr ont Cell De v Biol. 2021;9:723859.
https:// doi.org/ 10.3389/ fcell.2021.723859 .

22. Zhu XN, Wang YZ, Li C, et al. Chic ken c hr omatin accessibility 
atlas accelerates epigenetic annotation of birds and gene fine- 
mapping associated with growth traits. Zool Res. 2023;44(1):53–
62. https:// doi.org/ 10.24272/j.issn.2095-8137.2022.228 .

23. Giral H, Landmesser U, Kratzer A. Into the wild: GWAS explo- 
ration of non-coding RN As. F ront Car diovasc Med. 2018;5:181.
https:// doi.org/ 10.3389/ fcvm.2018.00181 .

24. Prowse-Wilkins CP, Wang J, Xiang R, et al. Putativ e causal v ari- 
ants ar e enric hed in annotated functional r egions fr om six 
bo vine tissues . Front Genet. 2021;12:664379. https:// doi.org/ 10 
.3389/fgene.2021.664379 .

25. Yan F, Po w ell DR, Curtis DJ, et al. Fr om r eads to insight: a 
hitchhiker’s guide to A T AC-seq data analysis. Genome Biol.
2020a;21(1):22. https:// doi.org/ 10.1186/ s13059- 020- 1929- 3 .

26. Moazed D. Mechanisms for the inheritance of chromatin 

states. Cell. 2011;146(4):510–18. https:// doi.org/ 10.1016/ j.cell.2 
011.07.013 .

27. Cuvier O, Fierz B. Dynamic c hr omatin tec hnologies: fr om in- 
dividual molecules to epigenomic regulation in cells. Nat Rev 
Genet. 2017;18(8):457–72. https:// doi.org/ 10.1038/ nrg.2017.28 .

28. Buenr ostr o JD, Wu B, Chang HY, et al. A T AC-seq: a method 
for assaying c hr omatin accessibility genome-wide. CP Mol Biol.
2015;109(1):21.29.1–9. https:// doi.org/ 10.1002/ 0471142727.mb2 

129s109 .
9. P ark PJ. ChIP–seq: adv anta ges and c hallenges of a maturing
tec hnology. Nat Re v Genet. 2009;10(10):669–80. https://doi.org/ 
10.1038/nrg2641 .

0. van Berkum NL, Lieberman-Aiden E, Williams L, et al. Hi-
C: a method to study the three-dimensional architecture of 
genomes. J Vis Exp. 2010;39:1869. https:// doi.org/ 10.3791/ 1869 .

1. Fang L, Liu S, Liu M, et al. Functional annotation of the cattle
genome through systematic discovery and characterization of 
c hr omatin states and butyrate-induced variations. BMC Biol.
2019;17(1):68. https:// doi.org/ 10.1186/ s12915- 019- 0687- 8 .

2. Foissac S, Djebali S, Muny ar d K, et al. Multi-species annotation
of transcriptome and chromatin structure in domesticated an- 
imals. BMC Biol. 2019;17(1):108. https:// doi.org/ 10.1186/ s12915 
- 019- 0726- 5 .

3. Liu S, Yu Y, Zhang S, et al. Epigenomics and genotype-
phenotype association analyses reveal conserved genetic ar- 
c hitectur e of complex traits in cattle and human. BMC Biol.
2020;18(1):80. https:// doi.org/ 10.1186/ s12915- 020- 00792- 6 .

4. Pan Z, Yao Y, Yin H, et al. Pig genome functional annotation
enhances the biological inter pr etation of complex tr aits and
human disease. Nat Commun. 2021;12(1):5848. https://doi.org/ 
10.1038/s41467- 021- 26153- 7 .

5. Xiang R, MacLeod IM, Daetwyler HD, et al. Genome-wide fine-
mapping identifies pleiotropic and functional variants that 
pr edict man y tr aits acr oss global cattle populations. Nat Com-
mun. 2021;12(1):860. https:// doi.org/ 10.1038/ s41467- 021- 21001 
-0 .

6. Baranasic D, Hörtenhuber M, Balwierz PJ, et al. Multiomic 
atlas with functional stratification and developmental dy- 
namics of zebrafish cis-regulatory elements. Nat Genet.
2022;54(2022):1037–50. https:// doi.org/ 10.1038/ s41588- 022- 0 
1089-w .

7. Subasinghe R, Soto D, Jia J. Global aquaculture and its role in
sustainable de v elopment. Re v Aquac. 2009;1(1):2–9. https://do 
i.org/ 10.1111/ j.1753-5131.2008.01002.x .

8. Troell M, Costa-Pierce B, Stead S, et al. Perspectives on aqua-
culture’s contribution to the Sustainable De v elopment Goals 
for impr ov ed human and planetary health. J World Aquac Soc.
2023;54(2):251–342. https:// doi.org/ 10.1111/ jwas.12946 .

9. Gao Y, Wang Q, Liu Y, et al. Epidemiology of turbot bacterial
diseases in China between October 2016 and December 2019.
Front Mar Sci. 2023;10:1145083. https:// doi.org/ 10.3389/ fmars. 
2023.1145083 .

0. APROMAR. La acuicultura en España 2022. Asociación Empre- 
sarial de Acuicultura de España, Cádiz. 2022. www.apromar.es.
Accessed 17 October 2023.

1. Martínez P, Robledo D, Taboada X, et al. A genome-wide asso-
ciation study, supported by a ne w c hr omosome-le v el genome
assembly, suggests sox2 as a main driver of the undifferentia- 
tiated ZZ/ZW sex determination of turbot ( Scophthalmus max- 
imus ). Genomics. 2021;113(4):1705–18. https:// doi.org/ 10.1016/ 
j.ygeno .2021.04.007 . 

2. Mishra S, Das R, Swain P. Status of fish diseases in aquacul-
ture and assessment of economic loss due to disease. Vol. 1.
New Delhi, India: Today and Tomorrow’s Printers and Publish- 
ers; 2018.

3. Figueras A, Robledo D, Corvelo A, et al. Whole genome se-
quencing of turbot ( Scophthalmus maximus ; Pleuronectiformes ): 
a fish adapted to demersal life. DNA Res. 2016;23(3):181–92.
https:// doi.org/ 10.1093/ dnares/dsw007 .

4. Maroso F, Hermida M, Millán A, et al. Highly dense link-
a ge ma ps fr om 31 full-sibling families of turbot ( Scophthal-
mus maximus ) provide insights into recombination patterns and 

https://doi.org/10.3389/fgene.2021.664424
https://doi.org/10.3389/fgene.2021.656334
https://doi.org/10.1016/j.aquaculture.2024.740589
https://doi.org/10.1073/pnas.1318948111
https://doi.org/10.1038/s41467-020-18508-3
https://doi.org/10.1126/sciadv.ade1204
https://doi.org/10.1038/nature05919
https://doi.org/10.1002/bies.201700148
https://doi.org/10.1111/jeb.13130
https://doi.org/10.1098/rsob.200088
https://doi.org/10.3389/fcell.2021.723859
https://doi.org/10.24272/j.issn.2095-8137.2022.228
https://doi.org/10.3389/fcvm.2018.00181
https://doi.org/10.3389/fgene.2021.664379
https://doi.org/10.1186/s13059-020-1929-3
https://doi.org/10.1016/j.cell.2011.07.013
https://doi.org/10.1038/nrg.2017.28
https://doi.org/10.1002/0471142727.mb2129s109
https://doi.org/10.1038/nrg2641
https://doi.org/10.3791/1869
https://doi.org/10.1186/s12915-019-0687-8
https://doi.org/10.1186/s12915-019-0726-5
https://doi.org/10.1186/s12915-020-00792-6
https://doi.org/10.1038/s41467-021-26153-7
https://doi.org/10.1038/s41467-021-21001-0
https://doi.org/10.1038/s41588-022-01089-w
https://doi.org/10.1111/j.1753-5131.2008.01002.x
https://doi.org/10.1111/jwas.12946
https://doi.org/10.3389/fmars.2023.1145083
https://doi.org/10.1016/j.ygeno.2021.04.007
https://doi.org/10.1093/dnares/dsw007


18 | GigaScience , 2025, Vol. 14 

 

4  

 

4  

 

 

 

4  

 

 

 

 

4  

 

 

 

 

4  

 

 

 

 

5  

 

 

5  

 

 

 

5  

 

 

5  

 

5  

 

 

5  

 

 

5  

 

 

5  

 

5  

 

 

 

5  

 

6  

 

 

6  

 

6  

 

6  

 

6  

 

6  

 

 

6  

 

6  

 

 

6  

 

 

6  

 

 

7  

 

7  

 

7  

 

7  

 

7  

 

 

7  

7  

 

D
ow

nloaded from
 https://academ

ic.oup.com
/gigascience/article/doi/10.1093/gigascience/giaf077/8203056 by BIB. U

N
IVER

SITAIR
E D

E SAIN
T Q

U
EN

TIN
 EN

 YVELIN
ES user on 07 O

ctober 2025
c hr omosome r earr angements thr oughout a ne wl y r efined
genome assembly. DNA Res. 2018;25(4):439–50. https://doi.org/ 
10.1093/dnares/dsy015 .

5. Xu X, Shao C, Xu H, et al. Draft genomes of female and male
turbot scophthalmus maximus . Sci Data. 2020;7(1):90. https://do
i.org/ 10.1038/ s41597- 020- 0426- 6 .

6. Díaz-Rosales P, Romero A, Balseiro P, et al. Micr oarr ay-
based identification of differ entiall y expr essed genes in fam-
ilies of turbot ( Scophthalmus maximus ) after infection with vi-
r al haemorrha gic septicaemia virus (VHSV). Mar Biotec hnol.
2012;14(5):515–29. https:// doi.org/ 10.1007/ s10126- 012- 9465- 0 .

7. Millán A, Gómez-Tato A, Pardo BG, et al. Gene expr ession pr o-
files of the spleen, liver, and head kidney in turbot ( Scophthalmus
maximus ) along the infection process with Aeromonas salmoni-
cida using an imm une-enric hed oligo-micr oarr ay. Mar Biotec h-
nol. 2011;13(6):1099–114. https:// doi.org/ 10.1007/ s10126- 011- 9
374-7 .

8. Librán-Pér ez M, Per eir o P, Figuer as A, et al. Transcriptome anal-
ysis of turbot ( Scophthalmus maximus ) infected with Aeromonas
salmonicida r e v eals a dir ect effect on leptin synthesis as a neu-
roendocrine mediator of inflammation and metabolism regu-
lation. Front Mar Sci. 2022;9:888115. https:// doi.org/ 10.3389/ fm
ars.2022.888115 .

9. Pardo BG, Millán A, Gómez-Tato A, et al. Gene expr ession pr o-
files of spleen, liver, and head kidney in turbot ( Scophthalmus
maximus ) along the infection process with Philasterides dicentrar-
chi using an immune-enriched oligo-microarray. Mar Biotech-
nol. 2012;14(5):570–82. https:// doi.org/ 10.1007/ s10126- 012- 944
0-9 .

0. Robledo D, Ronza P, Harrison PW, et al. RNA-seq anal ysis r e-
v eals significant tr anscriptome c hanges in turbot ( Scophthal-
mus maximus ) suffering se v er e enter omyxosis . BMC Genomics .
2014;15(1):1149. https:// doi.org/ 10.1186/ 1471- 2164- 15- 1149 .

1. Ronza P, Robledo D, Bermúdez R, et al. RNA-seq analysis of
earl y enter omyxosis in turbot ( Scophthalmus maximus ): new in-
sights into parasite invasion and immune evasion strategies.
Int J P ar asitol. 2016;46(8):507–17. https:// doi.org/ 10.1016/ j.ijpa
ra.2016.03.007 .

2. Valle A, Leiro JM, Pereiro P, et al. Interactions between the par-
asite Philasterides dicentr arc hi and the immune system of the
turbot scophthalmus maximus . A transcriptomic analysis. Biol-
ogy. 2020;9(10):337. https:// doi.org/ 10.3390/ biology9100337 .

3. Martínez P. Genomics advances for boosting aquaculture
br eeding pr ogr ams in Spain. Aquacultur e. 2016;464:117–20. ht
tps:// doi.org/ 10.1016/ j.aquaculture.2016.06.021 .

4. Saur a M, Car abaño MJ, Fernández A, et al. Disentangling ge-
netic variation for resistance and endurance to scuticociliato-
sis in turbot using pedigree and genomic information. Front
Genet. 2019;10:539. https:// doi.org/ 10.3389/ fgene.2019.00539 .

5. Aramburu O, Blanco A, Bouza C, et al. Integration of host-
pathogen functional genomics data into the c hr omosome-le v el
genome assembly of turbot ( Scophthalmus maximus ). Aquacul-
ture. 2023;564:739067. https:// doi.org/ 10.1016/ j.aquaculture.20 
22.739067 .

6. Guerr er o-Peña L, Suar ez-Br egua P, Gil-Gálv ez A, et al. Genome-
wide c hr omatin accessibility and gene expr ession pr ofiling dur-
ing flatfish metamorphosis. Sci Data. 2023;10(1):196. https://do
i.org/ 10.1038/ s41597- 023- 02111- 4 .

7. Mokhtar DM, Zaccone G, Alesci A, et al. Main components of
fish immunity: an overview of the fish immune system. Fishes.
2023;8(2):93. https:// doi.org/ 10.3390/ fishes8020093 .

8. Klosterhoff MC, Per eir a-Junio J, Rodrigues RV, et al. Ontogenic
de v elopment of kidney, thymus and spleen and phenotypic ex-
pression of CD3 and CD4 receptors on the lymphocytes of cobia
( Rac hycentroncanadum ). An Acad Br as Ciênc. 2015;87(4):2111–21.
https:// doi.org/ 10.1590/ 0001-3765201520140623 .

9. Ge v en EJW, Klar en PHM. The teleost head kidney: integr at-
ing thyroid and immune signalling. Dev Comp Immunol.
2017;66:73–83. https:// doi.org/ 10.1016/ j.dci.2016.06.025 .

0. Chen W, Huang J, Wang W, et al. Multi-tissue scRNA-seq re-
v eals imm une cell landsca pe of turbot ( Scophthalmus maximus ).
Fundamental Res. 2022;2(4):550–61. https:// doi.org/ 10.1016/ j.
fmre.2021.12.015 .

1. Patel H, Ewels P, Peltzer A, et al. nf-cor e/rnaseq: nf-cor e/rnaseq
v3.10.1–Plastered Rhodium Rudolph. Zenodo. 2023. https://doi.
org/ 10.5281/ zenodo.7505987 . Accessed 3 February 2025.

2. Andr e ws S. FastQC: a quality control tool for high throughput
sequence data. 2010. http://www.bioinformatics.babraham.ac
.uk/ projects/fastqc/ . Accessed 3 February 2025.

3. Martin M. Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnet J. 2011;17(1):10. https:
// doi.org/ 10.14806/ej.17.1.200 .

4. Dobin A, Davis CA, Schlesinger F, et al. STAR: ultr afast univ ersal
RNA-seq aligner. Bioinformatics. 2013;29(1):15–21. https://doi.
org/ 10.1093/ bioinformatics/bts635 .

5. Li B, Dewey CN. RSEM: accurate transcript quantification
from RNA-seq data with or without a reference genome. BMC
Bioinf. 2011;12(1):323. https:// doi.org/ 10.1186/ 1471- 2105- 12- 3
23 .

6. Ge SX, Jung D, Yao R. ShinyGO: a graphical gene-set enrichment
tool for animals and plants. Bioinformatics. 2020;36(8):2628–29.
https:// doi.org/ 10.1093/ bioinformatics/btz931 .

7. Corces MR, Tr e vino AE, Hamilton EG, et al. An impr ov ed A T AC-
seq protocol reduces background and enables interrogation of
frozen tissues. Nat Methods. 2017;14(10):959–62. https://doi.or
g/ 10.1038/ nmeth.4396 .

8. Ew els P, P eltzer A, Fillinger S, et al. The nf-cor e fr ame work for
comm unity-cur ated bioinformatics pipelines. Zenodo. 2023.
https:// doi.org/ 10.5281/ zenodo.3240506 . Accessed 3 February
2025.

9. Li H, Durbin R. Fast and accurate short read align-
ment with Burr ows–Wheeler tr ansform. Bioinformatics.
2009;25(14):1754–60. https:// doi.org/ 10.1093/ bioinformatics/b
tp324 .

0. Danecek P, Bonfield JK, Liddle J, et al. Twelve years of SAMtools
and BCFtools. Gigascience. 2021;10(2):giab008. https://doi.org/
10.1093/ gigascience/ giab008 .

1. Barnett DW, Garrison EK, Quinlan AR, et al. BamTools: a C ++
API and toolkit for analyzing and managing BAM files. Bioin-
formatics. 2011;27(12):1691–92. https:// doi.org/ 10.1093/ bioinf 
or matics/btr 174 .

2. Ramírez F, Dündar F, Diehl S, et al. deepTools: a flexible plat-
form for exploring deep-sequencing data. Nucleic Acids Res.
2014;42(W1):W187–91. https:// doi.org/ 10.1093/ nar/ gku365 .

3. Zhang Y, Liu T, Meyer CA, et al. Model-based analysis of ChIP-
seq (MACS). Genome Biol. 2008;9(9):R137. https:// doi.org/ 10.118
6/gb- 2008- 9- 9- r137 .

4. Robinson JT, Thorvaldsdottir H, Turner D, et al. igv.Js: an em-
beddable JavaScript implementation of the Integrative Ge-
nomics Viewer (IGV). Bioinformatics. 2023;39(1):btac830. https:
// doi.org/ 10.1093/ bioinformatics/btac830 .

5. De wari P. Cr eate blac klist file for ChIP-seq analysis. GitHub.
2023. https://github.com/Poor an-Dewari/cr eate-blacklist-fie-f 
or- ChIP- seq- analysis . Accessed 3 February 2025.

6. Karimzadeh M, Ernst C, Kundaje A, et al. Uma p and Bisma p:
quantifying genome and methylome mappability. Nucleic

https://doi.org/10.1093/dnares/dsy015
https://doi.org/10.1038/s41597-020-0426-6
https://doi.org/10.1007/s10126-012-9465-0
https://doi.org/10.1007/s10126-011-9374-7
https://doi.org/10.3389/fmars.2022.888115
https://doi.org/10.1007/s10126-012-9440-9
https://doi.org/10.1186/1471-2164-15-1149
https://doi.org/10.1016/j.ijpara.2016.03.007
https://doi.org/10.3390/biology9100337
https://doi.org/10.1016/j.aquaculture.2016.06.021
https://doi.org/10.3389/fgene.2019.00539
https://doi.org/10.1016/j.aquaculture.2022.739067
https://doi.org/10.1038/s41597-023-02111-4
https://doi.org/10.3390/fishes8020093
https://doi.org/10.1590/0001-3765201520140623
https://doi.org/10.1016/j.dci.2016.06.025
https://doi.org/10.1016/j.fmre.2021.12.015
https://doi.org/10.5281/zenodo.7505987
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1093/bioinformatics/btz931
https://doi.org/10.1038/nmeth.4396
https://doi.org/10.5281/zenodo.3240506
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.1093/bioinformatics/btr174
https://doi.org/10.1093/nar/gku365
https://doi.org/10.1186/gb-2008-9-9-r137
https://doi.org/10.1093/bioinformatics/btac830
https://github.com/Pooran-Dewari/create-blacklist-fie-for-ChIP-seq-analysis


Multiomics of turbot immune response | 19 

 

 

 

 

 

9  

 

 

9  

9  

 

9  

 

9  

 

 

9

 

9  

1  

1  

1  

 

1  

 

 

1  

1  

 

1  

 

9 .

D
ow

nloaded from
 https://academ

ic.oup.com
/gigascience/article/doi/10.1093/gigascience/giaf077/8203056 by BIB. U

N
IVER

SITAIR
E D

E SAIN
T Q

U
EN

TIN
 EN

 YVELIN
ES user on 07 O

ctober 2025
Acids Res. 2018;46(20):e120. https:// doi.org/ 10.1093/ nar/ gky6 
77 .

77. Amemiya HM, Kundaje A, Boyle AP. The ENCODE blacklist: 
identification of problematic regions of the genome. Sci Rep.
2019;9:9354. https:// doi.org/ 10.1038/ s41598- 019- 45839- z .

78. Stark R, Brown G. DiffBind: differential binding analysis of 
ChIP-Seq peak data. Bioconductor. 2011. https:// doi.org/ 10.181 
29/B9.bioc.DiffBind .

79. Ernst J, Kellis M. ChromHMM: automating chromatin-state dis- 
covery and characterization. Nat Methods. 2012;9(3):215–16. 
https:// doi.org/ 10.1038/ nmeth.1906 .

80. Vu H, Ernst J. Universal annotation of the human genome 
thr ough integr ation of ov er a thousand epigenomic datasets.
Genome Biol. 2022;23(1):9. https:// doi.org/ 10.1186/ s13059-021 
- 02572- z .

81. Heinz S, Benner C, Spann N, et al. Simple combinations of 
linea ge-determining tr anscription factors prime cis-r egulatory 
elements r equir ed for macr opha ge and B cell identities. Mol 
Cell. 2010;38(4):576–89. https:// doi.org/ 10.1016/ j.molcel.2010. 
05.004 .

82. Zhou Y, Zhou B, P ac he L, et al. Metascape provides a biologist- 
oriented resource for the analysis of systems-le v el datasets.
Nat Commun. 2019;10(1):1523. https:// doi.org/ 10.1038/ s41467 
- 019- 09234- 6 .

83. Rusinova I, Forster S, Yu S, et al. INTERFEROME v2.0: an up- 
dated database of annotated interfer on-r egulated genes. Nu- 
cleic Acids Res. 2012;41(D1):D1040–46. https:// doi.org/ 10.1093/ 
nar/gks1215 .

84. Clark TC, Naseer S, Gundappa MK, et al. Conserv ed and div er- 
gent arms of the antiviral response in the duplicated genomes 
of salmonid fishes. Genomics. 2023;115(4):110663. https://doi. 
org/ 10.1016/ j.ygeno .2023.110663 . 

85. Pardo BG, Fernández C, Millán A, et al. Expressed sequence tags 
(ESTs) from immune tissues of turbot ( Scophthalmus maximus ) 
challenged with pathogens. BMC Vet Res. 2008;4(1):37. https: 
// doi.org/ 10.1186/ 1746- 6148- 4- 37 .

86. Millán A, Gómez-Tato A, Fernández C, et al. Design and per- 
formance of a turbot ( Scophthalmus maximus ) oligo-micr oarr ay 
based on ESTs from immune tissues. Mar Biotechnol. 
2010;12(4):452–65. https:// doi.org/ 10.1007/ s10126- 009- 9231- 0 .

87. Domínguez B, Pardo BG, Noia M, et al. Micr oarr ay anal ysis of 
the inflammatory and imm une r esponses in head kidney tur- 
bot leucocytes treated with resveratrol. Int Immunopharma- 
col. 2013;15(3):588–96. https:// doi.org/ 10.1016/ j.intimp.2013.01 
.024 .

88. Gan Z, Chen SN, Huang B, et al. Fish type I and type II interfer- 
ons: composition, r eceptor usa ge, pr oduction and function. Re v 
Aquac. 2020;12(2):773–804. https:// doi.org/ 10.1111/ raq.12349 .

89. Kumar A, Zhang J, Yu FSX. Toll-lik e rece ptor 3 agonist poly(I:c)- 
induced antivir al r esponse in human corneal epithelial cells.
Immunology. 2006;117(1):11–21. https:// doi.org/ 10.1111/ j.1365 
-2567.2005.02258.x .

90. Ma S, Zhang B, LaFave LM, et al. Chromatin potential iden- 
tified by shared single-cell profiling of RNA and Chromatin.
Cell. 2020;183(4):1103–16.e20. https:// doi.org/ 10.1016/ j.cell.202 
0.09.056 .

91. Wike CL, Guo Y, Tan M, et al. Chr omatin arc hitectur e tr an- 
sitions from zebrafish sperm through early embryogenesis. 
Genome Res. 2021;31(6):981–94. https:// doi.org/ 10.1101/ gr.269 
860.120 .

92. Liu R, Meng F, Li X, et al. Characterization of STING from com- 
mon carp ( Cyprinus carpio L.) involved in spring viremia of carp 
virus infection. Fish Shellfish Immunol. 2023;142:109164. https: 
// doi.org/ 10.1016/ j.fsi.2023.109164 .

3. Per eir o P, Figuer as A, Novoa B. Exploring common modula-
tions induced by three fish RNA viruses in turbot ( Scophthalmus
maximus ): c holester ol, vitamin D3 and retinol metabolism as
shar ed tar gets. Aquacultur e. 2025;595:741525. https://doi.org/ 
10.1016/j.aquaculture.2024.741525 .

4. Sto w ell NC, Seideman J, Raymond HA, et al. Long-term acti-
vation of TLR3 by Poly(I:C) induces inflammation and impairs 
lung function in mice. Respir Res. 2009;10(1):43. https://doi.or 
g/ 10.1186/ 1465- 9921- 10- 43 .

5. Gao T, Zhang S, Wang J, et al. TLR3 contributes to persistent
autophagy and heart failure in mice after my ocar dial infar c-
tion. J Cell Mol Med. 2018;22(1):395–408. https:// doi.org/ 10.111 
1/jcmm.13328 .

6. Rodriguez MF, Wiens GD, Purcell MK, et al. Characterization of
toll-lik e rece ptor 3 gene in rainbow trout ( Oncorhynchus mykiss ).
Immunogenetics. 2005;57(7):510–19. https:// doi.org/ 10.1007/ s0 
0251- 005- 0013- 1 .

7. Oshiumi H, Tsujita T, Shida K, et al. Prediction of the prototype
of the human Toll-like receptor gene family from the pufferfish,
Fugu rubripes, genome. Immunogenetics. 2003;54(11):791–800.
https:// doi.org/ 10.1007/ s00251- 002- 0519- 8 .

8. Muzio M, Bosisio D, Polentarutti N, et al. Differential expression 

and regulation of toll-like receptors (TLR) in human leukocytes: 
selectiv e expr ession of TLR3 in dendritic cells. J Imm unol.
2000;164(11):5998–6004. https:// doi.org/ 10.4049/ jimmunol.164 
.11.5998 .

9. Blumer T, Coto-Llerena M, Duong FHT, et al. SOCS1 is an in-
ducible negative regulator of interferon λ (IFN- λ)–induced gene 
expression in vivo. J Biol Chem. 2017;292(43):17928–38. https: 
// doi.org/ 10.1074/ jbc.M117.788877 .

00. Ahn JH, Park JY, Kim DY, et al. Type I interferons are involved
in the intracellular growth control of Mycobacterium absces- 
sus by mediating NOD2-induced production of nitric oxide in 

macr opha ges. Fr ont Imm unol. 2021;12:738070. https://doi.org/ 
10.3389/fimmu.2021.738070 .

01. Jin HJ, Xiang LX, Shao JZ. Identification and c har acterization
of suppressor of cytokine signaling 1 (SOCS-1) homologues in 

teleost fish. Immunogenetics. 2007;59(8):673–86. https://doi.or 
g/ 10.1007/ s00251- 007- 0232- 8 .

02. Sobhkhez M, Joensen LL, Tollersrud LG, et al. A conserved in-
hibitory role of suppressor of cytokine signaling 1 (SOCS1) in
salmon antivir al imm unity. De v Comp Imm unol. 2017;67:66–
76. https:// doi.org/ 10.1016/ j.dci.2016.11.001 .

03. Wang G, Liu W, Wang C, et al. Molecular c har acterization and
imm unor egulatory anal ysis of suppr essors of cytokine signal-
ing 1 (SOCS1) in black rockfish, Sebastes schlegeli. Dev Comp
Immunol. 2022;130:104355. https:// doi.org/ 10.1016/ j.dci.2022.1 
04355 .

04. Bidgood GM, Keating N, Doggett K, et al. SOCS1 is a critical
c hec kpoint in immune homeostasis, inflammation and tumor 
imm unity. Fr ont Imm unol. 2024;15:1419951. https:// doi.org/ 10 
.3389/fimmu.2024.1419951 .

05. Zou PF, Chang MX, Li Y, et al. NOD2 in zebrafish functions in
antibacterial and also antiviral responses via NF- κb, and also
MDA5, RIG-I and MAVS. Fish Shellfish Immunol. 2016;55:173–
185. https:// doi.org/ 10.1016/ j.fsi.2016.05.031 .

06. Ho w e K, Schiffer PH, Zielinski J, et al. Structure and evolution-
ary history of a large family of NLR proteins in the zebrafish.
Open Biol. 2016;6(4):160009. https:// doi.org/ 10.1098/ rsob.16000 

https://doi.org/10.1093/nar/gky677
https://doi.org/10.1038/s41598-019-45839-z
https://doi.org/10.18129/B9.bioc.DiffBind
https://doi.org/10.1038/nmeth.1906
https://doi.org/10.1186/s13059-021-02572-z
https://doi.org/10.1016/j.molcel.2010.05.004
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.1093/nar/gks1215
https://doi.org/10.1016/j.ygeno.2023.110663
https://doi.org/10.1186/1746-6148-4-37
https://doi.org/10.1007/s10126-009-9231-0
https://doi.org/10.1016/j.intimp.2013.01.024
https://doi.org/10.1111/raq.12349
https://doi.org/10.1111/j.1365-2567.2005.02258.x
https://doi.org/10.1016/j.cell.2020.09.056
https://doi.org/10.1101/gr.269860.120
https://doi.org/10.1016/j.fsi.2023.109164
https://doi.org/10.1016/j.aquaculture.2024.741525
https://doi.org/10.1186/1465-9921-10-43
https://doi.org/10.1111/jcmm.13328
https://doi.org/10.1007/s00251-005-0013-1
https://doi.org/10.1007/s00251-002-0519-8
https://doi.org/10.4049/jimmunol.164.11.5998
https://doi.org/10.1074/jbc.M117.788877
https://doi.org/10.3389/fimmu.2021.738070
https://doi.org/10.1007/s00251-007-0232-8
https://doi.org/10.1016/j.dci.2016.11.001
https://doi.org/10.1016/j.dci.2022.104355
https://doi.org/10.3389/fimmu.2024.1419951
https://doi.org/10.1016/j.fsi.2016.05.031
https://doi.org/10.1098/rsob.160009


20 | GigaScience , 2025, Vol. 14 

1  

 

 

 

1  

 

1  

 

1  

 

 

1  

 

 

1  

 

 

 

1  

 

1  

 

1  

 

1  

 

1  

 

 

 

1  

 

 

1  

 

 

1  

 

 

1  

 

1  

 

1  

 

1  

 

 

1  

 

1  

 

 

1  

 

 

 

1  

 

 

1  

 

 

 

1  

 

1  

 

 

 

1  

 

 

1  

 

 

 

1  

 

 

 

1  

 

 

1  

 

 

 

1  

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/gigascience/article/doi/10.1093/gigascience/giaf077/8203056 by BIB. U

N
IVER

SITAIR
E D

E SAIN
T Q

U
EN

TIN
 EN

 YVELIN
ES user on 07 O

ctober 2025
07. Nie L, Xu XX, Xiang LX, et al. Mutual regulation of NOD2 and
RIG-I in Zebrafish provides insights into the coordination be-
tween innate antibacterial and antiviral signaling pathwa ys .
Int J Mol Sci. 2017;18(6):1147. https:// doi.org/ 10.3390/ ijms1806
1147 .

08. Mojzesz M, Rakus K, Chadzinska M, et al. Cytosolic sensors for
pathogenic viral and bacterial nucleic acids in fish. Int J Mol
Sci. 2020;21(19):7289. https:// doi.org/ 10.3390/ ijms21197289 .

09. Zhu M, John S, Berg M, et al. Functional association of Nmi
with Stat5 and Stat1 in IL-2- and IFN γ -mediated signaling.
Cell. 1999;96(1):121–30. https:// doi.org/ 10.1016/ S0092-8674(00 
)80965-4 .

10. Le vr aud JP, Jouneau L, Briolat V, et al. IFN-stimulated genes in
zebrafish and humans define an ancient arsenal of antiviral
imm unity. J Imm unol. 2019;203(12):3361–73. https:// doi.org/ 10
.4049/jimmunol.1900804 .

11. Li L, Chen SN, Li N, et al. Molecular c har acterization and tran-
scriptional conservation of N-myc-interactor, Nmi, by type I
and type II IFNs in mandarin fish Siniperca c huatsi. De v Comp
Immunol. 2022;130:104354. https:// doi.org/ 10.1016/ j.dci.2022.1 
04354 .

12. Li L, Chen SN, Wang KL, et al. Inter action of Nmi and IFP35 pr o-
motes mutual protein stabilization and IRF3 and IRF7 degra-
dation to suppress type I IFN production in teleost fish. J Im-
munol. 2023;210(10):1494–507. https:// doi.org/ 10.4049/ jimmun
ol.2300012 .

13. Ivashkiv LB, Donlin LT. Regulation of type I interferon re-
sponses. Nat Re v Imm unol. 2014;14(1):36–49. https:// doi.org/ 10
.1038/nri3581 .

14. Murir a A, Lamarr e A. Type-I interfer on r esponses: fr om friend
to foe in the battle against chronic viral infection. Front Im-
munol. 2016;7:609. https:// doi.org/ 10.3389/ fimmu.2016.00609 .

15. K o varik P, Castiglia V, Ivin M, et al. Type I interferons in bac-
terial infections: a balancing act. Front Immunol. 2016;7:652.
https:// doi.org/ 10.3389/ fimmu.2016.00652 .

16. K opitar-J erala N. T he r ole of interfer ons in inflammation and
inflammasome activ ation. Fr ont Imm unol. 2017;8:873. https://
doi.org/ 10.3389/ fimmu.2017.00873 .

17. Hasanuzzaman AFM, Cao A, Ronza P, et al. New insights into
the Manila clam—P er kinsus olseni interaction based on gene ex-
pr ession anal ysis of clam hemocytes and par asite tr ophozoites
through in vitro challenges. Int J Parasitol. 2020;50(3):195–208.
https:// doi.org/ 10.1016/ j.ijpara.2019.11.008 .

18. Herr er a-Uribe J, Liu H, Byrne KA, et al. Changes in H3K27ac at
gene r egulatory r egions in porcine alv eolar macr opha ges fol-
lowing LPS or PolyIC exposure. Front Genet. 2020;11:817. https:
// doi.org/ 10.3389/ fgene.2020.00817 .

19. Hung CM, Li C. Identification and phylogenetic analyses of the
pr otein ar ginine methyltr ansfer ase gene famil y in fish and as-
cidians. Gene. 2004;340(2):179–87. https:// doi.org/ 10.1016/ j.ge
ne.2004.07.039 .

20. Dong CW, Zhang YB, Lu AJ, et al. Molecular c har acterisation
and inductiv e expr ession of a fish pr otein ar ginine methyl-
tr ansfer ase 1 gene in response to virus infection. Fish Shellfish
Immunol. 2007;22(4):380–93. https:// doi.org/ 10.1016/ j.fsi.2006 
.06.010 .

21. Wang Y, Li C. Evolutionarily conserved protein arginine methyl-
tr ansfer ases in non-mammalian animal systems. FEBS J.
2012;279(6):932–45. https:// doi.org/ 10.1111/ j.1742-4658.2012.0 
8490.x .

22. Srour N, Khan S, Richard S. The influence of arginine methy-
lation in immunity and inflammation. JIR. 2022;15:2939–58.
https:// doi.org/ 10.2147/ JIR.S364190 .
23. Barman TK, Metzger DW. Disease tolerance during viral-
bacterial Co-infections. Viruses. 2021;13(12):2362. https://doi.
org/ 10.3390/ v13122362 .

24. Nav arini AA, Rec her M, Lang KS, et al. Increased susceptibility
to bacterial superinfection as a consequence of innate antiviral
r esponses. Pr oc Natl Acad Sci U S A. 2006;103(42):15535–39. ht
tps:// doi.org/ 10.1073/ pnas.0607325103 .

25. Sun K, Metzger DW. Inhibition of pulmonary antibacterial de-
fense by interferon- γ during recovery from influenza infection.
Nat Med. 2008;14(5):558–64. https:// doi.org/ 10.1038/ nm1765 .

26. Fraslin C, Quillet E, Rochat T, et al. Combining m ultiple a p-
pr oac hes and models to dissect the genetic arc hitectur e of re-
sistance to infections in fish. Front Genet. 2020;11:677. https:
// doi.org/ 10.3389/ fgene.2020.00677 .

27. Ødegård J, Olesen I, Gjerde B, et al. Positiv e genetic corr elation
between resistance to bacterial (furunculosis) and viral (in-
fectious salmon anaemia) diseases in farmed Atlantic salmon
( Salmo salar ). Aquaculture 2007;271(1–4):173–77. https://doi.or
g/ 10.1016/ j.aquaculture.2007.06.006 .

28. Ødegård J, Baranski M, Gjerde B, et al. Methodology for ge-
netic e v aluation of disease r esistance in aquacultur e species:
c hallenges and futur e pr ospects. Aquac Res. 2011;42:103–14.
https:// doi.org/ 10.1111/ j.1365-2109.2010.02669.x .

29. Bangera R, Ødegård J, Præbel AK, et al. Genetic correlations
betw een gro wth r ate and r esistance to vibriosis and vir al
nervous necrosis in Atlantic cod ( Gadus morhua L.). Aquacul-
ture. 2011;317(1–4):67–73. https:// doi.org/ 10.1016/ j.aquacultur
e.2011.04.018 .

30. Zhang R, Kang R, Tang D. The STING1 network regu-
lates autophagy and cell death. Sig T ransduct T arget Ther.
2021;6(1):208. https:// doi.org/ 10.1038/ s41392- 021- 00613- 4 .

31. Feng H, Zhang YB, Zhang QM, et al. Zebrafish IRF1 regu-
lates IFN antiviral response through binding to IFN φ1 and
IFN φ3 promoters downstream of MyD88 signaling. J Im-
munol. 2015;194(3):1225–38. https:// doi.org/ 10.4049/ jimmunol
.1402415 .

32. Sullivan C, Soos BL, Millard PJ, et al. Modeling virus-induced
inflammation in zebrafish: a balance between infection control
and excessiv e inflammation. Fr ont Imm unol. 2021;12:636623.
https:// doi.org/ 10.3389/ fimmu.2021.636623 .

33. Zhou N, Chen LL, Chen J, et al. Molecular c har acterization and
expr ession anal ysis of IL-1 β and two types of IL-1 receptor
in barbel steed ( Hemibarbus labeo ). Comp Biochem Physiol B:
Biochem Mol Biol. 2020;241:110393. https:// doi.org/ 10.1016/ j.cb
pb.2019.110393 .

34. Joo MS, Choi KM, Kang G, et al. Red sea bream interleukin (IL)-
1 β and IL-8 expression, subcellular localization, and antiviral
activity a gainst r ed sea br eam iridovirus (RSIV). Fish Shellfish
Immunol. 2022;128:360–70. https:// doi.org/ 10.1016/ j.fsi.2022.0
7.040 .

35. Marinis JM, Hutti JE, Homer CR, et al. I κB kinase α phosphory-
lation of TRAF4 downregulates innate immune signaling. Mol
Cell Biol. 2012;32(13):2479–89. https:// doi.org/ 10.1128/ MCB.00
106-12 .

36. You SL, Jiang XX, Zhang GR, et al. Molecular c har acterization of
nine TRAF genes in y ello w catfish ( Pelteobagrus fulvidraco ) and
their expression profiling in response to Edwardsiella ictaluri in-
fection. Int J Mol Sci. 2023;24(9):8363. https:// doi.org/ 10.3390/ ij
ms24098363 .

37. Alv ar ez JM, Sc hinke AL, Br ooks MD, et al. Transient genome-
wide interactions of the master transcription factor NLP7
initiate a r a pid nitr ogen-r esponse cascade. Nat Commun.
2020;11(1):1157. https:// doi.org/ 10.1038/ s41467- 020- 14979- 6 .

https://doi.org/10.3390/ijms18061147
https://doi.org/10.3390/ijms21197289
https://doi.org/10.1016/S0092-8674(00)80965-4
https://doi.org/10.4049/jimmunol.1900804
https://doi.org/10.1016/j.dci.2022.104354
https://doi.org/10.4049/jimmunol.2300012
https://doi.org/10.1038/nri3581
https://doi.org/10.3389/fimmu.2016.00609
https://doi.org/10.3389/fimmu.2016.00652
https://doi.org/10.3389/fimmu.2017.00873
https://doi.org/10.1016/j.ijpara.2019.11.008
https://doi.org/10.3389/fgene.2020.00817
https://doi.org/10.1016/j.gene.2004.07.039
https://doi.org/10.1016/j.fsi.2006.06.010
https://doi.org/10.1111/j.1742-4658.2012.08490.x
https://doi.org/10.2147/JIR.S364190
https://doi.org/10.3390/v13122362
https://doi.org/10.1073/pnas.0607325103
https://doi.org/10.1038/nm1765
https://doi.org/10.3389/fgene.2020.00677
https://doi.org/10.1016/j.aquaculture.2007.06.006
https://doi.org/10.1111/j.1365-2109.2010.02669.x
https://doi.org/10.1016/j.aquaculture.2011.04.018
https://doi.org/10.1038/s41392-021-00613-4
https://doi.org/10.4049/jimmunol.1402415
https://doi.org/10.3389/fimmu.2021.636623
https://doi.org/10.1016/j.cbpb.2019.110393
https://doi.org/10.1016/j.fsi.2022.07.040
https://doi.org/10.1128/MCB.00106-12
https://doi.org/10.3390/ijms24098363
https://doi.org/10.1038/s41467-020-14979-6


Multiomics of turbot immune response | 21 

 

 

 

 

 

 

1  

1  

 

1
 

1  

 

1  

 

1  

1  

 

1  

 

1  

 

1  

1  

 

1  

 

1
 

1  

 

1  

 

 

1  

D
ow

nloaded from
 https://academ

ic.oup.com
/gigascience/article/doi/10.1093/gigascience/giaf077/8203056 by BIB. U

N
IVER

SITAIR
E D

E SAIN
T Q

U
EN

TIN
 EN

 YVELIN
ES user on 07 O

ctober 2025
138. Weidemüller P, Kholmatov M, Petsalaki E, et al. Transcription 

factors: bridge between cell signaling and gene r egulation. Pr o- 
teomics. 2021;21(23–24):e2000034. https:// doi.org/ 10.1002/ pm 

ic.202000034 .
139. Katzenbac k BA, Katakur a F, Belose vic M. Regulation of teleost 

macr opha ge and neutr ophil cell de v elopment by gr owth fac- 
tors and transcription factors. In: Türker H, ed. Ne w adv ances 
and contributions to fish biology. Rijeka, Cr oatia: InTec h; 2012.
https:// doi.org/ 10.5772/ 53589 .

140. Trizzino M, Zucco A, Deliard S, et al. EGR1 is a gatek ee per 
of inflammatory enhancers in human macr opha ges. Sci Adv.
2021;7(3):eaaz8836. https:// doi.org/ 10.1126/ sciadv.aaz8836 .

141. Azcoitia V, Aracil M, Martínez-A C, et al. The home- 
odomain protein Meis1 is essential for definitive hematopoiesis 
and vascular patterning in the mouse embryo. Dev Biol.
2005;280(2):307–20. https:// doi.org/ 10.1016/ j.ydbio.2005.01.00 
4 .

142. Cvejic A, Serbanovic-Canic J, Stemple DL, et al. The role of 
meis1 in primitive and definitive hematopoiesis during ze- 
br afish de v elopment. Haematologica. 2011;96(2):190–98. https: 
// doi.org/ 10.3324/ haematol.2010.027698 .

143. Martínez de Paz A, Josefowicz SZ. Signaling-to-chromatin path- 
ways in the imm une system. Imm unol Re v. 2021;300(1):37–53.
https:// doi.org/ 10.1111/ imr.12955 .

144. Lesc h BJ, P a ge DC. Poised c hr omatin in the mammalian germ 

line. De v elopment. 2014;141(19):3619–26. https:// doi.org/ 10.1 
242/dev.113027 .

145. Barbieri M, Xie SQ, T orlai-T riglia E, et al. Active and poised pro- 
moter states drive folding of the extended HoxB locus in mouse 
embryonic stem cells. Nat Struct Mol Biol. 2017;24(6):515–24. 
https:// doi.org/ 10.1038/ nsmb.3402 .

146. St ̨epniak K, Mac hnic ka MA, Mieczk owski J, et al. Mapping 
c hr omatin accessibility and active regulatory elements reveals 
pathological mechanisms in human gliomas. Nat Commun. 
2021;12(1):3621. https:// doi.org/ 10.1038/ s41467- 021- 23922- 2 .

147. Saeed S, Quintin J, Kerstens HHD, et al. Role of the inflam- 
masome, IL-1 β, and IL-18 in bacterial infections. Sci World J.
2011;11:2037–50. https:// doi.org/ 10.1100/ 2011/212680 .

148. Ho w e FS, Fischl H, Murray SC, et al. Is H3K4me3 instructive for 
tr anscription activ ation? Bioessays. 2017;39(1):1. https://doi.or 
g/ 10.1002/ bies.201600095 .

149. Bernard D, Riteau B, Hansen JD, et al. Costim ulatory r ecep- 
tors in a teleost fish: typical CD28, elusive CTLA4. J Im- 
munol. 2006;176(7):4191–200. https:// doi.org/ 10.4049/ jimmun 

ol.176.7.4191 .
150. Zhang J, Wei X, Zhang Q, et al. Fish uses CTLA-4 immune check- 

point to suppress mTORC1-controlled T-cell glycolysis and im- 
m unity. J Imm unol. 2024;212(7):1113–28. https:// doi.org/ 10.404 
9/jimmunol.2300599 .

151. Ozato K, Shin DM, Chang TH, et al. TRIM famil y pr oteins and 
their emer ging r oles in innate imm unity. Nat Re v Imm unol.
2008;8(11):849–60. https:// doi.org/ 10.1038/ nri2413 .

152. Lange vin C, Le vr aud JP, Boudinot P. Fish antiviral tripartite 
motif (TRIM) proteins. Fish Shellfish Immunol. 2019;86:724–33. 
https:// doi.org/ 10.1016/ j.fsi.2018.12.008 .

153. Waterborg JH. Evolution of histone H3: emergence of vari- 
ants and conservation of post-translational modification sites. 
Biochem Cell Biol. 2012;90(1):79–95. https:// doi.org/ 10.1139/ o1 
1-036 .

154. Beacon TH, Delcuve GP, López C, et al. The dynamic broad epi- 
genetic (H3K4me3, H3K27ac) domain as a mark of essential 
genes. Clin Epigenet. 2021;13(1):138. https:// doi.org/ 10.1186/ s1 
3148- 021- 01126- 1 .
55. Kundaje A, Meuleman W, Ernst J, et al. Integr ativ e anal ysis of
111 r efer ence human epigenomes. Natur e. 2015;518(7539):317–
30. https:// doi.org/ 10.1038/ nature14248 .

56. van der Velde A, Fan K, Tsuji J, et al. Annotation of c hr omatin
states in 66 complete mouse epigenomes during de v elopment.
Commun Biol. 2021;4(1):239. https:// doi.org/ 10.1038/ s42003-0 
21- 01756- 4 .

57. Smale ST, Fisher AG. Chromatin structure and gene 
regulation in the immune system. Annu Rev Immunol.
2002;20(1):427–62. https:// doi.org/ 10.1146/ annur ev.imm unol. 
20.100301.064739 .

58. Lim PS, Li J, Hollo w ay AF, et al. Epigenetic regulation of in-
ducible gene expression in the immune system. Immunology.
2013;139(3):285–93. https:// doi.org/ 10.1111/ imm.12100 .

59. Watson DK, Li R, Sementc henk o VI, et al. ETS family of tran-
scription factors. In: Bertino JR, ed. Encyclopedia of cancer. San
Diego, CA: Elsevier; 2002:189–96. https:// doi.org/ 10.1016/ B0-1 
2- 227555- 1/00078- 2 .

60. Turkistany SA, DeKoter RP. The transcription factor PU.1 is a
critical regulator of cellular communication in the immune 
system. Arc h Imm unol Ther Exp. 2011;59(6):431–40. https://do 
i.org/ 10.1007/ s00005- 011- 0147- 9 .

61. Chen S, Yang J, Wei Y, et al. Epigenetic regulation of
macr opha ges: fr om homeostasis maintenance to host defense.
Cell Mol Immunol. 2020;17(1):36–49. https:// doi.org/ 10.1038/ s4 
1423- 019- 0315- 0 .

62. Shan S, Liu R, Jiang L, et al. Carp toll-like receptor 8
(Tlr8): an intracellular tlr that recruits TIRAP as adaptor and
activates AP-1 pathway in immune response. Fish Shellfish 

Immunol. 2018;82:41–49. https:// doi.org/ 10.1016/ j.fsi.2018.08. 
001 .

63. Kim J, Lee KW, Lee HJ. Polyphenols suppress and modulate in-
flammation. In: Watson RR, Preedy VR, Zibadi S, eds . P olyphe-
nols in human health and disease. San Diego, CA: Elsevier; 
2014:393–408. https:// doi.org/ 10.1016/ B978- 0- 12- 398456- 2.000 
29-3 .

64. Clark TC, Boudinot P, Collet B. Evolution of the IRF family in
salmonids. Genes. 2021;12(2):238. https:// doi.org/ 10.3390/ gene 
s12020238 .

65. Han C, Huang W, Peng S, et al. Characterization and expression
analysis of the interferon regulatory factor (IRF) gene family 
in zig-zag eel ( Mastacembelus armatus ) against Aeromonas veronii
infection. De v Comp Imm unol. 2023;140:104622. https://doi.or 
g/ 10.1016/ j.dci.2022.104622 .

66. Yan X, Zhao X, Huo R, et al. IRF3 and IRF8 regulate NF- κb
signaling by targeting MyD88 in teleost fish. Front Immunol.
2020b;11:606. https:// doi.org/ 10.3389/ fimmu.2020.00606 .

67. Ippolito GC, Dekker JD, Wang YH, et al. Dendritic cell 
fate is determined by BCL11A. Proc Natl Acad Sci U S A.
2014;111(11):E998–1006. https:// doi.org/ 10.1073/ pnas.1319228 
111 .

68. Yu Y, Wang J, Khaled W, et al. Bcl11a is essential for
l ymphoid de v elopment and negativ el y r egulates p53. J Exp
Med. 2012;209(13):2467–83. https:// doi.org/ 10.1084/ jem.201218 
46 .

69. Cabr er a-Ortega AA, Feinber g D, Liang Y, et al. The role of Fork-
head Box 1 (FOXO1) in the immune system: dendritic cells,
T cells, B cells, and hematopoietic stem cells. Crit Rev Im-
munol. 2017;37(1):1–13. https:// doi.org/ 10.1615/ CritRevImmun 

ol.2017019636 .
70. Gr av es DT, Milov anov a TN. Mucosal immunity and the FOXO1

tr anscription factors. Fr ont Imm unol. 2019;10:2530. https://do 
i.org/ 10.3389/ fimmu.2019.02530 .

https://doi.org/10.1002/pmic.202000034
https://doi.org/10.5772/53589
https://doi.org/10.1126/sciadv.aaz8836
https://doi.org/10.1016/j.ydbio.2005.01.004
https://doi.org/10.3324/haematol.2010.027698
https://doi.org/10.1111/imr.12955
https://doi.org/10.1242/dev.113027
https://doi.org/10.1038/nsmb.3402
https://doi.org/10.1038/s41467-021-23922-2
https://doi.org/10.1100/2011/212680
https://doi.org/10.1002/bies.201600095
https://doi.org/10.4049/jimmunol.176.7.4191
https://doi.org/10.4049/jimmunol.2300599
https://doi.org/10.1038/nri2413
https://doi.org/10.1016/j.fsi.2018.12.008
https://doi.org/10.1139/o11-036
https://doi.org/10.1186/s13148-021-01126-1
https://doi.org/10.1038/nature14248
https://doi.org/10.1038/s42003-021-01756-4
https://doi.org/10.1146/annurev.immunol.20.100301.064739
https://doi.org/10.1111/imm.12100
https://doi.org/10.1016/B0-12-227555-1/00078-2
https://doi.org/10.1007/s00005-011-0147-9
https://doi.org/10.1038/s41423-019-0315-0
https://doi.org/10.1016/j.fsi.2018.08.001
https://doi.org/10.1016/B978-0-12-398456-2.00029-3
https://doi.org/10.3390/genes12020238
https://doi.org/10.1016/j.dci.2022.104622
https://doi.org/10.3389/fimmu.2020.00606
https://doi.org/10.1073/pnas.1319228111
https://doi.org/10.1084/jem.20121846
https://doi.org/10.1615/CritRevImmunol.2017019636
https://doi.org/10.3389/fimmu.2019.02530


22 | GigaScience , 2025, Vol. 14 

1  

 

 

1  

 

 

 

1  

 

 

 

R
©
L

D
ow

nloaded from
 https://academ

ic.oup.com
/gigascience/article/doi/10.1093/gigascience/giaf077/8203056 by BIB. U

N
IVER

SITAIR
E D

E SAIN
T Q

U
EN

TIN
 EN

 YVELIN
ES user on 07 O

ctober 2025
71. Jo SS, Choi SS. Analysis of the functional relevance of epigenetic
c hr omatin marks in the first intron associated with specific
gene expression patterns. Genome Biol Evol. 2019;11(3):786–97.
https:// doi.org/ 10.1093/ gbe/ evz033 .

72. Johnston AD, Simões-Pires CA, Thompson T, et al. Func-
tional genetic variants can mediate their regulatory effects
thr ough alter ation of tr anscription factor binding. Nat Com-
ecei v ed: February 4, 2025. Revised: April 30, 2025. Accepted: June 8, 2025 
The Author(s) 2025. Published by Oxford Uni v ersity Pr ess on behalf of GigaScience. This is an Op

icense ( https://creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, distribu
mun. 2019;10(1):3472. https:// doi.org/ 10.1038/ s41467- 019- 114
12-5 .

73. Ar amburu O, Gómez-P ar do B, Rodríguez-Villamay or P, et al.
Supporting data for “Multiomics Uncovers the Epigenomic
and Transcriptomic Response to Viral and Bacterial Stimula-
tion in Turbot.” GigaScience Database. https:// doi.org/ 10.5524/
102710 .
en Access article distributed under the terms of the Cr eati v e Commons Attribution 
tion, and reproduction in any medium, provided the original work is properly cited.

https://doi.org/10.1093/gbe/evz033
https://doi.org/10.1038/s41467-019-11412-5
https://doi.org/10.5524/102710
https://creativecommons.org/licenses/by/4.0/

	Background
	Data Description
	Methods
	Results
	Discussion
	Conclusions
	Potential Implications
	Additional Files
	Abbreviations
	Acknowledgments
	Author Contributions
	Funding
	Data Availability
	Competing Interests
	Ethical Statement
	References

