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Colony-stimulating factors (CSFs) play critical roles in the host response to tissue injury and pathogenic infection.
In this study, we conducted a comprehensive genome-wide analysis and identified seven csf genes in rainbow
trout (Oncorhynchus mykiss). Comparative analyses of gene structure, conserved synteny, and protein sequence
alignment further supported their annotation and orthology with other vertebrate csf genes. Although csf3 has
been identified in several teleost species, its biological functions remain largely uncharacterized. Here, we re-
ported that rainbow trout csf3 (Rtcsf3) genes exhibited broad tissue distribution and were significantly upre-
gulated in response to Aeromonas salmonicida infection and pathogen analog stimulation, suggesting their
potential role in innate immunity. The open reading frame (ORF) of csf3a encodes a 215-amino acid (aa) pre-
cursor protein containing a signal peptide and a conserved IL-6-type cytokine domain. Functional assays
demonstrated that recombinant CSF3a (rRtCSF3a) significantly increased the expression of inflammatory cyto-
kines (il1p, il10 and tnfa) and promoted splenic cell proliferation in vitro. Furthermore, transcriptomic profiling of
rRtCSF3a-stimulated spleen cells revealed enrichment of genes associated with cytokine signaling, cell prolif-
eration, programmed cell death, and metabolic reprogramming. Collectively, these findings provide the first
comprehensive characterization of the csf gene family in teleosts and uncover the immunostimulatory and

regulatory functions of CSF3a in rainbow trout.

1. Introduction

Colony-stimulating factors (CSFs), members of the cytokine super-
family [1], are glycoproteins with molecular weights between 18 and 70
kDa that regulate the functional activity, survival, proliferation and
differentiation of myeloid hematopoietic cells [2,3]. In addition to
promoting the maturation of myeloid progenitor cells, CSFs also directly
modulate inflammatory and immune responses by acting on mature
granulocytes and macrophages [4-8]. The CSF family comprises
macrophage colony-stimulating  factor (CSF1 or M-CSF),
granulocyte-macrophage colony-stimulating factor (CSF2 or GM-CSF),
and granulocyte colony-stimulating factor (CSF3 or G-CSF) [9].

CSF1 is the primary regulator of macrophage survival, proliferation,
and differentiation [10,11]. It is essential for maintaining tissue ho-
meostasis, enhancing early defense mechanisms against pathogens,
modulating downstream immunological responses, and facilitating tis-
sue repair [12]. Csfl/mcsf has been identified in several teleost fish
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species, including rainbow trout (Oncorhynchus mykiss), zebrafish (Danio
rerio), Japanese flounder (Paralichthys olivaceus), starry flounder (Plati-
chthys stellatus), and goldfish (Carassius auratus) [13-18]. Unlike birds
and mammals, which possess a single, alternatively spliced csfI gene,
several teleosts exhibit two distinct csfI genes, designated csfl1.1 and
csf1.2 (also referred to as mcsfl and mcsf2) [19,20]. Wang et al. (2008)
cloned two mcsf/csf1 genes from rainbow trout and demonstrated that
recombinant MCSF1 significantly upregulated the expression of the
chemokine receptor CXCR3.

CSF2 stimulates mature neutrophils to exhibit chemotaxis, enhances
their oxidative metabolism, promotes antibody-dependent phagocytosis
and microbial killing, and regulates the production of various regulatory
proteins [3]. Additionally, CSF2 is essential in both innate and adaptive
immunity, making it a promising therapeutic target for various inflam-
matory diseases [21-24]. However, CSF2 is absent in the zebrafish
genome [25], and no research has reported the existence of CSF2 in
other fish species.
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CSF3 primarily targets polymorphonuclear granulocytes, promoting
their proliferation, priming them for host defense, and enhancing their
functional maturation. Beyond its role as a hematopoietic growth factor,
CSF3 also acts as a key modulator of anti-infective and inflammatory
responses [26-28]. Currently, two gene duplications of csf3 (csf3a and
csf3b) have been characterized in various teleosts, including fugu
(Takifugu rubripes), pufferfish (Tetraodon nigroviridis), black rockfish
(Sebastes schlegelii), rock bream (Oplegnathus fasciatus), large yellow
croaker (Larimichthys crocea), goldfish (Carassius auratus L.), and
zebrafish [29-36]. Additionally, four duplications of csf3 (gcsfal, gcsfa2,
gesfbl and gesfb2) have been discovered in common carp (Cyprinus carpio
L.) [37]. Functional analyses in fish indicate that both CSF3a and CSF3b
are essential for the normal development of neutrophils and can drive
excessive neutrophil production in a CSF3R-dependent manner in
zebrafish [25,30,38,39]. Furthermore, infections caused by Salmonel-
losis and Shigellosis lead to increased csf3a mRNA expression in zebra-
fish, correlating with the induction of a granulopoietic response [25,40,
41]. Likewise, the differential regulation of c¢sf3a and csf3b in response to
Vibrio alginolyticus or Poly (I:C) in large yellow croaker suggests that
these genes may play distinct roles in immune responses [29,31].
However, data on the functions of CSF3 in the innate immune responses
of teleosts remain largely unexplored.

In this study, the CSF family was characterized in rainbow trout, an
economically important fish species worldwide [42]. The expression
patterns of CSF3 following pathogen infection were examined, and its
expression modulation was investigated in immune-related tissues and
cells. Moreover, the impact of recombinant rainbow trout CSF3a
(rRtCSF3a) protein on the expression of inflammatory cytokine genes
and the proliferation of spleen cells was examined. These findings
enhance the understanding of the characteristics of the CSF family and
the biological roles of teleost CSF3 in innate immune regulation.

2. Materials and methods
2.1. Ethics statement

All treatments and experimental manipulations on rainbow trout
strictly followed the guidelines established by the Animal Research and
Ethics Committee of Ocean University of China (Permit Number:
2014201). The fish utilized in this study were juvenile and sexually
immature, so sex-specific effects were not considered.

2.2. CSF gene family

2.2.1. Genome-wide identification of csf genes in rainbow trout

To systematically identify csf genes in rainbow trout, protein se-
quences of known csf genes from human (Homo sapiens) and zebrafish
(Danio rerio) were retrieved from the NCBI and Ensembl databases and
used as queries for a TBLASTN search (E-value =1 x 1075 against the
rainbow trout reference genome (GCA_013265735.3). Candidate genes
were annotated and further validated by BLASTP searches against the
NCBI non-redundant (NR) protein database. ORFs were predicted using
the NCBI ORF Finder tool, and the theoretical isoelectric point (pI) and
molecular weight (MW) of the putative CSF proteins in rainbow trout
were calculated using the ExPASy ProtParam tool.

2.2.2. Phylogenetic, syntenic, and sequence analyses of csf genes

To validate the annotation and evolutionary relationships of putative
csf gene paralogs in rainbow trout, phylogenetic analysis was performed
using MEGA 7.0 with the neighbor-joining method and
Jones-Taylor-Thornton model, supported by 1000 bootstrap replicates.
Amino acid sequences from representative vertebrates were included to
infer orthology, and gene names in rainbow trout were assigned based
on sequence similarity to known CSF homologs in other species. To
further support gene annotation, syntenic relationships were analyzed
by integrating genomic data from the NCBI and Genomicus v92.01
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databases. Synteny was examined by comparing genomic neighbor-
hoods surrounding csf genes across multiple species, including human,
chicken (Gallus gallus), zebrafish, American shad (Alosa sapidissima), and
Atlantic cod (Gadus morhua). Additionally, exon-intron structures of the
rainbow trout csf genes were retrieved from genome annotations and
visualized using GSDS 2.0. Conserved protein domains were predicted
with the SMART tool, while ten conserved motifs were identified using
MEME and visualized via TBtools. Multiple sequence alignments were
performed using Clustal X2, and alignment features were graphically
represented with ESPript 3.0.

2.3. Fish and challenge experiments

Juvenile rainbow trout (approximately 8 cm in length and 10 g in
weight) were sourced from a trout farm in Linqu (Weifang, China). For
the bacterial challenge, fish were randomly allocated into the control
and the infected group. The infected group consisted of two biological
replicates, each containing 20 individuals. Based on our previous study
[43], trout in the infected group received an intraperitoneal injection
with 0.2 mL of Aeromonas salmonicida suspension (1 x 108 CFU/mL),
while fish in the control group received an equal volume of sterile
phosphate-buffered saline (PBS). Subsequently, at 0, 6, 12, 24, and 48 h
post-infection, fish from both groups were euthanized using MS-222.
Brain, head kidney, trunk kidney, spleen, liver, and intestine were
collected, immediately snap-frozen in liquid nitrogen, and stored at
—80 °C for further analysis.

2.4. Transcriptomic analysis following bacterial infection

To examine csf gene expression across various tissues in response to
bacterial infections, publicly available transcriptomic datasets from our
previous studies [44-46], deposited in the NCBI Sequence Read Archive
under accession numbers PRJINA867038, PRINA866872,
PRJINA866205, PRINA865462, and PRINA753277, were analyzed.
Briefly, transcriptomes of brain and kidney tissues were derived from
control and infected rainbow trout challenged with A. salmonicida [44].
Similarly, RNA-Seq data from gill, intestine, and liver tissues were ob-
tained from both control and symptomatic individuals following
V. anguillarum infection [46].

Clean reads were aligned to the rainbow trout reference genome
using Hisat2 (v2.2.1) [47]. Gene expression levels were quantified with
FeatureCounts [48] as raw counts and normalized to fragments per
kilobase of transcript per million mapped reads (FPKM) for downstream
analysis. Differential expression analysis was conducted with the
DESeq2 R package [49]. Genes with an adjusted p-value <0.05 and an
absolute log; fold change greater than 1 were defined as differentially
expressed genes (DEGs). Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analyses were per-
formed for the identified DEGs using the hypergeometric distribution
algorithm to identify significantly enriched functional categories and
biological pathways [50].

2.5. Gene cloning and construction of a prokaryotic expression vector

The ORF of RtCSF3a was amplified via PCR with gene-specific
primers (RtCSF3a-F, RtCSF3a-R; Table S1), which were designed ac-
cording to the predicted coding sequence of RtCSF3a. The PCR template
consisted of first-strand cDNA synthesized from total RNA extracted
from the brain of rainbow trout. The resulting amplicon was ligated into
the pCE2 TA/Blunt Zero Vector (Vazyme, China) using TOPO cloning
method. The recombinant plasmid was verified by Sanger sequencing to
ensure sequence accuracy.

2.6. Expression and purification of recombinant RtCSF3a

Based on transcriptomic analysis (Fig. S1), the csf3a gene showed



M. Liu et al.

consistent upregulation across multiple bacterial infection models,
while maintaining basal expression. In contrast, other csf family mem-
bers displayed limited or inconsistent responsiveness. Therefore, Rtcsf3a
was selected as a representative immune-relevant candidate for re-
combinant protein expression and functional analysis. To produce re-
combinant RtCSF3a protein (rRtCSF3a), the coding sequence was
amplified using gene-specific primers (PE-CSF3a-F, PE-CSF3a-R;
Table S1) and ligated into the pET-32a(+) expression vector. The full
sequence information of the recombinant plasmids used is presented in
Supplementary Fig. S2. The resulting recombinant plasmid was trans-
formed into Escherichia coli Rosetta gamiB (DE3) cells (Ang Yu, China).
Positive clones were cultured in Luria-Bertani (LB) medium with 2 g/L
glucose (Sigma-Aldrich, USA), 100 mg/L ampicillin (Sigma-Aldrich),
and 34 mg/L chloramphenicol (Sangon Biotech, China) at 37 °C.

Upon reaching an optical density at 600 nm (ODggo) of 0.4, the
bacterial culture was rapidly cooled in an ice bath. A 10 mL aliquot of
the culture was collected as a control sample for total bacterial protein
before induction. The sample was centrifuged at 3500xg for 5 min, and
the bacterial pellet was retained. The pellet was resuspended in lysis
buffer (500 mM NacCl, 20 mM phosphate buffer, 10 mM imidazole) to
obtain the total protein before induction. To the remaining culture,
isopropyl-p-D-thiogalactopyranoside (IPTG; Sigma-Aldrich) was added
to achieve a final concentration of 0.3 mM to induce protein expression.
Cultures were subsequently incubated at 16 °C for 12 h. Following in-
duction, bacterial cells were harvested by centrifugation at 3500xg for
10 min at 4 °C. The cell pellets were resuspended in lysis buffer and lysed
via sonication on ice. The lysates were clarified by centrifugation at
12,000xg for 10 min at 4 °C, with the supernatant retained for further
processing.

Recombinant proteins were purified from the supernatant using Ni-
NTA affinity chromatography (Beyotime Biotechnology, China). To
prepare the gravity column, pack it with NTA-Ni resin and pre-
equilibrate it with PBS by filling the column, opening the outlet, and
allowing the liquid to flow through completely. Repeat this washing step
twice to ensure proper equilibration. The supernatant from the lysed
bacterial suspension was filtered through 0.22 pm sterilizing membranes
and loaded onto the pre-equilibrated column. The column was then
incubated on ice with gentle shaking for 1 h to facilitate binding of the
recombinant protein to the resin. After incubation, drain the liquid from
the column, referred to as the flowthrough. The column was subse-
quently washed thoroughly by filling it with washing buffer (500 mM
NaCl, 20 mM phosphate buffer, 40 mM imidazole) and releasing the
liquid. This washing process, which produced washing buffer fractions,
was repeated eight times to remove non-specifically bound proteins. The
target protein was then eluted from the column using an elution buffer
(500 mM NaCl, 20 mM phosphate buffer, 250 mM imidazole). The
elution process was repeated four times, and all fractions were combined
to obtain the purified target protein. The eluent containing the target
protein was transferred to a dialysis bag and placed in a beaker con-
taining pre-cooled 1 x PBS. The solution was gently stirred with a
magnetic stirrer and dialyzed on ice for 12 h to remove excess salts and
imidazole. Following dialysis, the protein solution was filtered through
0.22 pm sterilizing membranes, aliquoted, rapidly frozen in liquid ni-
trogen, and stored at —80 °C for preservation. Protein concentrations
were determined using a BCA assay kit (Beyotime Biotechnology), and
the expression levels were analyzed through SDS-PAGE.

2.7. Splenic primary cell culture, stimulation, and functional assays

Healthy rainbow trout were anesthetized and dissected to collect
spleen tissues, which were rinsed in PBS supplemented with 1 % pen-
icillin-streptomycin-gentamicin solution (Absin, China) to remove re-
sidual blood. The tissues were finely minced and enzymatically digested
using Trypsin-EDTA solution (Biosharp, China) at a tissue-to-buffer
volume ratio of 1:3. To facilitate dissociation, the suspension was
gently pipetted using a sterile Pasteur pipette (Biosharp, China) and
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incubated for 20 min. Digestion was terminated by adding an equal
volume of complete L-15 medium containing 10 % fetal bovine serum
(FBS; Absin, China) and 1 % antibiotics to neutralize residual trypsin
activity. The resulting cell suspension was filtered through 40-pum sterile
nylon meshes (BD, USA) to remove tissue debris and centrifuged at
400xg for 5 min, and cell concentration and viability were assessed
using 0.2 % trypan blue exclusion. Samples with viability >95 % were
resuspended in complete L-15 medium and seeded into 6-, 12-, or 96-
well culture plates. Cells were incubated at 18 °C for 24-48 h to allow
adherence. Non-adherent cells (primarily red blood cells and dead cells)
were removed by gently replacing the medium with FBS-free L-15
containing antibiotics only. Adherent cells were then starved in this
medium for an additional 6 h prior to stimulation.

For pathogen analogue stimulation assays, cells seeded in 12-well
plates were stimulated with lipopolysaccharide (LPS) or polyinosinic:
polycytidylic acid [Poly(I:C)] at a final concentration of 40 pg/mL. PBS-
treated cells served as the control. All treatments were performed in
triplicate, with three biological replicates per group. Cells were har-
vested at 3, 6, and 12 h post-stimulation for total RNA extraction, fol-
lowed by cDNA synthesis for quantitative real-time PCR (qPCR)
analysis.

For the cell proliferation assay, primary splenic cells were seeded
into 96-well plates and treated with purified rRtCSF3a protein at final
concentrations of 0, 10, 100, or 1000 ng/mL. Each treatment group
included four technical replicates and was repeated in three indepen-
dent biological experiments. After 48 h of incubation at 18 °C, 10 pL of
CCK-8 reagent (Beyotime Biotechnology, China) was added to each well
and incubated for an additional 2 h according to the manufacturer’s
instructions. Care was taken to avoid bubble formation. Cell prolifera-
tion was assessed by measuring optical density at 450 nm.

For transcriptomic analysis following rRtCSF3a stimulation, primary
splenic cells were seeded into 6-well plates and treated with purified
rRtCSF3a protein at a final concentration of 100 ng/mL. Cells treated
with an equivalent volume of PBS served as the control group. All
treatments were performed in triplicate, with three biological replicates
per group. Cells were harvested 6 h post-stimulation for total RNA
extraction, which was subsequently subjected to bulk RNA sequencing
to investigate the transcriptomic response to rRtCSF3a.

2.8. Expression analysis of RtCSF3 genes by qPCR

qPCR was conducted using a StepOnePlus™ Real-Time PCR System
(Applied Biosystems, USA) with f-actin utilized as the internal reference
gene [44]. The primer information used for qPCR analysis of csf3
paralogs and cytokine genes (il1p, tnfa, il10) is provided in Table S1.
Each 10 pL reaction contained 1 pL ¢DNA, 5 pL. SYBR® FAST qPCR
Master Mix, 0.2 pL of both forward and reverse primers, and 3.6 pL of
RNase-free water. The thermal cycling protocol was as follows: 95 °C for
30 s, followed by 40 cycles of 95 °C for 10 s and 60 °C for 30 s, 72 °C for
30 s. Relative mRNA expression levels were determined utilizing the
2744¢T method [51].

2.9. Statistical analysis

Statistical analyses were performed using SPSS 21.0 (IBM Corp.,
USA). One-way ANOVA was conducted to assess Rtcsf3 gene expression
across tissues (Fig. 3), as well as the effects of A. salmonicida infection
and pathogen analogue stimulation on Rtcsf3 expression (Figs. 4 and 5).
Additionally, one-way ANOVA was used to analyze splenic cell prolif-
eration induced by rRtCSF3a treatment (Fig. 7). When the assumption of
homogeneity of variances was met, Fisher’s Least Significant Difference
(LSD) post hoc test was applied; otherwise, Dunnett’s T3 test was used.
Independent-samples t-tests were performed to compare the expression
of immune-related cytokines between rRtCSF3a-treated and control
groups at each time point (Fig. 7). Results are presented as the means +
standard error of the mean (SEM), with differences deemed significant at
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p < 0.05.

3. Result

3.1. Identification of the csf genes in rainbow trout

Seven csf genes were found in the rainbow trout genome and cate-
gorized into two subgroups: CSF1/M-CSF and CSF3/G-CSF. Previously,
Wang et al. (2008) identified two csfI genes in rainbow trout: mcsf1 (i.e.,
csfla2) and mcsf2 (i.e., csflb2). However, with the availability of
improved genome assemblies, we identified two additional csfI genes
from a newly sequenced genome (GCA_013265735.3). The detailed
characteristics of csf genes are summarized in Table 1, with CSF2/GM-
CSF absent in rainbow trout. The lengths of the identified csf genes
ranged from 1191 to 4136 bp, encoding proteins of 205-629 amino
acids (aa), with predicted molecular weights (MW) of 19.58-69.64 kDa
and isoelectric points (pI) from 5.16 to 7.69.

3.2. Phylogenetic and syntenic analysis of csf genes

To confirm the annotation of rainbow trout csf genes and elucidate
their phylogenetic relationships, the phylogenetic tree was constructed
utilizing amino acid sequences from 53 csf genes across rainbow trout
and representative vertebrate species. As shown in Fig. 1A, rainbow
trout csf genes clustered with their homologs in corresponding sub-
groups and were classified into two subgroups: csf1/mcsf and csf3/gcsf.
This result supports the classification of the trout csf genes and provides
a foundation for their accurate identification and annotation in rainbow
trout. In addition, the rainbow trout csf genes were mapped to chro-
mosomes (Fig. 1B). The seven csf genes were unevenly distributed across
six chromosomes.

To further validate gene annotations, particularly for genes with
multiple paralogs, syntenic analysis was performed (Fig. 1C and D). The
results showed that the rainbow trout csfla/b genes share highly
conserved neighboring genes with the csfla/b genes of zebrafish,
Atlantic cod, and American shad, while the rainbow trout csf3 genes
share conserved neighbors with the csf3 genes of human, chicken, and
zebrafish. In Fig. 1C, conserved genes neighboring csfla include goltla,
plekha6, and atp2b2, while those neighboring csfib include ren,
mapkapk2, slc12a5b, magila/2, and eif2d. In Fig. 1D, conserved genes
neighboring csf3a include rara, gid3, top2a, med24, and lrrc3c, with
Irrc3c also conserved among genes neighboring csf3b1/b2. These find-
ings provide strong support for the annotation of rainbow trout csf genes
and indicate that csf genes have remained relatively conserved
throughout evolution.

3.3. Gene structure analyses of csf genes

To investigate structural divergence within the csf gene family,
structural domain analysis was performed (Fig. 2A). The exon-intron
structures of csf3 genes are relatively conserved in position and num-
ber, whereas csfl exhibits greater variation. Within the csf1 subgroup,
csflal and csfla2 each contain 10 exons, while csf1b1 has one fewer
exon than csf1b2. In csf3 subgroup, csf3a, csf3b1, and csf3b2 all contain
five exons. Additionally, all CSF proteins contain two conserved motifs,
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motifs 4 and 6 (Fig. 2B). The four CSF1 proteins contain six conserved
motifs (motifs 6-1-2-3-4-7), while the three CSF3 proteins (CSF3a,
CSF3b1, and CSF3b2) contain three conserved motifs (motifs 6-4-5).
Notably, CSF3 protein possesses an additional motif (motif 5)
compared to the motif pattern in CSF1. Furthermore, CSFla includes
three additional motifs (motifs 10-9-8) compared to CSF1b. These
distinct motifs may contribute to the functional differentiation of CSF
proteins. Collectively, the observed differences in gene structure and
motif reflect the evolutionary diversification and potential functional
diversity of CSFs in rainbow trout.

3.4. Multiple sequence alignment analysis of CSFs

The deduced RtCSF1 protein shares a similar structure with human
CSF1, comprising a signal peptide, a conserved CSF1 domain, and a
transmembrane region [13], despite variations in protein size among
species and the relatively low homology between teleost and mamma-
lian CSF1 (Fig. 2C). The variations in protein size are primarily due to
differences in the length of the region separating the CSF1 domain and
the transmembrane domain among different molecules, which often
include regions of low compositional complexity [13]. Additionally,
sequence alignment revealed the conservation of residues in rainbow
trout that are critical for CSF1 function in mammals, including cysteine
residues that form intrachain disulfide bonds ("SS") and histidine resi-
dues that interact with CSF1R, as predicted based on human CSF1 [13,
52,53]. Furthermore, two cysteine residues implicated in interchain
disulfide bridge formation are preserved in RtCSFlal and RtCSFla2.
Meanwhile, the cysteine residues critical for interchain disulfide bond
formation in mammalian CSF1 are also conserved in RtCSFla2,
RtCSF1b1, and RtCSF1b2.

The deduced rainbow trout CSF3 (RtCSF3) protein exhibits a sec-
ondary structure resembling that of human CSF3, characterized by a
four-a-helix bundle with a left-handed twist [29,54], despite their low
sequence identity (Fig. 2D). The four cysteine residues responsible for
forming two disulfide bonds in mammals and birds are not conserved in
rainbow trout RtCSF3. The cysteine residue potentially involved in di-
sulfide bond (SS”) formation is retained in RtCSF3b1 and RtCSF3b2, but
is absent in RtCSF3a. Notably, all RtCSF3 isoforms preserve a conserved
IL-6-type cytokine domain.

3.5. Expression analysis of Rtcsf3 in tissues and primary cells following
pathogen stimulation

In the V. anguillarum infection model (Figs. S1C, D, E), Rtcsf3 genes
(csf3a, csf3b1, and csf3b2) were significantly upregulated (p < 0.01) in
both gill and intestine. In contrast, Rtcsf1 genes (csflal, csfla2, csf1bl,
and csf1b2) did not exhibit statistically significant expression changes (p
> 0.05) under either V. anguillarum or A. salmonicida infection (Fig. STA
and B). These findings prompted us to focus on the Rtcsf3 genes, which
showed stronger immune responsiveness. Tissue distribution analysis
revealed that the Rtcsf3 genes were broadly expressed across six exam-
ined tissues. Rtcsf3a was most highly expressed in the brain and spleen
(Fig. 3A), whereas Rtcsf3b1 showed peak expression levels in the liver
and spleen (Fig. 3B). Similarly, Rtcsf3b2 was most prominently
expressed in the liver (Fig. 3C). Following A. salmonicida challenge,

Table 1
Sequence characteristics of csf genes identified in rainbow trout.
Gene name Gene ID Location Chr Protein length (aa) MW (kDa) pl mRNA (bp)
csf1/mcesf csflal 110528367 70082033.70113471 7 629 69.64 6.25 4136
csfla2 100136089 51601433.51640412 17 593 65.74 5.98 2891
csf1bl 110533011 34715740.34721316 9 273 31.03 5.68 1191
csf1b2 100301638 60412147.60416804 16 276 31.12 5.16 1773
csf3/gesf csf3a 110491561 20082548.20085438 16 215 23.60 5.36 1577
csf3b1 100499617 33335447.33339727 13 205 19.58 6.83 1820
csf3b2 110538077 66674135.66678665 12 205 22.55 7.69 2355
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Fig. 1. (A) Phylogenetic tree of csf genes from rainbow trout and representative vertebrate species. Csf genes from rainbow trout are marked with red five-pointed
stars. Three circular color blocks on the evolutionary tree are marked as csf1, csf2, and csf3 respectively. (B) Chromosome (Chr) locations of rainbow trout csf genes
mapped to the reference genome. The depth of shading on each chromosome reflects gene density, and horizontal lines indicate the physical positions of csf genes. (C,
D) Syntenic analysis of csf1 (C) and csf3 (D) genes across multiple species. Colored blocks denote conserved homologous genes. Abbreviations: Mb, Megabase pairs;

Chr, Chromosome; Shad, American shad; Cod, Atlantic cod; Trout, rainbow trout.

Rtcsf3a expression in the spleen was markedly upregulated, reaching a
16-fold peak at 12 h post-injection (hpi) (Fig. 4A). Similarly, Rtcsf3b1
and Rtcsf3b2 were significantly induced, with peak expression levels of
1.6-fold (Figs. 4B) and 6.7-fold (Fig. 4C), respectively, also observed at
12 hpi. These results indicate that RtCSF3 may participate in the im-
mune defense response of rainbow trout against pathogen infection.

To examine the influences of pathogen analog stimulation on Rtcsf3
gene expression in vitro, primary spleen cells were treated with LPS and
Poly (I:C). Rtcsf3a expression was significantly upregulated by LPS,
reaching a peak at 6 h with approximately a 10-fold upregulation,
whereas Poly (I:C) had no significant effect (Fig. 5A). In contrast,
Rtcsf3b1 expression was rapidly induced by both stimuli, peaking at 3 h
with 11.4-fold and 4-fold increases following LPS and Poly (I:C) treat-
ment, respectively (Fig. 5B). Rtcsf3b2 expression was significantly
elevated by LPS, peaking at 6 h with an 8.8-fold increase, while Poly (I:
C) elicited no significant response (Fig. 5C).

3.6. Characterization of RtCSF3a

The deduced RtCSF3a protein consists of 215 aa, including a 17-aa
signal peptide (MNILIVFAILCNMASYG) and a 198-aa mature peptide
(Fig. 6B). It harbors a conserved 156-aa IL-6 domain, a characteristic
feature of fish homologs (Fig. 6B). The secondary structure of RtCSF3a
closely resembles that of human and zebrafish CSF3 (four a-helices and a
short helix) [30,54] (Fig. 2D). Phylogenetic analysis revealed that

RtCSF3a clusters with other fish CSF3a homologs (Figs. 1A and 6A).
Additionally, synteny analysis demonstrated that CSF3a exhibits a
highly conserved genomic arrangement across vertebrates, with the
Irrc3ca gene positioned upstream and the med24 gene positioned
downstream (Fig. 1D). Collectively, these conserved features confirm
that the identified gene encodes a CSF3a homologue in rainbow trout.

3.7. Bioactivity of rRtCSF3a and its effect on cell proliferation

CSF3 is known to modulate the expression of immune-related genes
[55,56]. We hypothesized that the influence of rRtCSF3a on bacterial
infection might be partially mediated through its immunoregulatory
role. To test this hypothesis, recombinant rRtCSF3a was expressed, pu-
rified (Supplementary Fig. S3), and used to stimulate primary spleen
cells isolated from rainbow trout. The results demonstrated that
rRtCSF3a  significantly —upregulated the expression of ill1g
(NM_001124347.2), il10 (NM_001245099.1) and tnfa
(NM_001124357.1) at both 6 and 12 h post-stimulation (Fig. 7A-C).
These findings suggest that rRtCSF3a possesses immunoregulatory
properties.

To examine the effect of rRtCSF3a on the proliferation of splenic
cells, primary spleen cells were incubated with varying concentrations
of rRtCSF3a, while PBS served as the control. Cell proliferation was
assessed via MTT assay. Treatment with 100 ng/mL rRtCSF3a signifi-
cantly enhanced cell proliferation relative to the PBS control (Fig. 7D).
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Fig. 2. (A) Exon-intron structures and (B) conserved motif compositions of csf genes in rainbow trout. Distinct motifs are depicted in different colors. Multiple
sequence alignments of vertebrate (C) CSF1 and (D) CSF3 amino acid sequences are shown. Identical residues (highlighted in black) and similar residues (outlined in
black boxes) were identified using ClustalW. Signal peptide sequences are underlined with blue dotted lines. In rainbow trout CSF1, the predicted conserved CSF-1
domain is indicated by an orange box. Conserved cysteine residues forming disulfide bonds (“SS”) are marked with red boxes, while histidine residues critical for
CSF1R interaction are marked with red arrows. Two cysteine residues involved in interchain disulfide bridge formation are indicated with blue arrows. In trout CSF3,
the predicted conserved IL-6 domains are indicated by orange boxes. Predicted helices (xA to aD and the short helix) are underlined with green dotted lines. Glutamic
acid “E” and aspartic acid “D” residues that represent key binding interfaces with CSF3R are circled in purple. Structural annotations and predicted features are
partially based on Katakura et al. (2019). Species abbreviations: Om, Oncorhynchus mykiss; Hs, Homo sapiens; Mm, Mus musculus; Gg, Gallus gallus; Dr, Danio rerio.

However, a higher concentration (1000 ng/mL) led to a partial inhibi- responsiveness at elevated cytokine concentrations [57,58].
tion of proliferation. This post-optimal suppression is consistent with
previous in vitro studies in rainbow trout, which suggest receptor satu-
ration or desensitization as possible mechanisms underlying diminished



M. Liu et al.

>
w

csf3a
= 301 a
>
2
[
S ab
S 20
0w
<
5 b
3 C
o 10
2
s
s c c
['4 o
R o &t S & Pl
& & & & L & &
TR & .\396 bg*‘ oL
<2
o

csf3b1

Fish and Shellfish Immunology 166 (2025) 110611

csf3b2

& @ o A Ky
32 > o 2 e @
& RS " @e}‘ & & F
& NN & €S
= v N 2
Ca Ca
B S
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internal controls to calculate the relative expression of csf3 genes. Data are presented as means + SEM. Different lowercase letters indicate statistically significant

differences among tissues (p < 0.05).
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3.8. Identification of DEGs

RNA-seq was performed on six spleen cell samples collected
following rRtCSF3a stimulation, generating a total of 142.42 million raw
reads. After quality filtering, 132.64 million high-quality clean reads
were retained. Detailed sequencing statistics are provided in Table S2.
The proportion of clean reads mapped to the rainbow trout reference
genome ranged from 92.82% to 94.38%, with an average mapping rate
of 93.57%. The RNA-seq data have been deposited in the NCBI Sequence
Read Archive under accession number PRINA1291363. Differential
expression analysis between the rRtCSF3a-treated and control groups

identified a total of 393 differentially expressed genes (DEGs) (Fig. 8).
Among them, 356 genes were upregulated and 37 genes were down-
regulated following rRtCSF3a stimulation.

3.9. Enrichment analysis of DEGs

GO enrichment analysis (Fig. 9A; Table S3) revealed that rRtCSF3a
stimulation significantly upregulated genes associated with immune-
related biological processes and molecular functions. The top 20
enriched GO terms included inflammatory response (GO:0006954),
cellular response to lipopolysaccharide (GO:0071222), immune response
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significant differences (p < 0.05) among treatment groups within the same time point.

(GO:0006955), regulation of cell population proliferation (GO:0042127),

cytokine

activity  (GO:0005125),

defense

response

to bacterium

(GO:0042742), innate immune response (GO:0045087), and leukocyte

chemotaxis involved in inflammatory response (G0:0002232), among

others.

KEGG pathway enrichment analysis (Fig. 9B) further demonstrated
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that DEGs were predominantly involved in key immune signaling
pathways, including cytokine-cytokine receptor interaction, pattern
recognition receptor pathways such as Toll-like, NOD-like, and RIG-I-like
receptor signaling, and programmed cell death processes including
apoptosis, necroptosis, and ferroptosis. These results suggest that rRtCSF3a
stimulation leads to the activation of innate immune signaling and
modulation of cell survival pathways. In addition, several metabolic
pathways, including riboflavin metabolism and arachidonic acid meta-
bolism, were also enriched. In contrast, downregulated pathways were

mainly related to lipid metabolism and intracellular transport processes,
such as glycerolipid metabolism and endocytosis. These changes may
reflect a reallocation of cellular resources during immune stimulation.

4. Discussion

4.1. Repertoire of csf gene family in rainbow trout

CSFs are crucial to the host response to tissue damage and
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pathogenic infection [59-62]. However, the characteristics and func-
tions of the csf gene family in rainbow trout have not been compre-
hensively examined. This study provides the first thorough
identification of csf genes in rainbow trout, revealing seven csf genes,
classifying them into two distinct subgroups, and highlighting an
expansion in csf gene copies compared to higher vertebrates. Their an-
notations were further validated through phylogenetic analysis,
sequence structure analysis, and syntenic analysis. Additionally, the
expanded csf1 (csflal, csfla2, csf1bl and csf1b2) and csf3 (csf3a, csf3b1
and csf3b2) paralogs were distributed on distinct chromosomes, rather
than co-localized on the same chromosome as tandem duplications,
indicating that they originated from three rounds (3R) or four rounds
(4R) of whole-genome duplication (WGD) events [30,63,64]. Gene
duplication is a major evolutionary force driving the emergence of novel
functional genes involved in diverse biological processes, thereby
contributing to potential functional diversification of csf gene family in
rainbow trout [65].

Additionally, we found that csf2 was also absent in rainbow trout,
similar to its absence in zebrafish. Following genome evolution in the
teleost fish (3R), many individual genes or gene clusters were lost in
zebrafish, including a missing il3 family gene cluster, as well as the
absence of ligands and receptors for il3, il5, and csf2 [66]. Conversely,
these cytokines are indispensable in birds and mammals for maintaining
myelomonocytic lineages. The loss of csf2 in zebrafish likely indicates
compensatory adaptations by functionally redundant or neo-
functionalized genes derived from WGD [30,66]. Similarly, the absence
of ¢sf2 in rainbow trout is most likely compensated by functional genes
derived from WGD. These findings provide a more comprehensive un-
derstanding of the csf gene repertoire in salmonids and lay the founda-
tion for further functional studies in rainbow trout.

4.2. Biological information of CSF3 in rainbow trout

Phylogenetic analyses showed that CSF3 is distinctly clustered into
one branch in fish and another in higher vertebrates (Fig. 6A). Structural
and sequence analysis of csf3 revealed that three csf3 copies (csf3a,
csf3b1, and csf3b2) in rainbow trout retain the gene structure of csf3 in
human, mouse (Mus musculus), and other teleost fish [18,36,37,67].
Rainbow trout CSF3 exhibits a signal peptide, four a-helices, a short
helix, and a conserved IL-6 domain, similar to CSF3 in human and
common carp [37]. Additionally, they share specific acidic residues,
such as glutamate and aspartate, which are implicated in
ligand-receptor binding [37], suggesting that RtCSF3 has been relatively
conserved throughout evolution and that RtCSF3 genes are homologs of
mammalian CSF3.

4.3. Expression dynamics and functional divergence of csf3 paralogs

CSF3 is a key cytokine that regulates the proliferation, survival, and
differentiation of neutrophils, monocytes, macrophages, and their pro-
genitors while also serving an essential function in antimicrobial im-
munity [56,68-71]. CSF3 is widely distributed across mammals, birds,
and teleost fish. Initially purified and described in mouse [72], it was
subsequently identified in non-mammalian vertebrates, including
chicken [33], African clawed frog (Xenopus laevis) [73], and various
teleost species [13,36,37,67]. In mammals, multiple inflammatory
stimuli, such as increased pro-inflammatory cytokines and LPS, signifi-
cantly induce CSF3 production [74]. In teleosts, similar immune in-
duction has been reported: for instance, in black rockfish, gcsfl
expression levels in peripheral blood leukocytes were significantly
upregulated by LPS and Poly (I:C) [32]. In rock bream, infection with
Streptococcus iniae significantly elevated gcsf1 and gesf2 expression in the
kidneys, spleen, and gills, while Edwardsiella tarda infection led to sig-
nificant upregulation of gcsf2 in the kidney [34]. In Japanese flounder,
challenges with V. anguillarum, E. tarda, and infectious spleen and kid-
ney necrosis virus (ISKNV) significantly induced the expression of
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gesf/csf3 transcripts in the brain, kidney, spleen, and liver [56].
Consistently, Rtcsf3 expression is significantly upregulated in the spleen
at 12 h after in vivo injection of A. salmonicida. Furthermore, Rtcsf3
expression was significantly induced in vitro primary spleen cells stim-
ulated by LPS at 3, 6, and 12 h. These findings indicate that CSF3 is
crucial to the immune response of rainbow trout against pathogenic
infections. Interestingly, Rtcsf3a and Rtcsf3bl exhibited distinct
expression patterns following Poly (I:C) stimulation, implying functional
divergence between these paralogs. Similar differential expression of
csf3a and csf3b has also been observed in large yellow croaker with
V. alginolyticus or Poly (I:C) [29,31], further supporting that these
paralogs may play distinct roles in the immunological response.

4.4. Immunostimulatory activity and transcriptomic effects of rRtCSF3a

Previous studies in mammals have demonstrated that recombinant
CSF3 enhances neutrophil function and reduces bacterial loads during
Listeria monocytogenes infection [56,75-77]. Similarly, in teleosts, re-
combinant CSF3 has been shown to promote immune cell proliferation
via pathways such as JAK-STAT signaling [15]. Consistent with these
findings, we observed that treatment with rRtCSF3a significantly stim-
ulated the proliferation of rainbow trout splenic primary cells, aligning
with results reported in large yellow croaker and common carp [15,37].
These results underscore the conserved immunostimulatory function of
CSF3 across vertebrate species.

To further elucidate the mechanism of rRtCSF3a action, we per-
formed transcriptomic profiling of primary spleen cells following stim-
ulation. GO enrichment revealed that DEGs were significantly enriched
in immune-related processes, including inflammatory response, cytokine
activity, leukocyte chemotaxis, and regulation of cell population prolifera-
tion. These enriched terms are consistent with the observed rRtCSF3a-
induced cellular proliferation and immune activation. Moreover,
KEGG pathway analysis showed strong activation of key innate immune
signaling pathways mediated by Toll-like receptors, NOD-like receptors,
and RIG-I-like receptors, all of which are important for pathogen
recognition and antimicrobial defenses [78-85].

Beyond immune activation, rRtCSF3a also influenced gene expres-
sion related to cell fate regulation and metabolism. DEGs were signifi-
cantly enriched in pathways associated with programmed cell death,
including apoptosis, necroptosis, and ferroptosis. These findings suggest
that rRtCSF3a may participate in regulating immune cell turnover,
which aligns with the known roles of mammalian CSF3 in apoptosis and
cellular homeostasis [86,87]. In addition, enrichment of metabolic
pathways suggests a potential involvement of rRtCSF3a in immunome-
tabolic regulation. Collectively, these results support the hypothesis that
rRtCSF3a exerts broad immunomodulatory effects by promoting cyto-
kine expression, regulating cell proliferation, modulating immune
signaling cascades, and potentially altering cellular metabolic states to
support immune activation. Although these in vitro findings provide
strong evidence for the immunostimulatory capacity of rRtCSF3a,
further in vivo studies are necessary to confirm its antimicrobial activity
under both pathogen-challenged and uninfected conditions.

In conclusion, this study provides the first comprehensive charac-
terization of the csf gene family in rainbow trout, identifying seven
members, including duplicated csfI and csf3 paralogs. Comparative
genomic analyses supported their annotation and evolutionary conser-
vation. Tissue expression profiling revealed broad distribution of Rtcsf3
genes, with csf3a, csf3b1, and csf3b2 significantly upregulated in the
spleen following A. salmonicida infection. The distinct transcriptional
responses of csf3a and csf3b1 to pathogen analogs suggest potential
functional divergence between these paralogs. Functional assays
demonstrated that rRtCSF3a significantly induced inflammatory cyto-
kine expression and promoted the proliferation of splenic cells. Tran-
scriptomic analysis further revealed enrichment of immune-related
pathways, including Toll-like receptor, NOD-like receptor, RIG-I-like
receptor signaling, as well as pathways associated with cytokine
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activity, cell proliferation, and regulated cell death. Additionally,
metabolic pathways enrichment suggests a possible role for rRtCSF3a in
immunometabolic adaptation. Together, these findings underscore the
immunomodulatory role of CSF3a in rainbow trout and provide mo-
lecular insights into the function of CSF3 in teleost immunity.
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