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Elucidating the dynamic
immune responses within

the ocular mucosa of rainbow
trout (Oncorhynchus mykiss)
after infection with
Flavobacterium columnare
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'Key Laboratory of Breeding Biotechnology and Sustainable Aquaculture, Institute of Hydrobiology,

Chinese Academy of Sciences, Wuhan, China, 2Department of Aquatic Animal Medicine, College of
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The eye of vertebrates is constantly faced with numerous challenges from aquatic
or airborne pathogens. As a crucial first line of defense, the ocular mucosa (OM)
protects the visual organ from external threats in vertebrates such as birds and
mammals. However, the understanding of ocular mucosal immunity in early
vertebrates, such as teleost fish, remains limited, particularly concerning their
resistance to bacterial infections. To gain insights into the pivotal role of the OM in
antibacterial immunity among teleost fish, we developed a bacterial infection
model using Flavobacterium columnare in rainbow trout (Oncorhynchus mykiss).
Here the gPCR and immunofluorescence results showed that F. columnare could
invade trout OM, suggesting that the OM could be a primary target and barrier for
the bacteria. Moreover, immune-related genes (il-6, il-8, il-11, cxcl10, nodl, il1-b,
igm, igt, etc.) were upregulated in the OM of trout following F. columnare infection,
as confirmed by qPCR, which was further proved through RNA-seq. The results of
transcriptome analyses showed that bacterial infection critically triggers a robust
immune response, including innate, and adaptive immune-related signaling
pathways such as Toll-like, NOD-like, and C-type lectin receptor signaling
pathway and immune network for IgA production, which underscores the
immune role of the OM in bacterial infection. Interestingly, a substantial
reduction in the expression of genes associated with visual function was
observed after infection, indicating that bacterial infection could impact ocular
function. Overall, our findings have unveiled a robust mucosal immune response
to bacterial infection in the teleost OM for the first time, providing valuable insights
for future research into the mechanisms and functions of ocular mucosal
immunity in early vertebrate species.
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Introduction

The eye is a specialized organ as a sensory transmitter for visual
signals. It is the primary instrument for the vertebrate to carry out
crucial tasks including socialization, survival, migration, and
reproductive selection (1). As the eye performs function, it is
continuously exposed to the external environment with the risk of
external pathogen invasion, such as bacteria, parasites, and viruses
(2). To effectively combat these threats in the environment,
vertebrate eyes evolved a diverse repertoire of strategies to protect
visual function, in which the ocular mucosa (OM) immune system
plays an essential role. In higher vertebrates, the OM consists of the
lacrimal gland, conjunctiva, and cornea (3), which constitute the
OM system that is specialized to meet the unique needs of the eye
such as lubrication and host defense (4). While the structure of the
eye is relatively simple in ancient vertebrates such as teleost,
specifically, their OM lacks the protection of eyelids and eyelashes
(5). This means that the OM of teleost may face a more difficult
challenge in a pathogen-infested aquatic environment. Therefore,
we hypothesized that the OM of teleost fish plays a more important
part in immune defense.

The interaction between the OM immune system and
pathogens has been extensively studied in vertebrates. Previous
studies have indicated that OM serves as an entry site for
pathogen infections, such as parasites (6), viruses (7), and
bacteria (8). As a result, the OM can activate appropriate
innate or adaptive immune responses to pathogen invasion. In
mammals, some immune cells harbored in the OM could mount
a selective response to bacterial components and then induce
limited inflammation—for instance, macrophages can recognize
different bacteria and induce inflammation via Toll-like receptors
to eliminate pathogens (9). Furthermore, immune-related
proteins were upregulated in response to bacterial antigens in
the OM of healthy mice and efficiently cleared opportunistic
pathogens in a time-dependent manner (10). Recently, a report
showed that a bacterial eye disease caused by Mycoplasma
gallisepticum in house finches (Haemorhous mexicanus)
suggested that avian OM could activate an extensive immune
response against microbial infection (11). The immune functions
of OM in birds and mammals have been extensively studied (12,
13), whereas few studies describe the immune response to
bacterial infection within OM of teleost fish.

The rainbow trout (Oncorhynchus mykiss) is an economically
important cold-water species, and it is also an experimental subject
for scientific research (14, 15). In recent years, due to the
intensification of trout farming, the incidence of infectious disease
outbreaks in rainbow trout farms has increased steadily (16), among
which columnaris diseases have caused considerable economic
losses (17). Columnaris diseases, caused by the Gram-negative
bacterium F. columnare, seriously affect freshwater hatchery-
reared and wild fish populations (18). Typically, F. columnare
infects fish mucosal tissues, including the gills, skin, and scales,
causing serious histological damage (19, 20). Although previous
studies have shown that F. columnare invasion induces strong
immune responses in rainbow trout skin, nose, oropharyngeal
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mucosa, and gills (21-24), little is known about the effects of F.
columnare infection on trout OM.

To understand the immune responses in the ancient teleost OM
upon bacterial infection, rainbow trout were infected with F.
columnare by bath. In this study, we found that the bacteria could
successfully invade the OM and elicit a strong immune response.
Furthermore, a transcriptome analysis revealed that innate and
adaptive immunity-related processes occurred in the OM. These
findings showed the dynamics of immune response in trout OM
after F. columnare infection, highlighting the specificity of OM
immunity following bacterial invasion. Overall, our findings
revealed for the first time the interaction of the OM immune
system with bacteria, providing a theoretical basis for
understanding mucosal immunity in teleost fish.

Materials and methods
Fish maintenance

Rainbow trout (3-5 g) were obtained from a fish farm in Shiyan
(Hubei, China). The fish were transported to the Institute of
Hydrobiology and kept in aerated aquariums with a water
recirculation system, including internal biofilters and thermostatic
control. The fish were acclimatized for at least 2 weeks at 16°C and
fed commercial trout pellets daily at 1% biomass throughout
the experiment.

F. columnare culture and challenge

The green fluorescent protein (GFP)-labeled F. columnare G4
strain used in this study was provided by Professor Pin Nie’s lab
in the Institute of Hydrobiology, Chinese Academy of Sciences.
The construction method of the GFP-F. columnare G4 strain was
described previously (21). The methods for F. columnare G4
strain culture and infection experiment were slightly modified
from previous studies (21-24). Briefly, F. columnare G4 strain
was cultured in Shieh broth plus tobramycin at 28°C for 12-16 h,
until ODgpy - 0.4-0.6. A total of 240 healthy rainbow trout were
utilized for the purpose of this study. In the experimental group,
a total of 120 fish were challenged by immersing with F.
columnare G4 at a final concentration of 1x 106 CFU/mL at
16°C for 4h and then transferred to the tank which contained
clean circulating water. Initially, 42 fish were sacrificed to collect
tissue samples at 0.5, 1, 4, 7, 14, 21, and 28 days post infection
(DPI). An additional 78 fish were monitored daily to calculate the
mortality rate. In the control group, another 120 fish were
exposed to the same culture medium without F. columnare and
then moved to similar tanks. The OM, spleen (SP), head kidney
(HK), skin (SK), and gill (GI) samples were collected at 0.5, 1, 4,
7, 14, 21, and 28 DPIL To collect OM tissue from rainbow trout,
make precise cuts along the tissue and meticulously remove the
eyeball and underlying muscle tissue beneath the mucosal layer
using anatomical scissors.
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Detection of F. columnare in rainbow trout
after infection

To understand the load of F. columnare in different tissues after
the challenge, different tissue samples including SP, HK, OM, SK,
and GI were collected and homogenized in tissue lysis buffer using
steel beads and shaking (60 Hz for 1 min) by TissueLyser II (Jingxin
Technology). Total genomic DNA was isolated from SP, HK, OM,
SK, and GI using QIAamp DNA Mini Kit (Qiagen). Absolute qPCR
analysis was conducted to estimate the copy numbers of F.
columnare using specific primers as shown in Supplementary
Table S1. qPCR was conducted in a 20-uL reaction mixture
containing 10 UL 2 x SYBR Green qPCR Mix (YEASEN), 0.5 puL
of each primer (10 uM), 1.0 uL of 100 ng DNA templates, and 8.0
UL of nuclease-free water. The qPCR program consisted of an initial
step at 95°C for 5 min, followed by 40 cycles at 95°C for 10 s and 58°
C for 30 s. All samples were analyzed in triplicate to
ensure accuracy.

To enhance the detection of F. columnare in rainbow trout after
infection, PCR amplification was performed on the DNA from
selected tissues using the 16S rRNA specific primers listed in
Supplementary Table S1, as mentioned in a previous study (25).
The PCR program was as follows: denaturation at 95°C for 30 s,
annealing at 59°C for 30 s, and extension at 72°C for 1 min. A total
of 30 cycles were followed by a final extension of 6 min at 72°C. The
PCR products were extracted from 2% agarose gel, and images were
acquired using Gel Doc XR+ (Bio-Rad, USA). Moreover, OM tissue
samples were collected from both control and infected fish and
homogenized in 1 mL phosphate-buffered saline to coat the plates,
and colonies were observed using a fluorescence microscope. For
the detection of F. columnare in the trout OM, the ocular tissues of
rainbow trout were fixed overnight at 4°C in 4% neutral-buffered
formalin. After fixation, the tissues were dehydrated in graded
ethanol, embedded in paraffin, and sectioned into 5-pum slices.
The sections were stained with DAPI (Invitrogen) for 8 min. All
sections were observed under an Olympus BX53 microscope and
captured with the CellSense Dimension software.

RNA isolation and qPCR analysis

Before sampling, the rainbow trout were anesthetized with MS-
222 (Sigma, USA) at a concentration of 100 mg/L. Each fish was
dissected to obtain OM, SP, HK, SK, and GI samples. Total RNA
was extracted from the tissues using Trizol Reagent (Invitrogen)
following the manufacturer’s protocol. The integrity of extracted
RNA was detected in 1% agarose gel electrophoresis (Agilent
Bioanalyser, 2100), and the quantification and concentration were
determined by spectrophotometry (Nanodrop ND1000, Thermo
Scientific). Then, the total RNA (1 pg) was used immediately for
cDNA synthesis with the SuperScript first-strand synthesis system
for qPCR (Abcam, Canada). The synthesized cDNA was diluted
four times and then used as a template for qQPCR. All samples were
performed in the following conditions: 95°C for 5 min, followed by
40 cycles at 95°C for 10 s and 58°C for 30 s. Relative mRNA
abundances were calculated using the 2784Ct method (26) and
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normalized to EFlo. The primers used for qPCR are provided in
Supplementary Table SI.

RNA-seq library construction, sequencing,
and data analyses

The trout OM samples from the control group and the F.
columnare-infected group at 1 and 14 DPI were sent to Majorbio
Technology Co., Ltd. (Wuhan, China). Briefly, total RNA was
extracted using Trizol reagent (Invitrogen, USA), and stranded
RNA sequencing library preparation was performed using KCTM
Stranded mRNA Library Preparation Kit (lumina®) following the
manufacturer’s instructions. The PCR products ranging in length
from 200 to 500 bp were enriched, quantified, and finally sequenced
on a HiSeq X Ten sequencer (lumina®). The reads were mapped
to the rainbow trout genome using STAR (version 2.5.3a) with
default parameters (27). The mapped reads were counted by feature
(Subread-1.5.1; Bioconductor) (28). Differentially expressed genes
(DEGs)were estimated by the edgeR package (version 3.12.1) (29).
The low-expressed genes (counters per million <1 in three or more
samples) were excluded from the downstream analysis. DEGs were
considered if false discovery rate (FDR) < 0.05 and |log, (fold
change)| = 1. To further analyze the DEGs, we performed Gene
Ontology (GO) enrichment analysis and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment using KOBAS (version:
2.1.1) (30).

Validation of RNA-seq by qPCR

A total of 10 DEGs (five were upregulated and five were
downregulated) were randomly selected for qPCR validation. The
detection was performed in triplicate for each biological replicate.
The relative expression values of the selected genes were calculated
using the 2744¢"

levels of the EFla. gene.

method and normalized against the expression

Statistical analysis

Data are presented as mean + standard deviation. Statistical
analysis was performed using SPSS software (version 18.0), and an
unpaired Student’s t-test was used to assess whether the means were
significantly different (p < 0.05).

Result

Establishment of a model of rainbow trout
infected by F. columnare

In this study, we developed a bath infection model using F.
columnare to explore the role of the OM in bacterial infection
(Figure 1A). During infection, clinical symptoms showed the
phenotype of the GI filaments, and the SK became white and
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rotten, and the amount of mucus was increased (Figure 1B). The
cumulative mortality rate of the trout in the 30 days of the infection
was 38.9%, and the death rate tended to be stable at 7 DPI
(Figure 1C). Then, we examined the abundance of F. columnare
in the OM at different time points. The F. columnare genome DNA
copies peaked at 1 DPI and declined significantly between 14 and 28
DPI (Figure 1D). Thus, the amount of F. columnare in each tissue
was detected at 1 DPI, and the qPCR and PCR results showed that
the amount of F. columnare is relatively high in the OM and SK,
with the highest amount in the GI (Figures 1E, F). Importantly, the
F. columnare load in the OM was comparable to those of other
mucosal tissues, one of the target organs of F. columnare, which
indicated that OM could be considered as an invasion site for F.
columnare. In addition, the tissue homogenates of trout OM from
control fish and 4-DPI fish were cultured on Shieh agar, and the
yellow-green color bacterial colonies showed characteristic rhizoid
shapes that were detected only from the homogenate samples of
infected trout OM. Moreover, the single colonies isolated from the

10.3389/fimmu.2023.1288223

plate were grown in pure culture and displayed characteristic
elongated rod-shaped F. columnare bacteria with green
fluorescence (Figure 1G). The results of immunofluorescence
showed that fluorescent F. columnare could be detected in the
epidermal layer of the OM, but not in the control
group (Figure 1H).

Immune response in the trout OM with F.
columnare infection

To further investigate the immune functions of the OM during
F. columnare infection, we analyzed the mRNA expression patterns
of immune-related genes. Remarkably, the qPCR results revealed
vigorous immune responses in the OM as well as other immune
organs (head kidney and spleen). At 1 DPI, innate immune-related
genes such as saa, cd209, interferon regulatory factor 7, nox1, cxcl10,
irgl, il-6, il-1b, il-11, c7-1, nos2, and clec4e exhibited high expression
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FIGURE 1

F. columnare DAPI

Successful invasion of F. columnare into rainbow trout after bath infection. (A) A schematic diagram about the timing of infection and sampling.
(B) Fish mortalities and clinical symptoms were recorded daily for 30 days after F. columnare infection. Symptoms of fin rot and gill necrosis
appeared in the trout at 4 to 7 days post-infection (DPI). (C) Cumulative survival rates of the control and F. columnare-infected group. Group
comparisons for survival data were made by log-rank test statistics. (D) F. columnare-gDNA copies (log10) at different time points were assessed in
ocular mucosa (OM) samples using a gPCR assay (n = 6 fish per group). Data are representative of three independent experiments (mean + SEM)
(E) F. columnare-gDNA copies (log10) at 1 DPI were assessed in different samples using a gPCR assay (n = 6 fish per group). Data are representative
of three independent experiments (mean + SEM). (F) The PCR products of the F. columnare 16S rRNA gene of the SP, HK, OM, SK, and Gl tissues
from control and infected fish at 1 DPI were electrophoresed in 2% agarose, and the bands were recorded using the gel imaging system (n = 4 fish
per group). (G) The culture plates from trout BM of control fish and infected fish at 4 DPI. Colony image: a magnified view of circled colony from
infected fish by fluorescence microscope (original magnification, x10), Scale bar, 200 um. Bacteria image: the observation of bacterial solution
obtained by circled colony expansion (original magnification, X40; scale bar, 10 um). (H) Localization of GFP-F. columnare in trout OM of control
fish and infected fish at control and 4 DPI. Differential interference contrast images showing merged staining with F. columnare (green) and nuclei
(blue). EP, epidermis; LP, lamina propria. Scale bars, 100 um. Scale bar of the enlarged image, 20 um.
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levels in the OM at 1 DPL. Adaptive immune-related genes, such as
cd86, cd22, nekbl, immunoglobulin T, immunoglobulin M, ccl13,
tnfr2, prdml, and mhc II, were upregulated at 14 DPI. Otherwise,
various immune genes respond in the OM earlier than the internal
immune organs (head kidney and spleen), and the overall immune
response intensity of the OM was higher than that of the other two
tissues (Figures 2A-C). These results suggest that bacteria can
stimulate a local mucosal immune response in the OM. Notably,
1 and 14 DPI were the most relevant in terms of the intensity of the
immune response in the OM. Therefore, these time points were
selected for the subsequent RNA-seq analysis.

Differentially expressed genes’ functional
enrichment analysis

Here 12 samples from the two time points mentioned above
were divided into four groups (FCCld, FCEld, FCC14d, and
FCE14d) for transcriptome sequencing. A total of 367,531,421
high-quality clean data were obtained after a series of quality
controls, and the percentage of Q30 base in all samples was no
less than 90.49% (Supplementary Table S2). Further comparison of
transcriptome data with reference genome sequences showed that
the efficiency of comparison between reads and the reference
genome of each sample ranged from 72.46% to 74.39%, and the
unique mapped reads ranged from 66.57% to 67.56%
(Supplementary Table S3). DESeq2 was used for differential
expression analysis between sample groups to obtain differentially
expressed gene sets between two biological conditions. Fold change
represents the ratio of expression between two samples (groups).
The FDR is obtained by correcting for the difference of significance
p-value. Fold change > 2 and FDR < 0.05 were used as the screening
criteria. The RNA-seq analysis revealed significant changes in a

10.3389/fimmu.2023.1288223

total of 4,611 genes at 1 DPI and 1,974 genes at 14 DPI following F.
columnare infection compared to the controls. Among these genes,
2,187 and 667 were upregulated, whereas 2,424, and 1,307 were
downregulated at 1 and 14 DPI, respectively (Figure 3A). Thus, a
total of 603 DEGs existed both in 1 and 14 DPI groups, 84 were
upregulated, and 32 were downregulated (Figure 3B).

Functional enrichment analysis of
differentially expressed genes

We then annotated the screened differential genes using
different databases. A total of 4,255 DEGs were annotated, and
the results of each database annotation are shown in Supplementary
Table S3. Moreover, 3,447 DEGs had GO annotation and were
classified into 52 and 48 functional items, and 3,459 DEGs had
KEGG annotation and were classified into 25 functional items at 1
and 14 DPI, respectively (Supplementary Table S4). The ontology
(GO) enrichment analysis revealed the top three enriched pathways

» o«

within the “biological process,” “cellular component,” and
“molecular function” categories (biological process: cellular
process and single-organism process; cellular component: cell, cell
part, and membrane; molecular function: binding, catalytic activity,
and transporter activity) (Figures 4A, B). Additionally, the KEGG
analyses revealed that the DEGs were predominantly associated
with cellular processes and environmental information processing.
Furthermore, compared to the 14 DPI, the DEGs at 1 DPI exhibited
more pronounced enrichment responses in pathways including
apoptosis, cytokine-cytokine receptor interaction, and Toll-like
receptor signaling pathways (Figures 5A, B). These results
indicate that a large number of immune-related signaling
pathways are activated after F. columnare infection in the OM.

A Ocular mucosa B Head kidney Cc Spleen
cd86 cd86 cd86
il-6 il-6 il-6
saa saa saa
cd209 cd209 cd209
inf7 if7 if7
nox1 nox1 nox1
cd22 cd22 cd22
pigr pigr pigr
nod1 nod1 nod1
irg1 irg1 irg1
i-11 i-11 il-11
c7-1 c7-1 c7-1
nos2 nos2 nos2
clecde clecde clecde
igt igt igt
nekb1 nekb1 nekb1
igm igm igm
il-8 il-8 il-8
cxcl10 cxcl10 cxcl10
ccl13 -5.0 ccl13 -5.0 ccl13 -5.0
il-1b il-1b il-1b
tnfr2 0.0 tnfr2 0.0 tnfr2 0.0
prdm1 prdm1 prdm1
mhc Il -5.0 mhe Il -5.0 mhc Il -5.0

Days 05 1 4 7 14 21 28

FIGURE 2

Days 05 1 4 7 14 21 28

Days 05 1 4 7 14 21 28

Heat map of immune marker expression in rainbow trout. (A) The heat map illustrates the quantitative qPCR results of relative mRNA levels for the
selected immune markers in F. columnare-infected fish versus control fish measured at 0.5, 1, 4, 7, 14, 21, and 28 days post-infection (n = 6 fish per
group) in the ocular mucosa of rainbow trout. (B) Heat map in the head kidney. (C) Heat map in the spleen. The color value represents fold change
Data are expressed as mean fold increase in expression. The color represents the relative expression of the corresponding genus, with red indicating

the higher expression and green indicating the lower expression
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FIGURE 3

Immune response kinetics were analyzed from the perspective of trout ocular mucosa (OM) transcriptome after infection with F. columnare (n = 9
fish per group). (A) Volcano plots showing the DEGs distribution of OM in trout at 1 DPI (left) and 14 DPI (right) compared to controls. Red spots,
expression fold change >2, FDR <0.05. Green spots, expression fold change <2, FDR <0.05. Black spots indicate no difference. The vertical axis
represents-log10(FDR), and the horizontal axis represents log;, (fold change). (B) Venn diagram of RNA-seq experiments showing overlap of up or
downregulated genes in rainbow trout OM at 1 or 14 DPI compared to control fish.

Analysis of immune-related process
in the transcriptome

Next, immune genes screened out from 1- and 14-DPI groups
were analyzed by using the GO and KEGG databases (Figures 6A-
D). The results showed that there were significant differences in the
immune processes between 1 and 14 DPIL. At 1 DPI, the GO analysis
shows that a large number of the genes were enriched in the immune
system process, immune process, and regulation of immune system
process. Accordingly, a large number of genes related to innate
immunity are upregulated, such as il-11, il-8, il-1b, nod1, and cxcf1b,
whereas immune response, immune system process, and
inflammatory response were enriched at 14 DPI. Genes associated
with acquired immunity were upregulated such as cd 276, saa, il-
22bp, bclllb, cd3e, cd44, cd86, etc. This suggests that two different
immune response processes may occur in the early and late stages of
infection. We further performed a KEGG analysis of upregulated
differential genes at two time points (Figures 7A, B). The upregulated
immune genes are mainly annotated in pattern recognition receptor-
related signaling pathways like Toll-like, NOD-like, RIG-I-like, and
cytosolic DNA-sensing receptor signaling pathways at 1 DPIL The
OM recognizes bacteria through pattern recognition receptors to
activate the innate immune response of the OM to clear the invading
pathogens. Importantly, at 14 DPI, besides pattern recognition
receptor-related signaling pathways being activated, the cell
adhesion molecules and intestinal immune network for IgA
production were also upregulated, implying that B/T and other
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lymphocytes were involved in the anti-bacterial immune process at a
later period.

Inflammation and negative effects on eye
function after F. columnare infection

In mammals, inflammation induced by pathogens could injure
the epithelium and adnexal structures of OM (31, 32). To
understand the interaction between inflammation and eye
function, we further analyzed the differentially expressed genes
between the two. The top 30 differentially expressed inflammatory
genes in groups at 1 and 14 DPI were screened, and the average
classification compositions were posed through a heat map and
cluster analysis (Figure 8). The results showed that “putative cxc
chemokine precursor”, “interleukin-1 beta”, “sodium channel
protein type 2 subunit alpha-like”, “permeability factor 2-like”,
and “tumor necrosis factor receptor superfamily member 21-like”
were significantly downregulated at 14 DPI. To explore the effect of
mucosal immune response on eye function, we analyzed
downregulated differentially expressed genes related to eye
function. The results showed that znf362, tbx5, sfrp5, and raldhl
were downregulated deeper at 1 DPI, while myh7, eya4, and dll4
were downregulated deeper at 14 DPI (Figure 9A). The GO analysis
result uncovered that eye development, sensory organ development,
and animal organ morphogenesis were response processes. The
group at 1 DPI had more intense changes (Figures 9B, C).
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Transcriptomic analysis of change genes on F. columnare-stimulation in the ocular mucosa (OM) of rainbow trout using Gene Ontology enrichment

analysis. (A) F. columnare-infected group vs. control group at 1 day post-infection (DPI).

(B) F. columnare-infected group vs. control group at 14 DPI.

The y-axis represents the Gene Ontology process, and the x-axis represents the number of genes in the process.

Validation of RNA-seq results by gPCR

To validate the DEGs identified through RNA-seq analysis, 10
specific genes were selected for further evaluation via qPCR analysis,
including five upregulated and five downregulated DEGs. The qPCR
results showed significant and identical expression trends to those of
the RNA sequencing data (Figures 10A, B). Therefore, the qPCR
analysis results effectively validated the expressions of the DEGs
identified through high-throughput sequencing analysis.

Discussion

Fish live in an aquatic environment that, unlike air, is the ideal
medium for microbial proliferation. Compared to terrestrial
vertebrates, these conditions may present additional challenges to
the OM immune system of aquatic vertebrates. Although the
interaction between bacteria and some mucosal immune systems
in teleost fish is well understood (21-24), the OM antibacterial
immune process in teleost fish remains unknown. To our
knowledge, this is the first study to display the OM transcriptome
of rainbow trout after F. columnare infection.

Hence, to conduct an exploration of the immune responses of
the OM in rainbow trout, we established an F. columnare infection
model by immersion and analysis and detected immune-related

Frontiers in Immunology

gene expression. F. columnare can cause histological lesions of
various mucosal tissues of rainbow trout and other teleost fish
(33, 34), causing pronounced classical clinical symptoms including
gill decay and fin erosion (18-20). Here we found that F. columnare
could invade the OM, suggesting that trout OM could be a primary
invasion site like skin and gill. Notably, F. columnare is mainly
located in the epithelium of the OM, but in the olfactory organs the
lamina propria was the main invasion location (22). These results
hinted that ocular mucosal epithelial cells are the first line of defense
against F. columnare. Importantly, our results found that the F.
columnare intrusion triggered a strong immune response within the
OM, characterized by the expression of an array of genes associated
with immune regulation, including anti-bacterial, inflammatory,
and immunoglobulin-related genes. Meanwhile, we found a strong
correlation between the bacterial load invading the OM and the
immune response. igt and cxcl10 had differently longer and high
expression levels in the OM compared to skin (21). The above-
mentioned results indicate that the OM could mount a strong
immune response to bacterial infection. To further understand the
role of the OM against pathogens, transcriptome sequencing was
performed on the samples at the above-mentioned two time points.

Using transcriptome sequencing, we next analyzed the overall
gene expression in F. columnare-infected rainbow trout at 1 and 14
DPI. The transcriptome sequencing analysis highlighted the
occurrence of an overall view of the biological processes in the
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trout OM following F. columnare infection. A total of 3,447 DEGs
had GO annotation and were classified into 52 and 48 functional
items, and 3,459 DEGs had KEGG annotation and were classified
into 25 functional items at 1 and 14 DPI, respectively. The GO
analysis results showed that the DEGs are mainly classified into
cellular process, cell, and binding. Compared to 14 DPI, more DEGs
were downregulated at 1 DPI, which also were detected in the
transcriptome buccal and pharyngeal mucosa (22, 23). In

mammals, homeostasis of the ocular surface is the result of an
equilibrium regulated by a plethora of interacting entities (cells,
extracellular matrix, nerves, oxygen supply, hormones, and
cytokines, etc.) (35). We further performed KEGG analysis of the
transcriptome to explore the efforts of OM to maintain mucosal
homeostasis. KEGG results indicated that DEGs were classified into
cellular processes (e.g. focal adhesion, phagosome), environmental
information processing (e.g. cytokine-cytokine receptor interaction,
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MAPK signaling pathway), and organismal systems (NOD-like
receptor signaling pathway, C-type lectin receptor signaling
pathway). Immune-related signaling pathways made a great
contribution, which was consistent with what we reported earlier in
nasal, and pharyngeal mucosa (22, 23). Differently, bacterial invasion
of mucosa could activate more pattern recognition receptors such as
Toll-like, while Ich mainly activated NOD-like receptors (36, 37).
To better understand the immune process in trout OM upon F.
columnare infection, we analyzed immune-related biological
processes and signaling pathways following F. columnare
infection. At 1 DPI, GO enrichment analysis indicated
upregulated genes were classified into regulation of programmed
cell death, regulation of cell death, and positive regulation of

immune system process, whereas negative regulation of cell death,
negative regulation of secretion, negative regulation of programmed
cell death, and negative regulation of apoptotic process were active
at 14 DPI. In mammals, as a reaction to external stimuli, the OM
will temporarily shift its equilibrium, but return to homeostasis
once the stimulus is absent (38). These results suggested that, like
mammals, teleost ocular mucosal immunity plays a key role in
maintaining ocular homeostasis through positive and negative
regulation. Furthermore, innate immune response was invoked
significantly at 1DPI, while adaptive immune related processes,
such as, cell activation, leukocyte activation and myeloid leukocyte
activation processes occurred at 14 DPI. These results suggested
that innate and adaptive immunity play important roles in early and
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late stage after F. columnare infection, respectively. In our previous
studies, F. columnare induced inflammation in the early stage of
skin infection and induced IgT*/IgM" B lymphocytes to play a
clearing role in the later stage (21). Subsequently, we analyzed
important molecules of innate and adaptive immunity in the OM at
1 and 14 DPI. Accordingly, il-11, il-8, and il-1b had high expression
levels at 1 DPIL In mammals, il-11 is produced by lung epithelial
cells and immune cells which may contribute to disease
pathogenesis (39, 40). il-8 is a potent neutrophil chemotactic
factor and a crucial mediator in neutrophil-dependent
inflammation (41, 42). Moreover, we can observe a large number
of immune cell markers upregulated at 14 DPI, such as cd3e, cd44,
cd86, and cd22. The KEGG analysis results suggested that pattern
recognition receptor and IgA production signaling pathways were
activated at 1 and 14 DPL. In teleost fish, the specific IgT found is
similar to mammalian IgA and plays an important role in mucosal
tissue (43, 44). In our previous study, we observed elevated levels of
IgT concentration and higher bacteria-specific titers in the gills and
skin following F. columnare infection, in comparison to other
immunoglobulins (21, 24). Therefore, future studies need to
identify the role of IgT to clear the pathogenic bacteria.

Studies have shown that the OM would lose its immune
homeostasis after pathogen infection and presents variable
degrees of inflammation, which lead to the impairment of eye
function (45-47). In this study, we observed a large number of high
expression inflammatory factors during F. columnare invasion like
cxc chemokine, il-1b, permeability factor 2-like, and sodium
channel protein, and 1 DPI had a stronger immune response
intensity, while 14 DPI had more inflammatory genes with
weaker up-regulation, such as il-1b, il-22 receptor, and tnfr6b-like.
Inflammation is an essential regulator of epithelial wound healing,
but excessive inflammation can disrupt eye homeostasis (48, 49). In
mammals, high il-1b levels result in increasing Th17-dominant
immunopathology, and il-1b expression was limited to
macrophages and neutrophils. To learn the destructive effect of
the inflammatory microenvironment on ocular mucosal tissue, the
down-regulation genes of ocular function were analyzed (50).
Consistent with the expression levels of inflammatory factors,
more genes were downregulated at 1 DPI (znf632, tbx5, sfrp5, and
vegfl). However, these usually also play more specific roles in a wide
variety of regulated biological processes, including signal
transduction, cell growth, differentiation, and development (51-
54). We further carried out GO analysis on these downregulated
genes, and results showed that eye development, sensory organ
development, animal organ morphogenesis, and cell development
were primarily adversely affected. These results indicated that the
inflammatory response occurred in trout OM might have an
adverse effect on the eye visual function, thus the specific
mechanism needs to be further studied.

In conclusion, our results, for the first time, explore the
antibacterial immune response of trout OM. Here, we found that
the F. columnare could successfully invade the trout OM, which is
accompanied by tissue damage. Concurrently, F. columnare
infection elicited a strong immune response of trout OM,
characterized by the upregulation of innate and adaptive
immunity-related genes, especially inflammatory cytokines and
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IgT. Importantly, our results emphasized that OM is an
important component of the mucosal immune system in trout,
and it may contribute to the research of mucosal immunity.
However, certain aspects warrant further investigation,
particularly in the regulatory mechanisms underlying the immune
responses of the teleost OM.

Data availability statement

The raw RNA sequencing data have been deposited in the
NCBI Sequence Read Archive under BioProject accession
number PRINA1012574.

Ethics statement

The animal study was reviewed and approved by the Animal
Experiment Committee of Institute of Hydrobiology, Chinese
Academy of Sciences. The study was conducted in accordance
with the local legislation and institutional requirements.

Author contributions

WK: Data curation, Formal analysis, Investigation, Writing -
original draft. PY: Data curation, Formal analysis, Investigation,
Writing - original draft. GD: Data curation, Formal analysis,
Investigation, Writing — original draft. GC: Data curation, Formal
analysis, Investigation, Writing - original draft. ZX: Funding
acquisition, Project administration, Supervision, Writing — review
& editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by grants from the National Natural Science
Foundation of China (32225050 and 32073001), the National Key
R&D Program of China (2022YFF1000302), and the China
Postdoctoral Science Foundation (2022M713325, 2023T160671)/.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1288223/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1288223/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1288223/full#supplementary-material
https://doi.org/10.3389/fimmu.2023.1288223
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kong et al.

References

1. Cooper DL, Isola NR, Stevenson K, Baptist EW. Members of the ALDH gene
family are lens and corneal crystallins. Adv Exp Med Biol (1993) 328:169-79.
doi: 10.1007/978-1-4615-2904-0_19

2. O’Sullivan NL, Montgomery PC. Ocular mucosal immunity. Mucosal Immunol
(2015) 18:73-97. doi: 10.1016/B978-0-12-415847-4.00099-9

3. Koppang EO, Kvellestad A, Fischer U. Fish mucosal immunity: gill. Mucosal
Health Aquac (2015) 11:93-133. doi: 10.1016/B978-0-12-417186-2.00005-4

4. de Paiva CS, St Leger AJ, Caspi RR. Mucosal immunology of the ocular surface.
Mucosal Immunol (2022) 156:1143-57. doi: 10.1038/s41385-022-00551-6

5. O’Sullivan NL, Montgomery PC. Ocular mucosal immunity. Mucosal Immunol.
(2015) 1873-1897. doi: 10.1016/B978-0-12-415847-4.00099-9

6. Borkowski PK. New trends in ocular toxoplasmosis—the review. Przegl Epidemiol
(2001) 55:483-93.

7. Armstrong L, Collin J, Mostafa I, Queen R, Figueiredo FC, Lako M. In the eye of
the storm: SARS-CoV-2 infection and replication at the ocular surface? Stem Cells
Transl Med (2021) 10:976-86. doi: 10.1002/sctm.20-0543

8. Mun JJ, Tam C, Kowbel D, Hawgood S, Barnett MJ, Evans DJ, et al. Clearance of
Pseudomonas aeruginosa from a healthy ocular surface involves surfactant protein D
and is compromised by bacterial elastase in a murine null-infection model. Infect
Immun (2009) 776:2392-8. doi: 10.1128/IA1.00173-09

9. Ueta M. Innate immunity of the ocular surface and ocular surface inflammatory
disorders. Cornea (2008) 27:531-40. doi: 10.1097/ICO.0b013e31817f2a7f

10. Thomason CA, Leon A, Kirkpatrick LT, Belden LK, Hawley DM. Eye of the
Finch: characterization of the ocular microbiome of house finches in relation to
mycoplasmal conjunctivitis. Environ Microbiol (2017) 19:1439-49. doi: 10.1111/
1462-2920.13625

11. Gakar Bayram L, Abay S, Saticioglu IB, Giiveng T, Ekebas G, Aydin F. The ocular
pyogranulomatous lesion in a Gentoo penguin (Pygoscelis papua) from the Antarctic
Peninsula: evaluation of microbiological and histopathological analysis outcomes. Vet
Res Commun (2021) 45:143-58. doi: 10.1007/s11259-021-09796-1

12. Deepthi KG, Prabagaran SR. Ocular bacterial infections: Pathogenesis and
diagnosis. Microb Pathog (2020) 145:104-206. doi: 10.1016/j.micpath.2020.104206

13. Griggs A. Ocular surface disease in birds. Vet Clin North Am Exot Anim Pract
(2019) 22:53-68. doi: 10.1016/j.cvex.2018.08.005

14. Ali A, Rexroad CE, Thorgaard GH, Yao J, Salem M. Characterization of the
rainbow trout spleen transcriptome and identification of immune-related genes. Front
Genet (2014) 5:348. doi: 10.3389/fgene.2014.00348

15. Thorgaard GH, Bailey GS, Williams D, Buhler DR, Kaattari SL, Ristow SS, et al.
Status and opportunities for genomics research with rainbow trout. Comp Biochem
Physiol B Biochem Mol Biol (2002) 133:609-46. doi: 10.1016/s1096-4959(02)00167-7

16. Segner H, Sundh H, Buchmann K, Douxfils J, Sundell KS, Mathieu C, et al.
Health of farmed fish: its relation to fish welfare and its utility as welfare indicator. Fish
Physiol Biochem (2012) 38:85-105. doi: 10.1007/s10695-011-9517-9

17. Maldonado-Miranda JJ, Castillo-Pérez L], Ponce-Hernandez A, Carranza-Alvarez ,
C. Summary of economic losses due to bacterial pathogens in aquaculture industry.
Bacterial Fish Dis (2022) 33:99-417. doi: 10.1016/B978-0-323-85624-9.00023-3

18. Declercq AM, Haesebrouck F, Van den Broeck W, Bossier P, Decostere A.
Columnaris disease in fish: a review with emphasis on bacterium-host interactions. Vet
Res (2013) 44:27. doi: 10.1186/1297-9716-44-27

19. Bebak J, Baumgarten M, Smith G. Risk factors for bacterial gill disease in young
rainbow trout (Oncorhynchus mykiss) in North America. Prev Vet Med (1997) 32:23-
34. doi: 10.1016/s0167-5877(97)00013-5

20. Garcia JC, LaFrentz BR, Waldbieser GC, Wong FS, Chang SF. Characterization
of atypical Flavobacterium columnare and identification of a new genomovar. J Fish Dis
(2018) 41:1159-64. doi: 10.1111/jfd.12778

21. Zhang XT, Yu YY, Xu HY, Huang ZY, Liu X, Cao JF, et al. Prevailing role of
mucosal Igs and B cells in teleost skin immune responses to bacterial infection. ]
Immunol (2021) 206:1088-101. doi: 10.4049/jimmunol.2001097

22. Dong F, Yin GM, Meng KF, Xu HY, Liu X, Wang QC, et al. IgT plays a
predominant role in the antibacterial immunity of rainbow trout olfactory organs.
Front Immunol (2020) 11:583740. doi: 10.3389/fimmu.2020.583740

23. Xu HY, Dong F, Zhai X, Meng KF, Han GK, Cheng GF, et al. Mediation of
mucosal immunoglobulins in buccal cavity of teleost in antibacterial immunity. Front
Immunol (2020) 11:562795. doi: 10.3389/fimmu.2020.562795

24. Tongsri P, Meng K, Liu X, Wu Z, Yin G, Wang Q, et al. The predominant role of
mucosal immunoglobulin IgT in the gills of rainbow trout (Oncorhynchus mykiss) after
infection with Flavobacterium columnare. Fish Shellfish Immunol (2020) 99:654-62.
doi: 10.1016/j.£s1.2020.01.044

25. Bader JA, Shoemaker CA, Klesius PH. Rapid detection of columnaris disease in
channel catfish (Ictalurus punctatus) with a new species-specific 16-S rRNA gene-based
PCR primer for Flavobacterium columnare. ] Microbiol Methods (2003) 52:209-20.
doi: 10.1016/s0167-7012(02)00208-7

Frontiers in Immunology

12

10.3389/fimmu.2023.1288223

26. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods (2001) 25:402-8.
doi: 10.1006/meth.2001.1262

27. Liao Y, Smyth GK, Shi W. Feature Counts: an efficient general purpose program
for assigning sequence reads to genomic features. Bioinformatics (2014) 30:923-30.
doi: 10.1093/bioinformatics/btt656

28. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for
differential expression analysis of digital gene expression data. Bioinformatics (2010)
26:139-40. doi: 10.1093/bioinformatics/btp616

29. Wu J, Mao X, Cai T, Luo J, Wei L. KOBAS server: a web-based platform for
automated annotation and pathway identification. Nucleic Acids Res (2006) 34:W720-
4. doi: 10.1093/nar/gkl167

30. Contreras-Ruiz L, Ghosh-Mitra A, Shatos MA, Dartt DA, Masli S. Modulation of
conjunctival goblet cell function by inflammatory cytokines. Mediators Inflammation
(2013) 2013:636-812. doi: 10.1155/2013/636812

31. Ganesalingam K, Ismail S, Sherwin T, Craig JP. Molecular evidence for the role
of inflammation in dry eye disease. Clin Exp Optom (2019) 102:446-54. doi: 10.1111/
€x0.12849

32. Barabino S, Chen Y, Chauhan S, Dana R. Ocular surface immunity: homeostatic
mechanisms and their disruption in dry eye disease. Prog Retin Eye Res (2012) 31:271-
85. doi: 10.1016/j.preteyeres.2012.02.003

33. Shoemaker CA, LaFrentz BR. Growth and survival of the fish pathogenic
bacterium, Flavobacterium columnare, in tilapia mucus and porcine gastric mucin.
FEMS Microbiol Lett (2015) 36:24. doi: 10.1093/femsle/fnu060

34. Decostere A. Flavobacterium columnare infections in fish: the agent and its
adhesion to the gill tissue. Verh K Acad Geneeskd Belg (2002) 64:421-30.

35. Ou S, Jeyalatha MV, Mao Y, Wang J, Chen C, Zhang M, et al. The role of
ectodysplasin a on the ocular surface homeostasis. Int J Mol Sci (2022) 23:15700.
doi: 10.3390/ijms232415700

36. Kong WG, Yu YY, Dong S, Huang ZY, Ding LG, Cao JF, et al. Pharyngeal
immunity in early vertebrates provides functional and evolutionary insight into
mucosal homeostasis. ] Immunol (2019) 203:3054-67. doi: 10.4049/jimmunol.1900863

37. Yu YY, Kong WG, Xu HY, Huang ZY, Zhang XT, Ding LG, et al. Convergent
evolution of mucosal immune responses at the buccal cavity of teleost fish. iScience
(2019) 19:821-35. doi: 10.1016/j.is¢i.2019.08.034

38. FuR, Klinngam W, Heur M, Edman MC, Hamm-Alvarez SF. Tear proteases and
protease inhibitors: potential biomarkers and disease drivers in ocular surface disease.
Eye Contact Lens (2020) 46:570-83. doi: 10.1097/ICL.0000000000000641

39. Strikoudis A, Cieslak A, Loffredo L, Chen YW, Patel N, Saqi A, et al. Modeling of
fibrotic lung disease using 3D organoids derived from human pluripotent stem cells.
Cell Rep (2019) 27:3709-3723.€5. doi: 10.1016/j.celrep.2019.05.077

40. Ng B, Xie C, Su L, Kuthubudeen FF, Kwek XY, Yeong D, et al. IL-11 (Interleukin-
11) causes emphysematous lung disease in a mouse model of marfan syndrome.
Arterioscler Thromb Vasc Biol (2023) 43:739-54. doi: 10.1161/ATVBAHA.122.318802

41. Kim JH. Interleukin-8 in the tumor immune niche: lessons from comparative
oncology. Adv Exp Med Biol (2020) 1240:25-33. doi: 10.1007/978-3-030-38315-2_2

42. Vilotic A, Nacka-Aleksic M, Pirkovi¢ A, Bojic-Trbojevic 2, Dekanski D,
Jovanovic Krivokuca M. IL-6 and IL-8: an overview of their roles in healthy and
pathological pregnancies. Int ] Mol Sci (2022) 23:14574. doi: 10.3390/ijms232314574

43. Zhang YA, Salinas I, Li J, Parra D, Bjork S, Xu Z, et al. IgT, a primitive
immunoglobulin class specialized in mucosal immunity. Nat Immunol (2010) 11:827—
35. doi: 10.1038/ni.1913

44. Salinas I, Fernandez-Montero A, Ding Y, Sunyer JO. Mucosal immunoglobulins
of teleost fish: A decade of advances. Dev Comp Immunol (2021) 121:104-079.
doi: 10.1016/j.dci.2021.104079

45. Stern ME, Schaumburg CS, Dana R, Calonge M, Niederkorn JY, Pflugfelder SC.
Autoimmunity at the ocular surface: pathogenesis and regulation. Mucosal Immunol
(2010) 3:425-42. doi: 10.1038/mi.2010.26

46. Smet MDD, Taylor SR], Bodaghi B, Miserocchi E, Murray PI, Pleyer U, et al.
Understanding uveitis: The impact of research on visual outcomes. Prog Retin Eye Res
(2011) 30:452-70. doi: 10.1016/j.preteyeres.2011.06.005

47. Dupuis P, Prokopich C, Hynes A, Harold K. A contemporary look at allergic
conjunctivitis. Allergy Asthma Clin Immunol (2020) 16:5. doi: 10.1186/s13223-020-
0403-9

48. Zhang X, V] M, Qu Y, He X, Ou S, Bu J, et al. Dry eye management: targeting the
ocular surface microenvironment. Int ] Mol Sci (2017) 18:1398. doi: 10.3390/ijms18071398

49. Zemanova M. Dry eye disease: A review. Cesk Slov Oftalmol (2021) 77:107-19.
doi: 10.31348/2020/29

50. Prantner D, Darville T, Sikes JD, Andrews CW Jr, Brade H, Rank RG, et al.
Critical role for interleukin-1beta (IL-1beta) during Chlamydia muridarum genital
infection and bacterial replication-independent secretion of IL-lbeta in mouse
macrophages. Infect Immun (2009) 77:5334-46. doi: 10.1128/IAL.00883-09

frontiersin.org


https://doi.org/10.1007/978-1-4615-2904-0_19
https://doi.org/10.1016/B978-0-12-415847-4.00099-9
https://doi.org/10.1016/B978-0-12-417186-2.00005-4
https://doi.org/10.1038/s41385-022-00551-6
https://doi.org/10.1016/B978-0-12-415847-4.00099-9
https://doi.org/10.1002/sctm.20-0543
https://doi.org/10.1128/IAI.00173-09
https://doi.org/10.1097/ICO.0b013e31817f2a7f
https://doi.org/10.1111/1462-2920.13625
https://doi.org/10.1111/1462-2920.13625
https://doi.org/10.1007/s11259-021-09796-1
https://doi.org/10.1016/j.micpath.2020.104206
https://doi.org/10.1016/j.cvex.2018.08.005
https://doi.org/10.3389/fgene.2014.00348
https://doi.org/10.1016/s1096-4959(02)00167-7
https://doi.org/10.1007/s10695-011-9517-9
https://doi.org/10.1016/B978-0-323-85624-9.00023-3
https://doi.org/10.1186/1297-9716-44-27
https://doi.org/10.1016/s0167-5877(97)00013-5
https://doi.org/10.1111/jfd.12778
https://doi.org/10.4049/jimmunol.2001097
https://doi.org/10.3389/fimmu.2020.583740
https://doi.org/10.3389/fimmu.2020.562795
https://doi.org/10.1016/j.fsi.2020.01.044
https://doi.org/10.1016/s0167-7012(02)00208-7
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/nar/gkl167
https://doi.org/10.1155/2013/636812
https://doi.org/10.1111/cxo.12849
https://doi.org/10.1111/cxo.12849
https://doi.org/10.1016/j.preteyeres.2012.02.003
https://doi.org/10.1093/femsle/fnu060
https://doi.org/10.3390/ijms232415700
https://doi.org/10.4049/jimmunol.1900863
https://doi.org/10.1016/j.isci.2019.08.034
https://doi.org/10.1097/ICL.0000000000000641
https://doi.org/10.1016/j.celrep.2019.05.077
https://doi.org/10.1161/ATVBAHA.122.318802
https://doi.org/10.1007/978-3-030-38315-2_2
https://doi.org/10.3390/ijms232314574
https://doi.org/10.1038/ni.1913
https://doi.org/10.1016/j.dci.2021.104079
https://doi.org/10.1038/mi.2010.26
https://doi.org/10.1016/j.preteyeres.2011.06.005
https://doi.org/10.1186/s13223-020-0403-9
https://doi.org/10.1186/s13223-020-0403-9
https://doi.org/10.3390/ijms18071398
https://doi.org/10.31348/2020/29
https://doi.org/10.1128/IAI.00883-09
https://doi.org/10.3389/fimmu.2023.1288223
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kong et al.

51. Johnston CM, Shimeld SM, Sharpe PT. Molecular evolution of the ZFY and
ZNF6 gene families. Mol Biol Evol (1998) 15:129-37. doi: 10.1093/
oxfordjournals.molbev.a025909

52. Steimle JD, Moskowitz IP. TBX5: a key regulator of heart development. Curr Top
Dev Biol (2017) 122:195-221. doi: 10.1016/bs.ctdb.2016.08.008

Frontiers in Immunology

13

10.3389/fimmu.2023.1288223

53. Zou DP, Chen YM, Zhang LZ, Yuan XH, Zhang Y], Inggawati A, et al. SFRP5
inhibits melanin synthesis of melanocytes in vitiligo by suppressing the Wnt/B-catenin
signaling. Genes Dis (2020) 8:677-88. doi: 10.1016/j.gendis.2020.06.003

54. Guo Y, Liu M, Mfoundou JDL, Wang X. Expression and distribution patterns of
VEGF, TGF-B1 and HIF-1c in the ovarian follicles of Tibetan sheep. Vet Med Sci
(2022) 8:2223-9. doi: 10.1002/vms3.907

frontiersin.org


https://doi.org/10.1093/oxfordjournals.molbev.a025909
https://doi.org/10.1093/oxfordjournals.molbev.a025909
https://doi.org/10.1016/bs.ctdb.2016.08.008
https://doi.org/10.1016/j.gendis.2020.06.003
https://doi.org/10.1002/vms3.907
https://doi.org/10.3389/fimmu.2023.1288223
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Elucidating the dynamic immune responses within the ocular mucosa of rainbow trout (Oncorhynchus mykiss) after infection with Flavobacterium columnare
	Introduction
	Materials and methods
	Fish maintenance
	F. columnare culture and challenge
	Detection of F. columnare in rainbow trout after infection
	RNA isolation and qPCR analysis
	RNA-seq library construction, sequencing, and data analyses
	Validation of RNA-seq by qPCR
	Statistical analysis

	Result
	Establishment of a model of rainbow trout infected by F. columnare
	Immune response in the trout OM with F. columnare infection
	Differentially expressed genes’ functional enrichment analysis
	Functional enrichment analysis of differentially expressed genes
	Analysis of immune-related process in the transcriptome
	Inflammation and negative effects on eye function after F. columnare infection
	Validation of RNA-seq results by qPCR

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


