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Simple Summary: Paralichthys olivaceus, a common marine fish, is susceptible to various harmful
organisms. One such organism, Edwardsiella tarda, is a particularly potent pathogen that can cause
severe illness and even death in fish during prolonged infections. The gills, blood, and kidneys, which
are crucial components of the immune system in these fish, play vital roles in immune responses,
including in the differentiation of immune cells, removal of diseased cells, and other immunity-related
processes. In this study, we infected Paralichthys olivaceus with Edwardsiella tarda and analyzed the
genetic information of three components at different timepoints after infection. By using advanced
analytical techniques, we identified specific genes and gene networks associated with the immune
response. Our innovative approach allowed us to gain a deeper understanding of how the immune
system of Paralichthys olivaceus responds to Edwardsiella tarda infection in these important components.
These findings provide valuable genetic resources for studying immunity in Paralichthys olivaceus and
contribute to our knowledge of the molecular mechanisms underlying Edwardsiella tarda infections
in fish.

Abstract: As a quintessential marine teleost, Paralichthys olivaceus demonstrates vulnerability to a
range of pathogens. Long-term infection with Edwardsiella tarda significantly inhibits fish growth and
even induces death. Gills, blood, and kidneys, pivotal components of the immune system in teleosts,
elicit vital regulatory roles in immune response processes including immune cell differentiation,
diseased cell clearance, and other immunity-related mechanisms. This study entailed infecting
P. olivaceus with E. tarda for 48 h and examining transcriptome data from the three components at 0, 8,
and 48 h post-infection employing weighted gene co-expression network analysis (WGCNA) and
protein–protein interaction (PPI) network analysis. Network analyses revealed a series of immune
response processes after infection and identified multiple key modules and key, core, and hub
genes including xpo1, src, tlr13, stat1, and mefv. By innovatively amalgamating WGCNA and PPI
network methodologies, our investigation facilitated an in-depth examination of immune response
mechanisms within three significant P. olivaceus components post-E. tarda infection. Our results
provided valuable genetic resources for understanding immunity in P. olivaceus immune-related
components and assisted us in further exploring the molecular mechanisms of E. tarda infection
in teleosts.

Keywords: olive flounder; bacterial disease; infection; WGCNA; PPI network

1. Introduction

The Japanese flounder (Paralichthys olivaceus) constitutes a notable marine teleost
species recognized for its tender meat and high nutritional value. This economically valu-
able fish is extensively cultivated along the coastal regions of China, Japan, Korea, and
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other nations [1–3]. In recent years, driven by mounting demand, aquaculture practices
in these countries have intensified P. olivaceus farming densities. However, this surge in
artificial breeding at elevated densities gravely impairs the surrounding aquatic environ-
ment and dramatically escalates the prevalence of bacterial, viral, and parasitic infections,
consequently exerting detrimental effects on the growth and development of P. olivaceus
populations [4,5]. Notably, bacterial infections severely compromise the vitality and overall
health of P. olivaceus, often resulting in substantial mortality rates among the cultured
fish [6,7].

Edwardsiella tarda is a Gram-negative bacterium that has been widely studied in various
fish species [8]. Its highly infectious and viable characteristics allow it to penetrate the
fish’s immune barrier and undergo rapid growth in vivo [9]. E. tarda infection has been
documented in multiple fish species, including Danio rerio [10], P. olivaceus [11], and Anguilla
japonica [12], where infection in P. olivaceus is associated with various symptoms such as
pigment loss, eyeball protrusion, eye opacity, abdominal swelling, punctured bleeding
of fins and skin, and abnormal swimming behavior. Consequently, E. tarda infection
negatively impacts both the quality and quantity of cultivated P. olivaceus, resulting in
profound economic losses within the aquaculture industry [13,14].

Fish immunity has drawn attention due to its complex responses and intricate molec-
ular mechanisms [15,16]. As a focal area of research, fish immunology constitutes a con-
siderable proportion of the broader aquatic science domain [17,18]. The gills, kidneys,
and blood are important components in fish immunity [19]. Gills represent a prominent
mucosal immune barrier in teleosts, regulating the expression of numerous immune-related
genes [20], with the gill region serving as one of the primary exposure sites to pathogens,
generating significant antibodies such as IgM and IgT post-pathogenic stimulation [21].
Kidneys, on the other hand, are the central immune and primary lymphoid tissues in
teleost, secreting copious lymphocytes and macrophages [22]. Upon infection, they activate
humoral and cellular immunity to resist pathogen invasion [23,24]. Simultaneously, prior
studies have indicated that fish kidneys function analogously to mammalian bone marrow,
promoting the production and maturation of erythrocytes and leukocytes [25]. Blood, the
sole component of the immune system traversing an organism’s body, comprises a multi-
tude of immune cells such as T lymphocytes, B lymphocytes, and neutrophils, which are
responsible for hematogenic immunity [26–28]. In the event of pathogen invasion, blood
exerts its immune function by transporting a large quantity of immune cells to various
tissues, while phagocytes and leukocytes actively participate in blood immune processes
by eliminating diseased cells [26,29]. Therefore, a comprehensive understanding of the
immune function of these components following infection can yield invaluable insights
into the immune response mechanisms of P. olivaceus.

The advent of high-throughput sequencing has revolutionized sequencing technolo-
gies, enabling faster and more accurate analysis of genetic information [30,31]. Among the
methodologies used in high-throughput sequencing studies, weighted gene co-expression
network analysis (WGCNA) plays a crucial role. By grouping genes into modules based
on their expression patterns, WGCNA allows for the exploration of intricate relationships
between genes and traits within these modules [32,33].

In this research, we applied WGCNA to investigate the co-expression networks in the
three components of P. olivaceus during a 48 h E. tarda infection. Our aim was to gain insights
into the associations between co-expressed genes and immune processes by performing
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses.
Additionally, we constructed protein–protein interaction (PPI) networks to examine the
functional relationships among key genes across different modules. By identifying core and
hub genes within these key modules, we aimed to elucidate the impact of bacterial infection
on immune functions in the examined components. To validate the findings obtained
through our WGCNA and PPI networks, we conducted quantitative RT-PCR (qRT-PCR)
experiments. By comparing the expression patterns of core and hub genes determined by
using the WGCNA and PPI networks with qRT-PCR results, we ensured the accuracy and
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reliability of our findings. These comprehensive analyses provide a valuable gene resource
for understanding the immune response mechanisms of components of the immune system
in P. olivaceus following E. tarda infection. Moreover, our research contributes to the broader
field of immune-related studies in vertebrates.

2. Materials and Methods
2.1. Sample Acquisition

One-year-old Paralichthys olivaceus specimens were obtained from Yellow Sea Aquatic
Product Co., Ltd. in Yantai, Shandong Province, China. The specimens were in good health,
with an average length of 16.3 cm and weight of 70.5 g. To acclimate them to the new
environment, we temporarily cultured the fish in a flow-through seawater system at 19 ◦C
for one week. Edwardsiella tarda strain EIB202, isolated from diseased turbot, was acquired
from the Key Laboratory of Microbial Oceanography, Ocean University of China. Prior
to infection, E. tarda was cultured in the logarithmic phase at 28 ◦C in Luria-Bertani (LB)
medium, centrifuged, and resuspended in a Ringer’s solution designed for marine teleosts
with 2 × 107 CFU/mL as the standard concentration.

This experiment was conducted in our laboratory. One hundred and thirty P. olivaceus
with high vitality and no injuries were chosen and randomly divided into three groups:
bacteria-challenge experiment group (BCEG), Ringer’s solution control group (RSCG), and
blank control group (BCG). Sixty fish in BCEG received an intraperitoneal injection of 1 mL
E. tarda suspension while 60 fish in RSCG were intraperitoneally injected with 1 mL Ringer’s
solution. Ten fish in BCG were not injected with any bacteria or buffer solution. Blood, gill,
and kidney samples were collected at 8 and 48 h post-infection. Likewise, samples from fish
in BCG were collected at 0 h. Four fish were randomly selected at each timepoint for RNA
extraction from the three components. Then, these four fish were mixed into two replicates.
The remaining RNA was stored at −80 ◦C in preparation for quantitative RT-PCRs.

2.2. RNA-Seq and Screening of Differentially Expressed Genes

Libraries were constructed following the methods described in Li et al. [34]. Sequenc-
ing of the libraries was performed using the Illumina HiSeq 4000 platform. Clean reads
were obtained by removing low-quality raw reads, reads with >10% unknown nucleotides,
and those containing adaptor sequences. TopHat (version 2.0.13) was utilized for mapping
clean reads to the reference genome of P. olivaceus. We employed Cufflinks (version 2.2.0)
for transcript construction and abundance estimation from TopHat results, quantified as
fragments per kilobase of transcript per million mapped reads (FPKM). Using Cuffdiff (ver-
sion 2.2.0), we statistically compared differentially expressed genes (DEGs) between three
groups of samples at the same timepoint in each component. The criteria for differential
gene screening were q-value ≤ 0.05 and |log2 fold change| ≥ 1. We selected the union
of DEGs at each timepoint of the three components as the gene dataset for constructing
co-expression networks.

2.3. Construction of Gene Co-Expression Network

The construction of gene networks was performed using the R package WGCNA
following the methodology outlined by Ponomarev et al. [35]. Initially, the DEGs were
utilized as input for WGCNA, and the correlation coefficients between each gene pair were
calculated. The determination of the optimal power parameter (β) was based on achieving
a correlation between genes that adhered to the scale-free topology network, with the
criterion of R-squared (R2) exceeding 0.8, as described by Zhang et al. [36]. Subsequently, a
hierarchical clustering tree was constructed based on the calculated correlation coefficients.
Genes demonstrating similar expression patterns were assigned to the same module while
unassigned genes were grouped into the grey module. The thresholds for module clustering
were set at a minimum module size of 25 and a cutting height of 0.86.
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2.4. Identification of Key Modules and Genes

To identify the module most strongly associated with the target trait, we calculated
correlation coefficients between modules and traits using module eigengenes. In this
study, modules exhibiting the highest positive correlation with the trait were designated
as key modules. To elucidate the principal functions of genes within these modules, we
performed GO and KEGG enrichment analyses. Genes with high connectivity are more
likely to hold significant biological importance. Consequently, we selected the top 20 most
highly connected genes from each module as key genes, and among these, the three genes
with the highest connectivity were designated as core genes. The interactions between
key and core genes were visualized using Cytoscape. Furthermore, we investigated the
functional linkages among genes in different modules by constructing protein–protein
interaction networks utilizing STRING (version 11.5) [37]. Hub genes, which were identified
based on their substantial number of protein interactions, were further validated by their
higher connectivity.

2.5. qRT-PCR Validation

To evaluate the accuracy of the RNA-Seq results, we conducted quantitative reverse
transcription-polymerase chain reactions (qRT-PCRs). The qRT-PCR protocol followed the
methodology described by Wang et al. [38].

Total RNA was extracted using the TRIzol method based on the manufacturer’s instruc-
tions. RNA quality, concentration, and integrity were determined by using 1.2% agarose
gel electrophoresis, NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA,
USA), and Agilent 2100 Bioanalyzer system (Agilent Technologies, Santa Clara, CA, USA),
respectively. RNase-free DNase I was employed to eliminate DNA contamination. A
volume of 350 µL of deproteinized solution (RW1) was added to the adsorption column
(RA) and centrifuged at 12,000 rpm for 30 s, and the waste liquid was removed. Then,
50 µL DNase I was added to the solution and allowed to stand at room temperature for
15 min, followed by centrifugation at 12,000 rpm for 30 s after adding 350 µL RW1. Then,
mRNA was purified using oligo (dT) magnetic beads from RNA and randomly sheared into
pieces of approximately 200 base pairs in the fragmentation buffer. First-strand cDNA was
synthesized from fragmented mRNAs under the action of reverse transcriptase and random
hexamer primers. DNA polymerase I and RNase H was used to synthesize second-strand
cDNA. After connecting the adapters and PolyA, PCR was used to isolate the adapter-
modified fragments. We validated the expression levels of 21 core or hub genes, and their
respective names and primer sequences can be found in Table 1. Gene-specific primers were
designed using Primer Premier 5.0 software (PREMIER Biosoft, San Francisco, CA, USA).
As a reference gene with stable expression, β-actin was employed. In each group, three
biological replicates were used in qRT-PCR. We added 10 ng template cDNA to 20 µL SYBR
Premix Ex Taq II (TaKaRa) solution. Then, cDNA was incubated for 5 min, undergoing
45 cycles of 95 ◦C for 15 s and 60 ◦C for 45 s in a LightCycler 480. Finally, the melting curve
was analyzed, and fluorescent signal accumulation was recorded at the 60 ◦C, 45 s phase
during each cycle by using a LightCycler 480 (Roche, Basel, Switzerland). Additionally,
2−∆∆Ct method was used for statistical analysis.
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Table 1. List of primers used for qRT-PCR validation.

Gene Name Forward Primer (5′-3′) TM (◦C) Reverse Primer (5′-3′) TM (◦C) Amplicon
Length (bp)

aqp8 GTGTGCTTGGAGCTTCTATG 61 CAAACACTGCTCTTCCTACC 60 117
atp8b1 CCGACATCCTGTTGTTATCC 60 GGAGGCCCATCTTAAACTTC 60 102
cpne4 CACACACATCAGCCATCTAC 60 GTCCTGCTAATCCCTTCATAAC 60 119
dkc1 GATGTCTCATCGTGTGTGTAG 60 GAGTGTGTTCGCTCTCTATTG 60 117
grina GCACAGACCCGTTATGATTT 61 AGCGATGTCGGAGTAATAGA 60 108
hcar2 CGTGACTCACACTGGATTT 60 GTGTCGGAGGAAGAATGAAG 60 125
herc1 CCAGTGTCTTGGTGGATTT 60 CGCATTGTCCCAGTCTTT 60 104

loc109626689 TATGGTGGAACAGCACAAAG 60 CGAAGCCCAGAGATGATAGA 61 101
mefv TGGAGGAGGTGGAGTTTAT 60 CTCCTGCTCTGTTTGTACTC 60 125

nop58 CTTTCCCACTCCCTCTGTA 60 GAGTGTGGTGAACTGGTATG 60 123
ppan CCACTCCTTCGTCTTTCATC 60 TCCTAACCTTCAGAGACTCG 60 110

pyroxd2 TGAACCAGACGGAGATAGG 60 CATCCAAGAGAGGCTGAATG 60 108
rarres2 TTCACTCGTTGGCACTTC 60 CTTGTCATCCAGCAGATTGT 60 107
slc8a1 CCCTCGATTGGTTGGTTATC 60 CTGCGTGATCGTCATCATAG 60 122

slc12a3 CGGGTTTCTACTTCCTCAAC 60 CTGCACAGACACTGAAAGAT 60 103
src GAGTAAGCCCAAGGATTCAG 60 GGGACGGATGATAAGAGTTG 60 104

stat1 AGGAGTTGGAGCAGAAGT 60 GAGAGTTGGAGAGGAGGTT 60 108
tlr13 AAGGTGTTGGCGAGTAAAG 60 AGCCTTCTCGTCCGTATT 60 106

trim39 ACCAAGGTCGAACCAAAC 60 GAACCCGACTTGGCATTAT 60 107
ttc36 ACAGAGTCCAGACCTTAACC 61 CAGCATGGCAGTACAGTTAG 60 103
xpo1 GATTCCTCTGGGCTACATATTC 60 TCTCTGTCAGGCACTTCA 60 107

3. Results
3.1. Screening of DEGs

Following a comprehensive differential expression analysis, we identified 808 and
1265 DEGs in the blood of P. olivaceus infected with E. tarda at 8 and 48 h, respectively;
456 and 1037 DEGs in the gills at 8 and 48 h; and 1319 and 4439 DEGs in the kidneys at 8
and 48 h. Overall, we uncovered a total of 6459 DEGs (the union of all DEGs in the three
components). These DEGs were subsequently employed for further analyses, and their
distribution was visualized using a hierarchical clustering heatmap (Figure 1).

3.2. WGCNA

In this study, the 6459 DEGs were employed to construct gene co-expression networks.
A scale-free topology model fit was constructed, and a power β value of 6 was selected to
ensure that the network held high biological significance (Figure 2a). We concurrently as-
sessed alterations in the mean connectivity of DEGs at different power β values (Figure 2b).
Consequently, we identified twenty modules with module sizes ranging from 20 to 1359
(Table 2, Figure 3).

Table 2. List of module sizes.

Modules DEG Numbers Modules DEG Numbers Modules DEG Numbers

magenta 111 lightcyan 40 yellow 585
salmon 55 red 378 greenyellow 72

turquoise 1359 pink 239 purple 94
cyan 46 brown 660 blue 1041

lightyellow 26 grey60 40 midnightblue 46
tan 66 lightgreen 34 grey 877

green 425 black 265
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3.3. Identification and Functional Analysis of Key Modules

Our investigation led to the identification of six modules exhibiting the strongest
correlation with infection-responsive components or infection timepoints. These modules
were based on gene eigenvalues. Specifically, the magenta, blue, and green modules demon-
strated significant correlation with blood, gills, and kidneys post-infection, respectively
(Figure 4a); DEGs in the yellow, lightgreen, and cyan modules played significant roles
in components at 0, 8, and 48 h post-infection (Figure 4b). GO and KEGG enrichment
analyses elucidated immune response mechanisms in the three components of P. olivaceus
infected with E. tarda. For instance, 77 GO terms (covering biological processes, cellular
components, and molecular functions) were enriched in the magenta module while 67,
281, 28, 492, and 149 terms were enriched in the cyan, green, lightgreen, yellow, and blue
modules, respectively (Table S1, Figure 5). Several terms, such as protein export from
nucleus, NIK/NF-κB signaling, innate immune response, and chemotaxis, were associated
with immune responses. Similarly, pathways such as NOD-like receptor signaling, cAMP
signaling, chemokine signaling, and the biosynthesis of antibiotics signaling in the six
modules substantially contributed to immune response processes (Table S2, Figure 6).
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Figure 5. Level-3 GO terms of six modules. (a) GO terms enriched with DEGs in green module. The
horizontal axis represents a GO term, the vertical axis stands for the number of DEGs enriched in
terms, and the three colors indicate different GO term categories. (b) GO terms enriched with DEGs
in magenta module. (c) GO terms enriched with DEGs in blue module. (d) GO terms enriched with
DEGs in yellow module. (e) GO terms enriched with DEGs in lightgreen module. (f) GO terms
enriched with DEGs in cyan module.
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Figure 6. KEGG enrichment analysis results. (a) Top 20 level-2 KEGG pathways enriched in green
module. The outermost circle represents the enriched level-2 KEGG pathways, and different colors
stand for different classes; the second outer circle indicates the number of genes enriched into the
pathway in the background gene set; the third circle represents the gene numbers enriched into the
pathway in the input gene set; the Rich factor stands for the ratio of the number of genes in the input
gene set enriched in the pathway to enriched gene numbers in the background gene set. (b) Top 20
level-2 KEGG pathways enriched in magenta module. (c) Top 20 level-2 KEGG pathways enriched
in blue module. (d) Top 20 level-2 KEGG pathways enriched in yellow module. (e) Top 20 level-2
KEGG pathways enriched in lightgreen module. (f) Top 20 level-2 KEGG pathways enriched in
cyan module.

3.4. Construction of PPI Network and WGCNA Key Networks

We created distinct gene networks for the three modules demonstrating the highest
correlation with infection-responsive components, employing 20 key genes from each
module (Table S3, Figure 7a). The core genes exhibiting the highest connectivity in the
magenta, green, and blue modules were xpo1, herc1, and slc8a1; nop58, ppan, and cpne4;
and atp8b1, src, and trim39, respectively. These genes participated in immune responses of
different components and played pivotal roles therein. Likewise, three networks correlating
with infection timepoints were constructed (Table S4, Figure 7b). Core genes like mefv,
rarres2, and loc109626689 were identified as central to the cyan module, while grina, slc12a3,
and hcar2 emerged as core members of the lightgreen module. Moreover, ttc36, aqp, and
pyroxd2 were identified as core genes in the yellow module. These genes modulated
immune responses at three distinct timepoints. Analyses of protein–protein interaction
networks across modules revealed that xpo1, src, and dkc1 (Figure 8a) might play crucial
roles in the three infected components, and stat, mefv, and tlr13 (Figure 8b) could have
important effects within the first 48 h of infection. The interaction numbers and connectivity
of hub genes are detailed in Table 3.
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Figure 7. Gene interaction networks. (a) Gene networks representing different components. Each
circle represents a gene, with the color and size indicating the level of gene connectivity. More red and
larger circles represent higher connectivity. The lines between genes, varying in color and thickness
within each module, indicate the strength of correlations between genes. Lighter and thicker lines
represent higher correlation. Interactions between modules are shown by lines connecting genes.
(b) Gene networks representing different infection timepoints.

Table 3. Summary of hub genes.

Gene Abbreviated Name Gene Official Full Name Protein Interaction Numbers Connectivity

Infected components (blue, green, and magenta modules)
xpo1 exportin 1 6 10.31
dkc1 dyskeratosis congenita 1, dyskerin 5 54.20
src proto-oncogene tyrosine-protein kinase Src 5 16.78

Infection times (cyan, lightgreen, and yellow modules)
stat1 signal transducer and activator of transcription 1 9 10.72
tlr13 toll-like receptor 13 8 1.31
mefv MEFV innate immunity regulator, pyrin 6 16.95
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3.5. Validation of Hub Genes Using qRT-PCR

To validate the accuracy of our transcriptome analysis results, we performed qRT-PCR
experiments. The qRT-PCR data demonstrated concordance with the RNA-Seq findings,
with all measured DEGs producing single products (Figure 9). The consistent gene ex-
pression trends observed using both RNA-Seq and qRT-PCR methods further support the
reliability and accuracy of our RNA-Seq results.
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4. Discussion
4.1. Comprehensive Analysis of WGCNA and PPI Network

The utilization of WGCNA and PPI networks constitutes two cutting-edge method-
ologies in the field of transcriptome analysis. These analytical techniques enable the
determination of gene interactions and the identification of hub genes most closely associ-
ated with the subject matter being investigated. In previous research, these two methods
have primarily been employed individually, rather than in conjunction with one another, to
identify hub genes [38,39]. In the current study, we not only identified key and core genes
with high connectivity within each key module but also innovatively ascertained numerous
additional hub genes potentially involved in the regulation of P. olivaceus immunity through
a combined approach using PPI network and WGCNA analysis. The results demonstrate
that some genes possess both high connectivity and a considerable number of protein
interactions, therefore designating them as hub genes likely implicated in the immune
response processes in P. olivaceus. Concurrently, even though certain genes exhibit relatively
low connectivity, their high number of protein interactions suggests a plausible significance
in P. olivaceus immunity. The integrative analysis of these two methodologies allows for
the discovery of numerous hub genes imperative for regulating the immune response of
P. olivaceus, ultimately providing support for further studies examining the immune re-
sponse processes in P. olivaceus following E. tarda infection.

4.2. Functional Analyses of Key Modules and Genes

We employed WGCNA analysis on 6459 DEGs to identify key genes affecting immune
response processes in P. olivaceus, resulting in six modules with 120 key genes that were
most relevant to specific components and infection timepoints. GO and KEGG analyses
revealed numerous immune-related GO terms and KEGG signaling pathways enriched
within various modules, signifying that module-enriched genes were intimately related
to immune response processes. Among them, genes in magenta and lightgreen models
were only enriched in one signaling pathway each. It was possible that there were too few
genes in two modules to be enriched into multiple pathways. It was worth noting that
the hub gene xpo1, enriched in the magenta model, was enriched in the only pathway. It
involved and regulated biological immune responses processes, suggesting that xpo1 might
bear the main immune functions of fish blood. In our examination of the PPI network of
60 key genes in three key modules correlated with infection time and component data, we
identified common interactions among these key genes even though they were associated
with different infection times and component types. This observation implies that these
genes may cooperatively regulate P. olivaceus immunity. By identifying six hub genes with
high protein interaction numbers or high connectivity, we were able to posit that these hub
genes play significant roles in the immune response processes of the selected components
following E. tarda infection. Investigating these hub genes will aid in advancing our
understanding of the immune response mechanisms in P. olivaceus after infection.

4.2.1. Analysis of Magenta Module Associated with Blood Immunity

In this module, three genes, namely xpo1, herc1, and slc8a1, were identified as core reg-
ulators of immune response processes. Exportin 1 (xpo1), also referred to as chromosomal
maintenance 1 (crm1), is a critical transport receptor belonging to the transport protein su-
perfamily. It is ubiquitous in eukaryotic cells and mediates the transportation of numerous
proteins and diverse RNA species [40]. Previous investigations have demonstrated that
xpo1 can facilitate the transport of several immune proteins, including PI3K, NF-κB, AKT,
p53, and Wnt, to various tissues and organs [41,42]. These proteins significantly influence
the growth, proliferation, apoptosis, inflammatory responses, and activation of T and B
cells, among other processes [43]. Consequently, xpo1 may indirectly modulate immune
responses by regulating the transport of immune proteins. Moreover, xpo1 impacts the
transportation of growth-regulatory proteins. The upregulation of xpo1 can enhance the
transport of growth regulator proteins, thereby affecting immune cell proliferation [44]. In
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the current study, xpo1 was identified as a core gene due to its high connectivity and inter-
action with six key genes in modules related to gill and kidney infection. We hypothesize
that xpo1 contributes to the growth and proliferation of immune cells within the blood and
modulates P. olivaceus gill and kidney immune responses by transporting immune proteins
and cells.

Hect domain and RCC1-like domain-containing protein 1 (herc1), a member of the
HERC family proteins, regulates various cellular processes including cell cycle progres-
sion and cell signal transduction [45]. As a ubiquitin ligase, herc1 primarily controls cell
migration through the activation of the MKK and p38 modules [46]. Simultaneously,
herc1 modulates the RAF, MEK, and ERK signaling pathways, promoting the growth,
proliferation, differentiation, and transport of immune cells [47].

The solute carrier family 8 member A1 (slc8a1) is an intracellular calcium regulator that
mediates Na+ and Ca2+ exchange [48]. The upregulation of slc8a1 suppresses the proliferation
and migration of pathological and necrotic cells, promoting apoptosis [49]. Previous research
has also demonstrated that slc8a1 can regulate biological inflammatory responses [50]. While
slc8a1 has been extensively studied in humans, its function in fish remains largely unexplored.
The immune roles of slc8a1 in fish blood require additional investigation.

Collectively, these three core genes primarily function as transporters of immune cells
and regulators of cell growth, differentiation, and apoptosis. The sustained upregulation
of these genes suggests that immune response processes in P. olivaceus infected blood can
effectively inhibit pathogen invasion.

4.2.2. Analysis of Green Module Associated with Kidney Immunity

Three core genes primarily related to kidney immunity were found to potentially
participate in and regulate various immune response processes. The majority of Box C/D
non-coding RNA was located within nucleoli, wherein it interacted with several proteins
to create RNA–protein complexes (RNPs). These complexes played a pivotal role in the
modification and processing of pre-ribosomal RNA [51]. nop58, a primary interacting
partner of Box C/D RNA, facilitated gene methylation upon binding, thus modulating the
expression of immune-related genes [52,53].

ppan, a critical biogenic factor in nucleoli and mitochondria, regulated mitochondrial
homeostasis [54]. Emerging research indicates that ppan is involved in immune response
processes by interacting with the WNT signaling pathway, thus regulating the proliferation
and differentiation of immune cells [55]. Furthermore, it contributes to the autophagy
process responsible for degrading and recycling infected cells and organelles [56].

As a member of the copine family, cpne4 primarily regulates Ca2+ concentrations in
neurons [57]. Besides modulating calcium concentrations, cpne4 notably participates in
glycogen metabolism [58].

These three genes displayed the highest correlation with fish kidney immunity. Among
them, nop58 and ppan genes might be integral to immune response processes in P. olivaceus
kidneys such as immune cell differentiation and immune-related signaling pathway regu-
lation. Currently, no direct link between cpne4 and immune response has been identified.
However, we preliminarily hypothesize that cpne4 may be associated with P. olivaceus
kidney immunity. The specific functions of this gene require further exploration in fu-
ture experiments.

4.2.3. Analysis of Blue Module Associated with Gill Immunity

The gill plays a crucial role in initiating immune responses, specifically in the prolifer-
ation and differentiation of immune cells. In this study, we identified atp8b1, src, and trim39
as potential regulators of gill immunity in P. olivaceus.

atp8b1 is a phospholipid transporter that maintains epithelial cell stability via phos-
pholipid transport [59]. Mutations in atp8b1 have been associated with progressive familial
intrahepatic cholestasis type 1 (pfic1) in humans and mice [60,61]. However, the function
of atp8b1 in fish has not been investigated, and its exact mechanisms remain unclear. We
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hypothesize that atp8b1 in our study may regulate the production and apoptosis of gill
epithelial immune cells through phospholipid transport, but further research is needed to
confirm this hypothesis.

src is a non-receptor protein-tyrosine kinase that has been studied extensively in recent
years [62]. It is implicated in regulating various cellular processes including proliferation,
differentiation, and adhesion [63]. Notably, cell adhesion is closely associated with in-
flammatory responses and is a key step in immune responses [64]. src also participates in
intracellular signaling that modulates the expression of multiple cytokines and immune
complexes [65]. Previous research has demonstrated that src regulates the immune re-
sponses of immune receptors, C-type lectins, and integrins [65,66]. Salmond et al. [67]
found that src influences the activation and differentiation of T cells by regulating the T-cell
receptor signaling pathway, thereby modulating immune response processes. Our results
indicate that src is enriched in the cell adhesion term, suggesting its significant immune
function in the cell adhesion process in fish gills following E. tarda infection. Concurrently,
src interacts with five genes enriched in other modules, suggesting its potential role in
regulating the proliferation, differentiation, and other immune cellular processes in fish
blood and kidneys.

The TRIM protein family plays an essential immunomodulatory role by activating
various immune-related signaling pathways [67,68]. As a key immune gene in this family,
trim39 regulates the cell cycle and apoptosis of immune cells [68]. Previous studies have
demonstrated that trim39 is a significant regulator of innate immune responses in diverse
organisms including humans and fish [68,69]. Moreover, trim39 can activate the NF-κB
signaling pathway, regulating cellular immunity, inflammatory response, and other crucial
immune processes [70].

In conclusion, we posit that the gill, as the first line of defense against pathogen
invasion, may play a significant role in P. olivaceus immunity following E. tarda infection.
Investigating the functions of these three core genes could enhance our understanding of
the immune response mechanisms in P. olivaceus gills.

4.2.4. Analysis of Yellow Module Associated with 0 h Infection

ttc36, aqp8, and pyroxd2 were identified as hub genes enriched in the yellow module,
indicative of their potential role in the activation and proliferation of immune cells. ttc36,
a member of the tetratricopeptide repeat (TPR) subfamily, has received little attention in
previous research [71]. TPR proteins, recognized as scaffolds, have been implicated in
numerous biological processes such as cell cycle regulation, apoptosis, protein transport and
degradation, and resistance to bacterial infection [72]. In light of these previous findings,
one might posit that ttc36 similarly contributes to such functions. Notably, Jiang et al.
demonstrated that ttc36 could interact with HSP70 and upregulate its expression, leading
to enhanced resistance against pathogen invasion [73]. This suggests a possible role for
ttc36 in the regulation of heat shock proteins and the modulation of biological immunity.

Aquaporin 8 (aqp8), a protein responsible for maintaining the intracellular water bal-
ance, has recently been implicated in processes such as tumorigenesis, transport, and apop-
tosis [74]. aqp8 facilitates H2O2 transport and regulates various cellular processes [74,75].
Recent evidence has also revealed a role for aqp8 in B cell signal transduction, wherein it
modulates biological immunity through the activation and differentiation of B lympho-
cytes [76].

pyroxd2, localized within the inner membrane and matrix of mitochondria, is involved
in the regulation of mitochondrial function [77,78]. Additionally, pyroxd2 governs cellular
processes, selectively promoting apoptosis in diseased cells while sparing their healthy
counterparts [77].

These findings collectively suggest that certain P. olivaceus genes exhibit immune
functions even in the absence of infection, perhaps as a defense mechanism against bacterial
or viral contaminants at relatively low concentrations in seawater. Interestingly, these
three core genes predominantly manifest in the kidney, with minimal expression in the
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blood. This observation implies that the kidney may serve as the primary organ for
immune function in uninfected P. olivaceus, a hypothesis requiring substantiation through
further experimentation.

4.2.5. Analysis of Lightgreen Module Associated with 8 h Infection

The lightgreen module analysis identified three core genes, namely grina, slc12a3,
and hcar2, which are associated with 8 h infection in P. olivaceus. grina, also referred to
as trim3, is an anti-apoptotic protein present in cell membranes and has been implicated
in the regulation of cell survival and apoptosis, as opposed to the regulation of Ca2+

concentration and neurotransmitter release [79]. Studies on grina-mediated apoptosis in
various organisms such as mice, humans, and zebrafish have been conducted [79,80]. grina
has been found to play a crucial role in regulating apoptosis during neuronal development
and endoplasmic reticulum (ER) stress [81]. In light of these findings, we speculate that
grina might regulate immune cell apoptosis in P. olivaceus following infection.

slc12a3, a sodium chloride cotransporter primarily expressed in the kidney, is regu-
lated by multiple hormones such as aldosterone, glucocorticoids, and insulin [82,83]. The
involvement of slc12a3 in complex bio-ion concentration regulation processes implies its
role in maintaining the ion balance within an organism [84,85]. Previous research has
demonstrated slc12a3’s role in regulating Na+ concentrations in fish [86], which is further
supported by our findings revealing an enrichment of the sodium transmembrane transport
signaling pathway.

hcar2 functions as a G-protein-coupled receptor involved in immune and inflammatory
responses [34]. By regulating cAMP, NF-κB, and other signaling pathways, hcar2 promotes
T-cell activation and modulates cellular processes such as immune cell proliferation and
differentiation, thereby influencing immune responses [34,87]. Our study posits that hcar2
might play a similar role in P. olivaceus immunity.

All three core genes displayed a significant upregulation within the 8 h infection
period, indicating that P. olivaceus may undergo intricate immune response processes fol-
lowing infection. It is noteworthy that while hcar2’s immune functions have not been
reported previously, our results highlight a high expression of hcar2 after E. tarda infec-
tion. Consequently, we propose that hcar2 might have critical immune functions in fish,
warranting further investigation in future studies.

4.2.6. Analysis of Cyan Module Associated with 48 h Infection

In P. olivaceus, intricate immune responses emerged at 48 h post-infection, indicative of
the potential involvement of three core genes as key regulatory factors in immune response
processes. One such gene, rarres2 (also known as chemerin), functions as an immunomod-
ulatory factor primarily produced in adipose and cutaneous tissues [88]. Chemerin has
been implicated in various immune-related processes, including microbial defense and
inflammation, functioning as a leukocyte chemokine [89]. For instance, rarres2 can recruit
innate immune cells to inflammatory sites, subsequently eliciting inflammation [90]. Ad-
ditionally, chemerin has been reported to directly modulate cellular processes such as the
migration, invasion, and proliferation of pathological cells in humans [91]. Our findings
suggest that rarres2 may both be involved in the regulation of immune cell proliferation
and differentiation as well as contribute to inflammatory processes.

Another core gene, mefv, has been implicated in regulating inflammatory responses
and various cellular processes [92]. The pyrin protein encoded by mefv participates in
innate immune processes, producing IL-1β to mediate inflammation [93]. Furthermore,
mefv enrichment in the ubiquitin–protein transfer activity signaling pathway implies a
potential role in the ubiquitination of immune proteins, thus regulating differentiation and
apoptosis [92,93]. Despite extensive research on mefv in humans, its function in fish remains
largely unexplored [94]. Consequently, the effects of differential mefv expression in fish
warrant further investigation.
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In this module, we also identified a core gene, loc109626689, which has yet to be anno-
tated. Given its high connectivity, we postulate that loc109626689 may be closely related
to the immune response in fish. Functional analyses of other key and core genes in this
module further suggest that loc109626689 could participate in the regulation of inflamma-
tory responses. Interestingly, the core genes exhibited elevated expression levels at 48 h
post-infection and performed significant immune functions, excluding the uncertain gene
loc109626689. To date, the immune functions of these genes have not been extensively ex-
amined in fish. We hypothesize that these genes may exert essential immune-related effects
in P. olivaceus such as modulating inflammatory responses and diverse cellular processes.

4.3. Gene Function Analyses between Modules

In the present research, a novel and innovative approach was employed, combining
PPI network analysis with the conventional WGCNA module connectivity analysis, to
jointly pinpoint potential hub genes that could modulate the immune response in P. olivaceus.
Our findings identified three crucial hub genes, namely xpo1, dkc1, and src, which appear to
regulate immunity in P. olivaceus.

dkc1 encodes the dyskerin ribonucleoprotein, implicated in promoting telomerase
synthesis and maintaining telomere length and integrity, which in turn propels cell prolifer-
ation [95]. Concomitantly, it has been shown to regulate the proliferation, differentiation,
senescence, and death of telomere-related cells [96]. Recent research has revealed the role
of dkc1 in controlling the proliferation, migration, and invasion of tumor cells [97]. Based
on these findings, we tentatively posit that dkc1 may regulate cellular processes such as
the proliferation and migration of immune cells in P. olivaceus. xpo1 and src were identified
due to their higher protein interaction numbers and higher intramodular connectivity.
Following our analysis, it is reasonable to suggest that these genes may exert a significant
influence on the immune response processes in P. olivaceus.

stat1, tlr13, and mefv were pinpointed as regulators of the immune response processes
in P. olivaceus, specifically within the first 48 h post-infection, based on interaction analyses.
stat1, a key transcription factor affecting the JAK-STAT signaling pathway, modulates an
array of cellular functions including proliferation, differentiation, migration, and apopto-
sis [70,98]. It has been implicated in various immune processes such as activating T cells,
NK cells, and other immune cells and regulating innate immunity, adaptive immunity,
and certain inflammatory responses [99]. Concurrently, it fosters the proliferation and
activation of microglia to regulate neuroimmunity [100]. Toll-like receptors (TLRs) serve
as pattern recognition receptors (PRRs) that are prevalent in a wide range of immune
cells, participating in the regulation of immune response processes [101]. They have the
capacity to recognize a broad spectrum of pathogens, encompassing bacteria, viruses,
and parasites [102]. tlr13, a crucial member of the TLR family, plays an indispensable
role in biological immune functionality. It has been shown to activate NF-κB, AP-1, type
1 interferon, and other immunoregulatory factors, thereby modulating innate immune
responses [103]. In addition, it promotes the proliferation and differentiation of T cells, B
cells, NK cells, neutrophils, and other immune cells, thus influencing biological immune
response processes [101,104]. Remarkably, recent studies have demonstrated that tlr13 is
expressed in fish kidneys, potentially playing a pivotal role in fish kidney immunity [105].
Based on these conclusions, it is evident that these two hub genes perform essential func-
tions in the immune response processes, leading us to speculate that they may regulate the
proliferation and differentiation of immune cells, inflammatory response, the activation
of immune factors, and other mechanisms in P. olivaceus infected with E. tarda. Moreover,
mefv, another hub gene with higher protein interaction numbers, is speculated to partake
in the inflammatory response to modulate immune response processes in P. olivaceus.

Our study indicates that the three component-associated hub genes were enriched
in three distinct modules, signifying that the three components of P. olivaceus’ immune
system may exhibit comparable sensitivity to E. tarda and could all perform vital immune
functions to resist and eliminate bacteria following infection. An additional three hub



Animals 2023, 13, 2542 17 of 21

genes were identified in modules correlated with 8 and 48 h infection, potentially acting
as hubs to participate in and regulate the immunity of P. olivaceus after E. tarda infection.
The immune functions of these six genes within P. olivaceus remain ambiguous; therefore,
further exploration of their roles will be valuable for understanding and characterizing the
immune response processes in P. olivaceus.

5. Conclusions

In this study, we employed an innovative approach combining WGCNA and PPI
network analysis to investigate the immune response mechanisms of P. olivaceus infected
with E. tarda. Through comprehensive analyses, we identified six key functional modules.
Within these modules, we identified nine core genes (xpo1, herc1, slc8a1, nop58, ppan, cpne4,
atp8b1, src, and trim39) that were closely related to the immunity of the three examined
components. Genes regulated unique immune response mechanisms in different compo-
nents, indicating that fish component immunity may have a high specificity. Additionally,
we discovered mefv, rarres2, loc109626689, grina, slc12a3, hcar2, ttc36, aqp, and pyroxd2 as
regulators of P. olivaceus immunity at different timepoints. The results indicated that E.
tarda may inhibit ion transport, disrupt the ion balance, and promote cell apoptosis in P.
olivaceus in the early stages of infection and induce severe inflammatory response during
long-term infection.

Furthermore, our PPI network analysis, constructed by key genes in each group,
identified six hub genes (xpo1, dkc1, src, stat1, tlr13, and mefv) that displayed high protein
interaction numbers and connectivity. These hub genes are likely to have crucial immune
functions in P. olivaceus when infected with E. tarda, regulating the proliferation and differ-
entiation of immune cells and inducing inflammatory reactions to resist E. tarda infections.
Notably, this research represents the first attempt to integrate PPI network analysis with
WGCNA in order to identify multiple hub genes that potentially regulate the immunity of
P. olivaceus.

The findings of our study lay the foundation for a deeper understanding of the immune
response mechanisms in teleosts and hold promise for addressing the challenges of reduced
production and disease in P. olivaceus under high-density artificial breeding conditions. By
providing insights into the intricate interplay between genes and immune processes, our
research contributes to the advancement of knowledge in the field of teleost immunity and
has implications for the development of targeted strategies to enhance disease resistance in
aquaculture settings.
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