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Abstract: Streptococcus agalactiae (group B streptococcus, GBS), a broad-spectrum pathogen, causes
great economic losses in fish aquaculture, especially the industry of tilapia. Until now, the knowledge
of the immune response mechanism against S. agalactiae infection in tilapia has been limited. In
the present study, the gill transcriptome of the tilapia from the GBS and the phosphate buffered
saline (PBS) groups were sequenced. The transcriptomic analysis results presented the differentially
expressed genes (DEGs) at different time points (DEGs number, 6 h: 2122, 9 h: 1851, 15 h: 1791, and
18 h: 2395) after GBS injection, and significantly enriched immune-related gene ontology (GO) terms
such as the innate immune response. The significantly enriched immune pathways included the
Toll-like receptor signaling pathway, the nucleotide oligomerization domain (NOD)-like receptor
signaling pathway, the cytosolic-DNA sensing pathway, and the intestinal immune network for
Immunoglobulin A (IgA) production. Most of the DEGs in Toll-like receptor signaling, NOD-like
receptor signaling, and cytosolic-DNA sensing pathways presented upregulations at 18 h, which indi-
cated that the innate immune pathways were activated. Two immune-related pathways (phagosome
and cell adhesion molecules) were significantly enriched at all time points, suggesting that these two
pathways might also play important roles in the immune response against the GBS infection. The
results of HE staining showed that the gills of tilapia were damaged seriously at 9 h post-infection,
which might be due to the possibility of pyroptosis resulting from the changes of DEGs in the NOD-
like receptor signaling pathway. This study provided new insight into the mechanisms of gill damage
in fish infected with S. agalactiae.

Keywords: transcriptomic; Streptococcus agalactiae (GBS); tilapia; innate immune pathway; gill

1. Introduction

Streptococcus agalactiae, a Gram-positive pathogenic bacterium, also known as group B
streptococcus (GBS), was first reported in 1939 as an important opportunistic agent [1,2].
As a broad-spectrum pathogen, it is recognized as a serious causative agent of zoonosis
including mammals and fish [3–9]. S. agalactiae has been isolated from numerous fish
species in natural outbreaks of disease, and has been shown to be pathogenic to several
fish species in experimental trials using different routes of infection such as cohabitation,
immersion, and intraperitoneal (IP) and intra-muscular injections [10]. It affects a variety
of freshwater and saltwater fish aquacultures, causing significant morbidity and mortality
worldwide, particularly in tilapia. Streptococci have the ability to disseminate through
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tissues, and multiple virulence factors have been described to play roles in this function.
S. agalactiae had a predilection for some organs such as the brain, eyes and heart, which were
also positive by histopathology [11]. Viable S. agalactiae were seen within macrophages,
which was previously demonstrated by Pulido et al. [12] using electron microscopy, and
S. agalactiae may reach different organs via transport within macrophages.

Tilapia is an important economical fish around the world, especially in China, where
the production accounts for nearly half of the global production [13,14]. Recently, S. agalac-
tiae has become one of the most serious bacterial diseases in southern China, causing high
cumulative mortality and economic loss to the tilapia industry [6,8]. Moreover, co-infections
of virus and bacteria in cultured tilapia is a new threat for the tilapia industry [15]. Never-
theless, effective immune measures to control and prevent the infection of S. agalactiae have
not yet been developed due to the limited knowledge of immune mechanisms against this
bacterial infection in tilapia.

Gills have evolved in various organisms as multifunctional organs involved in res-
piration, pH, hormones, etc. [16]. Constant contact with the aquatic environment means
that fish gills suffer from the invasion of pathogens [17]. Fish mucosal organs (gills, skin,
and gut) are lined with epithelium equipped with mucus-producing cells, which are chan-
nels for both the innate and adaptive immune defense [18,19]. Adverse conditions are
commonly characterized by inflammation and epithelial cell hyperplasia in the fish gill
diseases. Clearly, adequately regulated immune responses distinguishing between self
and non-self are imperative to maintain tissue homeostasis and integrity, and in this way,
the gills are very similar to the gut where a number of diseases may occur if these outer
barriers get out of balance [19]. GBS were detected in a sampled gill, indicating generalized
infection and colonization of body surfaces including gills as a consequence of intraperi-
toneal injection [20,21]. After infection via GBS fish isolates (intraperitoneally injected
with approximately 1 × 108 CFU), tilapia showed hemorrhage of the gills (8.3–58.3%) [21].
However, the underlying mechanism of fish gills against S. agalactiae are still unknown.

Although several studies have been conducted to understand the molecular responses
against S. agalactiae infection in tilapia, most of the studies focused on the characterization
of the expression profiles of certain genes by qPCR [22,23], or the efficiency of recombinant
propeptide in resistance against S. agalactiae [24]. With the development of next-generation
sequencing technology, RNA-seq allows the identification of gene sequences and determi-
nation of their expression levels at the same time, which is widely employed in the teleost
to characterize the host bacteria interactions [4,22]. Until now, few transcriptomic studies
have been conducted in the gill of tilapia during infection [25,26]. Therefore, we sought
here to characterize the expression profiles of tilapia gills against S. agalactiae infection at
the whole transcriptome level by RNA-seq technology. The objectives of this study were
to investigate the molecular mechanisms involved in its susceptibility to S. agalactiae and
provide new insight into the mechanisms of gill damage in fish infected with S. agalactiae.

2. Materials and Methods
2.1. Experimental Design and Sampling

Genetically improved farmed tilapia (GIFT) strain Nile Tilapias (Oreochromis niloticus)
(size 3.34 ± 1.05 cm/5.85 ± 0.63 g) were obtained from the Guangxi Academy of Fishery
Sciences. The S. agalactiae strain was provided by the disease lab at the Shanghai Ocean
University, and its concentration was determined using colony-forming units (CFU) per mL
by plating 10 mL of 10-fold serial dilutions onto brain heart infusion broth (BHI; DifcoTM,
San Diego, CA, USA) agar plates. The fish were randomly divided into three groups:
untreated group (no treatment), GBS group (injected with S. agalactiae), and PBS group
(injected with PBS solution), with 50 fish per aquaria (30 L with 20 L water), and the water
temperature was kept at 32 ± 0.5 ◦C. The fish in the GBS group were intraperitoneally
injected with a bacterial culture of 6.67 × 105 CFU, while the fish from the PBS group
received the same volume of PBS solution. Survival rate was calculated each hour by
counting tilapias survived in the GBS group from 0 h to 43 h (survival rate = {number of
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tilapias survived}/50). Five fish in the untreated group were sampled and named as C0h.
Gill samples from five fish in the treated group (the GBS and PBS groups) were, respectively,
collected at corresponding time points (6 h, 9 h, 15 h, 18 h) and marked according to the
time point (GBS: B6h, B9h, B15h, B18h; PBS: P6h, P9h, P15h, P18h) following injection. All
samples were flash-frozen in liquid nitrogen and stored at −80 ◦C before RNA extraction.

2.2. Paraffin Sections of the Gill

The excised gill samples (5 fish in each treated group at different time points) were
fixed in paraformaldehyde (4%) for 24 h. The fixed gills were then dehydrated in ascending
concentrations of alcohol and cleaned in xylol, followed by vacuum-embedding in paraffin.
The embedded gills were sectioned with a rotary microtome at 5 µm. The tissue slices of
the gills were stained with hematoxylin and eosin (HE). The stained sections were analyzed
using the BX51 system (OLYMPUS, Tokyo, Japan), and digital images were taken using
Image-Pro plus 6.0.

2.3. RNA Isolate and Sequencing

Total RNA was extracted from the gill samples (mixed using 5 fish at each time point)
using the RNAprep pure Tissue Kit following the manufacturer’s instructions (Tiangen
Biotechnology Co., Ltd., Beijing, China). The quality of total RNA was assessed on an
Agilent Bioanalyzer Chip RNA 7500 series II, and its concentration was determined by a
Qubit fluorometer. Three micrograms of RNA from different groups at each time point were
used to prepare the mRNA-Seq library with the TruSeq RNA Sample Prep Kit (Illumina)
according to the manufacturer’s protocol. Proper index codes were used to attribute
sequences to corresponding samples. Briefly, poly(A) + RNA was purified and fragmented
using divalent cations at elevated temperatures. RNA fragments were converted to cDNA
using random primers, followed by second-strand cDNA synthesis and end repair. Illumina
PE adaptors were attached to the cDNA ends. Fragments that were approximately 300 bp
in length were extracted from a 2% low-range ultra-agarose sizing gel. Adaptor-tagged
cDNA fragments were enriched using the manufacturer’s cocktail and 10-cycle PCR. The
library quality and insert length were checked using the DNA High Sensitivity DNA
Kit (Bioanalyzer 2100, Agilent, Santa Clara, CA, USA) to ensure the proper insert size of
300–500 bp. A total of 4 libraries were separately generated from the gills of tilapia using
the same protocol.

2.4. RNA Reads Processing and Mapping

Raw data were firstly processed through in-house Perl scripts. In this step, clean data
(clean reads) were obtained after the removal of adapters, ploy-N, and low-quality bases.
The Q20, Q30, GC-content, and sequence duplication level of the clean data were calculated.
All the downstream analyses were based on clean data with high quality. Clean reads
were mapped to the O. niloticus reference genome (http://asia.ensembl.org/info/data/
ftp/index.html (accessed on 3 June 2020)) using HISAT 2 with default settings, and the
reads from each sample were mapped separately.

2.5. Annotation

Sequences of the tilapia’s genes and proteins were downloaded from the Ensembl
database (http://.asia.ensembl.org/info/data/ftp/index.html (accessed on 10 June 2020)).
Gene and function annotations of the tilapia were performed using the BLASTP algorithm
with an E-value cut-off of 10−5, which was based on the databases of the Nr (NCBI non-
redundant protein sequences), Nt (NCBI non-redundant nucleotide sequences), KOG/COG
(Clusters of Orthologous Groups of proteins), Swiss-Prot (A manually annotated and
reviewed protein sequence database), Pfam (Protein family), KO (KEGG Ortholog database),
and GO (Gene Ontology). KEGG annotation was performed on the KASS-KEGG Automatic
Annotation Sever (http://www.genome.jp/tools/kaas/ (accessed on 20 June 2020)).

http://asia.ensembl.org/info/data/ftp/index.html
http://asia.ensembl.org/info/data/ftp/index.html
http://.asia.ensembl.org/info/data/ftp/index.html
http://www.genome.jp/tools/kaas/
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2.6. Differential Expression Analysis and Enrichment Analysis

Differential expression analysis of the GBS and PBS group samples at different time
points was performed using the EBseq, and genes satisfied FDR < 0.05 & |Fold Change| ≥ 2
were interpreted as differentially expressed. Gene Ontology (GO) enrichment analysis
of the differentially expressed genes (DEGs) was implemented by the GOseq R packages
based on Wallenius non-central hypergeometric distribution [26], which can adjust for gene
length bias in DEGs. KOBAS [27] software (v3.0.3, Dechao Bu, Peking, China) was used to
test the statistical enrichment of differential expression genes in KEGG pathways.

2.7. PPI (Protein–Protein Interaction)

Sequences of the DEGs were aligned to the O. niloticus reference genome using BLASTX
to get the predicted PPI network (the protein–protein interaction which exists in the STRING
database: http://string-db.org/ (accessed on 20 July 2020)), and the PPI network was
visualized in Cytoscape [28].

2.8. Real-Time RT-PCR Confirmation of Illumina Sequencing Data

From four comparisons (B6h vs. P6h, B9h vs. P9h, B15h vs. P15h, B18h vs. P18h),
10 differentially expressed genes were identified and selected for quantitative RT-PCR
(RT-qPCR) analysis, using RNA samples as transcriptome profiling. The primers were
designed using the PrimerQuest tool (sg.idtdna.com (accessed on 6 August 2020)), and
their specificity was tested by Primer-BLAST [29]. All the primers used are listed in
Table 1. The β-actin gene was determined as the internal control for the qPCR analysis.
Two micrograms of RNA from each sample were reverse transcribed to cDNA using an
RT-PCR kit (PrimeScript™ RT reagent Kit, Takara, Kusatsu, Shiga, Japan). A qPCR analysis
was conducted in an Applied Biosystems 7500 Real-Time PCR System. PCR reactions (a
25 µL reaction mixture containing 1 µL of each primer (10 µM), 2 µL first-strand cDNA
as a template, 12.5 µL Roche FastStart Universal SYBR Green Master (Rox), and 8.5 µL
water) were exposed to an initial denaturation (95 ◦C for 4 min), followed by 39 cycles
of denaturing at 95 ◦C for 30 s, annealing at 60 ◦C for 20 s, and extending at 72 ◦C for
30 s. The relative transcript abundance of each gene was obtained by normalizing with the
O. niloticus β-actin gene expression based on the 2−∆∆CT method [30].

Table 1. Primers used for quantitative RT-PCR validation.

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

akt2l CTCGGCTTATCTTTGACCTCTG CTCCTTCACCAGGATCACTTTAC 103
casp3a TGGACGATACAGACGCAAAG TGGACGATACAGACGCAAAG 114
CD22 GGACAGTTGGTGTATAGGAGTTG CATCTACTCACCTGGCGTTATT 121

CXCR4 CGTTTACTCACTAGTCCCACAG ACCATCCCACACACAAGTT 100
hsp90aa1 CTTGTCTGCCACGGTTCTAA TACTCCGTCTGGTCTTCCTT 99

ITGB2 CCAAGCACTGGTGAGAAAGA CAGCAGTGGATTAGACGACAG 111
map2k1 GGGTCTGATTATGGCAAGGAA GTGCACAAACACTGGAGTAATG 103
nfkbiab GACTTCCTCAACAGACAGAATGA TCTGGAGAGGGACAGGTATTT 116

tab1 CTTGACGTCTCCGATATCCTTC GCCTTCTTATACCCGTCTTTCT 102
vcam1 CAGTCTGTGCACTCCCTTTAG ACCTCCTCACCCGGAATTA 107
β-actin GATCTGGCATCACACCTTCTAC TCTTCTCCCTGTTGGCTTTG 104

3. Results
3.1. RNA Sequencing Results

The raw data were deposited to the National Center for Biotechnology Information
(NCBI, Bethesda, MD, USA) with the accession number of PRJNA751364. Approximately
36.6–54.7 M clean reads were obtained from different samples after trimming. The percent-
ages of total mapped reads ranged from 80.04 to 86.34%, and the numbers of mapped reads
were shown in Table 2.

http://string-db.org/
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Table 2. The ratio of mapping to the tilapia genome.

Sample Total Clean Reads Total Mapped Reads GC (%) Q20 (%) Q30 (%)

C0h 54,708,466 43,788,477 (80.04%) 48.76 97.41 93.67
B6h 52,297,476 43,565,354 (83.30%) 48.80 97.55 93.92
B9h 36,636,616 31,095,881 (84.88%) 49.68 97.62 94.00

B15h 46,424,536 38,965,528 (83.93%) 49.19 97.58 93.91
B18h 53,185,078 45,678,704 (85.89%) 48.26 97.77 94.23
P6h 47,948,880 41,022,046 (85.55%) 49.37 97.85 94.40
P9h 47,849,040 41,310,833 (86.34%) 48.68 97.85 94.44

P15h 51,421,080 43,273,464 (84.16%) 49.78 97.57 94.03
P18h 54,731,996 46,234,883 (84.48%) 49.50 97.43 93.65

3.2. Differential Gene Expression Analysis

The differentially expressed genes between the samples (GBS group and PBS group)
at each corresponding time point were identified. The B6h vs. P6h yielded 2122 DEGs
(upregulated: 1074; downregulated: 1048). In the B9h vs. P9h, 1851 DEGs were identified
(816 upregulated; 1035 downregulated). In the B15h vs. P15h, there were 1791 DEGs
(822 upregulated; 969 downregulated). In the B18h vs. P18h, 2395 DEGs were identified
(1134 upregulated; 1261 downregulated). The volcano plot and Venn diagram results of
the DEGs are shown in Figure 1. The Venn diagram showed the total number of DEGs at
different time points that was divided into numbers of unique and common DEGs, and
the number of downregulated genes was bigger than that upregulated at 9 h, 15 h, and
18 h. There were 158 common DEGs at four time points, and hierarchical clustering of the
top 20 DEGs involved in these common DEGs based on the gene expression patterns are
shown in Figure 2.
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Figure 1. (A) Venn diagram of differentially expressed genes (DEGs) numbers in different compar-
isons (B6h vs. P6h, B9h vs. P9h, B15h vs. P15h, B18h vs. P18h). (B) Volcano plot of differentially ex-
pressed genes distribution trends among B6h vs. P6h, B9h vs. P9h, B15h vs. P15h, and B18h vs. P18h.
The log2 (fold change) indicates the mean expression level for each gene. Each dot represents one
gene. Green and red dots represent upregulated and downregulated DEGs, respectively. Blue dots
represent genes not differentially expressed.



Fishes 2022, 7, 246 6 of 16

Fishes 2022, 7, 246 6 of 17 
 

 

 
Figure 1. (A) Venn diagram of differentially expressed genes (DEGs) numbers in different 
comparisons (B6h vs. P6h, B9h vs. P9h, B15h vs. P15h, B18h vs. P18h). (B) Volcano plot of 
differentially expressed genes distribution trends among B6h vs. P6h, B9h vs. P9h, B15h vs. P15h, 
and B18h vs. P18h. The log2 (fold change) indicates the mean expression level for each gene. Each 
dot represents one gene. Green and red dots represent upregulated and downregulated DEGs, 
respectively. Blue dots represent genes not differentially expressed. 

. 

Figure 2. Hierarchical clustering of the top 20 differentially expressed (DE) mRNAs among the nine 
libraries (C0h, P6h, P9h, P15h, P18h, B6h, B9h, B15h, and B18h). Heatmap of the count data for DE 
mRNA libraries for the differentially expressed genes. 

Figure 2. Hierarchical clustering of the top 20 differentially expressed (DE) mRNAs among the nine
libraries (C0h, P6h, P9h, P15h, P18h, B6h, B9h, B15h, and B18h). Heatmap of the count data for DE
mRNA libraries for the differentially expressed genes.

3.3. GO and KEGG Enrichment Analysis

GO enrichment was conducted for the four comparisons (B6h vs. P6h, B9h vs. P9h,
B15h vs. P15h, B18h vs. P18h). In the B6h vs. P6h, 833 DEGs could be assigned by GO
classification, and the corresponding number for B9h vs. P9h was 747. In the B15h vs. P15h,
677 DEGs could be assigned by GO classification, and the corresponding number for B18h
vs. P18h was 983. The top two significant enriched GO terms in the biological process of the
B6h vs. P6h were immune response (GO:0006955) and negative regulation of endopeptidase
activity (GO:0010951), while that in all of other comparisons (B9h vs. P9h, B15h vs. P15h,
and B18h vs. P18h) were immune response (GO:0006955) and cell chemotaxis (GO:0060326).
The top 18 significantly enriched GO terms in four comparisons were shown in Figure 3.
Immune-related GO terms including immune response, innate immune response, antigen
processing and presentation, and complement activation were significantly enriched in
these four comparisons (Table S1).

The classified genes of the GBS and PBS groups resulted in 337 different pathways,
which were included in five categories of KEGG pathways, such as metabolism, genetic
information processing, environmental information processing, cellular process, organism
systems, and human diseases. In the B6h vs. P6h, 1000 DEGs were assigned to 143 pathways.
In the B9h vs. P9h, 802 DEGs were assigned to 144 pathways. In the B15h vs. P15h,
788 DEGs were assigned to 133 pathways. In the B18h vs. P18h, 1036 DEGs were assigned
to 139 pathways. In three comparisons (B6h vs. P6h, B9h vs. P9h, and B15h vs. P15h),
the top two significantly enriched pathways were phagosome (ko04145) and cell adhesion
molecules (CAMs) (ko04514). In the B18h vs. P18h, the top two significantly enriched
pathways were phagosome (ko04145) (Table S1) and cytokine–cytokine receptor interaction
(ko04060). The KEGG enrichment among the GBS and PBS groups at different time points
is shown in Figure 4.
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3.4. Immune-Related Pathways after Infection

Phagosome and cell adhesion molecules pathways were significantly enriched at four
time points, while the cytokine–cytokine receptor interaction pathway did not significantly
enrich at 6 h post-GBS injection. At 9 h and 18 h, the NOD-like receptor signaling pathway
significantly changed, and the Toll-like signaling pathway only significantly enriched at
18 h. The integrated graph of DEGs in three innate immune pathways (Toll-like receptor
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signaling pathway, NOD-like receptor signaling pathway, and cytosolic DNA-sensing
pathway) was shown in Figure 5. DEGs in the phagosome and cell adhesion molecules, and
the cytokine–cytokine receptor interaction pathway at four time points, were respectively
marked by red, green, and blue colors (Figures S1–S3).
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3.5. Interaction Network Analysis of DEGs

To determine the interrelationship among the DEGs involved in the immune and
immune-related signaling pathways, PPI analysis was performed based on the STRING
database (Figure 6). The majority of the DEGs in the interaction network were upregulated.
For CAMs, the DEGs in the network were CD226, ITGB2, OCLN, SDC4, SELL, SELP, and
mag. For the Toll-like receptor signaling pathway, the DEGs included in the network were
PI3K, AP-1, AKT, map2k1, map3k8, TLR2, and TLR5. For the NOD-like receptor signaling
pathway, the DEGs in the network were JNK, CARD9, CASP1, CASP8, HSP90AA1, p38,
and tab1. For the cytosolic DNA-sensing pathway, the DEGs involved in the network were
nfkbia and RIP3. For the phagosome pathway, the DEGs included in the network were
nos1, C3, ATP6E, COLEC12, and FCGR1A. For the cytokine–cytokine receptor interaction
pathway, the DEGs involved in the network were ACVR2B, BMPR1A, BMPR1B, CCL19,
CCL20, CCR5, CCR9, CSF3R, CXCL13, CXCR3, CXCR4, CXCR7, ghr1, IL10, IL10RB,
IL12RB2, IL-1b, IL1R2, KIT, NGFR, PDGFA, PDGFRA, SF9, and XCR1. In particular, TLR2
was involved in both the Toll-like receptor signaling pathway and the phagosome pathway;
JNK, CASP8, p38, and tab1 were involved in both the Toll-like receptor signaling pathway
and the NOD-like receptor signaling pathway; CASP1 was involved in both the NOD-like
receptor signaling pathway and the cytosolic DNA-sensing pathway; CXCR4, IL10, and
CCR9 were involved in both cytokine–cytokine receptor interaction and intestinal immune
network for IgA production; while IL-1b was involved in cytokine–cytokine receptor



Fishes 2022, 7, 246 9 of 16

interaction, the cytosolic DNA-sensing pathway, the NOD-like receptor signaling pathway,
and the Toll-like receptor signaling pathway.
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3.6. Histopathological Changes Induced by S. agalactiae Infection

The gills of tilapia fish in the GBS groups showed typical clinical symptoms (Figure 7).
The gills post-challenge with GBS’s pathologic examination (B6h, B9h, B15h, B18h) pre-
sented slightly damaged. The structure of the gills in the GBS groups was damaged most
seriously at 9 h among the four time points.
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Figure 7. Pathologic examination of the gills of tilapia taken at 6 h, 9 h, 15 h, and 18 h post-
challenge with GBS and PBS (hematoxylin-eosin staining, HE). (A) Severe oedema of mucous cells
in the filament (blue arrow: ↑). (C) GBS dispersed in the filaments and lamellae (black arrow: ↑);
infiltration of inflammatory cells present in areas of filament and lamellae’s vessel (long arrow);
inflammation of mucous cells (blue arrow 1©: ↑). (E) Severe oedema of mucous cells in the filament
(blue arrow: ↑), lamellar telangiectasis (*), infiltration of lightly inflammatory cells (long arrow).
(G) Numerous inflammatory cells were distributed in filaments and lamellae (long arrow).
(B,D,F,H) were intraperitoneally injected with PBS and present a normal structure of the gills with
no abnormalities in the tissue (×400, Scale bars = 25 µm).

3.7. qRT-PCR of Immune-Related Genes

The outcomes of real-time PCR were further summarized. The 10 DEGs qPCR results,
of B6/P6, B9/P9, B15/P15, andB18/P18, are shown in Figure 8. Grouped comparison
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results between RT-PCR and RNA-seq were also displayed, and the results showed that all
10 candidate genes in RT-PCR verification agree with the results of the RNA-seq technology.
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4. Discussion

Understanding the molecular mechanisms underlying tilapia’s susceptibility to S. agalac-
tiae is an essential issue in tilapia culture as high tilapia mortality arising from GBS infection
often cause economic loss. Previous studies mainly focused on the roles the tilapia’s spleen
and kidney played in the fight against the GBS infection [31–33], while few studies empha-
sized the importance of the gills in the defence against these bacteria. The gill, one of the
largest immune organs [30] in fish, plays a central role in the physiology of fish (such as
gas exchange, acid–base balance, osmoregulation, and nitrogenous waste excretion) [34,35].
Moreover, their physiological functions, accompanied by continuous contact to waterborne
pathogens (bacteria, fungi, viruses, and other toxic elements), mean that is exposed to
immune challenges and initiates immune responses [35]. The initial process of pathogen
infection is physical contact, and the host responds with a series of cellular and biological
processes to resist infection [36]. Fish gills have immune and physical barrier functions, which
has been considered as one of the first lines of defense against dangerous pathogens [37].
Chen et al. [38] showed that disturbance of the gill immune and physical barrier function
could cause impaired immune response and growth retardation in fish.

As a Gram-positive bacterium, GBS contains peptidoglycan (PGN), lipoteichoic acid
(LTA), lipoproteins (LP), and other pathogen-associated molecular patterns (PAMPs); in-
formation about these antigens can be transmitted to lymphocytes, which in turn induce
humoral and cellular immune responses in the host [2]. The innate immune system plays
a larger role than the adaptive immune system in protecting fish against pathogen in-
vasion [39]. A previous report has indicated that these TLR genes play a role in host
anti-Cryptocryon irritans immune responses [25]. To protect against attaching and invading
pathogens, organ-specific and systemic immunological host responses are both activated
by the pathogen-associated molecular-pattern pathway via membrane-associated TLRs
and cytoplasmic NLRs [33].

In the present study, the transcriptome of tilapias’ gills in the GBS and PBS group
at different time points were sequenced. According to the result of different expression
analysis, thousands of genes were differentially expressed among four time points, 185 of
which were common. In addition, hundreds of unique DEGs at each time point suggested
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the different pattern of immune response over time. When looking at the top 20 DEGs
involved in these 185 common DEGs, many of them (such as IL-1b, TLR5, CD22, and MHC2)
are closely related to immune response. Moreover, significant enrichment of GO terms
including immune response, innate immune response, antigen processing and presentation,
and complement activation at four time points indicated the overall activation of tilapia’s
immune system. Three immune system pathways were significantly enriched with most
of the DEGs up-regulated, including the Toll-like receptor signaling pathway, the NOD-
like receptor signaling pathway, and the cytosolic DNA-sensing pathway. Wu et al. [40]
revealed that NOD-like signaling pathway plays an important role against S. agalactiae in
the spleen of tilapia. In addition, two immune-related pathways (phagosome, cell adhesion
molecules) were significantly enriched at each time point with dozens of DEGs.

PPRs involved in three immune pathways, such as TLRs, NLRs, and DNA-dependent
activator of IRFs (DAI), are responsible for detecting various pathogens and generating
innate immune responses [33]. Here, the gene encoding TLR5 was upregulated at all time
points, which indicated that TLRs recognized the GBS at an early time point. TLR5 is an
acute-phase protein that recognizes the motility apparatus protein flagellin [5], which can be
present on both Gram types [38]. Furthermore, a transcriptome analysis of L. crocea infected
with C. irritans showed that TLR5 might be involved in the identification of its antigen
composition [41]. IL-1b has been reported to play an important role in the early immune
response to Aeromonas salmonicida infection in channel catfish [7]. In this study, compared
to PBS groups, most of the DEGs involved in the Toll-like receptor signaling pathway
were upregulated in the GBS groups. Moreover, this pathway was significantly enriched
with an overall upregulation in the P18h vs. B18h, suggesting that the Toll-like receptor
signaling pathway was activated in the tilapia after GBS infection. Although the Toll-like
receptor was only significantly enriched at 18 h, TLR5 and IL-1b were involved in different
pathways. Here, the constant upregulation of IL-1b and TLR5 at all time points suggests
that these two genes played important roles against S. agalactiae. The tilapia recognized
the S. alagactiae at an early time point, while the significantly overall upregulation of the
Toll-like signaling pathway happened at a later period (18 h).

Quantities of DEGs contributed to the defense against the GBS as many immune-
related DEGs upregulated in the PPI network (Figure 6). However, tilapia started to die
at 9 h post-injection with GBS (Figure S4), suggesting that neither their innate immune
system nor their adaptive imunity could tackle GBS for a long time. When looking at three
immune pathways together, the changes of TLR5 and other gene can lead to pryoptosis,
though NOD1 and NOD2 were not differentially expressed between the GBS and PBS
group. Upregulation of HSP90 and downregulation of CARD8, the increase of expression
of TLR5 and TLR2 at 9 h can upregulate caspase-1. The activation of caspase-1 promotes the
maturation of the pro-inflammatory cytokines IL-1b, IL-18, and drives pyroptosis [42]. In
the present study, most of the DEGs included in the NOD-like receptor signaling pathway
were upregulated, including IL-1b, HSP90, CASP1, CARD9, JNK, nfkiba, p38, and tab1.
Notably, the DEGs encoding IL-1b were upregulated in the GBS group at all time points. In
B9h vs. P9h and B18h vs. P18h, the NOD-like receptor signaling pathway was significantly
enriched. It is likely that the upregulation of HSP90 and CASP1, and the downregulation
of CARD8 at 9 h drove the pyroptosis. Correspondingly, GBS freely dispersed at 9 h
in the tissue (Figure 7C: black arrow), and it was also found in the spleen, kidney [2],
and brain [8] after intraperitoneal injection of GBS. Infiltration of inflammatory cells was
observed in areas of filament and lamellae’s vessel (Figure 7A,C,E,G: blue arrow). In
particular, infiltration of inflammatory cells and lamellar telangiectasis and hemorrhages at
9 h was observed (Figure 7C: A long arrow). Similar studies on tilapia inflammation are
also found in the spleen [43], and the mechanism between the pyroptosis and inflammation
have been revealed [44,45].

Pathogens, under a long period of selective pressure, have evolved to develop antag-
onistic mechanisms against the TLRs or NLRs signal transduction, in order to facilitate
their survival in the host [46]. Phagosome formation is essential for tissue homeostasis
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and both the innate and adaptive immune response against pathogens [47]. There are
many phagocytosis-promoting receptors involved in the phagosome pathway, such as
Fc receptors [48], opsonins, complement receptors, integrins, Toll-like receptors, c-lectin
receptors, and scavenger receptors [49]. Our results showed that FCGR1A, an Fc receptor,
showed upregulation at each time point. In B9h vs. P9h, all of the DEGs belonging to
phagocytosis-promoting receptors presented upregulation, which is indicative that these
receptors may be activated by S. agalactiae infection. Interestingly, at 18 h, most of the
phagocytosis-prompting receptors DEGs showed upregulation, including FCGR1A (CD64),
ITGB2 (CD18), MBL, TLR2, MRC, and MARCO, whereas IGH and C3 were downregu-
lated. Nonetheless, many intracellular pathogens, for example, Mycobacterium tuberculosis,
Salmonella typhimurium, and Legionella pneumophila, have developed the ability to prevent
phagosome maturation in macrophages and survive inside these vesicles [50]. Moreover,
TLR7, which can recognize the GBS resided in the phagosome, was not differentially ex-
pressed here. Therefore, the maturation of the phagosome may drive GBS escape instead of
preventing the infection of GBS in the tilapia.

In this study, we tried to explore the mechanism underlying the tilapias’ susceptibility
to S. agalactiae. According to results of different analysis, 9 h was a key time point, as it was
at this time that tilapia started to die and the structure of the gills in the GBS groups were
damaged most seriously. Although the TLRs and ILs played important roles in defence
against bacteria, GBS may escape through the phagosome.

5. Conclusions

In the present study, the transcriptome of tilapia gills was sequenced via high-throughput
sequencing technology. This showed the differentially expressed genes and the significantly
enriched GO and KEGG pathways after S. agalactiae infection. The results of HE staining
showed that tilapia gills were damaged most seriously at 9 h, which was in accordance
with the possibility of pyroptosis resulting from the changes of DEGs in the NOD-like
receptor signaling pathway. These results indicated that S. agalactiae infection could cause
gill damage and activate the immune-related pathway in the gills of tilapia.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fishes7050246/s1, Figure S1: Color pathway of cell adhesion
molecules. The rectangles of putative protein were equally divided into four parts from left to right,
corresponding to four comparisons (B6h vs. P6h, B9h vs. P9h, B15h vs. P15h, and B18h vs. P18h). The
green and red background colors in the rectangles represented the downregulated and upregulated
genes, respectively. The blue background in the rectangles indicates that genes encoding this protein
showed both upregulation and downregulation; Figure S2: Color pathway of phagosome. The
rectangles of putative protein were equally divided into four parts from left to right, corresponding
to four comparisons (B6h vs. P6h, B9h vs. P9h, B15h vs. P15h, and B18h vs. P18h). The green
and red background colors in the rectangles represented the downregulated and upregulated genes,
respectively. The blue background in the rectangles indicates that genes encoding this protein showed
both upregulation and downregulation; Figure S3: Color pathway of cytokine–cytokine receptor
interaction. The rectangles of putative protein were equally divided into four parts from left to right
corresponding to four comparisons (B6h vs. P6h, B9h vs. P9h, B15h vs. P15h, and B18h vs. P18h). The
green and red background colors in the rectangles represented the downregulated and upregulated
genes, respectively. The blue background in the rectangles indicates that genes encoding this protein
showed both upregulation and downregulation; Figure S4: Survival rate of experimental tilapia
injected with GBS at different time points; Table S1: GO enrichment result.
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