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ARTICLE INFO ABSTRACT

Keywords: Streptococcus agalactiae is a major aquaculture pathogen infecting various saltwater and freshwater fish. To
Zebrafish better understand the mechanism of the immune responses to S. agalactiae in wildtype zebrafish, the tran-
RNA-Seq scriptomic profiles of two organs containing mucosal-associated lymphoid tissues from S. agalactiae-infected and
Intestine

non-infected groups were obtained using RNA-seq techniques. In the intestines, 6735 and 12908 differently
expressed genes (DEGs) were identified at 24 hpi and 48 hpi, respectively. Among 66 and 116 significantly
enriched pathways, 15 and 21 pathways were involved in immune system or signal transduction at 24 hpi and 48
hpi, respectively. A number of genes involved in Toll-like receptor signaling pathway, RIG-I-like receptor sig-
naling pathway, NOD-like receptor signaling pathway, T cell receptor signaling pathway, B cell receptor sig-
naling pathway, Antigen processing and presentation, NF-kappa B signaling pathway and PI3K-Akt signaling
pathway were significantly downregulated. In the skins, 3113 and 4467 DEGs were identified at 24 hpi and 48
hpi, respectively. Among 24 and 56 significantly enriched pathways, 4 and 13 pathways were involved in im-
mune system or signal transduction at 24 hpi and 48 hpi, respectively. More immune-related signaling pathways
including Leukocyte transendothelial migration, Cytokine-cytokine receptor interaction, PI3K-Akt signaling
pathway, IL-17 signaling pathway, MAPK signaling pathway, TNF signaling pathway, Complement and coa-
gulation cascades, Hematopoietic cell lineage and Jak-STAT signaling pathway were differently enriched for
upregulated DEGs at 48 hpi, which were completely different from that in the intestines. Furthmore, com-
parative transcriptome analysis revealed that the downregulated 1618 genes and upregulated 1622 genes existed
both at 24 hpi and 48 hpi for the intestine samples. In the skins, the downregulated 672 genes and upregulated
428 genes existed both at 24 hpi and 48 hpi. Three pathways related to immune processes were significantly
enriched for downregulated DEGs both in the intestines and skins collected at 24 hpi and 48 hpi, which included
Antigen processing and presentation, Intestinal immune network for IgA production and Hematopoietic cell
lineage. Interaction network analysis of DEGs identified the main DEGs in the sub-network of complement and
coagulation cascades both in the intestines and skins. Twenty of DEGs involved in complement and coagulation
cascades were further validated by Real-time quantitative PCR. Altogether, the results obtained in this study will
provide insight into the immune response of zebrafish against S. agalactiae XQ-1 infection in fatal conditions, and
reveal the discrepant expression pattern of complement and coagulation cascades in the intestines and skins.

Skin
Immune response
Streptococcus agalactiae XQ-1

1. Introduction Streptococcus iniae and Streptococcus agalactiae [1]. In mammals, Group
A streptococcus (S. pyogenes) is a leading trigger of peripartum sepsis,

Streptococcal bacteria are a versatile group of gram-positive bac- cellulitis, bacteremia, necrotizing fasciitis and streptococcal toxic shock
teria, and cause invasive infections in humans and aquacultures. The syndrome [2,3]. The pneumococcus (S. pneumoniae) is the major cause
most relevant streptococcal species include the human-specific of community acquired pneumonia (CAP) and bacterial meningitis
Streptococcus pneumoniae and Streptococcus pyogenes, and the zoonotic [4,5], and rare cause of infective endocarditis (IE), purulent
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Fig. 1. S. agalactiae infection in zebrafish. (A) The
wildtype zebrafish injected with PBS in the breeding
container. (B) The wildtype zebrafish injected with S.
agalactiae XQ-1 in the breeding container. The sus-
ceptible fish with darkened colouration were in-
dicated in red arrows. (C) The dead zebrafish in-
fected with S. agalactiae XQ-1. The visible cerebral
edema or severe inflammation were circled in red.
(D) The control zebrafish injected with PBS. (E) The
survival curves of adult zebrafish injected with PBS
or S. agalactiae XQ-1. Groups of 20 fish were used for
survival assays. The survival curves were compared
statistically significant difference using the Log-Rank
Test. (F) Bacterial loads at 24 hpi and 48 hpi in the
zebrafish injected with S. agalactiae XQ-1. The dif-
fused liver and spleen were homogenated, and then
serial dilutions of the homogenates were plated onto
BHI agar. (For interpretation of the references to
color in this figure legend, the reader is referred to
the Web version of this article).

Table 1

Ratio of mapping to zebrafish genome.
Sample Total Read pairs Total mapped reads Clean base (bp) Q20(%) Q30(%) GC(%)
WT-124-1PBS 27,183,998 21,372,452(78.62%) 8,155,199,400 97.8;96.7 93.9;91.2 47.6;47.6
WT-124-2PBS 27,086,476 20,695,946(76.41%) 8,125,942,800 97.7;96.2 93.8;90.1 47.3;47.3
WT-148-1PBS 22,731,575 17,876,084(78.64%) 6,819,472,500 97.7;98.0 94.2;94.4 46.3;46.3
WT-148-2PBS 23,437,590 18,547,869(79.14%) 7,031,277,000 97.7,97.8 94.2;94.0 47.1;47.1
WT-S24-1PBS 27,252,697 21,186,800(77.74%) 8,175,809,100 97.7;96.8 93.8;91.5 47.9;47.9
WT-S24-2PBS 22,285,415 17,325,402(77.74%) 6,685,624,500 97.6;96.9 93.7;91.8 48.1;48.1
WT-S48-1PBS 26,777,697 20,773,513(77.58%) 8,033,309,100 97.6;97.0 93.7;91.9 47.8;47.9
WT-S48-2PBS 28,236,029 21,836,462(77.34%) 8,470,808,700 97.7;96.1 93.9;89.8 47.7;47.7
WT-124-1 26,818,144 19,947,494(74.38%) 8,045,443,200 98.2;97.8 95.3;94.0 47.5;47.4
WT-124-2 29,809,873 22,297,581(74.80%) 8,942,961,900 98.2;97.7 95.3;93.7 47.6;47.5
WT-148-1 27,734,787 21,358,439(77.01%) 8,320,436,100 98.2;97.8 95.3;93.9 48.3;48.3
WT-148-2 22,044,226 17,049,803(77.34%) 6,613,267,800 98.2;97.9 95.3;94.1 48.4;48.4
WT-S24-1 23,954,705 17,436,028(72.79%) 7,186,411,500 98.0;97.6 95.0;93.8 48.7;48.7
WT-S24-2 20,964,362 15,423,517(73.57%) 6,289,308,600 97.9;,97.7 94.8;93.9 48.7;48.6
WT-S48-1 24,736,167 18,172,123(73.46%) 7,420,850,100 98.1;97.3 95.1;92.8 48.1;48.0
WT-548-2 24,232,795 17,645,946(72.82%) 7,269,838,500 98.0;97.5 95.0;93.2 47.9;47.8

pericarditis, septic arthritis, osteomyelitis, epidural and brain abscess
[6]. The zoonotic streptococci can also cause opportunistic infections in
humans. For instance, the Group B streptococcus (S. agalactiae) is an
important cause of invasive infection in three populations including

neonates and other infants, pregnant women and older adults with
underlying chronic illness [6]. The most common clinical outcomes of a
S. agalactiae infection in neonates are pneumonia, sepsis and meningitis

[7].
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Fig. 2. RNAseq profiling in adult zebrafish injected with PBS and S. agalactiae XQ-1. (A) Heatmap analysis for transcriptomic data of intestine samples at 24 hpi and
48 hpi from the adult zebrafish injected with PBS and S. agalactiae XQ-1. (B) Heatmap analysis for transcriptomic data of skin samples at 24 hpi and 48 hpi from the
adult zebrafish injected with PBS and S. agalactiae XQ-1. (C) Up- and down-regulated differentially expressed genes or isoforms from the intestine and skin samples
collected at 24 hpi and 48 hpi. The up-regulated DEGs were highlighted in green, and down-regulated DEGs in red. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article).
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Fig. 3. Gene ontology (GO) analysis of the deferentially expressed genes. (A) Top 30 GO terms were enriched as biochemical processes (BP), cellular components
(CQ), or molecular function (MF) for down-regulated DEGs in the intestines at 24 hpi. Those pathways involved in immune system process or immune response were
highlighted in the color. (B) Top 30 GO terms were enriched as BP, CC or MF for up-regulated DEGs in the intestines at 24 hpi. Those pathways involved in the
regulation of cell death or apoptotic process were highlighted in the color. (C) Top 30 GO terms were enriched as BP, CC or MF for down-regulated DEGs in the
intestines at 48 hpi. Those pathways involved in metabolic process were highlighted in the color. (D) Top 30 GO terms were enriched as BP, CC or MF for up-
regulated DEGs in the intestines at 48 hpi. Those pathways involved in metabolic process were highlighted in the color. (E) Top 30 GO terms were enriched as BP, CC
or MF for DEGs in the skins at 24 hpi. The pathway involved in immune response was highlighted in the color. (F) Top 30 GO terms were enriched as BP, CC or MF for
DEGs in the skins at 48 hpi. Those pathways involved in development biological process were highlighted in the color. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article).

In addition to infect mammals, S. agalactiae is also a major aqua-
culture pathogen infecting various saltwater and freshwater fish such as
giant grouper [8], Javanese medaka [9], tilapia [10] and catfish [11].
Outbreaks of streptococcosis due to S. agalactiae infection have been
described in wild fish and farmed fish [12-14]. Accordingly, different
strategies used for the prevention of S. agalactiae infections have been
developed, with 3 kinds of vaccines including formalin-killed vaccine,
live attenuated vaccine and DNA vaccine [15-19]. Although many
studies have characterized the molecular pathogenesis of S. agalactiae
disease in mammals [20-22] and the immune responses to S. agalactiae
infection in human, bovine and tilapia [23-27], the molecular me-
chanisms of host factors in response to S. agalactiae infection are lim-
ited.

With many similarities to mammalian systems, the zebrafish (Danio
rerio) has a well-developed immune system, and is used as a valuable
vertebrate model for the study of infectious diseases threatening both
human health and aquaculture [28-30]. Multiple streptococcal infec-
tion models including S. agalactiae have already been established in
zebrafish [1,31,32]. Several other studies used the natural interaction
occurring between S. agalactiae and the zebrafish to understand S.
agalactiae virulence and fish immunity [31,33,34]. However these stu-
dies regarding host factors in response to S. agalactiae infection were
focused on the characterization of the expression of acute phase pro-
teins and pro-inflammatory cytokines by suppression subtractive hy-
bridization and/or qRT-PCR [31,35].

Despite transcriptome sequencing has been extensively utilized in
fish immunology, only few transcriptomic studies were conducted in
tilapia against S. agalactiae infection [23-25]. Up to date, no studies
have systematically examined the innate immune response for the adult
zebrafishwith the S. agalactice infection through a high throughput
method. Our preliminary experiments showed that the two time points
at 24 h post-injection (hpi) and 48 hpi were suitable for samples col-
lection, which could both reflect the bacterial proliferation and elim-
inate the stress response of small volume infection. Therefore, we ex-
amined transcriptional profiles of the intestines and skins at the two
time points following experimental infection with S. agalactiae. Our
data suggest that S. agalactiae infection influences multiple immune-
related pathways which provide leads for functional studies of host-
pathogen interactions. Furthermore, the present study for WT zebrafish-
S. agalactiae infection will be extremely useful for better understanding
of the molecular mechanism of S. agalactiae infection in susceptible and
resistant populations generated by forward and reverse genetics ap-
proaches.

2. Materials and methods
2.1. Zebrafish

Wild-type AB/TU zebrafish were obtained from the China Zebrafish
Resource Center (CZRC), and raised at 28 °C on a 12h/12h light/dark
cycle in the flow-through system. Wild-type adult zebrafish (7 months
old) were used throughout this study.

2.2. Bacterial strain

Streptococcus agalactiae XQ-1 strains were kindly given by Professor

Ai-Hua Li from the same institute, and cultured in Brain Heart Infusion
(BHI) medium at 37 °C.

2.3. Infection of zebrafish

Groups of zebrafish (30 fish per group) were injected in-
traperitoneally PBS or S. agalactiae strains (6.25 x 10° cfu/ul). For in-
traperitoneal injection, anesthetized fish were placed supine and sup-
ported by the moistened gauze. The needle was inserted up to the end of
its bevel, and 10 pul of PBS or bacterial suspension was injected.

Groups of 20 fish were used for survival assays. The number of
surviving zebrafish was counted daily for 5 days. GraphPad Prism 6 was
used to generate survival curves, and the log-rank test was used to test
differences in survival between the WT zebrafish injected with PBS and
WT zebrafish injected with S. agalactiae.

Groups of 3 fish at each time point were used for measuring bac-
terial burden, transcriptome sequencing and qRT-PCR verification. The
mixture of liver and spleen at 24 hpi and 48 hpi were rinsed and lysed
in 500 pl of PBS. Serial dilutions of the homogenates were plated onto
BHI agar, and CFU were enumerated after 12-16h of incubation at
37 °C. The skins and intestines from groups of 3 fish at each time point
were flash-frozen in liquid nitrogen and stored at —80 °C until RNA
extraction.

2.4. RNA isolation, cDNA library construction and RNA sequencing

Total RNA from skins and intestines collected at 24 hpi and 48 hpi
was extracted using the TRIzol® Reagent (Invitrogen) following the
manufacturer's protocol. RNA integrity was assessed using an Agilent
2100 bioanalyzer (Agilent, USA). Samples with RNA integrity numbers
(RINs) = 7.5 were subjected to cDNA library construction using
TruseqTM RNA sample prep Kit (Illumina). Raw reads were produced
by an Illumina Hiseq platform.

2.5. Transcriptome data analysis

The differentially expressed genes (DEGs) between the WT zebrafish
injected with PBS and WT zebrafish injected with S. agalactiae were
identified based on FDR (false discovery rate) < 0.05,log>FC (fold
change (condition 2/condition 1) for a gene) > 1 or log,FC < —1.
Gene Ontology (GO) enrichment analysis of the DEGs was implemented
by the GOseq R package using Hyper-geometric distribution.
Significantly enriched pathways of these DEGs were then determined by
KEGG (Kyoto Encyclopedia of Genes and Genomes) database.
Bonferroni correction was used to adjust p-values. GO terms and KEGG
pathways with adjusted p value (Q-Value) < 0.05 were considered
significantly enriched. Protein-protein interaction (PPI) analysis of
DEGs was based on the Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING) database. Cytoscape software was applied to
visualize the protein network.

2.6. qRT-PCR validation of DEGs
gRT-PCR analysis was performed to validate the DEGs involved in

the complement and coagulation cascades pathway under the following
conditions: 3 min at 95 °C, followed by 50 cycles of 15sat 94 °C, 15s at
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Table 2
KEGG pathway enrichment analysis of intestine samples from WT-PBS and WT-S. agalactiae collected at 24 hpi.

Pathway Hierarchy2 KEGG Pathway Pathway ID Gene Number Background number Q-Value
Up DEGs

Immune system Complement and coagulation cascades ko04610 63 132 1.43E-19
Replication and repair DNA replication ko03030 32 40 2.13E-19
Cell growth and death Cell cycle - yeast ko04111 44 91 4.29E-14
Cell growth and death Cell cycle ko04110 60 163 1.22E-12
Replication and repair Fanconi anemia pathway ko03460 30 59 2.28E-10
Replication and repair Mismatch repair ko03430 17 22 6.60E-10
Cell growth and death Meiosis - yeast ko04113 32 72 3.02E-09
Replication and repair Homologous recombination ko03440 21 37 1.64E-08
Replication and repair Base excision repair ko03410 20 48 2.68E-05
Replication and repair Nucleotide excision repair ko03420 19 44 2.68E-05
Nucleotide metabolism Pyrimidine metabolism ko00240 37 129 6.54E-05
Nucleotide metabolism Purine metabolism k000230 52 236 2.67E-03
Cell growth and death Oocyte meiosis ko04114 33 148 3.26E-02
Down DEGs

Translation Ribosome ko03010 35 134 1.07E-08
Immune system Antigen processing and presentation ko04612 28 102 1.16E-07
Immune system Th17 cell differentiation ko04659 36 158 1.16E-07
Immune system T cell receptor signaling pathway ko04660 33 144 3.61E-07
Signal transduction NF-kappa B signaling pathway ko04064 30 132 1.38E-06
Immune system Intestinal immune network for IgA production ko04672 22 78 1.38E-06
Immune system Th1 and Th2 cell differentiation ko04658 30 132 1.38E-06
Immune system Fc epsilon RI signaling pathway ko04664 24 104 1.64E-05
Immune system Hematopoietic cell lineage ko04640 27 126 1.64E-05
Immune system Natural killer cell mediated cytotoxicity ko04650 28 137 2.50E-05
Energy metabolism Methane metabolism ko00680 13 41 1.29E-04
Carbohydrate metabolism Glycolysis/Gluconeogenesis ko00010 19 85 2.95E-04
Signal transduction FoxO signaling pathway ko04068 33 202 3.71E-04
Signaling molecules and interaction Cytokine-cytokine receptor interaction ko04060 43 296 4.25E-04
Overview Carbon metabolism ko01200 25 143 1.03E-03
Environmental adaptation Circadian rhythm ko04710 13 51 1.18E-03
Signal transduction HIF-1 signaling pathway ko04066 25 146 1.29E-03
Overview Degradation of aromatic compounds ko01220 5 8 1.52E-03
Development Osteoclast differentiation ko04380 27 166 1.52E-03
Energy metabolism Carbon fixation in photosynthetic organisms ko00710 10 34 1.75E-03
Lipid metabolism Linoleic acid metabolism ko00591 10 35 2.18E-03
Endocrine system PPAR signaling pathway ko03320 18 94 2.27E-03
Endocrine system Insulin signaling pathway ko04910 29 196 3.84E-03
Immune system B cell receptor signaling pathway ko04662 21 127 5.31E-03
Metabolism of cofactors and vitamins Retinol metabolism ko00830 14 71 7.31E-03
Aging Longevity regulating pathway - worm ko04212 19 115 8.97E-03
Transport and catabolism Lysosome ko04142 26 180 9.29E-03
Lipid metabolism Primary bile acid biosynthesis ko00120 8 29 9.35E-03
Environmental adaptation Circadian rhythm - fly ko04711 6 17 9.41E-03
Signal transduction AMPK signaling pathway ko04152 26 183 1.07E-02
Immune system Fc gamma R-mediated phagocytosis ko04666 22 148 1.32E-02
Digestive system Fat digestion and absorption ko04975 11 54 1.57E-02
Sensory system Inflammatory mediator regulation of TRP channels ko04750 23 161 1.67E-02
Signal transduction VEGF signaling pathway ko04370 16 97 1.71E-02
Transport and catabolism Autophagy - animal ko04140 27 201 1.71E-02
Signal transduction ErbB signaling pathway ko04012 19 125 1.74E-02
Signal transduction Ras signaling pathway ko04014 41 346 1.74E-02
Carbohydrate metabolism Fructose and mannose metabolism ko00051 10 49 1.96E-02
Lipid metabolism Arachidonic acid metabolism ko00590 14 82 1.96E-02
Endocrine system Ovarian Steroidogenesis ko04913 23 165 1.96E-02
Signal transduction MAPK signaling pathway ko04010 44 385 2.20E-02
Signal transduction Phospholipase D signaling pathway ko04072 32 259 2.20E-02
Lipid metabolism alpha-Linolenic acid metabolism ko00592 7 28 2.20E-02
Xenobiotics biodegradation and metabolism Naphthalene degradation ko00626 3 5 2.20E-02
Aging Longevity regulating pathway - multiple species ko04213 16 102 2.20E-02
Immune system Toll-like receptor signaling pathway ko04620 19 131 2.36E-02
Signal transduction PI3K-Akt signaling pathway ko04151 55 513 2.65E-02
Folding, sorting and degradation RNA degradation ko03018 14 88 3.09E-02
Digestive system Mineral absorption ko04978 11 62 3.14E-02
Carbohydrate metabolism Pyruvate metabolism ko00620 10 54 3.24E-02
Carbohydrate metabolism Pentose phosphate pathway ko00030 7 32 4.24E-02
Signaling molecules and interaction Cell adhesion molecules (CAMs) ko04514 31 264 4.41E-02
Endocrine system Adipocytokine signaling pathway ko04920 16 113 4.98E-02

51-57 °C and 30 s at 72 °C. All reactions were performed in triplicate in

a 96 well plate and the mean value recorded. Those DEGs for validation
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Table 3
KEGG pathway enrichment analysis of intestine samples from WT-PBS and WT-S. agalactiae collected at 48 hpi.

Pathway Hierarchy2 KEGG Pathway Pathway ID Gene Number Background number Q-Value
Up DEGs

Translation RNA transport ko03013 103 189 2.07E-14
Replication and repair Fanconi anemia pathway ko03460 45 59 1.43E-13
Translation Ribosome biogenesis in eukaryotes ko03008 54 85 3.79E-11
Replication and repair Homologous recombination ko03440 28 37 2.76E-08
Cell growth and death Cell cycle - yeast ko04111 50 91 2.09E-07
Transcription Spliceosome ko03040 72 149 2.09E-07
Folding, sorting and degradation Ubiquitin mediated proteolysis ko04120 77 167 6.82E-07
Replication and repair DNA replication ko03030 27 40 1.64E-06
Replication and repair Mismatch repair ko03430 18 22 2.22E-06
Folding, sorting and degradation RNA degradation ko03018 45 88 1.21E-05
Cell growth and death Cell cycle ko04110 71 163 2.12E-05
Replication and repair Nucleotide excision repair ko03420 27 44 2.12E-05
Nucleotide metabolism Pyrimidine metabolism ko00240 59 129 2.31E-05
Endocrine system Progesterone-mediated oocyte maturation ko04914 53 120 2.59E-04
Cell growth and death Meiosis - yeast ko04113 35 72 6.15E-04
Transcription RNA polymerase ko03020 20 34 9.49E-04
Translation mRNA surveillance pathway ko03015 41 96 4.72E-03
Transcription Basal transcription factors ko03022 23 46 6.68E-03
Replication and repair Base excision repair ko03410 22 48 3.57E-02
Cell growth and death Oocyte meiosis ko04114 54 148 4.55E-02
Down DEGs

Translation Ribosome ko03010 89 134 1.15E-29
Xenobiotics biodegradation and metabolism Metabolism of xenobiotics by cytochrome P450 ko00980 40 59 1.71E-13
Xenobiotics biodegradation and metabolism Drug metabolism - cytochrome P450 ko00982 38 56 5.64E-13
Energy metabolism Oxidative phosphorylation ko00190 68 147 1.68E-11
Transport and catabolism Peroxisome ko04146 54 106 3.08E-11
Digestive system Fat digestion and absorption ko04975 34 54 1.96E-10
Signaling molecules and interaction Cytokine-cytokine receptor interaction ko04060 105 296 4.40E-09
Immune system Th1 and Th2 cell differentiation ko04658 57 132 1.98E-08
Metabolism of cofactors and vitamins Retinol metabolism ko00830 37 71 3.33E-08
Immune system Th17 cell differentiation ko04659 64 158 3.50E-08
Endocrine system PPAR signaling pathway ko03320 44 94 6.27E-08
Lipid metabolism Glycerolipid metabolism ko00561 38 76 6.89E-08
Lipid metabolism Steroid hormone biosynthesis ko00140 30 57 6.43E-07
Lipid metabolism Fatty acid degradation ko00071 29 57 2.68E-06
Carbohydrate metabolism Pentose and glucuronate interconversions ko00040 22 38 4.27E-06
Carbohydrate metabolism Ascorbate and aldarate metabolism ko00053 21 36 6.34E-06
Amino acid metabolism Arginine and proline metabolism ko00330 34 79 2.95E-05
Signal transduction TNF signaling pathway ko04668 54 152 5.02E-05
Lipid metabolism Glycerophospholipid metabolism ko00564 48 130 5.02E-05
Signal transduction NF-kappa B signaling pathway ko04064 48 132 7.79E-05
Metabolism of other amino acids Glutathione metabolism ko00480 32 76 8.39E-05
Lipid metabolism Steroid biosynthesis ko00100 14 22 1.05E-04
Digestive system Vitamin digestion and absorption ko04977 21 42 1.24E-04
Immune system Antigen processing and presentation ko04612 39 102 1.24E-04
Lipid metabolism Arachidonic acid metabolism ko00590 33 82 1.49E-04
Development Osteoclast differentiation ko04380 56 166 1.49E-04
Digestive system Protein digestion and absorption ko04974 52 151 1.49E-04
Immune system T cell receptor signaling pathway ko04660 50 144 1.57E-04
Amino acid metabolism Tryptophan metabolism ko00380 25 56 1.84E-04
Cell growth and death Necroptosis ko04217 73 236 2.17E-04
Lipid metabolism Primary bile acid biosynthesis ko00120 16 29 2.18E-04
Lipid metabolism Linoleic acid metabolism ko00591 18 35 2.36E-04
Overview Carbon metabolism ko01200 49 143 2.41E-04
Carbohydrate metabolism Amino sugar and nucleotide sugar metabolism ko00520 27 64 2.58E-04
Digestive system Bile secretion ko04976 62 195 3.01E-04
Amino acid metabolism Glycine, serine and threonine metabolism ko00260 22 49 4.06E-04
Carbohydrate metabolism Fructose and mannose metabolism ko00051 22 49 4.06E-04
Immune system Toll-like receptor signaling pathway ko04620 45 131 4.06E-04
Lipid metabolism Sphingolipid metabolism ko00600 29 73 4.44E-04
Lipid metabolism alpha-Linolenic acid metabolism ko00592 15 28 4.82E-04
Immune system RIG-I-like receptor signaling pathway ko04622 33 88 5.29E-04
Immune system Natural killer cell mediated cytotoxicity ko04650 46 137 5.74E-04
Circulatory system Cardiac muscle contraction ko04260 43 127 7.58E-04
Lipid metabolism Ether lipid metabolism ko00565 25 62 9.37E-04
Endocrine system Aldosterone synthesis and secretion ko04925 64 214 1.32E-03
Xenobiotics biodegradation and metabolism Drug metabolism - other enzymes ko00983 24 60 1.38E-03
Digestive system Pancreatic secretion ko04972 53 170 1.38E-03
Immune system Fc epsilon RI signaling pathway ko04664 36 104 1.45E-03
Signal transduction Jak-STAT signaling pathway ko04630 55 179 1.51E-03
Carbohydrate metabolism Galactose metabolism ko00052 17 37 1.51E-03
Endocrine system Adipocytokine signaling pathway ko04920 38 113 1.81E-03
Environmental adaptation Circadian rhythm ko04710 21 51 1.88E-03

(continued on next page)
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Pathway Hierarchy?2 KEGG Pathway Pathway ID Gene Number Background number Q-Value
Carbohydrate metabolism Glycolysis/Gluconeogenesis ko00010 30 85 2.82E-03
Immune system NOD-like receptor signaling pathway ko04621 65 225 2.82E-03
Immune system Intestinal immune network for IgA production ko04672 28 78 3.07E-03
Overview Fatty acid metabolism ko01212 26 71 3.29E-03
Sensory system Inflammatory mediator regulation of TRP channels ko04750 49 161 3.53E-03
Signal transduction MAPK signaling pathway - plant ko04016 10 18 3.87E-03
Cell growth and death Ferroptosis ko04216 23 61 3.93E-03
Endocrine system Renin-angiotensin system ko04614 12 24 3.93E-03
Immune system Hematopoietic cell lineage ko04640 40 126 3.98E-03
Immune system B cell receptor signaling pathway ko04662 40 127 4.65E-03
Digestive system Mineral absorption ko04978 23 62 4.78E-03
Lipid metabolism Biosynthesis of unsaturated fatty acids ko01040 14 31 4.91E-03
Overview Degradation of aromatic compounds ko01220 6 8 4.91E-03
Biosynthesis of other secondary metabolites Penicillin and cephalosporin biosynthesis ko00311 4 4 6.34E-03
Metabolism of other amino acids p-Arginine and p-ornithine metabolism ko00472 4 4 6.34E-03
Carbohydrate metabolism Citrate cycle (TCA cycle) ko00020 16 39 7.34E-03
Metabolism of other amino acids beta-Alanine metabolism ko00410 16 39 7.34E-03
Amino acid metabolism Histidine metabolism ko00340 13 29 7.41E-03
Signal transduction Phosphatidylinositol signaling system ko04070 41 139 1.39E-02
Immune system Chemokine signaling pathway ko04062 76 290 1.47E-02
Immune system Fc gamma R-mediated phagocytosis ko04666 43 148 1.47E-02
Immune system IL-17 signaling pathway ko04657 35 115 1.47E-02
Signal transduction PI3K-Akt signaling pathway ko04151 125 513 1.76E-02
Glycan biosynthesis and metabolism Mucin type O-glycan biosynthesis ko00512 17 46 1.79E-02
Digestive system Carbohydrate digestion and absorption ko04973 20 58 2.13E-02
Xenobiotics biodegradation and metabolism Chloroalkane and chloroalkene degradation ko00625 7 13 2.28E-02
Xenobiotics biodegradation and metabolism Naphthalene degradation ko00626 4 5 2.28E-02
Amino acid metabolism Tyrosine metabolism ko00350 15 40 2.38E-02
Glycan biosynthesis and metabolism Other glycan degradation ko00511 11 26 2.43E-02
Carbohydrate metabolism Inositol phosphate metabolism ko00562 33 111 2.49E-02
Endocrine system Glucagon signaling pathway ko04922 42 149 2.57E-02
Cell growth and death Apoptosis ko04210 71 276 2.72E-02
Energy metabolism Methane metabolism ko00680 15 41 2.91E-02
Carbohydrate metabolism Starch and sucrose metabolism ko00500 16 45 3.01E-02
Lipid metabolism Fatty acid elongation ko00062 16 45 3.01E-02
Endocrine system Renin secretion ko04924 34 117 3.01E-02
Xenobiotics biodegradation and metabolism Caprolactam degradation ko00930 5 8 3.08E-02
Environmental adaptation Circadian rhythm - fly ko04711 8 17 3.11E-02
Energy metabolism Sulfur metabolism ko00920 6 11 3.34E-02
Sensory system Phototransduction - fly ko04745 16 46 3.62E-02
Carbohydrate metabolism Pyruvate metabolism ko00620 18 54 3.83E-02
Membrane transport ABC transporters ko02010 19 58 3.87E-02
Transport and catabolism Lysosome ko04142 48 180 4.03E-02
Signal transduction c¢GMP - PKG signaling pathway ko04022 73 294 5.00E-02
GenelD:101884308), f7i (NM_173228.1, GenelD:282671), F13A1L 3. Results

(XM_681557.8 GenelD:558353), FGA (NM_001194989.1,
GenelD:378986), FGB (NM_212774.1, GenelD:337315), FGG
(NM_213054.1, GenelD:406327), MBL (XM_001341879.6,
GenelD:100007982), PLG (NM_201472.2, GenelD:322691), VTN
(NM_001139461.1  GenelD:403026), SERPINF2 (XM_683705.7,
GenelD:560308), SERPINC1 (NM_182863.1, GenelD:321545) and
SERPINE1 (NM_001114559.1, GeneID:100136840). The housekeeping
gene GAPDH was used for normalizing cDNA amounts. The primers
specific for the interested DEGs were listed in Supplementary Table 1.

2.7. Statistical analysis

Expression data by qRT-PCR are presented as means and standard
error of mean (SEM). Two-tailed Student's t-test were used to compare
means and SEM between groups. All data are representative of three
biologic replications. The level of significance is shown as follows: *,
p < 0.05; **,p < 0.01. Significance testing in the cumulative survival
analysis used Log Rank test.
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3.1. S. agalactiae infection in zebrafish

Previous study showed that infection with 10°cfu S. agalactiae
FIM314 resulted in the death of all zebrafish for both intraperitoneal
and intramuscular routes within 3-4 days [31]. In order to investigate
the virulence capacity of S. agalactiae XQ-1 strain, group of 20 adult fish
were challenged with 6.25 x 10° cfu per fish. Compared with control
zebrafish injected with PBS (Fig. 1A), susceptible fish showed erratic
swimming behavior or swimming abnormally near the surface of the
water with darkened colouration (Fig. 1B). The dead zebrafish infected
with S. agalactiae XQ-1 appeared visible cerebral edema or severe in-
flammation (Fig. 1C). Control fish exhibited no abnormal behaviors,
symptom-free and no death throughout these experiments (Fig. 1A and
Fig. 1D). Intraperitoneal injections caused mortalities from 1 to 4 days
post-injection (dpi), with the survival rate of 75% at 1 dpi, 60% at 2 dpi,
40% at 3 dpi, 30% at 4 and 5 dpi (Fig. 1E). Internal organs of diffused
liver and spleen were harvested from infected zebrafish and analyzed
for S. agalactiae XQ-1 by plating on BHI agar. Viable S. agalactiae XQ-1
organisms (> 10° CFU) could be detected in internal organs (Fig. 1F). A
PCR and sequence analysis of selected colonies isolated from infected
zebrafish confirmed these as S. agalactiae XQ-1.
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Table 4

KEGG pathway enrichment analysis of skin samples from WT-PBS and WT-S. agalactiae collected at 24 hpi.
Pathway Hierarchy2 KEGG Pathway Pathway ID Gene Number Background number Q-Value
Up DEGs
Immune system IL-17 signaling pathway ko04657 15 115 0.010
Circulatory system Cardiac muscle contraction ko04260 15 127 0.016
Development Osteoclast differentiation ko04380 17 166 0.023
Down DEGs
Immune system Complement and coagulation cascades ko04610 43 132 1.80E-20
Immune system Antigen processing and presentation ko04612 21 102 9.25E-06
Xenobiotics biodegradation and metabolism Drug metabolism - cytochrome P450 ko00982 14 56 7.82E-05
Carbohydrate metabolism Glycolysis/Gluconeogenesis ko00010 16 85 5.18E-04
Xenobiotics biodegradation and metabolism Metabolism of xenobiotics by cytochrome P450 ko00980 13 59 5.18E-04
Digestive system Protein digestion and absorption ko04974 22 151 6.69E-04
Transport and catabolism Phagosome ko04145 27 231 3.23E-03
Lipid metabolism Steroid biosynthesis ko00100 7 22 3.23E-03
Cellular community - eukaryotes Focal adhesion ko04510 33 334 1.28E-02
Signaling molecules and interaction ECM-receptor interaction ko04512 16 118 1.28E-02
Metabolism of other amino acids Glutathione metabolism ko00480 12 76 1.45E-02
Nervous system Serotonergic synapse ko04726 21 184 1.67E-02
Energy metabolism Methane metabolism ko00680 8 41 2.39E-02
Signal transduction PI3K-Akt signaling pathway ko04151 43 513 3.36E-02
Lipid metabolism Linoleic acid metabolism ko00591 7 35 3.36E-02
Digestive system Fat digestion and absorption ko04975 9 54 3.36E-02
Amino acid metabolism Arginine and proline metabolism ko00330 11 79 3.73E-02
Amino acid metabolism Phenylalanine metabolism ko00360 5 19 3.73E-02
Immune system Hematopoietic cell lineage ko04640 15 126 3.73E-02
Nervous system Glutamatergic synapse ko04724 21 204 3.73E-02
Digestive system Pancreatic secretion ko04972 18 170 4.96E-02

3.2. RNA sequencing results

To investigate the gene changes related to S. agalactiae XQ-1 in-
fection, total RNA was extracted from skin and intestine samples from
adult zebrafish injected with PBS or S. agalactiae XQ-1. Quality control
analyses and reads mapped information are shown in Table 1. Com-
paring with the reference sequence of the genome (http://asia.ensembl.
org/Danio_rerio/Info/Index), more than 70% of total read pairs were
mapped on the zebrafish genome (Table 1).

3.3. Differential gene expression analysis

The transcriptomes of intestines and skins isolated from adult zeb-
rafish at 24 hpi and 48 hpi with or without S. agalactiae XQ-1 infection
were obtained using RNASeq analysis (Fig. 2A and B). Along with the
known transcripts, RNASeq analysis detected also many variants of
known transcripts and novel transcripts. Comparing the intestine pro-
files from the zebrafish injected with PBS and S. agalactiae XQ-1, 6735
and 12908 DEGs were revealed at 24 hpi and 48 hpi, respectively.
Among these genes, 4288 were up-regulated (3918 known transcripts)
while 2447 were down-regulated (2109 known transcripts) at 24 hpi,
6804 were up-regulated (6493 known transcripts) while 6104 were
down-regulated (5421 known transcripts) at 48 hpi. Differential tran-
script/isoform expression analyses revealed 8708 and 22748 differen-
tially expressed isoforms (DEIs) at 24 hpi and 48 hpi, respectively.
Among these isoforms, 5264 were up-regulated (3333 known tran-
scripts) while 3444 were down-regulated (1821 known transcripts) at
24 hpi, 12567 were up-regulated (8460 known transcripts) while 10181
were down-regulated (5737 known transcripts) at 48 hpi (Fig. 2C).

Comparing the skin profiles from the zebrafish injected with PBS
and S. agalactiae XQ-1, 3113 and 4467 DEGs were revealed at 24 hpi
and 48 hpi, respectively. Among these genes, 1342 were up-regulated
(1140 known transcripts) while 1771 were down-regulated (1607
known transcripts) at 24 hpi, 2200 were up-regulated (1961 known
transcripts) while 2267 were down-regulated (2105 known transcripts)
at 48 hpi. 7791 and 6705 DEIs were found at 24 hpi and 48 hpi, re-
spectively. Among these isoforms, 3590 were up-regulated (1849
known transcripts) while 4201 were down-regulated (2515 known
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transcripts) at 24 hpi, 3546 were up-regulated (1992 known tran-
scripts) while 3159 were down-regulated (1986 known transcripts) at
48 hpi (Fig. 20).

3.4. GO enrichment analysis of DEGs

To explore the biological functions of these DEGs, GO analysis was
performed based on the GO annotation terms. Enriched GO terms were
classified to biological process (BP) class, cellular component (CC) class
and molecular function (MF) class. For the intestines at 24 hpi, 18 out of
the top 30 GO terms differently enriched downregulated genes were
involved in immune system process or immune response (Fig. 3A), and
6 out of the top 30 GO terms differently enriched upregulated genes
belonged to regulation of cell death or apoptotic process (Fig. 3B). For
the intestines at 48 hpi, 9 and 10 out of the top 30 GO terms differently
enriched downregulated and upregulated genes were involved in me-
tabolic process (Fig. 3C and D). For the skins at 24 hpi, only 1 out of the
top 30 GO terms differently enriched genes were involved in immune
response, however the numbers of DEGs involved in immune response
were the highest according to BP class (Fig. 3E). For the skins at 48 hpi,
11 out of the top 30 GO terms differently enriched genes were involved
in development biological process (Fig. 3F).

3.5. KEGG pathway enrichment analysis

KEGG analysis significantly identified multiple immune-related
pathways. Among 66 pathways for DEGs in the intestines at 24 hpi, 15
pathways involved in immune system or signal transduction were
identified, which included Complement and coagulation cascades,
Antigen processing and presentation, Th17 cell differentiation, T cell
receptor signaling pathway, NF-kappa B signaling pathway, Intestinal
immune network for IgA production, Th1 and Th2 cell differentiation,
Fc epsilon RI signaling pathway, Hematopoietic cell lineage, Natural
killer cell mediated cytotoxicity, B cell receptor signaling pathway, Fc
gamma R-mediated phagocytosis, MAPK signaling pathway, Toll-like
receptor signaling pathway and PI3K-Akt signaling pathway (Table 2).
Among 116 pathways for DEGs in the intestines at 48 hpi, 21 pathways
involved in immune system or signal transduction were identified,
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Table 5

KEGG pathway enrichment analysis of skin samples from WT-PBS and WT-S. agalactiae collected at 48 hpi.
Pathway Hierarchy2 KEGG Pathway Pathway ID Gene Number Background number Q-Value
Up DEGs
Cellular community - eukaryotes Focal adhesion ko04510 59 334 1.98E-07
Immune system Leukocyte transendothelial migration ko04670 42 228 8.01E-06
Signaling molecules and interaction Cytokine-cytokine receptor interaction ko04060 49 296 1.45E-05
Cell motility Regulation of actin cytoskeleton ko04810 54 359 6.15E-05
Signal transduction PI3K-Akt signaling pathway ko04151 69 513 1.11E-04
Cellular community - eukaryotes Tight junction ko04530 44 296 5.45E-04
Carbohydrate metabolism Glycolysis/Gluconeogenesis ko00010 19 85 5.51E-04
Immune system IL-17 signaling pathway ko04657 22 115 1.43E-03
Signaling molecules and interaction ECM-receptor interaction ko04512 22 118 1.72E-03
Signal transduction MAPK signaling pathway ko04010 51 385 1.72E-03
Circulatory system Cardiac muscle contraction ko04260 23 127 1.72E-03
Signal transduction TNF signaling pathway ko04668 25 152 3.93E-03
Transport and catabolism Phagosome ko04145 33 231 5.65E-03
Development Osteoclast differentiation ko04380 26 166 5.65E-03
Immune system Complement and coagulation cascades ko04610 22 132 6.13E-03
Immune system Hematopoietic cell lineage ko04640 21 126 7.72E-03
Signal transduction Jak-STAT signaling pathway ko04630 26 179 1.49E-02
Membrane transport ABC transporters k002010 12 58 1.58E-02
Excretory system Collecting duct acid secretion ko04966 8 30 1.77E-02
Cellular community - prokaryotes Biofilm formation - Escherichia coli k002026 3 4 1.97E-02
Digestive system Bile secretion ko04976 27 195 2.01E-02
Cellular community - eukaryotes Adherens junction ko04520 23 159 2.14E-02
Signal transduction Rapl signaling pathway ko04015 45 381 2.14E-02
Carbohydrate metabolism Pyruvate metabolism ko00620 11 54 2.14E-02
Signal transduction VEGF signaling pathway ko04370 16 97 2.44E-02
Overview Carbon metabolism ko01200 21 143 2.46E-02
Down DEGs
Immune system Complement and coagulation cascades ko04610 38 132 3.58E-11
Xenobiotics biodegradation and metabolism Metabolism of xenobiotics by cytochrome P450 ko00980 21 59 6.87E-08
Xenobiotics biodegradation and metabolism Drug metabolism - cytochrome P450 ko00982 18 56 4.91E-06
Immune system Antigen processing and presentation ko04612 23 102 7.61E-05
Immune system Hematopoietic cell lineage ko04640 26 126 7.65E-05
Metabolism of cofactors and vitamins Retinol metabolism ko00830 18 71 1.24E-04
Digestive system Protein digestion and absorption ko04974 28 151 2.00E-04
Lipid metabolism Steroid hormone biosynthesis ko00140 15 57 3.79E-04
Lipid metabolism Steroid biosynthesis ko00100 9 22 3.90E-04
Xenobiotics biodegradation and metabolism Bisphenol degradation ko00363 4 4 7.87E-04
Immune system Intestinal immune network for IgA production ko04672 17 78 1.07E-03
Signaling molecules and interaction Cell adhesion molecules (CAMs) ko04514 37 264 2.83E-03
Metabolism of other amino acids Glutathione metabolism ko00480 15 76 7.95E-03
Xenobiotics biodegradation and metabolism Aminobenzoate degradation ko00627 6 15 8.40E-03
Digestive system Fat digestion and absorption ko04975 12 54 8.40E-03
Amino acid metabolism Tyrosine metabolism ko00350 10 40 8.55E-03
Metabolism of cofactors and vitamins One carbon pool by folate ko00670 7 21 8.56E-03
Amino acid metabolism Alanine, aspartate and glutamate metabolism k000250 11 48 9.04E-03
Amino acid metabolism Tryptophan metabolism ko00380 12 56 9.41E-03
Digestive system Vitamin digestion and absorption ko04977 10 42 1.04E-02
Excretory system Proximal tubule bicarbonate reclamation ko04964 11 50 1.12E-02
Carbohydrate metabolism Ascorbate and aldarate metabolism ko00053 9 36 1.17E-02
Replication and repair DNA replication ko03030 9 40 2.50E-02
Amino acid metabolism Arginine biosynthesis ko00220 8 33 2.53E-02
Lipid metabolism Arachidonic acid metabolism ko00590 14 82 2.76E-02
Metabolism of cofactors and vitamins Folate biosynthesis ko00790 7 27 2.89E-02
Immune system Th1 and Th2 cell differentiation ko04658 19 132 3.81E-02
Carbohydrate metabolism Glyoxylate and dicarboxylate metabolism ko00630 8 36 3.88E-02
Amino acid metabolism Arginine and proline metabolism ko00330 13 79 4.45E-02
Amino acid metabolism Cysteine and methionine metabolism ko00270 10 53 4.45E-02

which included Cytokine-cytokine receptor interaction, Thl and Th2
cell differentiation, Th17 cell differentiation, TNF signaling pathway,
NF-kappa B signaling pathway, Antigen processing and presentation, T
cell receptor signaling pathway, Toll-like receptor signaling pathway,
RIG-I-like receptor signaling pathway, Natural killer cell mediated cy-
totoxicity, Fc epsilon RI signaling pathway, Jak-STAT signaling
pathway, NOD-like receptor signaling pathway, Intestinal immune
network for IgA production, MAPK signaling pathway, Hematopoietic
cell lineage, B cell receptor signaling pathway, Chemokine signaling
pathway, Fc gamma R-mediated phagocytosis, IL-17 signaling pathway
and PI3K-Akt signaling pathway (Table 3).

Among 24 pathways for DEGs in the skins at 24 hpi, 4 pathways
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involved in immune system or signal transduction were identified,
which included IL-17 signaling pathway, Complement and coagulation
cascades, Antigen processing and presentation and PI3K-Akt signaling
pathway (Table 4). Among 56 pathways for DEGs in the skins at 48 hpi,
13 pathways involved in immune system or signal transduction were
identified, which included Leukocyte transendothelial migration, Cy-
tokine-cytokine receptor interaction, PI3K-Akt signaling pathway, IL-17
signaling pathway, MAPK signaling pathway, TNF signaling pathway,
Complement and coagulation cascades, Hematopoietic cell lineage, Jak-
STAT signaling pathway, Antigen processing and presentation, Hema-
topoietic cell lineage, Intestinal immune network for IgA production
and Thl and Th2 cell differentiation (Table 5).
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Fig. 4. Comparative transcriptome analysis of the common DEGs in the intestines. (A) Venn diagrams showing overlaps of down-regulated genes in intestine samples
collected at 24 hpi and 48 hpi. (B) Venn diagrams showing overlaps of up-regulated genes in intestine samples collected at 24 hpi and 48 hpi. (C) KEGG enrichment
analysis of the common down-regulated genes in intestine samples at 24 hpi and 48 hpi. Those significantly enriched pathways, which were involved in immune
system, were highlighted in red. (D) KEGG enrichment analysis of the common up-regulated genes in intestine samples at 24 hpi and 48 hpi. The significantly
enriched pathway “Complement and coagulation cascades” was highlighted in red. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article).
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Fig. 5. Comparative transcriptome analysis of the common DEGs in the skins. (A) Venn diagrams showing overlaps of down-regulated genes in skin samples collected
at 24 hpi and 48 hpi. (B) Venn diagrams showing overlaps of up-regulated genes in skin samples collected at 24 hpi and 48 hpi. (C) KEGG enrichment analysis of the
common down-regulated genes in skin samples at 24 hpi and 48 hpi. Those significantly enriched pathways, which were involved in immune system, were high-
lighted in red. (D) KEGG enrichment analysis of the common up-regulated genes in skin samples at 24 hpi and 48 hpi. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article).

Comparative transcriptome analysis were further performed for
DEGs at different time points after S. agalactiae XQ-1 infection. In the
intestines, 1618 DEGs were downregulated both at 24 hpi and 48 hpi
(Fig. 4A), whereas 1622 DEGs were upregulated both at 24 hpi and 48
hpi (Fig. 4B). In total 32 significantly enriched KEGG pathways were
revealed for these 1618 common downregulated genes, which include
11 pathways involved in immune system and 14 pathways involved in
metabolism (Supplementary data 1, Fig. 4C). These pathways involved
in immune system include Th17 cell differentiation, Antigen processing
and presentation, Cytokine-cytokine receptor interaction, NF-kappa B
signaling pathway, T cell receptor signaling pathway, Hematopoietic
cell lineage, Thl and Th2 cell differentiation, Intestinal immune net-
work for IgA production, Natural killer cell mediated cytotoxicity, Fc
epsilon RI signaling pathway and PI3K-Akt signaling pathway (Fig. 4C).
For 1622 common upregulated genes, 14 KEGG pathways were sig-
nificantly enriched, which only a pathway “Complement and coagula-
tion cascades” was involved in immune system category (Supplemen-
tary data 2, Fig. 4D).

In the skins, 672 and 428 DEGs both at 24 hpi and 48 hpi were
downregulated and upregulated, respectively (Fig. 5A and B). In total
12 significantly enriched KEGG pathways were revealed for these 672
downregulated DEGs, which include 4 pathways involved in immune
system, 3 pathways involved in digestive system and and 3 pathways
involved in metabolism (Fig. 5C, Supplementary data 3). These path-
ways involved in immune system include Complement and coagulation
cascades, Antigen processing and presentation, Intestinal immune net-
work for IgA production and Hematopoietic cell lineage (Fig. 5C). For
428 upregulated DEGs, only 1 pathway were significantly enriched
(Fig. 5D, Supplementary data 4).

3.6. Common pathways and unique genes involved in immune response are
modulated in the intestines and skins

In our results, 3 pathways related to immune processes and im-
mune-related components were significantly enriched for down-
regulated DEGs both in the intestines and skins, which include Antigen
processing and presentation, Intestinal immune network for IgA pro-
duction and Hematopoietic cell lineage (Figs. 4C and 5C). Comparative
transcriptome analysis showed that a total of 20 genes involved in
“Antigen processing and presentation” pathway were downregulated by
S. agalactiae XQ-1 infection in the intestines (Fig. 6A) and 10 genes
downregulated by S. agalactiae XQ-1 infection in the skins (Fig. 6B). For
DEGs involved in “Hematopoietic cell lineage” pathway, 21 genes were
downregulated by S. agalactiae XQ-1 infection in the intestines (Fig. 6C)
and 9 genes downregulated in the skins (Fig. 6D). For DEGs involved in
“Intestinal immune network for IgA production” pathway, 15 genes
were downregulated by S. agalactiaze XQ-1 infection in the intestines
(Fig. 6E) and 7 genes downregulated in the skins (Fig. 6D). Interest-
ingly, 11 genes were common to all groups, and these DEGs include 6
MHC2 genes, CIITA, ABCB3, CD74, CSF1R and PIGR (Fig. 6). We fur-
ther determined that these 6 MHC2 genes were from the same transcript
or different transcripts. The obvious differences in amino acids se-
quences suggested that these 6 MHC2 genes were different MHC2
genes. Among them, 3 MHC2 genes are novel proteins similar to MHC
class II alpha chain, 2 MHC2 genes containing MHC_II beta domain, 1
MHC2 gene containing IgC_MHC_I_alpha3 domain (Fig. 7).

3.7. Interaction network analysis of DEGs

To determine the interrelationship among these common DEGs at
24 hpi and 48 hpi, PPI analysis was performed based on STRING da-
tabase. In the skins, 4 sub-networks were made by 19 genes, such as
MMP9-JUNB-JUNBL-CEBPB for TNF signaling pathway, P38-DUSP1-
DUSP2-DUSP4-DUSP5-DUSP6-JUND for MAPK signaling pathway,
VEGFR1-VEGFR2-CDHS5 for focal adhesion and F5-F10-VWF-SERPINE1
for complement and coagulation cascades (Fig. 8A). In the intestines, 10
sub-networks were made by 100 genes, which include Fanconi anemia
pathway (26 genes), Base excision repair (14 genes), Mismatch repair
(7 genes), Ubiquitin mediated proteolysis (4 genes), p53 signaling
pathway (9 genes), AMPK signaling pathway (8 genes), Phagosome (7
genes), Spliceosome (7 genes), Leukocyte transendothelial migration (4
genes) and Complement and coagulation cascades (14 genes). The main
DEGs in the sub-network of complement and coagulation cascades were
C2, C3, C3a, C3b, C3-H1, F5, FGB, FGA, FGG, F13A1, SERPINE1,
SERPINF2, PROC and PLAT (Fig. 8B).

3.8. Confirmation of differently expressed genes by qRT-PCR

We confirmed expression of 20 critical DEGs involved in comple-
ment and coagulation cascades by qRT-PCR in the skin samples. At 24
hpi, the expression of C3a, C5, C8a, C8b, C9, MBL, FGA, FGB, FGG,
CFH, PLG, F13Al, VTN, f7i and A2M was in agreement with their
transcript abundance changes determined by RNA-seq (Fig. 9A and
Supplementary Table 2). At 48 hpi, the expression of all tested 20 genes
was in agreement with transcriptome data, with 19 genes down-
regulated and 1 genes upregulated (Fig. 9B and Supplementary
Table 2).

4. Discussion

In the present study, we report the characterization of transcriptome
analysis for the intestines and skins from S. agalactiae XQ-1-infected and
non-infected adult zebrafish. Analysis of intestine and skin tran-
scriptome at 24 and 48 hpi after S. agalactiae XQ-1 infection, the
number of DEGs in the intestines sharply increased at 24-48 hpi, while
the DEG number in the skins was relative stable at 24-48 hpi. The
possible reason could be that S. agalactiae XQ-1 was injected to visceral
cavity by the intraperitoneal route, which led to dramatic bacterial
proliferation in internal organs. However, only approximately 1/5-1/6
DEGs were shared between 24 hpi and 48 hpi in the intestines and
skins, which suggested that different immune reactions were carried
out.

4.1. Intestine transcriptomic analysis in response to S. agalactiae XQ-1
infection

During immune responses in response to pathogen infection, the
intestinal tissues have not received as much attention as immune tissues
such as spleen and head kidney. However within the intestines, the gut
associated lymphoid tissue (GALT) contained numerous immune cell
types such as macrophages, granulocytes, lymphocytes and plasma cells
[36-38]. The intestine is also an important entry point for pathogens
[38]. The intestinal immunity of fish is now subjected to many research,
and several studies have been carried out using the whole tran-
scriptome approach or microarray to examine intestinal responses to
pathogens [39]. In the gilthead sea bream (Sparus aurata L.) response to
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Fig. 6. Cluster analysis of DEGs. (A) The gene cluster for “Antigen processing and presentation” in intestine samples at 24 hpi and 48 hpi. (B) The gene cluster for
“Antigen processing and presentation” in skin samples at 24 hpi and 48 hpi. (C) The gene cluster for “Hematopoietic cell lineage” in intestine samples at 24 hpi and

48 hpi. (D) The gene cluster for “Hematopoietic cell lineage” in skin samples at 24 hpi and

48 hpi. (E) The gene cluster for “Intestinal immune network for IgA

production” in intestine samples at 24 hpi and 48 hpi. (F) The gene cluster for “Intestinal immune network for IgA production” in skin samples at 24 hpi and 48 hpi.
At the left of this panel, a color key denotes the gradient scale of gene expression from low (blue) to high (red) degrees. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article).
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Fig. 7. The sequence alignments of 6 down-regulated MHC2 genes in all samples. The MHC II alpha domain was highlighted in grey, MHC II beta domain underlined,

and IgC MHC I alpha3 domain in boxed.

chronic exposure to the myxosporean parasite Enteromyxum leei, many
genes related to complement activation, acute phase response and cell
adhesion (e.g. mannose binding lectin 2, complement C3-1, comple-
ment Cls, fibronectin, adhesive plaque matrix protein) were down-
regulated in infected fish [40]. In the channel catfish following Ed-
wardsiella ictaluri infection, nattectin, CD209 (DC-SIGN), MMP13,
MMP9, tumor suppressor protein p53 and some innate immune factors
including Clq-like genes, neurotoxin/CD59-like, liver-expressed anti-
microbial peptide 2 (LEAP-2) and serum amyloid P were observed to be
down-regulated [41]. In the turbot (Scophthalmus maximus) following
Vibrio anguillarum challenge, a number of genes with putative roles in
host intracellular pathogen recognition and innate immune genes in-
volved in immune activation/inflammation were significantly down-
regulated [42]. These results suggested a suppression of immune re-
sponses in the intestines.

In the present study, a number of genes involved in Toll-like re-
ceptor signaling pathway (45 genes), RIG-I-like receptor signaling
pathway (33 DEGs), NOD-like receptor signaling pathway (65 DEGs), T
cell receptor signaling pathway (50 DEGs), B cell receptor signaling
pathway (40 DEGs), Antigen processing and presentation (39 DEGs),
NF-kappa B signaling pathway (48 DEGs) and PI3K-Akt signaling
pathway (125 DEGs) were significantly downregulated at 48 hpi
(Supplementary Fig. 1-Fig. 8). This indicated that the intestine immune
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system of zebrafish underwent pathogen attack, which was confirmed
by increasing mortality rate from 1 dpi to 4 dpi. Similarly, many genes
involved in Necroptosis (73 DEGs), Ferroptosis (23 DEGs) and Apop-
tosis (71 DEGs) were also down-regulated at 48 hpi following S. aga-
lactiae XQ-1 infection. In contrast, the overall depression for over-
whelming majority of immune-ralated genes was paralleled by a clear
increase in expression of those genes involved in Complement and
coagulation cascades in the intestines (63 DEGs at 24 hpi and 28 DEGs
at 48 hpi). The complement system is activated via three pathways (the
lectin, classical or alternative pathway) and results in the opsonization
of pathogens and activation and recruitment of immune cells to the site
of injury [43]. Coagulation cascade can be activated through the ex-
trinsic pathway or the intrinsic (contact activation) pathway [44]. It is
obvious that all the pathways involved in complement system and
coagulation cascade were activated in the intestines at 24 hpi
(Supplementary Fig. 9), however only alternative and extrinsic path-
ways were activated in the intestines at 48 hpi. The higher bacteria
numbers and lower DEGs involved in Complement and coagulation
cascades at 48 hpi suggested that S. agalactiae XQ-1 also obstructed the
activation of Complement and coagulation cascades to some extent.
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4.2. Skin transcriptomic analysis in response to S. agalactiae XQ-1 infection

Fish skin is the largest immunologically active mucosal organ,
which provides first-line defense against environmental pathogens. In
the face of ectoparasite infection, most genes involved in immune-re-
lated signaling pathways were induced in infected skin, which included
Complement activation, Chemokines and chemokine receptors, Toll-
like receptor signaling pathway, Antigen processing and presentation,
T/B cell activation and proliferation pathways [45]. Similarly, tran-
scriptomic analysis revealed that complement factors, pro-in-
flammatory cytokines, and antimicrobial genes were strikingly induced
in the skin of infected fish in response to Ichthyophthirius multifillis in-
fection [46]. In the present study, many genes involved in Intestinal
immune network for IgA production (17 DEGs), Hematopoietic cell
lineage (26 DEGs), Complement and coagulation cascades (38 DEGs)
and Antigen processing and presentation (23 DEGs) were down-regu-
lated at 48 hpi. This is consistent with the report from Yin et al., which
showed that the immunological response was suppressed when fishes
were in fatal conditions [47].

Interestingly, the downregulation of Clq, C3, C5, C6, C7, C8a, C8b,
C8g, C9, MBL, FH, FI, FB, FD, MASP1/2 and CD59 in skin suggested

that the lectin, classical and alternative pathways were inhibited, which
were completely opposite of that in the intestines. Furthemore, more
immune-related signaling pathways including Leukocyte transen-
dothelial migration (42 DEGs), Cytokine-cytokine receptor interaction
(49 DEGs), PI3K-Akt signaling pathway (69 DEGs), IL-17 signaling
pathway (22 DEGs), MAPK signaling pathway (51 DEGs), TNF signaling
pathway (25 DEGs), Complement and coagulation cascades (22 DEGs),
Hematopoietic cell lineage (21 DEGs) and Jak-STAT signaling pathway
(26 DEGs) were differently enriched for upregulated DEGs at 48 hpi
(Table 5), which were also completely different from that in the in-
testines (Table 3). The different immune responses between the skins
and the intestines may be due to the differences from external en-
vironment and internal environment, and the outcome of interaction
between host and S. agalactiae XQ-1 at different organs.

5. Conclusions

This study characterized transcriptomic responses in the fish in-
testines and skins, two organs containing mucosal-associated lymphoid
tissues. A number of genes involved in 23 immune-related signaling
pathways were dysregulated during S. agalactiae XQ-1 infection. The
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Fig. 9. Validation of transcriptome data by qRT-PCR in the skins at 24 hpi (A) and 48 hpi (B). Samples used in qRT-PCR experiment were previously used for the

transcriptome experiment.

lower expression levels of most genes involved in immune-related sig-
naling pathways in infected fish suggested that S. agalactiae XQ-1
suppressed the innate and adaptive immune responses of host in fatal
conditions. The expression changes in Complement and coagulation
cascades might be resulted from the outcome of interaction between
host and S. agalactiae XQ-1. These data of WT zebrafish-S. agalactiae
infection described in this study will be used for molecular exploration
of the exact mechanisms of susceptible and resistant zebrafish in re-
sponse to S. agalactiae XQ-1 infection.
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