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ABSTRACT
To extend our understanding of the pathogenesis of group B streptococcus 

(GBS), an infection model was established in the Nile tilapia, and the 50% lethal dose 
(LD50), the toxicity of the extracellular products, the histopathology, ultrapathology, 
and dynamic distribution of the bacterium were evaluated. After experimental 
intraperitoneal (i.p.) infection of the Nile tilapia, the LD50 of GBS resuspended in 
normal saline was 2.3 × 107 cfu/mL and that of GBS resuspended in bacterial culture 
medium was 7.7 × 106 cfu/mL. Enzymatic analysis of the extracellular products 
detected lipase and urease activities. The affected fish showed gross symptoms similar 
to those of naturally infected fish, including external signs (lethargy, abdominal 
distension, and abnormal swimming) and internal signs (hemorrhagic liver, enlarged 
and reddened spleen, hyperemic brain and kidney, empty stomach, and hemorrhagic 
enteritis). Histologically, hemorrhage, congestion, edema, and necrosis were apparent 
in the liver, kidney, spleen, heart, and brain. Bacterial colonization was first observed 
at 2 h postinfection (hpi) in the spleen, 4 hpi in the liver, and 12 hpi in the kidney, 
brain, and heart. Ultrastructurally, the cells showed nuclear shrinkage, hydropic 
mitochondrial damage, and increased secondary lysosomes. The bacteria were freely 
disseminated in the cytoplasm of phagocytes, brain microvascular endothelial cells, 
neurons, and blood vessels. These results indicate that GBS and their extracellular 
products are pathogenic to the Nile tilapia, damaging its splenic phagocytes, vascular 
and renal endothelial cells, liver hepatocytes, and brain neurocytes.

INTRODUCTION

The Nile tilapia (Oreochromis niloticus) is a 
relatively large cichlid fish, and one of the first fish species 
cultured worldwide. It is known as the “aquatic chicken” 
of the human diet, and it is particularly consumed by 
pregnant women and children [1]. Since the first trial in 
Kenya in 1920, the tilapia has been cultured in over 100 

countries around the world, because its growth rate is high 
and it is highly tolerant of different culture conditions [2].

Streptococcus agalactiae (group B streptococcus, 
GBS) is a major Gram-positive coccus-shaped pathogen. 
Based on the Lancefield classification, it is the only 
serogroup B streptococcal species [3]. This coccus has 
become one of the most serious aquatic pathogens, with 
great ecological and economic impacts. It is a natural 
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pathogen of the tilapia, causing infections around the 
world, with mortality rates of 30%–100% [4, 5]. The 
histopathology of GBS-infected tilapia has been described 
in order to assist its diagnosis [6–8]. Infected fish are 
characterized by septicemia and meningoencephalitis, with 
the main clinicopathological signs of lethargy, unilateral 
or bilateral exophthalmia, corneal opacity, and abdominal 
distension [9, 10].

Although several studies have documented the 
virulence factors of GBS, there is still limited information on 
the interactions between the pathogen and the Nile tilapia. 
To extend our understanding of the pathogenesis of GBS in 
the Nile tilapia, an infection model was established, and the 
median lethal dose (LD50), the toxicity of the extracellular 
products, the histopathology, ultrapathology, and dynamic 
distribution of GBS were evaluated in this study.

RESULTS

LD50 values

To determine the pathogenicity of GBS, the LD50 
was determined. GBS was isolated from the livers and 
spleens of all dead fish. The fish injected with GBS or 
GBS+BC displayed both early- and late-onset disease, 
and mortality occurred continuously throughout the 
experiment. After infection, the fish showed 0%–100% 
mortality in groups A and B, with LD50 values on day 15 
of 2.3 × 107 cfu/fish and 7.7 × 106 cfu/fish, respectively 
(Table 1). The clinical signs induced by GBS and GBS+BC 
were similar to those in naturally infected fish, including 
lethargy, opercular hemorrhage, erratic swimming, corneal 
opacity (Figure 1B), abdominal distension (Figure 1C), and 
opercular hemorrhage (Figure 1D), except that unilateral or 
bilateral exophthalmia was not present (Figure 1A). When 
these fish were dissected, hepatic hemorrhage (Figure 
1E), splenomegaly (Figure 1F), thinned intestinal wall 
(Figure 1G), and meningitis (Figure 1H) were observed. 
The fish of the control group were active throughout the 
experiment, and showed neither mortality nor clinical signs.

Lipase and urease activities in the ECPs

To determine the virulence factors of BC, the ECPs 
were extracted and the protease, lecithinase, amylase, 
lipase and urease activities were determined in vitro. The 
results showed that the ECPs were positive for lipase 
(Figure 2A) and urease activities (Figure 2B), but negative 
for all other enzyme activities tested.

Histopathological changes

To observe the pathological changes induced by 
GBS, spleen, liver, kidney, stomach, intestine, and brain 
tissues were sampled and embedded for analysis. The 
histopathological changes in these tissues were as follows.

Liver

The histopathological changes in the liver mainly 
presented as structural disorder, congestion, and atrophy. 
Hepatocytes displayed swelling, vacuolar degeneration, 
and necrosis. In some infected fish, hepatocytes showed 
reduced numbers of cytoplasmic vacuoles, which were 
replaced by increased eosinophilic ovoid hyaline bodies 
(Figure 3B). Throughout infection, GBS was commonly 
observed in the central veins (Figure 3Cc), along the 
hepatic sinusoids, and in the hepatic cytoplasm of the 
artificially infected fish (Figure 3D).

Spleen

Compared with the structure of the normal 
spleen (Figure 4Aa), the infected samples showed 
acute hemorrhagic splenitis; the splenic sinus displayed 
hyperemia and hemorrhage, lymphocytes were reduced, 
the normal structure of the ellipsoids was disrupted, the 
reticulate endothelial cells were denatured and damaged, 
and the number of melanomacrophage centers (MMCs) 
was increased, with high contents of hemosiderin. GBS 
was trapped within the walls of the ellipsoids, leading to 
the focal necrosis of the ellipsoids (Figure 4B), and were 
engulfed by the reticulate endothelial cells of the red pulp 
(Figure 4Cc). In some infected fish, the red blood cells of 
the red pulp disappeared, and GBS aggregated throughout 
the tissues (Figure 4Dd).

Kidney

The most obvious changes were the degeneration 
and necrosis of the renal cells. The renal hemopoietic 
tissue was considerably reduced. The glomerulus was 
enlarged, the capillary network displayed congestion, and 
Bowman’s capsule became narrow, with caduceus necrotic 
debris. The epithelia of the renal tubules showed swelling, 
separated from the basement membrane, and fell off into 
the lumen (Figure 5Bb).

Brain

The meninges of the infected fish showed marked 
thickening, and the parenchyma was loose, with a spongy 
appearance. The brain microvessels were congested and 
the vascular spaces widened. The neuronal cells showed 
swelling and vacuolar degeneration, with small vacuoles 
in the cytoplasm (Figure 5Dd).

Stomach

The gastric mucosa of the infected fish was 
degenerated, damaged, and had fallen into the gastric 
cavity. The gastric gland of the submucosa was distinctly 
edematous, and the gastric gland cells were swollen and 
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Table 1: The LD50 of GBS resuspended with 0.85% normal saline or bacterial culture

Group Bacterial concentration 
(cfu/mL) Injection dose (mL) Number of fish Number of 

death LD50 cfu/mL

Group A No.1 5.8 × 109 0.2 10 10 2.3 × 107

No.2 5.8 × 108 0.2 10 9
No.3 5.8 × 107 0.2 10 7
No.4 5.8 × 106 0.2 10 3
No.5 5.8 × 105 0.2 10 0
No.6 NS 0.2 10 0

Group B No.1 6.6 × 109 0.2 10 10 7.7 × 106

No.2 6.6 × 108 0.2 10 9
No.3 6.6 × 107 0.2 10 7
No.4 6.6 × 106 0.2 10 2
No.5 6.6 × 105 0.2 10 1
No.6 BC 0.2 10 0

Figure 1: Clinical symptoms of nile tilapia infected by GBS. (A) Healthy tilapia, showing eye (E), opercular (O), liver (L), spleen 
(S), intestine (I) and brain (a). (B) Unilateral exophthalmia; (C) Corneal opacity; (D) Abdominal distension; (E) Opercular hemorrhage; 
(F) Hepatic hemorrhage (arrow); (G) Splenomegaly(arrow); (H) Thinned intestinal wall; (I) Meningeal congestion.
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Figure 2: Enzymatic activities of ECPs produced by GBS. (A) The lipase activity, white halo around the ECPs; (B) The urease 
activity, pink halo around the ECPs.

Figure 3: The histopathology of liver. Control (A) and GBS infected (B, Cc, Dd) H&E. Solid line = 50 μm, dashed line = 25 μm. 
(A) Normal liver, * showing central vein; (B) Affected liver presented atrophic acinar cells (arrow) and degenerated hepatocytes with less 
vacuolar and more eosinophilic ovoid hyaline bodies (head arrow); (C) Congested central vein with bacteria attached by wall (head arrow), 
c. GBS attached to erythrocytes and engulfed by the monocytes (arrow); (D) Affected hepatocytes presented swelling and loss of lipid, d. 
GBS within hepatic cytoplasm (arrow).
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separated from the basement membrane (Figure 6B). The 
muscular layer showed necrosis, and the muscle fibers 
were ruptured, with vacuolar degeneration.

Intestine

The intestinal epithelial cells displayed necrosis and 
had fallen into the intestinal lumen. The goblet cells were 
disrupted and reduced in number. The major pathological 
change in the submucosa was edema (Figure 6D). The 
muscular layer showed the same changes as the stomach, 
including vacuolar degeneration and necrosis.

Heart

The normal heart is surrounded by a single layer 
of cells, with a distinct compact outer layer of muscle 
and an inner spongy layer, with numerous trabeculae 
(Figure 7Aa). In contrast, after infection, most of the 
fish had various degrees of pericarditis and myocarditis. 
The epicardium was thickened with edema and 
inflammatory cell infiltration. The myocardial cells 
showed eosinophilic staining, necrosis, and lysis, and 
the intercellular spaces had widened. Numerous blue-

colored bacteria appeared in the pericardium or attached 
to myocardial cells (Figure 7Bb).

Gill

The gill lamellae of a healthy tilapia show the 
primary lamella (P) with arrays of delicate secondary 
lamellae (Figure 7C), which are surrounded by a single 
layer of respiratory epithelial cells. After infection, 
cell necrosis and shedding were the main symptoms of 
the secondary epithelium. Numbers of necrotic cells 
and inflammatory cells were observed between the gill 
lamellae. The capillaries of the gill lamellae displayed 
hyperemia, and some GBS were apparent in the pillar cells 
(Figure 7Dd).

In situ hybridization (ISH)–PCR

The main GBS-containing tissues (spleen, liver, 
kidney, heart, and brain) were sampled to investigate 
the dynamic distribution of GBS in the 36 h after 
infection (Table 2). ISH–PCR revealed GBS within the 
reticuloendothelial cells of the spleen at 2 hpi (Figure 
8A), and in increased numbers at 36 hpi. GBS was first 

Figure 4: The histopathology of spleen in control (Aa) and GBS infected (B, Cc, Dd) nile tilapia. H&E. Solid line = 50 
μm, dashed line = 25 μm. (A) Normal spleen, showing red (R) and white (W) pulps, a. an ellipsoid; (B) Affected spleen presented severe 
congestion with focal necrosis (arrow); (C) Severe congested red pulps with focal bacterial aggregates, c. bacterial aggregates (arrow); 
(D) Affected spleen loaded with numerous bacteria, d. Ovoid bacteria-laden phagocytes (arrow), and disrupted phagocytes (head arrow). 
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detected in the hepatic sinusoids at 4 hpi (Figure 8B), and 
strong positive signals were observed in the hepatocytes 
and hepatic sinusoids at 36 hpi. The numbers of GBS 
detected in the kidney, heart, and brain were much lower 
than in the spleen and liver throughout the experimental 
period. The kidney and heart showed GBS at 12 hpi, 
mainly in the vessels of the glomerulus (Figure 8C), the 
renal interstitium (Figure 8D), and the myocardial cells 
(Figure 8E). The brain was positive for GBS at 24 hpi, 
which were concentrated in the meninges (Figure 8F).

Ultrapathology

To observe GBS in the cells of tissues, the 
ultrapathological changes in the main GBS-containing 
organs (liver, spleen, kidney, and brain) were observed. 

The ultrapathological changes in the infected tissues were 
as follows.

Liver

Increased secondary lysosomes were commonly 
observed in hepatocytes (Figure 9A). GBS were 
engulfed and digested by the lysosomes. The hepatocyte 
mitochondria became swollen and expanded into vacuoles 
(Figure 9B). The glycogen stores were depleted in most 
hepatocytes.

Spleen

Splenic lymphocytes were markedly decreased 
(Figure 9C). Free bacteria were observed within the 

Table 2: Dynamic distribution of GBS detected using ISH-PCR
Organ Detection time (h)

2 4 6 12 24 36
Spleen  + + ++ +++ +++ +++
Liver - + ++ +++ +++ +++
Kidney - - - + + +
Heart - - - + + +
Brain - - - - + +

Figure 5: The histopathology of kidney and brain in control (Aa, Cc) and GBS infected (Bb, Dd) nile tilapia. H&E. 
Solid line = 50 μm. (A) Normal renal corpuscles, showing glomerulus (G), renal tubules (T), and hemopoietic tissue (*), a. A glomerulus; 
(B) Affected kidney showed severe tubulonephrosis and sharply decrease of hemopoietic tissue (*), b. Glomerulus congested and necrotic 
debris fell in the Bowman’s capsule (head arrow); (C) Normal brain, showing thin meninges, c. brain microvessels(arrow); (D) Affected 
brain showed meningeal congestion (arrow), d. neuron exhibited vacuolar degeneration (head arrow).
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cytoplasm of the splenic macrophages and neutrophils 
(Figure 9D–9F). As the infection progressed, phagocytes 
showed necrosis and free bacteria were widely distributed.

Kidney

Epithelial cells in the renal tubules showed necrosis. 
The electron density of the nuclear chromatin decreased, 
and the mitochondria became swollen and vacuolated 
(Figure 9G).

Brain

The brain microvessels were broken. GBS were 
observed in the endothelial cells and microvessels, and 
the number of neurons clearly decreased (Figure 9H–9I). 
In their place, the numbers of microglia and inflammatory 
cells increased.

DISCUSSION

Group B streptococcus is a common fish pathogen, 
causing significant morbidity and mortality in at 
least 18 fish species, including tilapia, rainbow trout 

(Oncorhynchus mykiss) [11], silvery pomfret (Pampus 
argenteus) [12], and ya-fish (Schizothorax prenanti) [13]. 
In the present study, the infected fish showed the same 
external signs as reported in previous studies, including 
lethargy, unilateral or bilateral exophthalmia, corneal 
opacity, and abdominal distension due to the extensive 
accumulation of ascites [4, 14]. Among these symptoms, 
exophthalmia is a typical clinical sign, displayed by almost 
all affected species. However, exophthalmia does not 
occur in all infected fish. A review of the reports of GBS 
infections suggested that the aquatic species, the bacterial 
serotype, and the infected environment are associated to 
some degree with exophthalmia. In Queensland, Australia, 
spontaneous infections in grouper caused unilateral or 
bilateral exophthalmia, and in another study, 71.8% of 
300 red tilapia displayed exophthalmia [7]. However, in 
experimental infections, only 18% and 10% of Nile tilapia 
presented with exophthalmia [10]. This is consistent with 
the present study, insofar as most naturally infected fish 
had “pop-eye”, whereas no fish with an experimental 
infection displayed exophthalmia.

LD50 is frequently used as a general indicator of 
the acute toxicity of a pathogen [15]. A previous study 
showed that the 7 day LD50 of S. agalactiae strain 

Figure 6: The histopathology of stomach and intestine in control (A, C) and GBS infected (B, D) nile tilapia. H&E. Solid line 
= 50 μm, dashed line = 25 μm. (A) Normal stomach mucosa and gastric glands; (B) Affected gastric gland showed severe edema;  
(C) Normal intestine mucosa; (D) Affected intestine mucosa showed epithelia necrosis, and inflammatory cell aggregation.
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HN0101 resuspended in NS was 3.4 × 107 cfu/mL [16]. 
This is similar to the 15 day LD50 reported here (2.3 × 107 
cfu/mL). Extracellular products are important virulence 
factors of fish pathogens. The LD50 of GBS+BC (7.7 × 106 
cfu/mL) was lower than that of GBS+NS. Further analysis 
of the ECPs showed that they included lipase and urease 
activities. Lipase hydrolyzes lipid substrates and fulfills 
diverse functions in bacterial pathogenesis through 
host cell damage or modulation, inflammation, and cell 
signaling [17]. Straus [18] showed that the lipases of 
Pseudomonas cepacia inhibit bacterial phagocytosis 
by alveolar macrophages. Urease is known to enhance 
the survival of pathogens by hydrolyzing urea to supply 
them with nitrogen sources, increase the pH to favor their 
growth, and damage the surrounding epithelial cells [19]. 
Therefore, our results imply that the lipase and urease 
activities in BC contribute to the pathogenicity of GBS.

The spleen plays an important role in the 
destruction of aged red cells and captures hematogenous 
pathogens [20]. The high content of hemosiderin within 
melanomacrophages is a consequence of red cell 
destruction [21]. This is consistent with our observation 
that the spleens of infected fish showed fewer erythrocytes 

and more MMCs than the control spleens. The numbers 
of ellipsoids and macrophages were also reduced by the 
deficiency of oxygen and their destruction by virulence 
factors, and the blood–spleen barrier was impaired, 
leading to the spread of GBS to other organs (liver, heart, 
kidney, and brain). This is similar to the results of our 
previous study [22]. The liver breaks down lipids to meet 
the body’s metabolic requirements, and the histology of 
hepatocytes showed the accumulation of large amounts 
of lipids in the cytoplasm [23]. A previous study showed 
that the liver becomes congested and edematous after 
infection [7]. In the present study, we also found lower 
fat vacuolation in the cytoplasm of hepatocytes, as 
observed in the liver after short-term mercury challenge 
[24]. After GBS infection, the Nile tilapia showed a loss 
of appetite, gastritis, and enteritis, leading to protein and 
energy break off. Therefore, the lipids in the hepatocytes 
might have been largely digested, after which the low-fat 
vacuolation of the hepatic cytoplasm became apparent. 
The histopathological changes in the brain and kidney 
were similar to those in previous reports, and indicated 
severe meningitis and renal tubule degeneration and 
necrosis [3, 25]. We have reported the histopathology of 

Figure 7: The histopathology of heart and gill in control (Aa, C) and GBS infected (Bb, Dd) nile tilapia. H&E. Solid line = 
50 μm, dashed line = 25 μm. (A) Normal heart structures, showing pericardium (arrow), compact layer (C) and spongy layer (S), a. Normal 
myocardium; (B) Affected heart presented severe pericarditis (arrow) and myocarditis (*), b. GBS attached to the myocardial cells (head 
arrow); (C) Normal gill, showing gill filament (F) and lamellae (arrow); (D) Affected gill presented lamellae necrosis (*) and covering 
respiratory epithelium slough off, d. Bacteria appeared in the pillar cells (head arrow).
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the fish heart after GBS infection for the first time, which 
showed serious pericarditis and myocarditis.

GBS can be localized with bacterial culture, PCR, 
quantitative PCR, ISH, IHC, and transmission electron 
microscopy (TEM). Among these, only ISH, IHC, and 
TEM can localize GBS in individual cells. The sensitivity 
of IHC varies with the type of antibody used [26]. ISH–
PCR allows the amplification of target sequences within 
intact cells and combines high sensitivity with the ability 

to localize specific DNA in tissues. It is more sensitive 
than ISH and produces less false positive results than PCR. 
cpsE encodes a well-conserved polysaccharide-producing 
protein present in the serotype-determining capsule of 
GBS [27]. Therefore, it was used as the target for GBS 
ISH–PCR. The immunohistochemical detection of GBS in 
red tilapia infected by the immersion route showed that the 
bacteria were present in the intestine and liver at 30 min 
post infection, then colonized the spleen and heart at 2 hpi, 

Figure 8: The detection of GBS by ISH-PCR. Solid line = 50 μm. (A) 2 hpi, GBS presented in the splenic reticuloendothelial cells 
(arrow); (B) 4 hpi, GBS presented in the hepatic sinusoids (arrow); (C) 12 hpi, GBS presented in the glomerulus (arrow); (D) 36 hpi, 
GBS presented in the phagocytes of renal interstitium (arrow); (E) 12 hpi, GBS presented in the myocardial cell (arrow); (F) 36 hpi, GBS 
presented in the capillary and phagocytes of meninges (arrow).
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and appeared in the kidney and brain at 4 hpi [28]. Our 
ISH-PCR results showed that after i.p. challenge, GBS 
were first detected in the spleen (2 hpi), followed by the 
liver (4 hpi), and then the kidney and brain (12 hpi). This 
discrepancy in the dynamic distribution of GBS might 
be attributable to the different infection routes used and 
the different virulence of the GBS. Notably, the spleen 
contained the largest number of GBS in both studies [28].

As an intracellular bacterium, GBS should be 
eliminated by a specific type of autophagy, known 
as “xenophagy” [29]. However, GBS can thwart the 
xenophagic pathway to invade endothelial cells and 
survive [30]. In the present study, free GBS was observed 
in macrophages, lymphocytes, hepatocytes, brain 
microvascular endothelial cells, and neurons, and induced 
the necrosis of macrophages and lymphocytes. These 
results suggest that GBS has evolved strategies to evade 

phagocytosis, and uses transcytosis to move to a suitable 
niche to avoid phagocytes. Bacterial debris was commonly 
observed in phagocytes and hepatocytes, indicating that 
phagocytosis by phagocytes and hepatocytes is involved 
in the immune clearance of GBS.

MATERIALS AND METHODS

Bacteria

Streptococcus agalactiae (HN0101) was obtained 
from diseased Nile tilapia [16] and stored at −80°C until 
analysis. The bacterium was incubated in brain–heart 
infusion (BHI) broth (BD, USA) at 30°C for 24 h with 
shaking. The total bacterial DNA was prepared with the 
Genome DNA Extraction Kit (TianGen, China, approval 
no. 2011–028).

Figure 9: The ultrapathology of nile tilapia infected by GBS. (A) GBS dissected within the lysosome of hepatocytes (head 
arrow), TEM×12000; (B) Swollen hepatocytes with edged nucleus and vacuoles (head arrow), TEM×10000; (C) splenic lymphocytes 
showed nuclear pyknosis and surrounded by GBS (head arrow), TEM×10000; (D) Bacteria engulfed by splenic neutrophil, TEM×10000; 
(E) Splenic macrophage showed disrupted membrane (head arrow), enlarged nuclear membrane (arrow) and bacteria in the cytoplasm, 
TEM×8000; (F) Disseminated bacteria from the ruptured splenic macrophages, TEM×7000; (G) Vacuoles apperared in the renal tubule 
epithelia (*), TEM×8000; (H) brain microvessel exhibited incomplete (head arrow), and bacteria freed in the lumen, TEM×7000; (I) GBS 
appeared in the brain microvessel epithelia cell, TEM×12000. 
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Nile tilapia

Healthy Nile tilapia (mean weight 100 ± 5 g) with 
no history of GBS infection were purchased from a 
commercial tilapia farm and kept in 120 L aquaria at 30 ± 
1.0°C under a 12-h light/dark cycle. The fish were fed a 
commercial diet at a feeding rate of 3%–5% body weight/
day. The animal studies presented in this manuscript were 
approved by the Animal Care Committee of Sichuan 
Agricultural University (Wenjiang, China, approval no. 
2011–028).

Determination of LD50

The tilapia (120 fish) were divided equally into 
two challenges: group A was challenged with GBS + 
0.85% normal saline (NS), and group B was injected 
with GBS resuspended in the BHI broth (BC) in which it 
was cultured for 24 h at 30°C. The fish in each infection 
group were randomized into six groups (10 fish/group), 
five for GBS infection (nos. 1–5) and one as the negative 
control (no. 6). For GBS+NS infection, the bacteria 
were washed and suspended in NS to a concentration of 
5.8 × 109 cfu/mL, and were serially diluted 10-fold to 
concentrations of 5.8 × 108–5.8 × 105 cfu/mL. The fish 
in group A (nos. 1–5) were injected intraperitoneally 
with 5.8 × 109, 5.8 × 108, 5.8 × 107, 5.8 × 106, or 5.8 × 
105 cfu/mL bacterial suspension, respectively, at 0.2 mL/
fish. Group A no. 6 was injected with NS as the negative 
control. For GBS+BC infection, the bacteria were directly 
suspended in BC to a concentration of 6.6 × 109 cfu/mL, 
and serially diluted 10-fold with bacterial culture medium 
to concentrations of 6.6 × 108–6.6 × 105 cfu/mL. The fish 
of group B nos 1–5 were injected intraperitoneally with 
6.6 × 109, 6.6 × 108, 6.6 × 107, 6.6 × 106, or 6.6 × 105 
cfu/mL bacterial suspension, respectively, at 0.2 mL/
fish. Group B no. 6 was injected with BC as the negative 
control.

Fish mortality was recorded for 15 days, and the 
LD50 values were calculated according to Koch’s method 
[31]. The livers and spleens of all the dead fish were 
sampled for bacterial isolation and identification.

Enzymatic activity of the extracellular products 
(ECPs)

GBS was incubated in BHI broth at 30°C for 36 h 
with shaking. The bacterial cultures were then centrifuged 
at 12,000 × g for 30 min at 4°C. The cell-free supernatants 
were sterilized with a 0.22 μm microbiological filter 
and precipitated in 75% saturated ammonium sulfate for 
24 h at 4°C. The ECPs were collected by centrifugation 
at 12,000 × g for 30 min, resuspended, and renatured by 
dialysis against 0.02 mol/L Tris-HCl (pH 7.5). The protein 
concentration in the crude ECPs was determined with the 
Bradford Protein Assay Kit (Takara, code no. T9310A) 
and standardized to 160 mg/mL. The protease, lecithinase, 

amylase, lipase and urease activities were determined with 
the methods described by Yang [32].

Histopathological analysis

Samples of the liver, spleen, kidney, brain, stomach, 
intestine, heart, and gill of each moribund fish in group A 
were collected for pathological analysis. The tissues were 
fixed in 4% paraformaldehyde, processed routinely into 
paraffin wax sections, and stained with hematoxylin and 
eosin (HE). 

In situ PCR

In situ PCR was performed with the method of Saltz 
[33], with minor modifications. Tilapia were infected i.p. 
with GBS (2LD50), and their spleen, liver, heart and brain 
tissues were sampled, fixed in 4% paraformaldehyde, 
and processed routinely into paraffin wax sections. 
The sections were cut to 3–5 μm and rehydrated in an 
ethanol series and phosphate-buffered saline (PBS). 
The slides were incubated with 20% acetic acid for 15 
s to inactivate any endogenous alkaline phosphatase. 
The sections were permeabilized by treatment with 
proteinase K at a final concentration of 0.1 μg/mL for 
20 min at 37°C. RNA was removed with DNase-free 
RNase (10 μg/mL) for 2 h. Finally, the slides were rinsed 
with distilled deionized H2O (ddH2O) and dehydrated 
in an ethanol series. The tissues were sealed with 25 μL 
of PCR buffer: 2.5 μL of 10 × buffer, 4 μL of 25 mM 
MgCl2, 1 μL of 10 mM dNTP, 1 μL of 5 U/μL Taq DNA 
polymerase, 13.5 μL of ddH2O, and 1.5 μL of each 10 
mM cpsE primer, which are specific for GBS. The primer 
sequences were 5¢-ATGAAAATTTGTCTGGTTGG-3¢ 
and 5¢-TTAAAAAATTCCTCCTAAATT-3¢. The PCR 
thermal program consisted of denaturation at 94°C for 
10 min, followed by 30 cycles of 95°C for 1 min, 55°C 
for 1 min, and 72°C for 1 min, and concluded with 72°C 
for 10 min. Finally, the samples were fixed with 4% 
paraformaldehyde for 10 min.

In situ hybridization

Hybridization was performed according to 
the instructions of the assay kit purchased from 
Boster of China (cat. no. Mk1032). The samples 
were prehybridized with prehybridization solution 
at 42°C for 3–4 h. The GBS-specific probe, cpse 
(5¢-GAATGGTACTGCTACAGCGGC-3¢) labeled with 
digoxigenin (DIG; 500 ng/mL in hybridization solution) 
was spotted onto the samples and denatured at 95°C for 
10 min. After incubation at 42°C for 12 h, the unreacted 
probe was removed from the slides by washing. Blocking 
buffer was incubated with the samples at 37°C for 30 min, 
and then replaced by alkaline-phosphatase-conjugated 
anti-DIG antibody and incubated at 37°C for 120 min. 
After the samples were washed three times, they were 
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incubated in BCIP/NBT at 37°C for 20–30 min and 
restained with Nuclear Fast Red. Finally, the stained 
sections were dehydrated in ethanol, cleared in xylene, 
covered with cover glasses, and examined with a light 
microscope (Nikon, Tokyo, Japan). GBS was scored with 
the following criteria: (−), no GBS, (+) a few scattered 
GBS; (++), medium amount of aggregated GBS; (+++), 
massive levels of GBS, with > 80% of the tissue area 
positively labeled.

Transmission electronic microscope examination

The spleens, livers, kidneys, and brains from 
the moribund fish of group A were fixed in 2.5% cold 
glutaraldehyde in 0.1 M PBS (pH 7.2) for 24 h. After The 
samples were washed twice and post fixed in 1% osmium 
tetraoxide in 0.1 M PBS (pH 7.2). The postfixed samples 
were dehydrated in a graded series of acetone (30%, 
50%, 70%, 80%, 90%, and 100%), then infiltrated with 
1:4 acetone:epon resin for 8 h. After infiltration in pure 
epon resin for a further 2 h, the samples were embedded in 
resin. Ultrathin sections were double-stained with uranium 
acetate and lead citrate, and examined with a transmission 
electron microscope [34].
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