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Streptococcus agalactiae (Group B Streptococcus, GBS) is an encapsulated, Gram-positive bacterium that is
a leading cause of neonatal pneumonia, sepsis and meningitis, and an emerging aquaculture pathogen.
The zebrafish (Danio rerio) is a genetically tractable model vertebrate that has been used to analyze the
pathogenesis of both aquatic and human bacterial pathogens. We have developed a larval zebrafish
model of GBS infection to study bacterial and host factors that contribute to disease progression. GBS
infection resulted in dose dependent larval death, and GBS serotype III, ST-17 strain was observed as the
most virulent. Virulence was dependent on the presence of the GBS capsule, surface anchored lip-
oteichoic acid (LTA) and toxin production, as infection with GBS mutants lacking these factors resulted in
little to no mortality. Additionally, interleukin-1f (il1b) and CXCL-8 (cxcl8a) were significantly induced
following GBS infection compared to controls. We also visualized GBS outside the brain vasculature,
suggesting GBS penetration into the brain during the course of infection. Our data demonstrate that
zebrafish larvae are a valuable model organism to study GBS pathogenesis.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Streptococcus agalactiae, also known as Group B Streptococcus
(GBS), is a leading cause of severe, invasive bacterial infection in
human newborns. Neonatal infection can present as early-onset or
late-onset disease. In early-onset cases, bacteria are transferred
from the mother to the infant in utero, following ascending infec-
tion of the placental membranes, or during passage through the
birth canal, by aspiration of infected vaginal fluids [1]. Despite
routine screening and administration of antibiotic prophylaxis in
pregnant women to reduce GBS vaginal colonization and prevent
transmission, infection rates remain high [2]. Late-onset GBS dis-
ease can occur in infants up to several months old, and is distin-
guished by bloodstream infection with a high rate of progression to
meningitis [3]. Infants that survive GBS meningitis can suffer long-
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term neurological sequelae, such as seizures, blindness, hearing
loss and cognitive impairment. To cause meningitis, GBS must
interact with and penetrate the blood—brain barrier (BBB) [4]. The
BBB is primarily comprised of a single layer of specialized brain
microvascular endothelial cells (BMEC) and serves as a critical
barrier to separate the surrounding tissues from the circulating
blood and protect the central nervous system (CNS) against
invading microorganisms [4]. Previously we, and others, have
described a number of bacterial factors that promote GBS virulence
and BBB penetration including the polysaccharide capsule [5], pili
[6], HvgA [7], serine rich repeat (Srr) proteins [8,9], lipoteichoic acid
(LTA) [10], B-hemolysin/cytolysin (B-h/c) [11], and fibronectin
binding proteins (SfbA) [12]. Further, disease progression is exac-
erbated by neutrophils that are recruited to the site of infection and
contribute to BBB dysfunction and the development of meningitis
by further destruction of the BBB and greater cytokine production
(as reviewed in [4]).

Although studies using tissue culture and small animal chal-
lenge models have enhanced our understanding of the molecular
pathogenesis of GBS disease [6,7,9—13], limitations exist in live
imaging and tracking of disease progression in real time. Over the
last decade, zebrafish (Danio rerio) have emerged as a valuable tool
for modeling a number of human diseases [14,15]. Zebrafish are
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easy to genetically manipulate, lay large clutches, and are trans-
parent for the first week of life. Additionally, the zebrafish and
mammalian innate immune systems are striking similar [16—18].
GBS infection in adult zebrafish has been described, and infected
adult fish exhibit mortality, cerebral edema, and bacteria in the
brain [19]. However, to date GBS infection of zebrafish larvae has
not been described. Here we examine GBS infection in zebrafish
larvae at three days post fertilization (dpf). We show that zebrafish
larvae are susceptible to GBS, and that bacteria are able to cross the
BBB. Furthermore, bacterial mutants that are deficient in virulence
factors are attenuated in the larval model. These findings propose a
novel system for examining GBS virulence in zebrafish larvae,
which allow for the visualization of infection in vivo.

2. Materials and methods
2.1. Bacterial strains

The S. agalactiae (GBS) highly virulent clinical isolate COH1
(serotype III, sequence type (ST)-17) [20], NCTC10/84 (V) [21], and
A909 (Ia) [22] were used. GBS mutants on the COH1 background are
deficient in anchored LTA, COH1Aiag [10], capsule, HY106 [23], and
B-h/c production, COH1AcyIE [11]. Generation of GFP expressing
GBS, COH1-GFP, was described previously [12]. GBS was grown in
Todd Hewitt Broth to mid-log phase OD600 = 0.4 and harvested by
centrifugation. Pellets were washed, suspended in PBS, and diluted
to desired concentration for injection into zebrafish larvae.

2.2. Zebrafish stocks and larvae

AB*, Tg(lysC:DsRed2)nz50, and Tg(flk1:ras-cherry)*®® zebrafish
were mated, staged, and raised as previously described [24,25]. All
fish were raised and maintained under the guidelines of the Uni-
versity of California San Diego Institutional Animal Care and Use
Committee guidelines.
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2.3. Infection experiments

Groups of 1115 zebrafish were used per condition. 3 dpf larvae
were anesthetized with tricane (MS-222; Sigma) and put on a 2%
agar plate with E3 (5.0 mM NaCl, 0.17 mM KCl, 0.33 CaCl, 0.33
MgS0,4) for stabilization. 1 nl of diluted GBS was injected into the
area surrounding the heart with a femtojet microinjector (Eppen-
dorf). 3% phenol red (Sigma) was added to the GBS dilution to
visualize the injection. Fish were examined every 6 h for presence
of a heart beat, or sacrificed at 48 h for cytokine analysis.

2.4. Transcript analysis

At time of death, zebrafish larvae were homogenized in the first
buffer RA1 + BME from the Machery Nagel RNA isolation kit. RNA
isolation (Machery Nagel), cDNA synthesis was performed using
the gScript kit from Quantas Biosciences and quantative PCR were
performed using Quantas PerfeCTa SYBR Green FastMix run on the
Bio-Rad CFX96 according to manufacturer's instructions. Primer
sequences for IL-1B (il1b), CXCL-8 (cxcl8a) [24], and elongation

factor 1 alpha (efla) [25] are as follows: illb, F-
5'AGAATGAAGCACATCAAACC3/, R-5'AATCCACCACGTTCACTTC3;
cxcl8a, F-5'GTCGCTGCATTGAAACAGAA3', R-
5'CTTAACCCATGGAGCAGAGG3'; efla, F-

5'GAGAAGTTCGAGAAGGAAGC3’, R-5'CGTAGTATTTGCTGGTCTCG3'.
Efla was used as a housekeeping gene. Gene expression in infected
and mock-infected fish was normalized to uninfected control
animals.

2.5. Visualization of GBS zebrafish larvae

Tg(flk1:ras-cherry)*®® or Tg(lysC:DsRed2)nz50 zebrafish were
infected with GFP expressing GBS. At various time points fish were
anesthetized as described above and mounted in 1.5% agarose. Fish
were then imaged with a confocal microscope under 100X (Leica

B GBS Serotype

100
2 o
c
)
= 501 —— serotype il
8 Serotype la
o Serotype V
o == Vehicle

C L) L) L) L]
20 . 40 60 80
Time (hours)

D soo- Z*ebraﬁsh Cytokm*es 50
v — — ’i
o L40 &
% 4004 o
e 130 o'
v o
% 120 O
© 2004 s
g 03
= (¢}

o T = -0
Control GBS Control GBS
il1b cxcl8a

Fig. 1. GBS infection in zebrafish larvae. Dose-dependent survival of zebrafish larvae injected with GBS Serotype III (A). Survival of zebrafish larvae (n = 24) in response to clinical
isolates of GBS representing common serotypes (B). Survival of zebrafish larvae (n = 26) in response to attenuated GBS mutants (C). Induction of il1b and cxcl8a transcript following
GBS infection of zebrafish larve, n = 6. Experiments were performed at least three times and combined experiments are shown *p < 0.05.
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Fig. 2. Visualization of GBS in the vasculature. Tg(fIk1:ras-cherry)*¢°° fish were injected with GFP-GBS or a vehicle control. At 24 h (A—B) and 48 hpi (C—D) GBS is present outside the
endothelium of the brain. Tg(lysC:DsRed2)nz50 fish were injected with GFP-GBS or vehicle control. At all time points assessed, granulocytes migrated to the site of injection, 24hpi
shown (E—F). Scale bar = 100 uM. The blue arrow points to GBS localized with the vasculature. White arrows point to GBS that does not co-localize with the vasculature. Yellow
arrow points to the injection site. Experiments were repeated at least three times and representative images are shown.

SPX using Leica LAS AF software).

2.6. Statistical analysis

GraphPad Prism version 5.0a was used for statistical analysis.
Students t test was used to analyze significance. Statistical signifi-
cance was accepted at p < 0.05.

3. Results and discussion

To determine if GBS causes mortality in zebrafish larvae, WT
hypervirulent serotype III, sequence type (ST)-17 GBS (strain COH1)
was injected into zebrafish larvae at 3 dpf. Zebrafish larvae were
injected with 10, 10%, or 10> CFU GBS, and control fish were
injected with PBS alone. Mortality of the larvae was dose-
dependent. An MOI of 102 CFU represented an LDsp, and an MOI
of 103 CFU resulted in 100% larval death by 36 h (Fig. 1A). For all
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future experiments a dose of 10% CFU was used. To determine if
infection with other clinically relevant GBS strains would also result
in larval death, we infected larvae with 10% CFU serotype V (NCTC
10/84) and serotype la (A909). Both GBS serotypes resulted in
increased mortality compared to PBS-injected larvae. However, at
the same dose, the hypervirulent serotype Il strain resulted in
increased mortality compared to serotypes V and Ia (Fig. 1B). Next,
we sought to determine whether characterized GBS virulence de-
terminants, which contribute to disease pathogenesis in murine
models of infection, also promote virulence in the zebrafish larval
model. We examined GBS mutants in the serotype III background
(COH1), which were deficient in capsule (HY106) [5], the B-h/c
toxin (AcylE) [11], and properly anchored LTA (Aiag) [10]. We
observed that all of these mutants were attenuated in zebrafish
larvae (Fig. 1C). Infection with GBS mutants lacking capsule and
anchored LTA resulted in very little to no mortality, respectively.
Infection with the AcylE mutant resulted in 43% mortality by 72 hpi
compared to 76% mortality induced by the WT strain. These results
are consistent with previous studies in mice and adult zebrafish
demonstrating the capsule is a virulence factor required for GBS
survival in the bloodstream [5,19]. Further, the iagA gene has been
demonstrated to be critical for anchoring LTA on the GBS surface
and promoting GBS invasion of the BBB endothelium [10]. During
experimental meningitis in the mouse model, we have previously
observed that GBS induces pro-inflammatory signaling molecules,
including those responsible for neutrophil recruitment and acti-
vation [11,13]. Therefore we sought to examine whether GBS in-
duces in a similar upregulation of pro-infammatory cytokines and
chemokines in zebrafish larvae. Following GBS infection, we
extracted RNA from larvae and analyzed transcript levels of inter-
leukin-1p and CXCL8 by real time qPCR at 48 h post infection (hpi).
IL-1p and CXCL-8 transcript were significantly induced compared to
PBS-infected controls (Fig. 1D). These results suggest that zebrafish
larvae respond similarly to mice during disease progression in
response to GBS infection. Future studies to examine cytokine
protein levels during infection will be important once reagents
become available for zebrafish.

To further examine if GBS is able to cross the BBB of zebrafish
larvae, we infected Tg(flk1:ras-cherry)*®? transgenic zebrafish with
COH1-GFP. Larvae were examined 24 and 48 hpi. At 24 and
48 h post infection we observed that GBS colocalize with the brain
vasculature (yellow), and also observed GBS independent of the
brain vasculature (green) (Fig. 2A—D). Interestingly, uninfected
(saline treated) larvae appear to have increased vasculature
compared to infected larvae. Further analysis is needed to deter-
mine if infection results in a developmental defect, apoptosis or
decreased blood flow that could account for the observed
decreased vascular density. During bacterial meningitis, neutro-
phils are known to migrate to the brain and contribute to disease
pathogenesis. To visualize neutrophils we infected Tg(lysC:DsRed2)
nz50 transgenic fish with GBS in order to examine neutrophil
migration during the course of infection. We observed neutrophils
at the site of bacterial injection (Fig. 2E—F), however at the early
time points before larval death we did not observe neutrophil
migration to the brain. While neutrophils and other leukocytes may
contribute to BBB disruption during disease progression, GBS
penetration of the BBB prior to the inflammatory response, repre-
sents a key first step to the pathogenesis of meningitis. We propose
that this model will be more useful to assess bacterial factors
responsible for the initial BBB penetration. In summary, we
describe a new in vivo model to examine GBS virulence using
zebrafish larvae. Our results recapitulate findings of GBS infection
in mice and adult zebrafish [19]. The ability to image and monitor
the infection process in vivo makes the zebrafish larvae a powerful
model for studying host-GBS interactions.
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