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Streptococcus pneumoniae (the pneumococcus) is a major human pathogen causing invasive disease, including community-
acquired bacteraemia, and remains a leading cause of global mortality. Understanding the role of phagocytes in killing bacteria
is still limited, especially in vivo. In this study, we established a zebrafish model to study the interaction between intravenously
administered pneumococci and professional phagocytes such as macrophages and neutrophils, to unravel bacterial killing
mechanisms employed by these immune cells. Our model confirmed the key role of polysaccharide capsule in promoting
pneumococcal virulence through inhibition of phagocytosis. Conversely, we show pneumococci lacking a capsule are rapidly
internalised by macrophages. Low doses of encapsulated S. pneumoniae cause near 100% mortality within 48 hours
postinfection (hpi), while 50 times higher doses of unencapsulated pneumococci are easily cleared. Time course analysis of
in vivo bacterial numbers reveals that while encapsulated pneumococcus proliferates to levels exceeding 105CFU at the time of
host death, unencapsulated bacteria are unable to grow and are cleared within 20 hpi. Using genetically induced macrophage
depletion, we confirmed an essential role for macrophages in bacterial clearance. Additionally, we show that upon phagocytosis
by macrophages, phagosomes undergo rapid acidification. Genetic and chemical inhibition of vacuolar ATPase (v-ATPase)
prevents intracellular bacterial killing and induces host death indicating a key role of phagosomal acidification in immunity to
invading pneumococci. We also show that our model can be used to study the efficacy of antimicrobials against pneumococci
in vivo. Collectively, our data confirm that larval zebrafish can be used to dissect killing mechanisms during pneumococcal
infection in vivo and highlight key roles for phagosomal acidification in macrophages for pathogen clearance.

1. Introduction

Streptococcus pneumoniae is a major human pathogen caus-
ing a range of diseases including community-acquired pneu-
monia, meningitis, and bacteraemia. The mortality rates of
invasive pneumococcal diseases can reach 30% [1]. The
widespread use of antimicrobial therapies has contributed
to antimicrobial resistance amongst pneumococci and sero-
type replacement is challenging vaccine efficacy [2].

S. pneumoniae has been long considered to be a classical
extracellular pathogen where macrophages are key effectors
of antibacterial host defence [3]. Of major importance to
the pneumococcus is the polysaccharide capsule which pro-
motes resistance to phagocytosis and allows extracellular
proliferation [4]. It has been described in vitro that pneumo-
coccal capsule protects against macrophage and neutrophil
phagocytosis predominantly via inhibition of opsonisation
with antibody and complement [5–9]. However, it has been
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recently demonstrated that intracellular replication of pneu-
mococcus occurs inside splenic macrophages serving as a
reservoir for septicaemia [10]. It has also been postulated
that intracellular pneumococci contribute to blood-brain
barrier penetration via transcytosis which subsequently leads
to meningitis [11].

It is generally accepted that professional phagocytes use
a combination of oxidative and nonoxidative methods to kill
bacterial cells [12]. Oxidative mechanisms rely on produc-
tion of reactive species containing either oxygen (ROS) or
nitrogen (RNS) and are generated by NADPH oxidase and
mitochondria or nitric oxide synthases [3]. However, it has
been shown experimentally that S. pneumoniae are relatively
resistant to oxygen-dependent bacterial killing in a mouse
model of pneumococcal pneumonia [13] and that ROS
needs to combine with other factors to enable killing [14].
Many nonoxidative mechanisms of bacterial killing require
acidification of phagosomes which is further aided by their
later fusion with lysosomes. Phagosome acidification occurs
through the action of the vacuolar ATPase (v-ATPase)
which acts as a unidirectional proton pump thereby acidify-
ing the phagosome [15–17]. The contribution of these bacte-
rial killing approaches to pneumococcal clearance is not well
understood. In addition, most phagocyte-pneumococcus
interaction studies have been performed in vitro lacking
the wider context of immune biology. To understand pneu-
mococcal pathology, it is important to determine the mech-
anisms of pneumococcal killing by the innate immune
system, especially in vivo where it is possible to study relative
contributions of different kind of phagocytes and the mech-
anisms they use. Such understanding might support immu-
nomodulatory therapeutic strategies as effective alternatives
to antibiotics which would also help to reduce our reliance
on vaccines[18].

Zebrafish have proven to be an excellent in vivomodel to
study host-pathogen interaction at molecular, cellular, and
populational level [19]. Larval zebrafish have been success-
fully used to model systemic pneumococcal infection [20]
as well as meningitis caused by pneumococci [21]. Although
the roles of specific phagocyte killing mechanisms have not
been determined, these studies demonstrated that zebrafish
could serve as an alternative model of pneumococcal infec-
tion to increase our understanding of pneumococcal patho-
genesis. In addition, infections caused by other streptococcal
species have also been studied using zebrafish [22].

Here, using a larval zebrafish model of systemic S. pneu-
moniae infection, we show that unencapsulated pneumo-
cocci are rapidly ingested by mononuclear phagocytes,
generally referred to as macrophages, and are efficiently
killed following rapid acidification of phagosomes. We also
demonstrate that this acidification of phagosomes contain-
ing bacteria is crucial for effective clearance of pneumococci
and survival of the infected host.

2. Results

2.1. Pneumococcal Capsule Is Necessary for Virulence in a
Zebrafish Larval Model. In order to induce systemic infec-
tion, we injected a range of doses of pneumococci into the

circulation of 54 h postfertilisation (hpf) London wild-type
(LWT) zebrafish larvae. We analysed the virulence of a sero-
type 2 strain D39 [23], which is extensively used to study S.
pneumoniae pathogenesis. The infected larvae were main-
tained at 28.2°C, and the survival of larvae was monitored
up to 68 h post infection (hpi). Since the pneumococcal cap-
sule has been considered a major virulence determinant
important in immune evasion [1], we first examined its role
in a larval zebrafish model of infection. We found that D39
and D39 ∆cps strains displayed radically distinct virulence
phenotypes (Figures 1(a) and 1(b)). Even low doses (approx-
imately 40CFU) of encapsulated D39 led to 100% mortality
within 3 days (Figure 1(a)). Conversely, doses as high as
3000CFU of unencapsulated D39 ∆cps were unable to kill
any infected larvae (Figure 1(b)). The striking differences
between D39 and D39 ∆cps prompted us to enumerate bac-
teria within larvae following infection. Infected larvae were
homogenised and the numbers of bacteria within individual
larvae determined. In larvae infected with D39, the number
of bacteria increased exponentially, reaching approximately
105CFU at 30 to 44 hpi, at which point death of some larvae
occurred (Figure 1(c)). In contrast, strain D39 ∆cps was
unable to proliferate in vivo and bacterial numbers dramati-
cally decreased, falling below the limit of detection by 20 hpi
(Figure 1(d)). Thanks to the optical transparency of zebra-
fish larvae, we were able to follow these infections using
GFP-tagged pneumococcal strains [9, 24]. Comparing
infections between GFP-tagged D39 and D39 ∆cps
strains showed that at 24 hpi, high intensity of D39-
GFP signal could be detected within zebrafish vascula-
ture (Figure 1(e)). In contrast, the GFP-tagged D39 ∆cps
infected larvae were able to prevent bacterial in vivo growth
within the larval vascular system (Figure 1(f)).

These results validated our larval zebrafish model and
confirmed the model could identify key virulence determi-
nants. Our data confirm the importance of pneumococcal
capsule in disease progression of systemic infection and, in
view of the well-established role of capsule in inhibiting
phagocytosis [4], suggested that effective innate immune
responses and clearance of bacteria were a key factor in
determining outcome.

2.2. Pneumococcal Infection in Zebrafish Larvae Can Be
Cured with Antibiotics. Zebrafish have also been successfully
used to conduct chemical screens for small molecules of var-
ious biological activities [25]. We therefore asked whether
our infection model could be used as a potential screening
platform for novel antipneumococcal compounds. As a
proof of principle, larvae infected with D39 were immersed
in various concentrations of penicillin G added to the
medium at 1 hpi. We found a dose-dependent response,
with a concentration of 1.25μg/ml able to prevent the death
of all infected larvae (Figure S1A). Microscopic imaging of
infected larvae treated with the curative dose (1.25μg/ml)
of penicillin G or nontreated controls revealed that survival
is associated with clearance of bacteria observed in treated
larvae at 24 hpi (Figure S1C). As expected, untreated
infected larvae supported intravascular bacterial proliferation
(Figure S1B).
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Figure 1: Encapsulated pneumococci kill zebrafish while unencapsulated pneumococci are rapidly cleared from infected larvae. (a–b)
Survival of zebrafish larvae following infection at 54 hpf with indicated doses of encapsulated S. pneumoniae D39 WT (a) or
unencapsulated S. pneumoniae D39 ∆cps (b) monitored over 68 hpi (n≥42 individual animals over two independent experiments). (c–d)
Numbers of viable colony forming units (CFUs) over time within zebrafish larvae (n≥6 per group per time point) infected with 100CFU
of encapsulated S. pneumoniae D39 (c) or 1500CFU of unencapsulated S. pneumoniae D39 ∆cps (d). Open circles represent living
embryos, whereas solid circles show dead embryos at the time of sample collection. (e–f) Representative fluorescence (top) and
brightfield (bottom) in vivo images (n=10) of zebrafish larvae at 24 hpi following injection with 100CFU of GFP-labelled D39 (e) or
1500CFU of D39 ∆cpsS. pneumoniae (f). Scale bars represent 500 μm.
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We next decided to test the effect of treatment with a
drug to which pneumococci are resistant. To this end, we
used encapsulated strains, either sensitive (D39) or resistant
(D39 GFP) to chloramphenicol. Again, as a proof of princi-
ple, we showed the ability to successfully treat susceptible
(Figure S1D) but not resistant pneumococci (Figure S1E).
Together, these data indicate that our model pneumococcal
infection can be also used to screen for compounds that
clear pathogens and potentially for novel antimicrobials
and host-based therapies.

2.3. Systemically Administered Unencapsulated Pneumococcus
Is Predominantly Internalised by Macrophages Whereas Its
Encapsulated Counterpart Evades Phagocytosis. The dramatic
difference in zebrafish survival and ability to clear the infection
between encapsulated and unencapsulated pneumococcal
strains aligned with knowledge of the inhibitory role of poly-
saccharide capsule on innate immune function, including
phagocytosis [26]. This suggested the unencapsulated strain
could be used to probe key innate immune responses associ-
ated with clearance. Nevertheless, the precise roles played by
different phagocytes and the mechanisms they employ to clear
pathogens remain elusive in vivo since environmental factors
modulate function and limit translation from in vitro function
[27]. Therefore, in order to determine the role of professional
phagocytes (macrophages and neutrophils) in our systemic
pneumococcal infection model, macrophage-labelled Tg
(mpeg1:mCherry-F) larvae were infected with either encapsu-
lated D39 GFP or unencapsulated D39 ∆cps GFP and fixed
at 1, 2, and 4 hpi and stained for neutrophils (by Cy5-TSA)
for subsequent microscopic imaging (Figures 2(a) and 2(b),
Figure S2, Figure S3). We found that the majority of
encapsulated pneumococci remain free in the bloodstream
whereas unencapsulated bacteria are readily internalised
(Figure 2(c)). We also observed zebrafish macrophages were
more likely to contain intracellular bacteria than neutrophils
at all time points tested (Figures 2(d)–2(g)). Macrophages
showed evidence of ingestion of bacteria at all time points
from 1 to 4 hpi (Figures 2(f) and 2(g)). In the case of the
encapsulated bacteria, only a minority were within
macrophages and the majority of bacteria were extracellular
(Figure 2(f)), while for the unencapsulated strain, the
majority of bacteria were in macrophages or in the rare cases
where they were not primarily in macrophages, they were
located in neutrophils (Figure 2(g)). The shift to intracellular
location with the unencapsulated strain also was associated
with the clearance of this strain, while extracellular location
of the encapsulated bacteria was associated with persistence
of bacteria (Figures 2(h) and 2(i)). This corroborated our
previous observation where total in vivo bacterial load was
greater for encapsulated bacteria (Figures 1(c) and 1(d)).
Together, these results confirm the key role of capsule in
phagocyte evasion and the important contribution of
macrophages in successful clearance of intravascular
pneumococci in vivo.

2.4. Macrophages Are Critical in Clearance of Pneumococci
in Zebrafish. Our in vivo imaging of zebrafish infected with
fluorescent S. pneumoniae revealed that the majority of

unencapsulated pneumococci are phagocytosed by zebrafish
macrophages. Therefore, to determine the importance of
specific phagocytes in the immune defence to unencapsu-
lated pneumococci, we depleted macrophages in the zebra-
fish larvae by knocking down irf8—a transcription factor
responsible for macrophage development (Figure S4). In
practice, the irf8 knockdown in zebrafish results in the
preferential development of neutrophils at the expense of
macrophages [28] and it has been routinely used in several
zebrafish infection studies [29–32]. This experiment revealed
that macrophage-depleted larvae are highly susceptible to
pneumococci and succumb to systemic infection with
the unencapsulated strain within 2 days (Figure 3(a)).
Interestingly, the determination of CFU counts within the
macrophage-depleted larvae showed that unencapsulated
pneumococci were now able to proliferate in vivo and
overwhelmed the infected host, reaching nearly 105CFU
(Figure 3(b)) levels comparable to the encapsulated bacteria
without macrophage depletion. Taken together, these data
suggest that macrophages are critical for innate immunity to
unencapsulated pneumococci and cannot be substituted by
neutrophils.

2.5. Phagosomal Acidification within Macrophages Is
Essential for Intracellular Killing of Pneumococci. We next
addressed whether phagosome acidification and fusion with
lysosomes could be important in pneumococcal killing upon
phagocytosis by zebrafish macrophages observed in our
infection model. To examine this, we treated the S. pneumo-
niae-infected larvae with bafilomycin A1—a potent v-
ATPase inhibitor which also prevents fusion of phagosomes
with lysosomes[33].

For these experiments, the transgenic larvae Tg(fms:
GFP)sh377 [34] were infected with D39∆cpsGFP which were
prestained with the pH-sensitive dye pHrodo Red [35],
which creates a higher fluorescence intensity at lower pH.
We found that bacteria internalised by macrophages were
acidified in control larvae and this acidification was inhib-
ited by bafilomycin A1 in the medium (Figures 4(a)–4(c)).
Importantly, the use of bafilomycin A1 did not block the
internalisation of bacteria by macrophages and we did not
observe any pronounced differences in number of bacterial
per phagosome or phagosome types (Figure 4(b)). In addi-
tion, we noticed that the level of GFP fluorescence of inter-
nalised pneumococci was higher in the presence of
bafilomycin A1. This is in line with previous studies report-
ing sensitivity of the GFP fluorescence intensity to low pH
[36]. Lastly, we observed the degradation of bacteria within
macrophages of control larvae and confirmed this degrada-
tion was inhibited in the presence of bafilomycin
(Figures 4(d)–4(g)). We believe this observed suppression
of acidification-mediated bacterial degradation would lead
to intracellular survival of internalised pneumococci and
promote disease progression.

Therefore, to determine the importance of phagosomal
acidification in pneumococcal infection in zebrafish, 2 dpf
larvae with either chemically or genetically inhibited v-
ATPase were infected with unencapsulated D39 ∆cps S.
pneumoniae. For genetic inhibition, using CRISPR/Cas9,
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CHT

(a)

(b)

(d) (e)(c)

Figure 2: Unencapsulated pneumococci are rapidly internalised by zebrafish macrophages. (a–b) Representative images (n=12-14) of the
caudal haematopoietic tissue (CHT, indicated by red rectangle in panel (a)) of Tg(mpeg:mCherry-F) transgenic larvae (red macrophages)
fixed at 1, 2, and 4 hpi following injection with approximately 2000CFU of D39WT GFP and D39 ∆cpsGFP strains. The larvae were
stained with Cy5-TSA to visualise (blue) neutrophils. Scale bars represent 20 μm. (c) Quantification of internalisation rates of D39 WT
GFP or D39 ∆cps GFP by zebrafish phagocytes at 1, 2, and 4 hpi. The ratio of GFP fluorescence area outside to inside phagocytes was
used to quantify bacterial uptake. (d–e) Quantification of D39 WT GFP (d) and D39 ∆cps GFP (e) bacterial area within macrophages
and neutrophils at each time point. (f–g) Pie charts showings the location of D39 WT GFP (f) and D39 ∆cps GFP (g) S. pneumoniae
cells in each imaged zebrafish larvae at each time point. Numbers inside rings indicate the total bacterial area within the image. (h–i)
Quantification of total bacterial area within images of zebrafish larvae infected with D39 WT GFP (h) and D39 ∆cps GFP (i) at each
time point. Bar charts represent the mean with individual data points shown. 12-14 zebrafish larvae analysed in each time points and
groups in two independent experiments. ∗∗∗∗ p < 0:0001, ∗∗∗ p < 0:001, ∗∗p < 0:01, ∗p < 0:05, ns: not significant.
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we knocked down atp6v0ca (ATPase H+ transporting V0
subunit ca) which encodes one of the subunits of the v-
ATPase complex. The efficacy of atp6v0ca knockdown
was confirmed at the genetic level (Figure S5A).
Furthermore, knockdown larvae displayed characteristic
pigment dilution (Figure S5B-C) as has been observed in
insertional mutants of v-ATPase subunits [37]. It has
been previously demonstrated in zebrafish that
morpholino-mediated atp6v0ca knockdown results in
inhibition of lysosomal acidification [38]. Likewise, our
CRISPR-mediated knockdown approach led to impaired
acidification of internalised pneumococci (Figure S6). In
a similar way to bafilomycin A1 treatment, internalised
pneumococci in the atp6v0ca knockdowns showed lower
pHrodo Red (Figure S6C) and higher GFP (Figure S6D)
fluorescence intensity indicating higher local pH in
comparison to control siblings. Subsequently, we showed
that both genetically and chemically induced loss of v-
ATPase function leads to impaired resistance of zebrafish
larvae to unencapsulated pneumococci (Figure 5(a)). In
addition, the pneumococcal killing observed in control
larvae was completely abrogated in atp6v0ca knockdown
and bafilomycin-treated larvae which led to subsequent
proliferation of bacteria in vivo (Figures 5(b) and 5(c)).
Taken together, these data demonstrate the importance
of the vacuolar ATPase in acidification and subsequent
killing of pneumococci internalised by macrophages
in vivo.

3. Discussion

In this study, we characterised the innate immune response
to systemic Streptococcus pneumoniae infection in larval zeb-
rafish. Using this in vivo model, we have found that initial
phagocytosis by macrophages and subsequent acidification

of ingested bacteria are critical steps for efficient killing
and clearance of pneumococci during bloodstream infection
in a resolving model using unencapsulated S. pneumoniae.
In addition, this whole-animal infection model allows the
study of the complex crosstalk between different immune
cells in their natural environment overcoming the limita-
tions of the in vitro studies.

Our results reinforce and validate previous findings that
capsular polysaccharide is a major pneumococcal virulence
factor associated with immune evasion [4], impeding macro-
phage phagocytosis in vivo. Similar observations have been
made in other larval zebrafish studies where another pneu-
mococcal strain representing serotype 4 (TIGR4) was used
[20]. Here we have observed increased susceptibility to
encapsulated S. pneumoniae D39 in systemic infection in
larval zebrafish is associated with a reduced capability to
internalise the capsular pneumococci. It is generally known
that pneumococcal capsule blocks access to surface proteins
reducing opsonisation as well as inhibiting nonopsonic
phagocytosis [8, 26].

The diminished phagocytosis of encapsulated pneumo-
cocci observed in this study may also be related to a lack
of a functioning adaptive immune system in zebrafish, as
this does not develop before 3-4 weeks postfertilisation
[39]. Alternatively, it could be mediated by differential
effects of intrinsic complement-mediated but not antibody-
mediated opsonisation. In fact, it has been shown in vitro
that opsonisation by serum containing cognate immuno-
globulin results in enhanced binding compared to that by
serum containing complement but no IgG [5, 7]. Another
in vitro study has shown that even in the presence of normal
human serum, the rate of binding and internalisation of
encapsulated pneumococcus (TIGR4) by RAW macro-
phages is low and significantly lower than its unencapsulated
counterpart TIGR4 Δcps [6].
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Figure 3: Macrophage depletion leads to hypersusceptibility to pneumococcal infection in zebrafish. (a) Survival of control and irf8
knockdown zebrafish larvae following infection at 54 hpf with 1500CFU of unencapsulated S. pneumoniae D39 ∆cps monitored over
68 h post infection (n≥50 individual animals over two independent experiments). ∗∗∗∗ p < 0:0001. (b) Numbers of viable colony
forming units (CFUs) over time within control and irf8 zebrafish larvae (n=12 individual animals per group per time point over two
independent experiments) infected with 1500CFU of D39 ∆cps. ∗∗∗∗ p < 0:0001, ns: not significant.
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Although the unencapsulated pneumococcus is a viru-
lent in our infection model, this lack of pathogenicity was
purely due to the activity of zebrafish macrophages, as their
depletion led to rapid bacterial proliferation in vivo and sub-
sequent death of the infected host. Interestingly, we have
shown that even elevated levels of neutrophils in the absence
of macrophages are unable to protect the host from systemic
pneumococcal infection in this model. Similarly, in the
mouse model of infection, macrophages play a vital role in
immunity to invading pneumococci and macrophage deple-
tion leads to reduced ability to clear bacteria from both the
lung [40] and the bloodstream [41].

Subsequently, we have shown that acidification of
macrophage-ingested pneumococci is a key step of host
immunity to systemic pneumococcal infection in infected
larvae, suggesting bacterial cell death within the macrophage
is dependent on v-ATPase-driven acidification of ingested
pneumococci. This effect might be indirect, as it is known
that low pH is required for activation of lysosomal proteases
such as cathepsin D which in turn coordinate microbial
killing by macrophages [42, 43]. Furthermore, acidification
contributes to degradation of peptidoglycan in Gram posi-
tive bacteria, such as Staphylococcus aureus, and other
microbial pathogen-associated molecular patterns, which in
turn are recognised by pattern recognition receptors [44].
This activates production of cytokines and microbicidal
factors. Although it is generally accepted that macrophages

kill internalised pneumococci by rapid acidification of bac-
teria within phagolysosomes [45], to our knowledge this is
the first time this has been directly shown in vivo. Our
model allows direct observation of phagolysosomal matu-
ration associated with bacterial acidification and subse-
quent bacterial degradation in living vertebrates in real
time.

Zebrafish have proven to be a useful platform for drug
screening [25] including for anti-infective compounds [46].
The main advantages of this system are the facts that drugs
can be simply immersed in zebrafish medium and their
effects can be visualised by automated live microscopy. Here,
we show that testing for antimicrobials is also feasible in our
infection model, by rescuing infected zebrafish larvae with
antibiotics supplemented to the medium. In addition, we
believe this model can be a useful tool to study the dynamics
of antibiotic resistance in pneumococci in vivo particularly
important in the light of recent emergence of antimicrobial-
resistant pneumococci.

In conclusion, we have validated the zebrafish model of
systemic pneumococcal infection by demonstrating the
importance of pneumococcal capsule and subsequently by
revealing the role of macrophages and the acidification of
internalised bacteria in resistance to systemic pneumococcal
infection. This model is a useful complement to the existing
in vivo models of pathogen–host interaction in pneumococ-
cal infection.
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Figure 4: A1-mediated inhibition of v-ATPase prevents acidification of macrophage-internalised pneumococci and their subsequent
degradation. (a–b) Representative in vivo images (n=5-7) of circulation valley of Tg(fms:GFP) larvae at 1 hpi injected with S.
pneumoniae D39 ∆cps GFP prestained with pHrodo. Panel (a) shows control (DMSO-treated) larvae, whereas panel (b) shows larvae
pretreated with 100 nM Bafilomycin A1 (BafA1) at 1 h before infection. (c) Quantification of pHrodo fluorescence intensity within
macrophages containing pneumococci (n=32-49 phagocytes quantified over 5-7 zebrafish larvae analysed in each group). ∗∗∗ p < 0:001.
(d–e) Representative in vivo images (n=5-7) of circulation valley of control (DMSO-treated, d) and bafilomycin A1-treated (e) zebrafish

larvae infected with RFP-labelled D39 ∆cps. Panels (d′) and (e′) represent zoomed-in areas from D and E, respectively, where degraded
bacteria are present in control macrophages and intact cocci are visible in macrophages of bafilomycin A1-treated zebrafish. (f) Line

intensity profiles of the fluorescence signal of S. pneumoniae-derived RFP across the yellow arrows shown in (d′) and (e′). The signal in
a macrophage from bafilomycin A1-treated zebrafish fluctuates across the phagocyte representing the intact internalised pneumococci
whereas a control macrophage presents more “averaged” signal across the phagocyte representing intracellular bacterial degradation. (g)

Standard deviation of fluorescence intensity values measured across infected macrophages (as shown by arrows in panels (d′) and (e′))
in DMSO vs. BafA1-treated larvae (n=12 infected macrophages within 3 zebrafish larvae were analysed in each group). ∗∗∗ p < 0:001.
Scale bars represent 15μm.
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4. Materials and Methods

4.1. Zebrafish Lines and Maintenance. Up to 5 days postfer-
tilisation (dpf), zebrafish are not protected under the Ani-
mals (Scientific Procedures) Act 1986. However, all work
was carried out according to the stipulations set out in Pro-
ject License PPL 40/3574. Adult zebrafish were maintained
by staff at the University of Sheffield Bateson Centre Zebra-
fish Facility. Adult fish were kept in a continuous re-
circulating closed system aquarium with a light/dark cycle
of 14/10 hours at 28°C. Larvae were incubated in E3 medium
at 28.2°C according to standard protocols [47]. The follow-
ing zebrafish lines were used in this study: London wild-

type (LWT), Tg(mpx:GFP)i114 [48], Tg(mpeg1:mCherry-F)
ump2 [49], and Tg(fms:GFP)sh377 [34].

4.2. Bacterial Culture and Inoculum Preparation. All Strepto-
coccus pneumoniae strains (listed in Table 1) were derived
from D39 [23] and grown on prepoured Tryptic Soy Agar
5% sheep blood plates (TSAII 5% SB; Becton Dickinson) at
37°C in an atmosphere containing 5% CO2. Bacterial cells
were grown in Todd-Hewitt Broth (Becton-Dickinson) sup-
plemented with 0.5% yeast extract (BD) at 37°C in an atmo-
sphere containing 5% CO2 reaching OD600 between 0.3 and
0.5. Bacteria were subsequently centrifuged (5000 g, 10min)
and resuspended in phosphate-buffered saline (PBS)
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Figure 5: Inhibition of v-ATPase leads to hypersusceptibility to pneumococcal infection in zebrafish. (a) Survival of zebrafish control,
bafilomycin A1-treated or atp6v0ca knockdown larvae following infection with 1500CFU of unencapsulated S. pneumoniae D39 ∆cps
monitored over 68 h post infection (n≥25 individual animals over two independent experiments), ∗∗∗∗ p < 0:0001). (b) Numbers of
viable colony forming units (CFUs) over time within control and atp6v0ca knockdown zebrafish larvae infected with 1500CFU of D39
∆cps (∗∗∗ p < 0:001, ∗∗∗∗ p < 0:0001, ns: not significant). (c) Numbers of viable colony forming units (CFUs) over time within control
(DMSO-treated) and bafilomycin A1-treated zebrafish larvae (n≥6 individual animals per group per time point) infected with 1500CFU
of D39 ∆cps (∗∗p < 0:01, ∗∗∗∗ p < 0:0001, ns: not significant).
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supplemented with 2% polyvinylpyrrolidone-40 (PVP40,
Sigma-Aldrich).

4.3. Strain Construction. S. pneumoniae strains were gener-
ated using methods described previously [50]. For all strains,
fluorescent constructs were PCR amplified from JWV500 or
MK119 gDNA using primers hlpA_up_F (AACAAGTCA
GCCACCTGTAG) and hlpA_down_R(CGTGGCTGACG
ATAATGAGG) before transformation into D39 strain back-
grounds [9, 24]. Transformants were selected on TSAII
overlay plates containing 5μgml−1 chloramphenicol and
confirmed through diagnostic PCR and cytological fluores-
cence assays.

4.4. pHrodo Red Staining of Pneumococci. The pHrodo Red-
succinimidyl ester (Thermo Fisher) was dissolved in DMSO
to the final concentration of 2.5mM. 0.5μl of pHrodo Red
was added to 200μl of bacterial suspension in PBS pH9
and then mixed thoroughly. The mixture was incubated
30min at 37°C with gentle rotating. To remove the excess
of the dyes, bacteria were washed during 3-step procedure:
addition of 1ml of PBS pH8, 1ml of Tris pH8.5, again
1ml of PBS pH8; followed by 2min of centrifugation in
12000 g and gentle removal of the supernatant. After wash-
ing, bacterial pellet was resuspended in 200μl of PBS
pH7.4 supplemented with 2% PVP40 and proceeded to
microinjections of zebrafish larvae.

4.5. Microinjection of Zebrafish Larvae. 54 hpf zebrafish lar-
vae were microinjected into the circulation with bacteria as
previously described [51]. Briefly, anaesthetised larvae were
embedded in 3% w/v methylcellulose and injected individu-
ally with 1 nl using microcapillary pipettes filled with the
bacterial suspension of known concentration. Following
infection, larvae were observed frequently up to 68 hpf and
numbers of dead larvae recorded at each time point.

4.6. TSA Staining. Infected larvae were fixed at 1, 2, and 4
hpi in ice-cold 4% paraformaldehyde in PBS supplemented
with 0.5% Triton X-100 (PBS-TX) overnight at 4°C. Subse-
quently, fixed larvae were washed in PBS-TX three times.
Peroxidase activity was detected by incubation in 1 : 100
Cy5-TSA:amplification reagent (PerkinElmer) in the dark

for 10min at 28° C followed by extensive washing in PBS-
TX.

4.7. Morpholino- and CRISPR/Cas9-Mediated Knockdown.
Morpholino-modified antisense oligomers against irf8
(splice) [28] were injected using a method described previ-
ously [32]. Briefly, each embryo was injected with 1nl of
0.5mM of irf8 MO at the 1-4 cell stage. A standard control
morpholino (Genetools) was used as a negative control.

For CRISPR/Cas9-mediated atp6v0ca (ENSDARG00000
057853) knockdown, the online web tool CHOPCHOP was
used to design a gene-specific CRISPR (guide) RNA in exon
3 of the following sequence where PAM site is indicated in
brackets: CATTGCCATCTACGGCCTGG (TGG). Synthetic
SygRNA (Merck) consisting of gene-specific CRISPR RNA
(crRNA) and transactivating RNAs (tracrRNA) in combina-
tion with Cas9 nuclease protein (Merck) was used for gene
editing. TracrRNA and crRNA were resuspended to a con-
centration of 50μM in nuclease-free water. The gRNA-
Cas9 complexes were assembled on ice immediately before
injection using a 1 : 1 : 1 ratio of crRNA:tracrRNA:Cas9
nuclease with the final concentrations of 16.6μM, 16.6μM,
and 6.6μM, respectively. 1 nl of the mixture was injected
into each embryo at 1-cell stage. As controls, only Cas9
+ tracrRNA were without crRNA. Knockdown verification
was performed by the use of primers with the following
sequences: forward primer: TCTCTGTTTTTAGCGTTGG
GT, reverse primer: ACGCATGACTCACTTGTAGAGC.

4.8. Microscopic Imaging and Analysis. Live anaesthetised
larvae were immersed in 1% (w/v) low-melting-point aga-
rose solution in E3 medium and mounted flat on a dish with
glass bottom. Images were acquired using a Nikon TE-
2000U fluorescence microscope with 4x Nikon Plan Fluor
objective (NA 0.13) or UltraVIEW VoX spinning disk con-
focal microscope (Perkin Elmer) with Olympus 40x
UPLFLN oil immersion objective (NA 1.3) or Zeiss LSM
900 Airyscan 2 confocal laser scanning microscope using
the C-Apochromat 40x/NA 1.2 water objective. Maximum
projections were used for representative images. No nonlin-
ear normalisations were performed. For quantification of
pHrodo Red and GFP mean fluorescence intensity, Volocity-
software (Perkin Elmer) was used.

Table 1: S. pneumoniae strains used in this study.

Strain name Description/strain genotype Source/reference

D39
Serotype 2, capsule-positive
S. pneumoniae type strain

[23]

D39 ∆cps
Unencapsulated D39

D39 ∆cps (Δcps2A’-Δcps2H’)
[23]

‘D39 GFP’
AKF_Sp0014

GFP-expressing capsule-positive D39
D39 hlpA-gfp_cat

This study
[9]

‘D39 ∆cps GFP’
AKF_Sp0012

GFP-expressing D39 ∆cps
D39 ∆cps hlpA-gfp_cat

This study
[9]

‘D39 ∆cps RFP’
AKF_Sp0013

RFP-expressing D39 ∆cps
D39 ∆cps hlpA(wt)_hlpA-mKate2_cat

This study
[24]

The D39 Δcps genotype (Δcps2A’-Δcps2H’) was excluded from derivative strains for clarity. Transcriptional and translational gene fusions are indicated using
an underscore (_) and dash (-), respectively. Cat = chloramphenicol resistance cassette.
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Bacterial phagocytosis was quantified using an ImageJ
custom script called Fish Analysis v5 [52]. All bacteria were
identified based on their GFP fluorescence. Subsequently,
the fluorescence intensities of the mCherry (macrophage)
or Cy5 (neutrophil) channels surrounding (2μm radius)
the phagocytosed bacteria were measured. The phagocytosed
bacteria had high fluorescence mCherry (inside macrophages)
or Cy5 (inside neutrophils) intensity of the surrounding area
of and the cut-off of 3 times above background level was used
to discriminate the phagocytosed from nonphagocytosed bac-
teria. The areas of bacteria phagocytosed by macrophages,
neutrophils, and free in the bloodstream were quantified.

4.9. Determination of In Vivo Bacterial Counts. At various
times postinfection, 6-7 living zebrafish larvae were individ-
ually transferred with 100μl of E3 medium into 0.5-ml Pre-
cellys tubes containing 1.4-mm ceramic beads (Peqlab) and
homogenised using a Precellys 24-Dual homogeniser (Peq-
lab). The homogenates were serially diluted and spotted on
TSA plates containing 5% defibrinated sheep blood to deter-
mine S. pneumoniae CFU numbers. Bacterial load was also
determined for any dead larvae at each time point. The limit
of detection was 20CFU per larva.

4.10. Treatment with Antibiotics. Zebrafish larvae infected
with encapsulated D39 pneumococci were bath-treated with
a range of concentrations of penicillin G (0.625, 1.25, and
2.5μg/ml, Sigma-Aldrich) or chloramphenicol (80μg/ml,
Sigma-Aldrich) in E3 medium at 1 hpi.

4.11. Bafilomycin A1 Treatment. Zebrafish larvae were bath-
treated with 100nM bafilomycin A1 (Sigma-Aldrich) in E3
medium at 1 hour before infection. For survival experi-
ments, bafilomycin A1 was removed at 4 hpi by replacing
the E3 medium. DMSO was used as vehicle control.

4.12. Statistics. GraphPad Prism 8 was used for statistical
analysis. Survival curves were analysed with Log rank (Man-
tel-Cox) test. For pHrodo Red and GFP fluorescence inten-
sity as well as SD of fluorescence intensity, an unpaired t

-test was performed. For CFU and phagocyte counts as well
as bacterial area, a Kruskal-Wallis test was performed using
Dunn’s multiple comparisons test. Statistical significance
was assumed at P-values below 0.05.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Additional Points

Take Aways. (i) Macrophages are essential for pneumococcal
killing during zebrafish infection. (ii) Phagosomal acidifica-
tion is required to kill internalised pneumococci. (iii) The
capsule surrounding the pneumococcus protects it from
phagocytosis in vivo. (iv) Antibiotic treatment effects on
the pneumococcus can be studied in zebrafish.
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