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ABSTRACT Outbreaks of cholera pose a major threat to human health. Currently, 
antibiotics are the most effective treatment against the causative agent, the bacterium 
Vibrio cholerae. However, the use of antibiotics eventually leads to the emergence of 
resistant strains, which necessitates the need for alternative approaches. The use of 
bacteriophages to target the infection by antibiotic-resistant bacteria is one promis­
ing alternative. While clearance of Vibrio cholerae with the use of phages has been 
performed on several animal models, none of these models are naturalistic hosts of 
V. cholerae. Therefore, we set out to investigate the interaction between V. cholerae 
and bacteriophage ICP1 both in vitro and in vivo in a naturalistic host, the zebrafish 
model, Danio rerio. To study the interplay between host, bacteria, and phages, we 
used a combination of light and ultrastructural imaging techniques, including confocal 
fluorescence microscopy, serial block face scanning electron microscopy (EM) imaging, 
and cryogenic EM, which allowed us to investigate both the colonization process by 
V. cholerae and clearance by the ICP1 bacteriophage. In addition, we determined the 
effects of the microbiome on this treatment by using germ-free, conventionalized, and 
monoassociated zebrafish larvae as a host. Independent of the presence and compo­
sition of microbiomes used here, V. cholerae efficiently colonized the larval intestine. 
Finally, we demonstrate significant in vivo clearance of V. cholerae N16961-dsRED by ICP1, 
underscoring the role of phage-bacteria dynamics in shaping pathogen colonization 
within the zebrafish larval host.

IMPORTANCE Cholera remains a life-threatening disease that causes recurring 
outbreaks and significant mortality, particularly in developing and conflict-affected 
regions. As antimicrobial resistance continues to rise, there is an urgent need to better 
understand the ecological and microbial dynamics that govern Vibrio cholerae coloniza­
tion and persistence. This research investigates how V. cholerae interacts with bacterioph­
ages, the host environment, and the resident microbiota within a natural vertebrate 
host, offering new insights into the factors that influence pathogen clearance and 
shaping of the gut ecosystem during infection. The powerful combination of serial 
block-face scanning and cryogenic electron microscopy, fluorescence microscopy, and 
traditional colony/plaque counting methods revealed previously unobserved aspects of 
the interplay between host, pathogen, phages, and selected microsymbionts, highlight­
ing phage-driven clearance of V. cholerae during colonization.

KEYWORDS Vibrio cholerae, bacteriophage therapy, intestinal microbiome, confocal 
microscopy, cryo-EM

T he water-borne bacterium Vibrio cholerae is the causative agent of the diarrheal 
disease cholera. It remains a major threat to human health with the most recent 

pandemic causing up to 2.86 million cases and an estimated 95,000 of these cases 
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resulting in death (1). Unlike the other six pandemics before it, the seventh pandemic 
is caused by V. cholerae of the El Tor biotype (2). Clinical interventions that actively 
target the bacteria are mostly limited to the use of antibiotics. While the use of antibi­
otics shows a decrease in the burden of cholera (3), antibiotic-resistant strains have 
already emerged (4). Therefore, there is an increasing interest in developing alternative 
treatments, such as the use of bacteriophages.

Bacteriophages, viruses that specifically infect bacteria, offer a promising therapeutic 
strategy due to their host specificity and self-limiting life cycles (5, 6). Lytic phages, in 
particular, rapidly replicate within and lyse bacterial cells without integrating into the 
host genome, minimizing the risk of horizontal gene transfer of virulence or resist­
ance determinants (7). This makes lytic phages appealing candidates for antimicrobial 
treatment.

Interest in bacteriophages as a therapeutic tool against bacterial infections dates back 
over five decades (7), and recent research has reignited this interest, particularly in the 
context of combating antibiotic-resistant pathogens (5, 8, 9). Phage therapy studies have 
relied heavily on mammalian models, such as rabbits and infant mice, to evaluate the 
efficacy of phages against Vibrio cholerae infections. In these models, oral administration 
of V. cholerae-specific phages has been shown to reduce disease severity—marked by 
decreased diarrhoea—and lower bacterial loads in feces, as measured by colony-forming 
units (CFUs) (10). Similar results were observed with a prophylactic administration of a 
phage cocktail containing phages ICP1, ICP2, and ICP3 (11). Here, they also observed a 
reduction in the amount of enumerated V. cholerae. Although resistant bacterial variants 
emerged within hours, these phage-resistant strains exhibited reduced pathogenicity, 
suggesting a fitness trade-off.

While previous studies have demonstrated the effectiveness of bacteriophage 
therapy in various animal models, these systems often rely on mammalian models, which 
are not exposed to V. cholerae in natural environments. This is reflected in the surgical 
interventions that are necessary to allow V. cholerae to colonize the intestine in the 
removable intestinal tie-adult rabbit diarrhea rabbit model (10). In contrast, zebrafish 
(Danio rerio) larvae naturally ingest V. cholerae from their surrounding aquatic environ­
ment, allowing colonization to occur without experimental manipulation (12). Further­
more, zebrafish larvae represent a more ecologically relevant host, sharing freshwater 
habitats with environmental V. cholerae populations in South Asia, where the bacterium 
is endemic (12–14). Moreover, zebrafish larvae are translucent, making them especially 
suited for the use of light microscopy. This positions zebrafish larvae as a practical 
infection model to study the interactions between V. cholerae and bacteriophages with 
which it shares an aquatic niche. By studying these interactions in a naturalistic host, we 
can better understand how V. cholerae persists in a natural environment.

In this study, we show the effects of ICP1 bacteriophage treatment on V. cholerae 
both in vitro and in vivo. The in vitro results indicate that the efficacy of bacteriophage 
predation of V. cholerae by ICP1 bacteriophage predation is dependent on the aqueous 
environment. Furthermore, by imaging the colonization of the intestine of zebrafish 
larvae by V. cholerae, of the El Tor biotype, with confocal fluorescence microscopy, 
cryo-EM, and serial block face scanning electron microscopy (SBF-SEM), we gained 
insight into the colonization dynamics of the bacteria in the presence and absence 
of microbial communities. Following administration of ICP1 to the V. cholerae-infected 
larvae, a significant decrease in bacteria in the intestine was observed and quantified by 
selective plating. Combined, these results elevate the zebrafish larvae as a natural host 
for pandemic V. cholerae and demonstrate the effectiveness of the ICP1 bacteriophage in 
clearing colonization within the host.
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RESULTS

Interaction between V. cholerae and ICP1 in vitro depends on the aquatic 
environment

In order to investigate the interactions between V. cholerae, the zebrafish larvae, and the 
bacteriophage, we selected the widely used bacteriophage ICP1, as it has been naturally 
found in Bangladesh waters, where zebrafish also naturally occur (15, 16). In addition, 
it has previously been isolated from patient stool samples, highlighting its clinical 
relevance (17). To minimize the complexity of experimental conditions while investigat­
ing the interaction between bacteria and phage, we first studied their interaction in 
the absence of the zebrafish host. This allowed us to gain insight into the influence of 
the aquatic environment itself on the phage infection. More specifically, we aimed to 
understand if different types of lab media would affect the interaction compared to a 
natural water source (Rhine water). Therefore, we investigated V. cholerae N16961-DsRed 
predation by ICP1 in multiple environmental conditions outside of the host. First, we 
used standard rearing media of zebrafish larvae, artificial freshwater (AFW), as this will 
be the aqueous environment in which the larval infection experiments will take place. 
As a control, we repeated the experiments in lysogeny broth (LB) media, which is the 
standard growth media for V. cholerae (18). As expected, we observed the clearance 
of V. cholerae after 2 h in LB media, which also coincided with an increase in the 
number of bacteriophages up to a PFU of 109 bacteriophages per milliliter (Fig. 1A). The 
clearance continued until the 7-h time point; afterward, we observed the resistance of V. 
cholerae to ICP1, as can be seen by an increase in CFU. However, when repeating these 
conditions in AFW, we observed no clearance of V. cholerae by ICP1, and no propagation 
of bacteriophages was detected (Fig. 1A). These results imply that phage predation is 
limited in the AFW environment. While the AFW is a standardized environment that is 
widely used to rear zebrafish in laboratory conditions, it does not completely mimic a 
natural water source. Therefore, we investigated predation by ICP1 in natural freshwater 
conditions using water samples collected from the Rhine river. To mimic the natural 
growth conditions as closely as possible to a previously published study (19), V. cholerae 
was also preadapted by growing the culture overnight in freshwater. When repeating 
the experiments in this media, we could clearly observe a drop in the number of 
bacteria, coinciding with an increase in bacteriophages (Fig. 1B). This indicates that 
ICP1 can propagate and lyse V. cholerae under these conditions. Closer inspection of 
these samples through cryo-electron microscopy revealed that V. cholerae displayed a 
detachment of the inner membrane and shrinkage of the cytoplasm, also referred to 
as plasmolysis, of the inner membrane at all time points (Fig. 1C). Curiously, this still 
led to the binding and even propagation of bacteriophage ICP1. While the observed 
plasmolysis is likely the cause of the decrease in bacteriophage propagation, it does 
not completely abolish bacteriophage infection in natural freshwater. In conclusion, our 
data shows that natural freshwater allows the predation of V. cholerae by ICP1, while the 
standardized zebrafish rearing media, AFW, does not.

V. cholerae shows robust colonization of germ-free zebrafish larvae

Having established a baseline understanding of how V. cholerae interacts with the ICP1 
bacteriophage in different types of media, we wanted to gain insight into how the 
interaction between phage and bacteria unfolds inside the zebrafish host. The fish were 
reared in AFW as this is a controlled environment that is widely used in research laborato­
ries (20). First, we needed to confirm that our bacterial laboratory strain V. cholerae 
N16961-DsRed robustly colonizes the fish intestine. To do this, we performed infection 
experiments in germ-free zebrafish larvae. The absence of a natural gut microbiome 
reduces the complexity and allows for clear visualization of the colonization of V. cholerae 
N16961-DsRed. At 3 days post-fertilization (dpf ), one group of germ-free larvae was 
infected with 109 bacterial cells of V. cholerae N16961-DsRed. This was done by adding 
the inoculum directly to the water of the zebrafish larvae. The bacteria are then passively 
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ingested by the larvae, eliminating the need for injection. The other group was uninfec­
ted and acted as the control group. We investigated the colonization of 5 dpf using 
confocal fluorescence microscopy, 48 h after the addition of V. cholerae. Z-stack series 
were generated at two distinct locations in the intestine (Fig. 2A; Fig. S1 and Movie S1). 
One area is located directly below the swim bladder, with the other area moving toward 
the distal end of the anterior intestine and into the mid-intestine. Red fluorescent 
bacteria were observed in both areas of the intestine, indicated by a higher fluorescence 
intensity compared to the background fluorescence of the intestine in the control larvae 
(Fig. 2A; Fig. S1). Furthermore, both microcolonies and bacteria that were free-flowing 
through the intestine were observed (Fig. 2A; Movie S2). This confirmed that a significant 
amount of V. cholerae N16961-DsRed cells is able to colonize the anterior intestine of the 
germ-free zebrafish larvae.

To investigate the colonization of the zebrafish larvae in greater detail, we employed 
serial block face imaging, a technique that allows the inspection of the morphology and 
localization of the bacteria inside the zebrafish intestine. Here, we compared germ-free 5 
dpf zebrafish larvae, both infected and uninfected by V. cholerae C6706-tdTomato. Using 
this method, we were able to achieve large volumes of three-dimensional data covering 
up to 150 μm length of the intestine. An overview of the uninfected zebrafish larvae 
allowed us to confirm the lack of other microbes in the anterior intestine and observe 
free-floating debris and the loose packing of the villi (Fig. 3A). In contrast, the microvilli of 
the V. cholerae-infected larvae were tightly packed, and microcolonies were present 
throughout the lumen, including the base of villi, as well as unassociated with the 

FIG 1 Interaction of V. cholerae and ICP1 in various saline environments. (A) Graphs depicting the interaction between V. 

cholerae (CFU; circles) and ICP1 (PFU; squares) in LB and AFW over time. The phage was added to these cultures at time point 

0 at a multiplicity of infection (MOI) of 2. These are the results of three individual experiments for each treatment. Error bars 

represent the standard error of mean (SEM). (B) Graph depicting the interaction between V. cholerae and ICP1 in natural Rhine 

water after pre-incubation in the water. The −1 h time point represents the concentration of bacteria before preadaptation. 

The phage was added to these cultures at time point 0 h at an MOI of 2. These are the results of three individual experiments 

for each treatment. Error bars represent the standard error of mean (SEM). (C) Cryo-electron micrographs of preconditioned 

V. cholerae with ICP1. Bacteria were exposed to natural Rhine water. Representative images from time points 0 (left) and 24 h 

(middle and right) are depicted.
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intestinal lumen (Fig. 3B and C, arrowheads). Imaging of the larvae by confocal micro­
scopy also showed that the infection of the intestine is similar to that observed with the 
N16961-dsRED strain (Fig. S2). We also observed that the infection decreases as it 
approaches the mid- and posterior intestine, areas where the majority of the mucus-
producing goblet cells reside (Fig. 3C [21]). Furthermore, the three-dimensional volume 
images allowed the analysis of the overall morphology of the bacterial cells that 
colonized the intestine. Using segmentation software (Dragonfly [22]), we were able to 
outline part of the anterior intestine and the bacteria within (Fig. 3D; Movie S3). Here, we 
can see the abundance of bacteria in the larval intestine. This also allowed us to clearly 
identify colonizing bacteria in the base of the villi, including some dividing bacteria (Fig. 
3E). Overall, all cells exhibited a vibrioid shape (Fig. 3), which contrasts with the more 
spherical morphology in cells exposed to the Rhine water (Fig. 1C). Together, these 
observations confirm that pandemic V. cholerae is capable of robust colonization of the 
zebrafish larval intestine, with the morphology of the bacterial cells indicating that they 
are viable.

FIG 2 Clearance of V. cholerae N16961-DSRED infection by ICP1 in germ-free zebrafish larvae. Single slice images of confocal 

fluorescence Z-stacks showing the anterior (left) and mid-intestine (right) of germ-free zebrafish larvae either infected by 

V. cholerae (A), by V. cholerae and ICP1 (B), or uninfected (C). Composite images of bright field and fluorescent signal are 

shown. Clumps of microcolonies (white arrowheads) are visible in the crevices between the villi of the intestine at both 

locations. Small specks of red fluorescent free-floating bacteria are present throughout the anterior intestine and are most 

commonly found in the open areas of the intestine (white asterisk). Scale bars represent 20 μm. (D) Graphs depicting the 

log-normalized fluorescent pixels that were quantified for colonizing bacteria in the anterior (left) and mid-intestine (right). 

Error bars represent the standard error of mean (SEM). An ordinary one-way ANOVA was performed for the comparison of 

means (*P < 0.05, **P < 0.005; ns, not significant). These are the results of three independent experiments with 11 larvae for 

the V. cholerae and V. cholerae + ICP1 infected groups and 3 larvae for the uninfected group. (E) Graph depicting the amount 

of CFU and PFU counts per larvae in untreated (circle) and treated larvae (square; triangle) over time. Error bars represent the 

standard error of mean (SEM). Each individual point is the average of each replicate, with each replicate being the average of 

five fish. Three independent experiments were performed in total.
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Phage-mediated clearance of V. cholerae occurs in both germ-free and 
conventionalized zebrafish larvae

Now that the colonization of the zebrafish larvae intestine by V. cholerae N16961-dsRED 
had been established, we assessed the ability of ICP1 to prey on V. cholerae within the 
host. This was done by repeating the infection experiments as previously described, but 
now with the addition of ICP1. The ICP1 treatment group showed very little fluorescence 
in both areas of the intestine and looked similar to the uninfected control intestine (Fig. 
4B and C; Movie S4). To visually quantify the effect of ICP1 predation, the fluorescent 
signal was quantified and compared between all conditions (Fig. 3D). Here, we observed 
that the ICP1-treated larvae have a reduction in fluorescent signal of microcolonies, both 

FIG 3 Serial block face images and segmentation of zebrafish larvae intestine, both infected and uninfected by V. cholerae 

C6706-tdTomato. Representative SEM block face images of the anterior intestine of the germ-free (A) and infected (B and C) 

zebrafish larvae. V. cholerae cells are indicated with black arrowheads. (D) Overview images of the segmentation of the anterior 

intestine. Intestinal tissue is depicted in yellow, and V. cholerae is depicted in green. (E) Representative segmented SBF SEM 

sections depicting areas of the intestinal villi that are colonized by V. cholerae microcolonies. Dividing bacteria have been 

highlighted (black arrows). SB, swim bladder; AE, absorptive enterocytes; MV, microvilli; GB, goblet cells. Scale bar = 3 μm 

(A–C).
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in the anterior intestine and in the mid-intestine. CFU and PFU counts of all treatments 
were also performed to quantify the total amount of V. cholerae and ICP1 present in 
the fish (Fig. 3E). We observed stabilization of V. cholerae infection after 4 h, with the 
ICP1-treated larvae showing a clear reduction in bacterial load by a factor of 10. This 
was further confirmed by imaging of larvae 4 h after treatment with ICP1 (Fig. S3). This 
coincides with an increase in the number of phages, indicating that the decrease in 
bacterial load is caused by bacteriophage predation. While there is a significant amount 
of clearance of V. cholerae in the germ-free system, we also wanted to assess the ability of 
ICP1 to lyse V. cholerae in conventionalized zebrafish larvae. The microbiome could have 
a strong effect on both the colonization of the intestine by V. cholerae and the efficacy 
of the ICP1 treatment (23–25). Therefore, the experiments were repeated in fish with a 
native microbiome. When imaging the untreated larvae, we observed a similar amount 
of colonization in both anterior and mid-intestine (Fig. 4A). Specifically, we observed 
large microcolonies of bacteria, both free-floating and in the base of the intestinal villi. 
Quantification of the fluorescent signal showed that the level of colonization is equally 
high in both parts of the intestine and is within range of the germ-free larvae (Fig. 4D and 
Fig. 3D). Imaging of the larvae that were treated by ICP1 showed that both the anterior 
area of the intestine and the mid-intestine have a lower fluorescent readout as most of 

FIG 4 Infection and clearance of V. cholerae N16961-DSRED by ICP1 in conventionalized zebrafish larvae. Single slice images 

of confocal fluorescence Z-stacks showing the anterior (left) and mid-intestine (right) of germ-free zebrafish larvae either 

infected by V. cholerae (A), by V. cholerae and ICP1 (B), or uninfected (C). Composite images of bright field and fluorescent 

signal are shown. Clumps of microcolonies (white arrowheads) are visible in the crevices between the villi of the intestine and 

free-floating within the intestine. Small specks of red fluorescent free-floating bacteria are present throughout the anterior 

intestine and are most commonly found in the open areas of the intestine (white asterisk). Scale bars represent 20 μm. (D) 

Graphs depicting the log-normalized fluorescent pixels that were quantified for colonizing bacteria in the anterior (left) and 

mid-intestine (right). Error bars represent the standard error of mean (SEM). An ordinary one-way ANOVA was performed 

for the comparison of means (*P < 0.05). These are the results of four independent experiments with 14 larvae for the V. 

cholerae infected group, 12 larvae for the V. cholerae and ICP1 infected group, and 6 larvae for the uninfected group. (E) 

Graph depicting the amount of CFU and PFU counts per larvae in untreated (circle) and treated larvae (square; triangle) over 

time. Error bars represent the standard error of mean (SEM). Each individual point is the average of each replicate, with each 

replicate being the average of five fish. Three independent experiments were performed in total.
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the large clumps of fluorescent signal seem to be diminished (Fig. 4B). Quantification 
of the fluorescent signal in this setup does point toward an overall higher fluorescent 
readout in all conditions (Fig. 4D). The CFU and PFU counts display a drop of almost 
10-fold in the number of bacteria, following an increase in bacteriophages between 1 
and 4 h after treatment by ICP1 (Fig. 4E). Notably, this drop remained consistent after 
24 h of ICP1 treatment (Fig. 4E). Taken together, the data indicate that the clearance of 
V. cholerae by ICP1 is slightly reduced in conventionalized larvae but consistent over a 
longer period of time.

Monoassociation of Aeromonas veronii or Pseudomonas mosselii does not 
affect colonization and clearance of V. cholerae

While the ICP1-mediated clearance remained effective in conventionalized zebrafish 
larvae, the CFU and PFU counts showed higher variability than in the germ-free system 
(Fig. 4E), pointing toward an influence of the microbiota on the colonization and 
predation by ICP1. Therefore, we set out to identify the main members of the microbiota 
in the zebrafish larvae intestine within this setup. For this purpose, we plated the water 
of the larvae every day during the infection process on TCBS plates, which revealed 
two main colony morphologies (Fig. S4). By performing whole-genome sequencing, we 
identified that these colonies are Aeromonas veronii (yellow) and Pseudomonas mosselii 
(green). While these plates are normally only selective for Vibrio species, the detection 
of other bacterial species is in line with a previous report (26). Next, we repeated the 
previous infection experiments with germ-free larvae, but this time they were now 
monoassociated with either A. veronii or P. mosselii for 30 min before the addition of 
V. cholerae. Qualitative imaging of monoassociated larvae showed similar results to 
our previous findings. Namely, we observed robust colonization of the intestine with 
subsequent clearance after addition of ICP1 (Fig. 5A and B). This is also reflected in the 
CFU/PFU counts, where we observed both an increase in the number of phages after 2 
h and a decrease in bacteria at the same time, while the number of bacteria remained 
stable in the untreated larvae (Fig. 5D). This indicates that the presence of either of 
these bacterial species does not affect the colonization or subsequent treatment of the 
colonization by the ICP1 bacteriophage.

DISCUSSION

Understanding how bacteriophages influence colonization dynamics within a naturalis­
tic host is critical to unraveling the interactions that shape the persistence and spread 
of Vibrio cholerae. Here, we show the clearance of V. cholerae colonization by ICP1 
bacteriophages in a zebrafish larvae model with either a devoid, intact, or monoassoci­
ated intestinal microbiota. The combination of confocal fluorescence microscopy, SBF 
SEM, and colony counting yields new insights into the colonization dynamics over time 
and subsequent clearance by ICP1. These findings reveal how V. cholerae colonization 
and clearance are influenced by the presence or absence of the intestinal microbiota 
and demonstrate the capacity of ICP1 phages to impact pathogen dynamics within a 
vertebrate host. Furthermore, by showcasing the ability of pandemic V. cholerae strains 
to effectively colonize the zebrafish larvae intestine, we provide a basis for an ecological 
niche that the zebrafish larval intestine forms for V. cholerae and the propagation of 
bacteriophages.

By examining the lifecycle of V. cholerae and ICP1 in different media, we observed 
how environmental conditions influence bacterial growth and phage propagation. In 
AFW, V. cholerae exhibited minimal growth even without phages, unlike in LB. Interest­
ingly, this contrasts with our in vivo zebrafish infections, where bacterial loads increased 
approximately 10-fold, likely due to higher nutrient availability in the intestine (27, 28). 
The poor growth in AFW may explain reduced phage propagation, as nutrient limitation 
can impair phage propagation. This difference may be due to higher ion concentra­
tions (e.g., Ca²+, Mg²+) in Rhine water (29), which enhance phage activity, or due to 
pre-adaptation of V. cholerae to this environment prior to infection (19). Notably, while 
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pre-adaptation did not fully prevent plasmolysis, an indicator of nutrient stress (30), 
cryo-EM and plaque assays confirmed bacteriophage binding and phage propagation. 
Nevertheless, predation of V. cholerae remained largely unaffected by plasmolysis, as we 
observed lysis of V. cholerae and an increase in bacteriophages. These findings highlight 
the importance of environmental context in shaping host–phage dynamics.

Serial block-face imaging provided valuable insights into V. cholerae colonization 
of the zebrafish larval gut under sterile conditions. We observed bacterial presence 
throughout the intestinal lumen, with cells exhibiting the characteristic comma-shaped 
morphology—indicative of a metabolically active state (31)—and evidence of active 
division. Microcolonies were detected both free-floating and closely associated with 
the microvilli. Importantly, using a combination of SBF SEM and confocal imaging, 
we confirmed that two distinct clinical isolates from the ongoing seventh pandemic, 
C6706 and N16961, are both capable of robustly colonizing the zebrafish intestine. 
These strains, which belong to the O1 El Tor biotype (32, 33), successfully established 
themselves within the host, suggesting that pandemic V. cholerae strains can exploit the 
larval zebrafish intestine as a compatible colonization niche.

The germ-free zebrafish larvae model is a powerful tool for the investigation of host–
microbe interactions, due to the lack of other bacteria that could affect the host–microbe 
interaction. Indeed, we observed that this model benefits from confocal fluorescent 
imaging, as the absence of the gut microbiome results in a clearer fluorescent signal 
and less background fluorescence. However, a fully intact gut microbiome has not only 
been shown to be imperative for the immune response of zebrafish larvae (34), but also 
provides direct interference with the colonization of pathogens (35). Interestingly, we 
found only minor effects on the colonization by V. cholerae compared to the germ-free 

FIG 5 Infection and clearance of V. cholerae N16961-DSRED by ICP1 in zebrafish larvae monoassociated by either Aeromonas 

veronii or Pseudomonas mosselii. Single slice images of confocal fluorescence Z-stacks showing the anterior intestine of 

zebrafish larvae monoassociated by A. veronii, infected either by V. cholerae (A), V. cholerae and ICP1 (B), or uninfected (C). The 

anterior intestine was imaged directly below the swim bladder (left) and at the mid-intestine (right). Scale bars represent 20 

μm. (D) Graphs depicting the CFU and PFU counts in untreated (circle) and treated larvae (square; triangle) over time. Error 

bars represent the standard error of mean (SEM). Each individual point is the average of each replicate, with each replicate 

being the average of five fish. Three independent experiments were performed in total.
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larvae. While fluorescent quantification implies that ICP1 predation is heavily impaired 
in the conventionalized larvae, the reduction of large clumps of microcolonies in the 
images and the CFU/PFU counts indicate that ICP1 is still actively lysing V. cholerae. 
These colonizing microcolonies have been suggested to be critical for pathogenesis and 
persistence (36). Starting from 4 dpf, the zebrafish larvae exhibit a differentiated intestine 
with differences in cell types and morphology at anterior and mid to posterior positions 
(37). A prominent difference is that the anterior intestine has multiple larger folds, while 
the mid to posterior intestine remains mostly smooth with very little folds (31, 38). We 
considered that this may impact the ability of V. cholerae in forming robust microcolonies 
and may result in higher susceptibility to predation by ICP1. However, we observed that 
ICP1 treatment reduced colonization in both areas of the intestine, which highlights the 
potential of phage therapy as a treatment for infections.

Although colonization of the zebrafish larval intestine by V. cholerae was gener­
ally similar between germ-free and conventionalized conditions, we observed slightly 
reduced colonization and more variable clearance by ICP1 in the conventionalized larvae, 
suggesting that components of the native microbiota may influence both pathogen 
establishment and phage predation dynamics. To determine which bacteria were overly 
present in the microbiome and could be the cause of interference, we employed a 
combination of selective plating, 16S rRNA sequencing, and whole-genome sequencing. 
The presence of unculturable or slow-growing bacteria will not be selected in this 
manner; however, slow-growing bacteria specifically would likely exert less of an effect 
on the colonization and predation of V. cholerae, due to their low abundance and the 
short timeframe of the larval infection experiment. Through this approach, we identified 
A. veronii and P. mosselii as the closest species match (96.8% and 92.9% sequence 
identity, respectively), which is in line with microbes that have previously been found 
in zebrafish facilities and on TCBS selective plates (39–41). The isolation of these strains 
allowed us to perform mono-associations of germ-free larvae in order to assess phage 
predation in a better-defined microbial environment. A. veronii or P. mosselii exerted only 
a small effect on the colonization and clearance of V. cholerae in the zebrafish larvae, 
demonstrating that these strains only have a minor influence on the clearance of V. 
cholerae by ICP1.

Our findings raise the possibility that pandemic V. cholerae and its phage ICP1 may 
transiently occupy a shared environmental niche within aquatic vertebrate hosts, such 
as zebrafish larvae. Because of this, it is important to understand how V. cholerae and 
ICP1 interact within such a setting. Various reports state that the efficacy of phages 
diminishes over time, as bacteria develop resistance to phage predation (42). While in 
vitro experiments revealed a resurgence of bacterial growth after 24 h of ICP1 expo­
sure, this pattern was not observed in vivo, where V. cholerae levels remained low or 
declined further. This suggests that the host environment imposes constraints on the 
development of bacteriophage-resistant V. cholerae strains. There are different ways in 
which V. cholerae can become resistant to bacteriophage infection (43, 44). One of these 
potential mechanisms is to mutate the O1 antigen to prevent binding of the bacterio­
phage to the receptor (45). Interestingly, this has been shown to result in a reduction 
in the ability to colonize the human intestine (46). Future studies using this model 
can explore whether resistant strains exhibit attenuated colonization or transmission. If 
eventual bacteriophage-resistant mutants do arise, it would be of interest to investigate 
how the bacteriophage potentially evolves to circumvent this (47). If resistant strains, 
carrying mutations in the O1 antigen or in currently unknown resistance factors, display 
a decrease in the ability to colonize, this would prove to be another benefit of bacterio­
phage therapy, where resistant strains would ultimately become less pathogenic. Thus, it 
could further strengthen the use of phages as a treatment for infectious diseases.
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MATERIALS AND METHODS

Growth conditions and strains

All strains used in this study are listed in Table 1. Vibrio cholerae strains were grown 
in LB at 30°C with shaking at 180 rpm according to established laboratory protocols 
(18). Glycerol stocks of each strain were stored at −80°C until use. These stocks were 
streaked onto LB plates, grown overnight at 30°C, and the resulting colonies were used 
for inoculation of liquid cultures (18). These cultures were grown overnight and used for 
subculturing. The Vibrio phage ICP1 was used for all bacteriophage-related experiments 
and was stored at 4°C in phage storage buffer (100 mM NaCl, 10 mM MgSO4, 10 mM 
Tris-HCl, and 1 mM EDTA) (19). The V. cholerae strains N16961 and N16961-dsRED were 
provided by the Blokesch lab (Lausanne, Switzerland). The V. cholerae strain C6706-tdto­
mato was provided by the Waldor lab (Boston, MA, USA). The ICP1 bacteriophage was 
provided by the Camilli lab (Boston, MA).

Plaque assay

An overnight culture of V. cholerae was subcultured to an OD600 of 0.05 in 10 mL LB 
supplemented with antibiotics (Table 1). At an OD600 of 0.3–0.6, 1 mL of the culture was 
combined with 5 mM CaCl2 and 50 mL pre-cooled soft agar (0.3% wt/vol agar in LB at 
37°C). Prewarmed LB plates supplemented with gentamicin (10 μg/mL) were overlayed 
with 12.5 mL of the culture:soft agar mix and allowed to solidify at room temperature 
(RT) for at least 30 min. A dilution series of the phage stock was made (107 to 1011 

PFU/mL), and 3 μL of each dilution was pipetted onto the soft agar layer. The plates were 
incubated for 16–20 h at RT, after which the plaque counts were determined.

High-titer phage stock preparation

High-titer phage stocks were prepared as previously described (19). In brief, V. cholerae 
O1 biovar El Tor str. N16961 was cultured in 50 mL LB medium to an OD600 of 0.2, after 
which 10 μL of ICP1 phage stock (1 × 10⁹ PFU/mL) and CaCl₂ (final concentration 5 mM) 
were added. Cultures were incubated for 6 h and subsequently centrifuged at 5,000 rpm 
for 30 min at 4°C. The resulting supernatant was passed through a 0.45 μm filter and 
combined with phage precipitation solution (4% PEG 8000, 0.5 M NaCl), followed by 
overnight incubation at 4°C. Phage particles were pelleted by centrifugation at 3,000 × g 
for 1 h at 4°C and resuspended in phage storage buffer. Phage titers were quantified by 
plaque assay using serial dilutions as previously described.

In vitro bacteria-bacteriophage predation experiments

The in vitro predation experiments were performed in a similar manner to the in vivo 
infection experiments, as this would allow us to closely compare the experiments. V. 
cholerae was added to the media (LB or AFW) at a concentration of 109 cells per milliliter 
and diluted 1,000× to mimic the amount of bacteria that were present in the wells 
of zebrafish larvae just before bacteriophage infection (106 cells per milliliter). Bacterio­
phage ICP1 was added to the bacterial culture at roughly an MOI of 2. For the Rhine 
water experiment, bacteria were introduced at a higher concentration to mimic the 
protocol described in Silva-Valenzuela et al. (19). Overnight-grown V. cholerae was diluted 

TABLE 1 Bacterial strains and bacteriophages used in this study

Strain Genotype Antibiotic resistance References

O1 biovar El Tor str. N16961 wt No antibiotic resistance (48)
O1 biovar El Tor str. N16961-dsRED N16961-TndsRED Gentamicin (Unpublished, 

Blokesch lab)
O1 biovar El Tor str. C6706-tdtomato C6706-tdtomato Streptomycin (21)
ICP1_2011_A; Myovirus wt No antibiotic resistance (17)
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1:1,000 and grown for 8 h at 37°C in LB. Afterward, 20 µL was inoculated into 2.5 mL 
of Rhine water. Bacteriophage ICP1 was added to the culture after overnight growth in 
Rhine water at an MOI of 2. Serial dilution and CFU and PFU counts were performed at 0, 
1, 2, 4, 7, and 24 h.

Cryogenic electron microscopy

At each time point, 2 mL of sample was collected and concentrated to a final volume 
of 20 μL. A volume of 3 uL was applied to a freshly plasma-cleaned Quantifoil R2/2 
200-mesh carbon grid (Quantifoil Micro Tools, Jena, Germany; Quorum Technologies, 
Lewes, UK), blotted for 1 s at 20°C, 95% humidity, and vitrified by plunge freezing into 
liquid ethane with a Leica EMGP system (Leica Microsystems, Wetzlar, Germany). Frozen 
grids were stored in grid boxes (MiTeGen, Ithaca, NY) under liquid nitrogen until imaging. 
For data collection, grids were loaded into a Gatan 626/70 single-tilt cryo-holder (Gatan, 
Pleasanton, CA) and imaged using a Talos L120C transmission electron microscope 
operated at 120 kV (Thermo Fisher Scientific, Hillsboro, OR, USA).

Zebrafish maintenance

Zebrafish mating and germ-free embryo rearing

Zebrafish were handled in compliance with animal welfare regulations and maintained 
according to standard protocols (49). The wild-type AB/TL line was used. All zebrafish 
experiments were conducted on larvae up to 5 days of age, before reaching the 
free-feeding stage. After the eggs were harvested, they were kept in sterile artificial 
freshwater (sAFW; 60 mg/L Instant Ocean) and treated as germ-free larvae. Germ-free 
larvae were generated largely as previously described, with the following modifications 
(49). In brief, eggs were harvested and treated immediately with antibiotic solution 
(amphotericin B 250 ng/mL, kanamycin 5 μg/mL, and ampicillin 100 μg/mL in sAFW), 
0.1% PVP-I solution, and 0.003% bleach solution, resulting in a germ-free environment. 
The use of gnotobiotic zebrafish medium and ZM-000 solution was replaced with sAFW. 
Immersion of embryos with 0.1% PVP-I solution or 0.003% bleach solution was per­
formed at a maximum of 1 and 5 min, respectively. Conventionalized fish were cleaned 
daily and were not subjected to the protocol above. Before imaging or homogenization, 
larvae were anesthetized with sAFW supplemented with buffered 3-aminobenzoic acid 
ethyl ester to a final concentration of 0.2 mg/mL (Tricaine, Sigma-Aldrich, the Nether­
lands).

In vivo zebrafish infection

At 3 dpf, zebrafish larvae were transferred to a petri dish, with 75 larvae per well. The cells 
of overnight-grown V. cholerae cultures were collected by centrifugation and resuspen­
ded in sAFW to a concentration of 109 cells per milliliter. For the monoassociated larvae, 
overnight-grown A. veronii or P. mosselii was centrifuged and resuspended to an OD 
of 0.125. One milliliter of this bacterial suspension was dissolved in a total volume of 
24 mL sAFW, which corresponded to an approximate concentration of 1 × 106 CFU/mL 
(34). The diluted bacterial suspension was introduced to the larvae 30 min prior to V. 
cholerae infection. After this, 1 mL of 109 V. cholerae cells were added to the larvae in a 
total volume of 25 mL. The larvae were incubated with bacteria for 24 h at 28°C. After 
incubation, water was removed from each well, and the larvae were washed three times 
with sAFW to remove any excess bacteria. Imaging of the larvae would be performed 
48 h post-infection at 5 dpf. The CFU of V. cholerae in the water of each petri dish was 
measured prior to the addition of bacteriophages to determine the number of phages 
necessary to reach the correct MOI (Table S1). An approximate estimate of the number 
of bacteria in the gut was based on the fluorescent signal from the imaging data. Here, 
we visually estimate that there are roughly 1 × 105 bacteria in the intestine of a single 
infected larva. In total, the 75 larvae in a single petri dish sum to roughly 7.5 × 106 

bacteria in the intestine of all the fish. Taking this together, the number of phages 
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necessary to reach an MOI of 2 is 2.15 × 107 PFU in each petri dish. Based on our previous 
in vitro results (Fig. 1), the phage was added to the V. cholerae N16961-dsRED-infected 
larvae 2 h prior to imaging.

Fish homogenization for CFU/PFU counts

At each time point, five larvae were taken from each plate and transferred to a 1.5 mL 
Eppendorf tube. As much water as possible was removed from the tube, and 100 µL 
sAFW was added. The larvae were ground using a sterile pestle and a pestle motor until 
the suspension became homogeneous. A dilution series of this suspension was prepared, 
and 5 µL was pipetted on both selective CFU (Gentamycin 20 µg/mL; X-gal 20 µg/mL) 
and PFU plates. The PFU plates were incubated at RT overnight, and the CFU plates were 
incubated at 30°C overnight. This was performed at time points 0, 1, 2, 4, 7, and 24 h 
post-infection with ICP1.

Confocal fluorescence imaging

Larvae were embedded in a drop of 1.3% (wt/vol) low-melting-point agar and carefully 
positioned on their lateral sides. Ethyl-m-aminobenzoate (tricaine, Sigma) was added to a 
final concentration of 0.2 mg/mL to tranquilize the larvae. Mounted larvae were imaged 
with a Leica TCS SPE confocal fluorescence microscope (Leica Microsystem, Wetzlar, 
Germany) using the 40× water-immersion lens. Two Z-stacks were generated for each 
fish at two distinct locations in the anterior intestine with the use of Leica Application 
Suite X (LAS X) (Fig. S1).

16S rRNA and whole-genome sequencing

Selective plating of the zebrafish water was performed, and the most abundant microbes 
were selected for 16S rRNA sequencing and whole-genome sequencing. For the 16S 
rRNA sequencing, colonies were picked from the plate and boiled at 95°C for 2 min 
to isolate genetic material. Colony PCR was performed with 16S primers 8F (5′-AGA
GTTTGATCCTGGCTCAG-3) and 1472R (5′-TACGGYTACCTTGTTACGACTT-3). PCR products 
were purified using a PCR clean-up kit (Omega Bio-tek, Norcross, GA) according to 
the manufacturer’s protocol. Purified PCR products were sent to BaseClear (Leiden, 
the Netherlands) for Sanger sequencing. To confirm bacterial species, whole-genome 
sequencing was performed. A whole-genome isolation kit (Omega Bio-tek, Norcross, 
GA), standard manufacturer’s protocol. Sequencing of the genomes was performed by 
Eurofins Genomics (Paris, France) using Oxford Nanopore technology according to the 
company’s standard protocols.

Serial block face scanning electron microscopy

Samples were first fixed for 2 h at RT in 2.5% glutaraldehyde and 2% paraformaldehyde 
prepared in 0.15 M cacodylate buffer supplemented with 2 mM CaCl₂. Specimens were 
next washed three times in cacodylate buffer and post-fixed in 2% OsO₄ and 1.5% 
K3Fe(CN)6 in cacodylate buffer for 60 min on ice. Then, the specimens were washed 
three times with MilliQ water and incubated in 1% thiocarbohydrazide for 20 min at RT. 
Following additional washes, the samples were incubated in 2% aqueous OsO₄ for 30 
min at RT. Samples were subsequently washed and stained with 1% uranyl acetate for 2 
h, followed by Milli-Q rinses and lead aspartate staining for 30 min at 60°C. Dehydration 
was carried out on ice using graded ethanol solutions (20%, 50%, and 70%) for 5 min 
each. After replacement with fresh 70% ethanol, samples were stored overnight at 4°C. 
The following day, dehydration continued through 90%, 100%, and 100% ethanol for 5 
min per step. Specimens were transitioned into dry acetone with two 10-min incubations 
(on ice, then at RT) and infiltrated sequentially with 25%, 50%, and 75% Durcupan ACM 
in acetone for 2 h each. Final infiltration was performed overnight in 100% Durcupan 
resin, followed by a 2 h incubation in fresh resin prior to flat embedding. Polymeriza­
tion was completed at 60°C for 48 h. Volume data were acquired using a 3View2XP 
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system (Gatan Inc., Pleasanton, CA, USA) mounted on a Zeiss Gemini 300 field-emission 
scanning electron microscope (Carl Zeiss Microscopy GmbH, Jena, Germany). Imaging 
was performed at an accelerating voltage of 1.8 kV under variable pressure (5 Pa), with a 
pixel dwell time of 2 μs, pixel size of 10 nm, and section thickness of 75 nm.

Segmentation with deep learning and 3D visualization

The first 447 slices of the data set were chosen to fit in an image stack with Fiji. 
These images were cropped around the zebrafish intestine and binned two times. 
The segmentation and the 3D visualization were done with DragonFly 2024.1 (22). Six 
slices of the data set were manually segmented to produce the regions of interest 
“zebrafish_intestine,” “bacteria,” and “background” (the slices 1, 80, 195, 223, 305, and 
419). Then, a 2D U-Net model was trained, which was pre-trained by the DragonFly team 
with these parameters: a data augmentation of five times with its parameters by default, 
the validation parameters by default, a patch size of 128, and a batch size of 64. The 
training was stopped after 22 epochs, and the error of the resulting neural network is 9%. 
After this training, the resulting segmentations were corrected with the 3D brush and the 
free-hand selection. Meshes were produced with a threshold of 50 and a sampling of 10 
× 10 × 10. And the “bacteria” mesh was smoothened with one iteration. The workstation 
used has an Intel(R) Xeon(R) w7-3455 (48 CPUs), ~2.5 GHz processor with 64 GB of RAM, 
and a NVIDIA RTX A2000 graphics card with 12 GB of VRAM.

Quantification of colonization and statistical analysis

Fiji software was used for all measurements related to the fluorescence in the intes­
tine. The fluorescent signal of the colonization was distinguished by applying the max 
projection function on each Z-stack. A pixel threshold was applied between 40 and 
225, and the number of pixels within these limits was counted for each max projection. 
Max projection was used as an indiscriminate manner of measuring colonization due to 
the colonizing clumps having a higher fluorescence intensity than free-floating bacteria. 
The Z-stacks were measured in two specific areas (Fig. S1) and averaged to create bar 
graphs for each condition and area. Statistical analysis was done in both Prism GraphPad 
and Excel (Microsoft Office Suite). The Shapiro-Wilk test for normality and lognormality 
was performed to confirm the lognormal distribution of fluorescence quantification. 
Data were log-transformed to allow for parametric comparison of means. An ordinary 
one-way ANOVA was performed to compare the means between treatments. Error 
bars represent the standard error of mean in log-transformed data and in CFU/PFU 
count data. Error bars represent the geometric standard error of mean in untransformed 
fluorescence quantification data.
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Movie S4 (Spectrum03565-25-S0005.mp4). Confocal fluorsescence Z-stack of a 
zebrafish larvae intestine infected by V. cholerae N16961-dsRED and bacteriophage ICP1.
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