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Abstract

Zebrafish have a fifty-year history as a model organism for studying vertebrate developmental
biology and more recently have emerged as a powerful model system for studying vertebrate
microbiome assembly, dynamics, and function. In this Review, we discuss the strengths of the
zebrafish model for both observational and manipulative microbiome studies, and we highlight
some of the important insights gleaned from zebrafish gut microbiome research.

Introduction

Starting in the late 1960’s, George Streisinger at the University of Oregon established the
zebrafish (Danio rerio) as a model organism to study complex vertebrate biology using
genetic approaches?. The organism’s high fecundity, manageable laboratory husbandry,
rapid early development, and accessible embryology all made the prospect of forward
genetic screens feasible, although this project was vastly more ambitious than Streisinger’s
previous genetic studies with bacteriophage. Fifty years later, the zebrafish model has
exceeded Streisinger’s expansive vision. Enabled by pioneering approaches in advanced
microscopy, chemical screening, and genome engineering, the zebrafish is now a premier
model organism for studying a broad array of topics in biology and biomedicine.

One particularly fruitful area of zebrafish research is the study of vertebrate-associated
microbial communities or microbiomes?. This research field takes advantage of the high
fecundity and easy laboratory husbandry of zebrafish to perform large, well-powered, and
well-controlled observational studies of zebrafish microbiomes. In parallel, the organisms’
accessible embryology allows researchers to perform manipulative studies in which embryos
are sterilized and then grown microbe-free or in the presence of defined microbes. The ease
of embryo sterilization eliminates the husbandry burden of maintaining colonies of sterile
zebrafish across generations. A brief overview of the basic experimental paradigms and
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models available for studying zebrafish microbiome in observational and manipulative
studies is presented in Fig.1.

Observational studies give researchers insights into how host-microbe systems function as a
whole, and allow them to generate hypotheses about the specific mechanisms responsible for
the observed phenomena. Such studies, for example, have addressed how the zebrafish
intestinal microbiome changes across development or in response to environmental
perturbations®4. Manipulative studies allow researchers to rigorously test mechanisms of
host—-microbiome interactions using models of varying degrees of complexity. For example,
researchers have shown that specific developmental deficits in zebrafish grown in the
absence of microbes can be restored upon addition of particular bacterial proteins®6,

In this Review, we explore how investigations using gnotobiotic zebrafish have revealed
specific requirements for microbial associations during normal development and uncovered
specific microbes and microbial products that promote these processes. These manipulative
experiments complement studies of the drivers of zebrafish microbiome composition across
the animals’ life history and in diverse environmental settings. Reoccurring themes of
particularly impactful microbial constituents and environmental drivers indicate the
ecological relevance of laboratory-based experiments and validate the utility of the zebrafish
model to reveal generalizable insights into host-microbe interactions.

Investigations with gnotobiotic zebrafish

Microbiome manipulations in zebrafish.

The earliest zebrafish microbiome studies focused on the larval stage of zebrafish
development’-8, which parallels the neonatal period of mammalian development. Whereas
embryogenesis progresses within the essentially sterile environment of the egg, larval life,
which begins at hatching, is marked by the animal’s first encounter with environmental
microbes. Key to the success of zebrafish microbiome studies was the establishment of
relatively simple and low-cost protocols for deriving sterile or “germ-free” zebrafish
embryos through surface sterilization of the eggshell or chorion®. Such germ-free animals
could then be used for gnotobiology (“known biology”) investigations in which animals are
either maintained germ-free or associated with defined microbial strains or consortia (Fig
1b).

During the first days of larval life, the zebrafish is endowed with a yolk that serves as an
internal nutrient source, thereby simplifying its husbandry requirements. Rearing germ-free
zebrafish to later developmental stages introduces new husbandry challenges such as
providing nutritionally adequate, sterile food and maintaining water quality in the absence of
denitrifying bacteria. These husbandry constraints have limited the studies of older germ-
free zebrafish to date. The focus of germ-free zebrafish studies on larval stages provides a
fortuitous complement to germ-free research in mammals, for which phenotypic
characterization of neonates can be logistically challenging before weaning. However,
studies that compare the requirements for microbiota in mouse and zebrafish for processes
such as maturation of the adaptive immune system or elaboration of complex social
behaviors, have been challenging because in zebrafish, these processes occur at later

Lab Anim (NY). Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stagaman et al.

Page 3

developmental stages, which are inaccessible with current gnotobiotic husbandry
methods1%.11. One approach to study the influence of microbiome on adult behavior has
been to test whether addition of exogenous bacteria to conventionally reared adult fish can
alter specific traits. For example, two studies have reported changes in adult zebrafish
behavior upon introducing human probiotic strains Lactobacillus plantarum'? and
Lactobacillus rhamnosus*® to tanks of adult zebrafish, although the studies did not establish
whether the responses were specific to these bacteria or whether the probiotic strains
colonized the zebrafish. Capitalizing on the high-throughput behavioral phenotyping assays
developed for zebrafish14, Phelps et al.1® in 2017 determined that microbial colonization of
zebrafish larvae by 9 days post-fertilization (dpf) is necessary to elicit normal locomotor
activity. Integrating the emerging toolkits for behaviorally phenotyping of zebrafish and
manipulating their microbiomes holds great potential for clarifying the zebrafish
microbiome’s contribution to behavior. However, more work is needed to determine whether
discoveries that emerge from such investigations are translatable to humans. The different
methods for interrogating the zebrafish microbiome that are applicable across all life stages,
or specific to larva or older stages are summarized in Table 1.

Defining developmental requirements for microbiota.

Experiments comparing germ-free (Fig. 1b) with conventionally raised (Fig. 1a) larval
zebrafish have enabled the identification of specific requirements for microbiota in
vertebrate development. For example, germ-free larvae have decreased rates of intestinal
epithelial cell proliferation and fewer intestinal secretory cells relative to absorptive
enterocytes, all phenotypes that are reversed upon restoration of the microbiota’:8:16-18 The
inflammatory tone of the intestine is diminished in the germ-free state, with fewer resident
neutrophils and reduced NF-xB activationl®. The physiology of the germ-free intestine is
also altered compared to conventional zebrafish, with reduced absorption of macromolecules
including proteins and lipids”8:20:21, The influence of the microbiota extends to extra-
intestinal tissues as well. For example, the pancreas of germ-free larvae has fewer insulin-
producing B cells than the pancreas of conventionally reared larvae®. Behavioral differences
between germ-free and conventionally reared zebrafish larvae have also been reported, with
germ-free fish exhibiting increased locomotion1®22 and, in one report, decreased
thigmotaxis (zebrafish with thigmotactic behavior show a preference for the perimeter of the
dish)2, which has been interpreted as a measure of anxiety. Many of these altered responses
in germ-free zebrafish mirror findings in other model systems such as mouse and fruit
flies?3, suggesting a conservation of animal responses to resident microbiota during
development.

Identifying microbiota members sufficient for promoting specific aspects of development.

The early zebrafish microbiome studies provided the first descriptions and culture isolations
of zebrafish-associated bacteria for gnotobiotic experiments’-8. These studies revealed that
the larval intestine is dominated by fast-growing and metabolically versatile
Gammaproteobacteria, including representatives of the Aeromonas, Pseudomonas, and
Vibrio genera. Members of these bacterial groups are relatively amenable to laboratory
culture and genetic manipulation24. With bacterial isolates in hand, researchers could
perform the first studies of gnotobiotic zebrafish (host-microbe systems in which all
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microbiota members are known) by introducing specific microorganisms (monoassociations)
or defined consortia into germ-free zebrafish larvae (Fig. 1b). The use of gnotobiotic
zebrafish allowed researchers to identify specific bacteria or bacterial products that are
sufficient to reverse germ-free phenotypes. For example, different defects in lipid absorption
by enterocytes could be restored by distinct bacteria: a representative of Exiguobacterium
increased lipid droplet number whereas other Chryseobacterium and Pseudomonas species
promoted lipid droplet growth?L. Increased locomotor activity in germ-free zebrafish was
found to be reversed by multiple bacteria including zebrafish-derived Aeromonasand Vibrio
species!® and a human probiotic strain Lactobacillus plantarum??, although the latter study
did not establish whether the added bacteria colonized the zebrafish. A study to determine
the microbiota requirement for normal pancreatic p-cell numbers using monoassociations
with a panel of zebrafish-derived bacteria showed that f-cell mass could be restored by
certain Aeromonas and Shewanella strains but not by other bacterial isolates®. This finding
led to the identification of B-cell Expansion Factor A (BefA), a secreted bacterial protein
produced specifically by those strains, which is sufficient to induce expansion of the p-cell
population when added to germ-free larvae®.

Investigating microbiota colonization dynamics.

Another feature of the larval zebrafish that has accelerated microbiome research is its high
optical clarity, which allows for the visual tracking of individual cells and specific cell types.
In conjunction with gnotobiotic methods and light-sheet microscopy, this optical clarity has
proven to be useful in studying real-time dynamics of fluorescent protein expressed by
microbiome members2425, For example, light-sheet microscopy of monoassociated larval
zebrafish has revealed growth dynamics of a common microbiome constituent, Aeromonas,
at much finer temporal and spatial resolutions than achievable using culturing- or
sequencing-based methods28. Similar approaches have also revealed mechanisms for
intermicrobial competition. For example, when the same Aeromonas species mentioned
above is co-introduced into the zebrafish with a Vibrio species, which is also commonly
found in the zebrafish microbiome, the Vibrio species consistently excludes the Aeromonas
species?’. Light-sheet microscopy revealed that this competitive advantage is conferred to
the Vibrio species by its ability to avoid peristaltic expulsion from the gut. Whereas the
Vibrio species is highly motile and exhibits primarily planktonic growth, the Aeromonas
species aggregates into non-motile clusters, which are regularly expelled, resulting in
stochastic Aeromonas population crashes. In these experiments, the planktonic Vibrio
species was found to dominate in the proximal intestine, whereas the aggregated Aeromonas
population that was more susceptible to gut motility was distributed more distally2’. Further
investigations revealed that when the planktonic Vibrio is treated with low dose antibiotics28
or genetically engineered to be amotile2?, it becomes more aggregated and more easily
expelled from the intestine. A broader survey on the spatial organization of phylogenetically
diverse bacterial residents of the zebrafish intestine found this relationship between
aggregation and distal displacement to be generalizable, indicating that the physical
properties of bacterial populations contribute to microbiome biogeography3C. With their
optical clarity and gnotobiotic amenability, zebrafish larvae provide opportunities to study
microbiome cellular dynamics that few other vertebrate models can offer.
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Bacterial genetic requirements for host colonization.

In addition to enabling live imaging of bacterial dynamics via the introduction of fluorescent
protein encoding genes, the genetic tractability of zebrafish microbiome members has made
possible the interrogation of bacterial genetic requirements for host associations. For
example, Stephens et a/31 in 2015 used a negative selection transposon mutagenesis screen
on two species of bacteria commonly found in the zebrafish microbiome. This method
allowed the researchers to track specific subpopulations of each species, as well as identify
particular genes necessary for the successful colonization of the larval zebrafish intestine in
the presence or absence of other competing bacterial populations. In doing so, they found
that intraspecies priority effects strongly determined whether a specific subpopulation could
colonize, and they identified genes involved in chemotaxis and motility as being important
for successful colonization in all situations. In 2016, Bae er a/32 used a chemical
mutagenesis and high-throughput sequencing approach to identify genes required for
bacterial motility in Exiguobacterium acetylicum, a zebrafish bacterial isolate that was
recalcitrant to traditional genetic mutagenesis methods; they also showed that
Exiguobacterium motility was important for host colonization.

Exploring host selection through microbiota transplantations.

In addition to understanding how resident microbes interact with each other and their hosts,
the gnotobiotic zebrafish model allows researchers to examine the ways in which a host
selects for a specific consortium of microbes. For example, Rawls et a/33 in 2006
transplanted conventional mouse microbiomes into germ-free zebrafish, and vice versa. In
doing so, they found that while the lineages present in the transplanted community were
more similar to the community of origin, the relative abundances of these lineages more
closely resembled a typical microbiome of the new host. This gnotobiotic framework
therefore revealed meaningful differences in the selection imposed on the microbiome by
two important model organisms. A technical limitation to these studies is that microbiota
transplantations into zebrafish are done by addition of samples into the aqueous media, thus
introducing a second selection for microbial survival in the water column and reducing the
efficiency of transmission.

Further explorations of host selection on microbiota assembly have been enabled by the
plethora of available mutant zebrafish lines and the ease of genome engineering in this
model organism (Fig. 1a). Studies comparing conventionally raised wild-type and mutant
zebrafish have provided insights into the mechanisms underlying host selection such as the
innate34 and adaptive3® branches of the immune system, as discussed below.

Drivers of zebrafish gut microbiome composition

In addition to enabling manipulative gnotobiotic studies, the zebrafish offers the possibility
of doing large-scale, controlled, and well-powered observational studies of microbiome
composition under different conditions. To date, the majority of these studies have
investigated the gut microbiome through characterizations of dissected intestines or
collected fecal material. Future investigations to characterize the microbial communities
colonizing other tissues such as the skin or the gills will be of great interest.
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Comparison of zebrafish microbiome across laboratories and wild-caught fish.

One of the limitations of any model organism is that the laboratory environment in which it
is maintained very rarely reflects the natural environment in which its wild conspecifics live.
Thus, extrapolating results from the laboratory to the “real world” can be a tenuous exercise.
However, observational studies have provided evidence that while laboratory zebrafish do
not have microbiomes identical to their wild counterparts, the microbiome of zebrafish from
these different habitats show strong similarities in terms of taxonomic composition36.
Indeed, a Terminal restriction fragment length polymorphism (TRFLP)-based comparison of
zebrafish microbiome samples collected from facilities across the United States, as well as
samples collected from fish caught in the species’ native environment—flood-plains of the
Indian subcontinent3’—revealed that gut microbiome composition varies across facilities,
and that the microbiota of many facility-managed fish are more similar to those of wild-
caught fish than fish grown in other facilities36. A pyrosequencing-based investigation of
zebrafish grown in two geographically disparate facilities, as well as wild-caught zebrafish,
revealed the presence of 21 operational taxonomic units (OTUs; a proxy for microbial
species) that are common to all three fish populations3®. These OTUs included members of
the genera Aeromonas, Shewanella, Pseudomonas, Stenotrophomonas, Vibrio, Burkholderia,
Diaphorobacter, Cetobacterium, Streptococcus, Bacillus, Cloacibacterium, and
Propionibacterium. These findings suggest that these microbial taxa are especially capable
of dispersing into the zebrafish gut or growing within the gut environment. Similar taxa were
found in subsequent lllumina-based profiling of zebrafish intestinal bacteria from the same
facilities®38. Additional investigations of the zebrafish gut microbiome that utilized fish
from facilities distinct from those analyzed in this aforementioned study accordingly
observed the same taxa in these distinct cohorts of fish?. These results collectively
demonstrate that a subcomponent of the zebrafish gut microbiome associates with the host
regardless of husbhandry practices or geographic location and that facility-managed zebrafish
microbiomes can model those of wild zebrafish.

At high levels of taxonomic classification (bacterial phylum), there are similarities in
composition across a broad range of teleost species. For example, the microbiomes of many
fish contain a high relative abundance of Proteobacteria and Fusobacteria®. An analysis of
clone libraries generated from gut microbes carried by zebrafish or several other wild teleost
fish species (Acanthurus nigricans, Lutjanus bohar, Chlorurus sordidus, Chaenocephalus
aceratus, Notothenia coriiceps, Takifugu niphobles, and Pelteobagrus fulvidraco) similarly
revealed that Gammaproteobacteria and Fusobacteria consistently appear in the guts of these
diverse fishes36. On the other hand, certain bacterial taxa are carried by select fish hosts
consistent with co-evolutionary processes, although diet and trophic level effects likely
contribute to these patterns of gut microbiome composition??. Collectively, these findings
indicate that the zebrafish is likely to be an ecologically relevant model organism, as teleosts
account for the greatest number of vertebrate species on the planet. But, as with all models,
researchers should consider the experimental context of the model’s use (developmental
stage and diet) to ensure effective interpretation of their results.
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The role of development and diet in zebrafish microbiome assembly.

The ability to rear zebrafish through their entire life cycle in the laboratory provides the
opportunity to survey their microbiomes across their lifespan and under different dietary
regimens. To date, the largest developmental study was conducted in 2016 on a cohort of
sibling zebrafish reared under standard laboratory conditions in replicate tanks, with a subset
of the fish’s digestive tracts sampled at seven time points across the lifespan3. This
longitudinal observational study demonstrated that zebrafish microbiomes change across the
lifespan in both composition and diversity3. For example, a.-diversity (the total number of
different taxa, sometimes weighted by abundance) of the zebrafish microbiomes decreased
across time, with the mean OTU richness of 4 dpf larvae being >400 taxa, whereas that of
adults was closer to 100. In parallel, the p-diversity (the pairwise differences in composition)
of the zebrafish microbiome increased through developmental time: when larval fish were
compared to other larval fish, the microbiomes were taxonomically similar, but when adult
fish were compared to other adult fish, a diversification and individualization in the
taxonomic composition of the microbiomes could be seen. The study also showed that these
changes in diversity are marked by major shifts in the relative abundances of a handful of
bacterial groups. For example, while the metabolically versatile Gammaproteobacteria are
dominant throughout the lifespan, the Fusobacteria, which are typically obligate anaerobes,
expanded to be a major group in adults3. One interpretation of this pattern is that as the
digestive tract and associated bacterial communities mature, the environment becomes
anoxic, opens up a niche for obligate anaerobes.

Concurrently with developmental changes across zebrafish lifespan, the animals also
undergo dietary shifts in the laboratory setting. As larvae shift from endogenous egg yolk to
exogenous feeding, typically they will receive both commercial fish food and live feeds
(such as paramecia or rotifers at larval stages, and Artemia (brine shrimp) at juvenile and
adult stages). In the longitudinal study on the composition of the zebrafish intestinal
microbial community across development, microbiome shifts occurred concurrently with
changes in diet, including a bloom of Alphaproteobacteria in juveniles, species that were
also abundant in the Arfemiaintroduced at that time2. In a similar 2015 longitudinal study in
which diets were controlled and restricted to commercial feeds of defined composition,
Wong et a/38 found that there were significant differences between the gut microbiomes of
fish fed high- versus low-fat diets, and that the significance of these differences depended on
host age. Interestingly, some of the patterns observed with the longitudinal study in which
fish were fed standard lab diets with live feed were not observed in the study of fish on
artificial diets, such as a reduction in a-diversity over time. However, the fish developed
more slowly on the artificial feeds and did not reach adulthood by the end of the study. In
2012, Semova et al?! reported significant differences in the microbiome of unfed versus fed
larval zebrafish at 6 dpf, additionally highlighting the interconnections between diet and
animal development. Furthermore, they found that taxa within the Firmicutes phylum altered
the cellular mechanism by which the intestinal epithelium absorbed lipids from the diet,
providing evidence that the types of microbes cultivated by the host can have direct effects
on host physiology through diet. A subsequent study from this group found that high fat diet
suppressed the sensory functions and induced ER stress in the enteroendocrine cells of the
intestinal epithelium?0. This response required the presence of the microbiota and could be
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mediated by monoassociation with a specific Acinetobacter strain. Relatedly, fish fed high
amounts of palmitic acid carried microbiome assemblages that were linked to ER stress and
liver damage?1, and gut microbiota was found to influence how dietary nucleotide
composition affects zebrafish metabolism*2. These observations are important to consider
when selecting dietary formulations for zebrafish experiments, especially given that diet
frequently varies across zebrafish facilities and often is not optimized for a particular
experimental context43.

The progression of the zebrafish microbiome community composition across development
appears to reflect changes in the ecological processes underpinning the community
assembly#4. For example, the early larval microbiome seems to be driven primarily by
neutral processes, that is, random sampling of taxa from a source pool and stochastic loss
and replacement of individual microbial taxa. At 4 dpf, neutral processes can account for
>B80% of the variance in the distribution of microbiome taxa across a zebrafish population.
Through developmental time, however, the relative contributions of neutral processes
diminish and selective processes become more important. By 380 dpf, the same neutral
model can only account for <40% of the variance in the distribution of microbiome taxa.

The role of immunity in shaping the zebrafish microbiomes.

The changes in maturing zebrafish microbiomes, with increased individualization and
signatures of host selection, suggest a role for the host immune system in microbiome
assembly. The immune system in vertebrates consists of two branches: innate immunity,
which responds to microbial-associated patterns conserved across a broad swath of taxa, and
adaptive immunity, which responds to specific (as narrow as strain-level) molecular patterns.
Studies utilizing mutant zebrafish lines lacking either the innate34 or adaptive®® branch of
the immune system, have uncovered the potential of the immune system as a whole to
impose selection on the intestinal microbiome (Fig. 1a). For example, when myd88~"~
zebrafish lacking innate immunity and wild-type zebrafish were maintained in solitary
housing, a stark difference in the composition of the microbiome could be observed between
genotypes. Similarly, when ragZ~— zebrafish lacking adaptive immunity and wild-type
zebrafish populations were maintained separately, the B-diversity of the microbiome
between individuals was greater for wild-type zebrafish than knockout mutants, indicating
that the microbiomes of knockout individuals were more homogenous than those of wild
type individuals. These results illustrate the capacity of the immune system to select or, at
the very least, act as an ecological filter that influences which bacteria taxa ultimately
comprise the gut microbiome.

Both of these studies also highlighted the importance of microbial transmission between
individual fish in microbiome assembly, even in the context of immune selection. While
significant differences were observed in microbiome composition between wild-type and
zebrafish lacking innate immunity when they were maintained in solitary housing, housing
multiple individuals in the same tank (separated by genotype or mixed) dramatically reduced
these differences. Likewise, housing wild-type and zebrafish lacking adaptive immunity
separately resulted insignificant differences in the p-diversity within each genotype.
However, when the two genotypes were co-housed, no significant differences between
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genotypes were observed. These experiments demonstrate the substantial role of the
ecological context in determining how host factors or any potential factors influence the
assembly of the intestinal microbiome, and suggest the importance of considering
parameters such as host interactions networks to study microbiome assembly in other
systems such as humans?.

Effects of toxins and pathogens on the zebrafish microbiome.

In addition to direct host-selection mechanisms, exogenous factors can also influence the
microbiome. For example, environmental chemicals, which can directly affect the host, can
also alter the composition of the intestinal microbiome (Fig. 1a). Zebrafish are a well-
established model for understanding how environmental chemicals impact vertebrate
physiology and a vast array of studies have similarly used zebrafish to ascertain how these
chemicals affect the vertebrate gut microbiome. For example, in 2013, Merrifield et a/48 fed
metal-nanoparticle contaminated food to adult zebrafish and found that these particles had
antimicrobial effects on some putatively beneficial strains of gut bacteria (such as
Cetobacterium somerae)*®. Exposure to endocrine-disrupting agents, such as bisphenol A
(BPA), perturbed the gut microbiome of both juvenile*’ and adult*® zebrafish. Taking
advantage of the ex-utero development of zebrafish, Catron er a/*’ demonstrated in 2019
that embryonic exposure to various BPA-derivative chemicals differentially affects the
composition of the juvenile gut microbiome. Moreover, the authors observed dosage-
dependent effects of the chemical on the gut microbiome, suggesting that the microbiome’s
sensitivity to a chemical depends on the chemical’s environmental concentration. Another
study explored the effect of low dose ciprofloxacin on monocultures of bacteria in the larval
zebrafish gut and showed, using live imaging, that this antibiotic treatment dramatically
decreased bacterial population by enhancing bacterial aggregation and clearance from the
gut28, In another study on the effects of antibiotics on the gut microbiome, the
administration of triclosan-laden food to adult zebrafish, significantly altered the
composition of the gut microbiome®. The study took advantage of the zebrafish model to
screen a large number of individuals, allowing the identification of microbial taxa that were
especially sensitive to the drug’s exposure, including OTUs identified as members of the
Enterobacteriaceae family; these microbial taxa might serve as indicators of exposure.
Moreover, the large sample sizes facilitated the determination of how the microbe-microbe
interaction networks in the gut vary as a function of triclosan exposure. In particular, while
many OTUs in the gut displayed evidence of resistance to triclosan, their patterns of
covariation with other conserved members of the microbiome were significantly altered.
This observation indicates that not only does exposure to triclosan affect the gut
microbiome’s composition, but it also affects the inter-organismal dynamics among
microbiota. A 2018 study demonstrated that feeding fish Lactobacillus plantarum can
attenuate the toxic effects of chronic triclosan exposure, including the effect of the drug on
the gut microbiome?0. Collectively, these studies exemplify the importance of understanding
the interaction between environmental chemicals and gut microbiota and the potential of
zebrafish to serve as a relatively high-throughput model organism to discover these
interactions.
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In addition to environmental chemicals, pathogens can invade the host and cause alterations
to the microbiome as well. For example, introduction of the nematode intestinal parasite,
Pseudocapillaria tomentosa, resulted not only in physiological changes to the host, but also
to compositional changes in the gut microbiome?®. The composition of the microbiome was
different between exposed and unexposed zebrafish, and was also significantly associated
with each stage (egg, larva, adult) of the nematode life cycle as well as parasite burden.
Moreover, the composition of the gut microbiome was linked to histopathological outcomes
of exposure, which indicates that the microbiome might potentially mediate exposure
outcomes or serve as a passive indicator of exposure effects. Indeed, a machine-learning
classifier trained on these microbiomics data accurately predicted an individual’s exposure
state, suggesting that the microbiome might contain useful information for zebrafish
facilities that seek to monitor infectious agents®®. Therefore, the zebrafish model allows for
a systems-level analysis of infection. That is, in addition to the direct effect of the pathogen
on the host, indirect effects of the pathogen on the microbiome that contribute to disease can
also be assessed.

Zebrafish microbiome studies for discovering new pathogens and probiotics.

Not only can microbiome profiling be used to reveal how known pathogens perturb resident
microbial communities, it can also identify new bacterial agents that initiate or drive disease
progression. One such example came from standard laboratory surveillance of sentinel
zebrafish in facilities, which revealed a high incidence of intestinal hyperplasia and tumors
in elderly fish®. Subsequent studies established that this intestinal pathology was
transmissible, and further showed that it tracked with a particular Mycoplasma species®L.
The same Mycoplasma species was also found to be enriched in fish infected with
Pseudocapillaria tomentosa presenting with intestinal histopathological lesions*®, suggesting
that this organism has a tropism for damaged intestinal tissue or possibly a capacity to
accelerate intestinal disease progression.

Another example of microbiome profiling to uncover candidate bacterial etiologies of
disease comes from a zebrafish model of Hirschsprung’s disease, in which the enteric
nervous system fails to develop, resulting in impaired gut motility and often enterocolitis.
Zebrafish lacking the Hirschsprung’s disease gene soxI0 develop spontaneous intestinal
inflammation and perturbed intestinal microbiomes®2. Correlating the extent of
inflammation with alterations in microbiomes across individual soxZ0 mutant zebrafish
larvae revealed that expansion of specific Vibrio taxa and reduction of specific £scherichia
taxa correlated with higher levels of inflammation. Subsequent experiments demonstrated
that addition of a Vibrio isolate was sufficient to exacerbate intestinal inflammation in the
conventional soxZ0mutant fish, whereas an £. coliisolate, used as a probiotic in humans,
could ameliorate inflammation®2. Related study designs exposed germ-free fish to various
Aeromonas strains to uncover putative genetic mechanisms underlying motile aeromonad
septicemia®3. These studies demonstrate the utility of zebrafish for discovering new bacteria
with pathogenic and beneficial potentials in vertebrate intestines.
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Conclusions and future directions

As accumulating evidence demonstrates the important contribution of microbiota to animal
development, physiology, and behavior, the scope of microbiome research continues to
expand. We consider that the zebrafish model is an important player in this expansion. The
model offers several advantages that facilitate mechanistic studies of the microbiome using
gnotobiology, and microbiome profiling of large population sizes with controlled
environmental exposures and housing configurations, thereby allowing researchers to span
the many scales across which animals interact with their resident microbes, from molecules
to populations.
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Fig. 1|. Experimental paradigms for studying zebrafish microbiome assembly, dynamics, and
function.

A brief overview of the basic experimental paradigms in zebrafish microbiome studies. The
list is not exhaustive, and these paradigms are not mutually exclusive (more than one
paradigm can be utilized in a single experiment). a, Experiments that utilize conventionally
raised zebrafish. Firstly, observational studies of the microbiome (represented as colored
stripes in the larval fish gut) can be made using wild type zebrafish raised according to
standardized protocols. Secondly, the roles of specific host genetic factors in the assembly of
the gut microbiome can be tested by utilizing mutant zebrafish lines (blue larval fish).
Thirdly, the roles of external factors (such as environmental chemicals or contact with other
hosts) in the assembly of the gut microbiome can be tested by altering the environment in
which the zebrafish are raised (pink box). b, Experiments that utilize gnotobiotically raised
zebrafish. Firstly, germ-free zebrafish (for example, fish that remain unexposed to microbes
after hatching), can be utilized to test the requirements for the microbiome in host
development and physiology. Secondly, monoassociations (fish with an all green gut) can be
utilized to test the sufficiency for a specific microbial taxon in host development and
physiology. Thirdly, defined communities (fish with striped green and orange gut), can be
utilized to test the sufficiency of specific consortia of microbes in host development and
physiology. This paradigm can also be utilized to test the properties of microbial
colonization dynamics for a particular set of microbes. Whereas conventional microbiome
analyses can take place at any part of the zebrafish life cycle, the gnotobiotic study designs
are currently limited to larval and young juvenile fish.
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Table 1|

Methods available for interrogating the zebrafish microbiome at each life stage.
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Larva and adult stages

Larva stage

Adult stage

For direct sampling of the
microbiome, intestinal tissues can be
dissected at both stages, (insect pins
in the larva; tweezers and scalpel or
scissors in the adult)

Water and fish-derived samples can
be used for plating bacteria to
ascertain CFU counts and estimate
culturable bacterial population
numbers, or for bacterial nucleotide
extraction to perform 16-S amplicon,
metagenomic, or metatranscriptomic
sequencing

Exogenous bacteria, such as human
or mouse strains with probiotic
characteristics can be added

Optical transparency allows
for observation of microbes
using techniques such as
confocal and light-sheet
microscopy

Germ-free derivation of
embryos can be done ad
hoc, via surface
sterilization; maintaining the
animals germ-free through
adulthood is difficult

Larva can be raised up to
depletion of yolk (8-10
dpf), allowing for high-
throughput, automated
administration of
compounds subsequent
analyses

Feces can be collected
from the water, allowing
for non-invasive sampling
of the intestinal
microbiome

Analysis of the
microbiome and
adaptative immunity (B
and T cells) must be done
after ~21-28 dpf, when
these cells mature

Complex social behavior
arise after ~14 dpf;
cameras and special
softwares can be used to
track fish movements and
locations in housing
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