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Gut microbiota has become a topical issue in unraveling the research mechanisms
underlying disease onset and progression. As an important and potential “organ,” gut
microbiota plays an important role in regulating intestinal epithelial cell differentiation,
proliferation, metabolic function and immune response, angiogenesis and host growth.
More recently, zebrafish models have been used to study the interactions between gut
microbiota and hosts. It has several advantages, such as short reproductive cycle, low
rearing cost, transparent larvae, high genomic similarity to humans, and easy construction
of germ-free (GF) and transgenic zebrafish. In our review, we reviewed a large amount of
data focusing on the close relationship between gut microbiota and host health. Moreover,
we outlined the functions of gut microbiota in regulating intestinal epithelial cell differentiation,
intestinal epithelial cell proliferation, metabolic function, and immune response. More,
we summarized major factors that can influence the composition, abundance, and diversity
of gut microbiota, which will help us to understand the significance of gut microbiota in
regulating host biological functions and provide options for maintaining the balance of
host health.

Keywords: gut microbiota, zebrafish, functions, factors, host health

INTRODUCTION

Gut microbiota is the collective community of microbiota that reside in the gastrointestinal
tract of the host (Lozupone et al., 2012). Gut microbiota has been described as an important
functional host “organ” (Stephens et al., 2016; Lankelma et al., 2017). There is growing evidence
that gut microbiota is closely associated with host health (Mangiola et al., 2016; Patterson
et al., 2016; Angelucci et al,, 2019; Gomaa, 2020) and plays a role in several aspects including
intestinal epithelial cell differentiation (Darby et al., 2020), intestinal epithelial cell proliferation
(Darby et al., 2020), nutrient metabolism (Lopez et al., 2020) and immune response (Stappenbeck
et al, 2002; Yang et al, 2017; Murdoch and Rawls, 2019; Lopez et al, 2020), xenobiotic
metabolism (Darby et al, 2020), angiogenesis (Stappenbeck et al., 2002; Franks, 2013), and
host growth (Schwarzer, 2018; Schwarzer et al., 2018; Consuegra et al., 2020).
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Gut Microbiota and Host Health

Zebrafish is an excellent model for studying gut microbiology.
First, the advantages of high fecundity, small size, short
reproductive cycle, rapid growth, and easily achievable rearing
conditions make it possible to provide many zebrafish samples
for experimental studies (Garcia et al., 2016; Stagaman et al,
2017). Second, zebrafish share a high degree of physiological
and genetic homology with humans, with approximately 2,601
(82%) human disease-associated genes and 18,029 (71.4%) human
genes having at least one zebrafish homolog (Howe et al., 2013).
Third, zebrafish larvae can be used for large-scale germ-free
(GF) studies (Rawls et al., 2004; Hill et al., 2016). The transparency
of zebrafish larvae facilitates comprehensive sampling and real-
time imaging of gut microbiota (Stephens et al, 2015), which
makes it easier to study host-microbiota interactions and
microbiota assemblages (Rawls et al., 2004; Wong et al., 2015).
Fourth, the use of fluorescent protein expressing bacteria and/
or fluorescent protein expressing zebrafish (Rawls et al., 2004),
transgenic zebrafish models, and mutant zebrafish strains,
microbiota transfer techniques (Guo et al., 2019), the construction
of knockout zebrafish (Kok et al., 2015), and the use of genus-
specific probes for microbial distribution have broadened the
applicability of zebrafish in gut microbiota studies (Bates et al.,
2006). These advantages have made zebrafish a common research
model used by scientists for the study of gut microbiota. These
growing results of zebrafish in gut microbiota can help us
understand the microbiota-host interactions better (Milligan-
Myhre et al,, 2011; Semova et al.,, 2012; Liu et al., 2016).

In our review, we focus on the relationship between gut
microbiota and host health, so we summarize the role of gut
microbiota in intestinal epithelial differentiation, enterocyte
proliferation, host nutrient metabolism, and immune response.
We also list the major factors that influence gut microbiota
composition, abundance, and diversity. This can help us provide
insight into the importance of the involvement of gut microbiota
in the regulation of the host organism and provide some useful
therapeutic options for maintaining gut ecological homeostasis
and host health.

PHYSIOLOGICAL FUNCTIONS OF GUT
MICROBIOTA IN ZEBRAFISH

Intestinal Epithelium Differentiation

Gut microbiota influences intestinal epithelial cell differentiation
through lipopolysaccharide (LPS; Bates et al.,, 2006). LPS is a
component of the outer membrane from Gram-negative bacteria.
During the establishment of microbiota, LPS can promote a
dramatic increase in intestinal alkaline phosphatase (IAP, a

Abbreviations: GE, Germ-free; LPS, Lipopolysaccharide; IAP, Intestinal alkaline
phosphatase; CV, Conventionally raised; fxr, Farnesoid X receptor; mcm,
Minichromosome maintenance gene; pcna, Proliferating cell nuclear antigen;
Dtymk, Thymidylate kinase; Orc4l, Origin-recognition complex subunit 4; Rrm2,
Ribonucleotide reductase subunit m2; FFAs, Fatty acids; LDs, Lipid droplets;
Apob, Apolipoprotein B; TLRs, Toll-like receptors; dpf, Days post-fertilization;
IMZ, Imazalil; PBDEs, Polybrominated diphenyl ethers; E2, Estradiol; BPA,
Bisphenol A.

classical marker of intestinal epithelial cell maturation; Beutler
and Rietschel, 2003; Bates et al., 2006; Swain et al., 2008). In
GF zebrafish larvae without gut microbiota, it exhibits immature
brush border enzyme activity in the intestine (Bates et al., 2006).
At the same time, the gut of GF zebrafish larvae is blocked
in specific aspects of differentiation and its function is altered
in specific aspects (Bates et al., 2006). In contrast, the opposite
result was observed in conventionally reared (CV) zebrafish
larvae due to the presence of gut microbiota in their gut (Bates
et al., 2006). Therefore, the ability of gut microbiota to promote
intestinal epithelial cell differentiation is mainly due to the
induction of alkaline phosphatase activity in the zebrafish gut
by gut microbiota through bacterial LPS. In addition, exposure
to exogenous LPS was also sufficient to increase IAP transcript
levels in GF zebrafish larvae (Bates et al., 2007). Also, there
is evidence that in the absence of microbiota, the alkaline
phosphatase activity in GF zebrafish is significantly lower than
in the gut of CV zebrafish and reverses the GF phenotype by
introducing bacteria later in development (Bates et al., 2006).
Gut microbiota can regulate the differentiation of intestinal
epithelial cells through indirect effects. The farnesoid X receptor
(fxr) is a nuclear receptor and transcription factor with regulatory
physiological functions, including the regulation of intestinal
epithelial cell differentiation (Lefebvre et al., 2009; Vitek and
Haluzik, 2016; Chiang et al., 2017; Wen et al., 2021). In zebrafish,
gut microbiota alters primary bile salts to regulate fxr-mediated
signaling and thus regulate the differentiation of anterior
absorptive enterocytes (Wen et al., 2021). In conclusion, it is
clear that gut microbiota plays an important role in the
differentiation of zebrafish intestinal epithelial cells.

Epithelial Cell Proliferation

Germ-free zebrafish lacking gut microbiota have reduced
proliferation ability of epithelial cells. The minichromosome
maintenance genes (mcm), as a proliferative and prognostic
molecular marker, its expression varies with the difference of
gut microbiota in CV zebrafish. A recent study provide the
evidence that gut microbiota stimulates zebrafish intestinal
epithelial cell proliferation by increasing the expression of genes
involved in DNA replication and cell division, such as proliferating
cell nuclear antigen (pcna, a biomarker of epithelial cell renewal;
Rawls et al., 2006), thymidylate kinase (Dtymk), origin-
recognition complex subunit 4 (Orc4l), and ribonucleotide
reductase subunit M2 (Rrm2), mcm2, mcm3, mcmb, and mcm6
(Rawls et al., 2004).

Nutrient Metabolism

It has been reported in mice that gut microbiota regulates
intestinal absorption and metabolism (Backhed et al., 2004).
A recent study found a similar effect in zebrafish gut microbiota
(Igbal and Hussain, 2009). Microbial-deficient zebrafish is
impaired in their ability to use nutrients. Diet-induced changes
in microbiota composition may affect fat absorption (Semova
et al., 2012). Dietary fat in the form of triglycerides is first
digested by lipase in the intestinal lumen, releasing free fatty
acids (FFAs) and mono-triglycerides. Immediately afterwards,
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the free fatty acids and mono-triglycerides are absorbed by
the intestinal epithelial cells (Igbal and Hussain, 2009). Later,
the fatty acids are esterified to triglycerides and temporarily
stored as cytoplasmic lipid droplets (LDs). Finally, some LDs
may be incorporated into celiac particles for secretion into
the lymphatic fluid, while others may be released into the
circulation (Igbal and Hussain, 2009). A published study has
shown that gut microbiota increases the transport of fatty acids
to extra-intestinal tissues (e.g., liver), which can promote the
accumulation of LDs in the intestinal epithelium and ultimately
the absorption of fatty acids (Semova et al., 2012). In microbiota-
deficient zebrafish, the expression of genes involved in lipid
metabolism is significantly influenced by gut microbiota (Falcinelli
et al., 2015).

Meanwhile, gut microbiota regulates cholesterol metabolism
and trafficking in zebrafish. A study showed that gut microbiota
in the zebrafish digestive tract can upregulate apolipoprotein
B (Apob), which catalyzes the first step in cholesterol catabolism
and bile acid biosynthesis. Upregulation of Apob has implications
for cholesterol catabolism and bile acid biosynthesis (Rawls
et al, 2004). Gut microbiota regulates host lipid processing
by decreasing transcript expression levels of genes involved in
cholesterol and triglyceride metabolism (fit2, agpat4, dgat2,
mgll, hnfda, scap, and cck; Falcinelli et al, 2015). Another
evidence of the effect of gut microbiota on nutritional metabolism
in zebrafish is that the GF zebrafish gut has a functional defect
in protein uptake (Rawls et al., 2006). Microbe-deficient zebrafish
upregulates the expression of solute carrier family genes (e.g.,
SLC7a3, SLC38a4, and SLC15a2), thereby increasing the transport
of amino acids or peptides that are used to compensate for
the lack of protein intake (Rawls et al., 2004).

Therefore, it can be concluded that gut microbiota has an
important role in regulating host nutrient absorption, including
its role in regulating host fatty acid absorption, cholesterol
metabolism, and protein absorption.

Immune Responses

Gut microbiota may be a factor in triggering the host immune
response, that is, gut microbiota modulates immune responses
(Rawls et al., 2004; Yang et al., 2017). LPS, a component of
the outer wall layer of gram-negative bacteria (Swain et al,
2008), increases the transcription of inflammatory factors in
zebrafish and causes characteristic tissue lesions, such as infectious
shock, and even death (Mottaz et al., 2017). Toll like receptors
(TLRs) is a pattern recognition receptor for innate immunity.
All orthologs of mammalian TLR genes can be found in
zebrafish, and both mammalian and zebrafish TLRs have the
same characteristic structure (Jault et al., 2004). LPS exerts
the toxic effects via overstimulating TLRs innate immune
signaling (Jault et al,, 2004; Swain et al., 2008), thus leading
to pathogenic inflammatory response (Rawls et al., 2006; Bates
et al., 2007).

Gut microbiota induces the expression of the IAP located
at the intestinal brush border to detoxify the potential toxicity
of LPS. LPS is necessary for the induction of IAP activity
(Bates et al., 2006). LPS mediates AP activity in the intestine,
while IAP dephosphorylates LPS (Bates et al., 2007; Fabbiano

et al,, 2018). IAP can act as an antidote to decrease the toxicity
of the LPS. The response to dephosphorylated LPS is induced
during microbiota establishment and plays a key role in
promoting intestinal mucosal tolerance in zebrafish and in
promoting mucosal tolerance to intestinal bacteria (Bates et al.,
2006). IAP is considered valuable for its ability to prevent
excessive immune responses through negative feedback regulation
of TLRs. TIR-domain containing adapters MyD88, TLRs, IAP,
and the pro-inflammatory cytokines (such as tumor necrosis
factor TNF) comprise a signaling pathway to maintain the
homeostatic balance of the intestinal (Jault et al., 2004; Bates
et al, 2007; Brugman et al,, 2009; Figure 1).

Due to the lack of gut microbiota in zebrafish larvae, there
is no LPS production in vivo to induce IAP activity, which
further inhibits the transcription of inflammatory factors and
ultimately suppresses the formation of neutrophils in the
intestinal tract of GF zebrafish. In contrast, in GF zebrafish
larvae, the addition of exogenous LPS can induce IAP activity,
thereby avoiding intestinal inflammation (Figure 2; Bates et al.,
2007). Another evidence that demonstrates microbial regulation
of the immune response is that colonization of microbiota in
zebrafish increases the expression of a biomarkers of the innate
immune response saa (serum amyloid a; Rawls et al., 2006).
From the perspective of this establishment of intestinal
homeostasis, a strategy to slow down enteritis can be developed:
inhibition of innate immune responses, such as those mediated
by TIR-domain containing adapters Myd88 (Jault et al., 2004;
Bates et al., 2007), leads to alteration of the intestinal microbial
community and ultimately to a good effect of reducing intestinal
inflammation (Chu and Mazmanian, 2013).

FACTORS AFFECTING GUT
MICROBIOTA

Zebrafish has a complex commensal bacteria community in
its digestive tract (Zang et al., 2019). At the very least, 500-1,000
different species of bacteria colonize the gut of zebrafish (Zhang
Q. et al, 2019). Bacterial colonization of the zebrafish gut
after hatching coincides with the differentiation of the digestive
tract (Bates et al, 2006). There are temporal differences of
intestinal microbial distribution (Bates et al., 2006; Rawls et al.,
2006; Falcinelli et al., 2015; Hill et al., 2016; Yang et al., 2017;
Catron et al., 2019). In terms of phylum, the microbial community
of zebrafish is usually dominated by Proteobacteria, Firmicutes,
and Fusobacteria (Liu et al., 2016; Zhou et al., 2018). With
the maturation of the microbiota, the microbial communities
become more complex and diverse. Some differences in the
composition of the gut microbial community of zebrafish may
vary with host factors and exogenous factors. A number of
host factors contain development stage (age), gender, and host’s
immune system. Exogenous factors that include diet composition,
feeding practices (temperature, feeding schedule, salinity),
pathogens (infectious microbiota and viruses), antibiotic use,
housing infrastructure, and water chemistry can affect the
composition of zebrafish gut microbiota (Brugman et al., 2009;
Roeselers et al., 2011; Mottaz et al., 2017; Yang et al.,, 2017).
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FIGURE 1 | Intestinal homeostasis during the establishment of gut microbiota colonization by Myd88, toll like receptors (TLRs). Lipopolysaccharide (LPS) is
required for the induction of intestinal alkaline phosphatase (IAP) activity and triggers intestinal inflammation through TLRs and Tnf signaling. IAP transcript levels
were significantly elevated in the presence of gut microbiota. Exposure to exogenous LPS increases IAP transcript levels in germ-free (GF) larval zebrafish and results
in higher than normal IAP levels in conventionally reared (CV) larval zebrafish. In a negative feedback loop formed by TLRs, IAP, and LPS, IAP dephosphorylates LPS,
and TLRs and Tnf are reduced by LPS dephosphorylation, thereby preventing excessive intestinal inflammation.

Noteworthy, gender had no significant effect on gut microbiota
in zebrafish (Roeselers et al., 2011; Liu et al., 2016). Male and
female zebrafish gut microbiota had similar bacterial composition.
Sexual differentiation occurs in zebrafish during 35-75days
post-fertilization (dpf). During sexual differentiation in zebrafish,
the diversity of gut microbiota changes despite keeping the
diet and environment unchanged. However, the homogeneity
of the gut community remains relatively unchanged during
host development (Stephens et al., 2016). In our review,
we reviewed nearly 20years of published articles to summarize
several factors that influence composition, abundance, diversity
of gut microbiota in zebrafish (Figure 3).

Different Developmental Stages

The composition of zebrafish gut microbiota is different at
different developmental stages and inter-individual differences
increase with developmental period (age; Stephens et al., 2016).
The developmental period of zebrafish is categorized into larval,
juveniles and adults. In all stages of the zebrafish life cycle,
gut microbiota of zebrafish is dominated by members of the
phylum Proteobacteria (Bates et al., 2006; Rawls et al., 2006;
2015; Yang et al, 2017; Catron et al., 2019;
Lopez et al., 2020). y-proteobacteria and a-proteobacteria are

Falcinelli et al.,

both Proteobacteria, but y-proteobacteria is abundant in the
gut of juvenile fish and a-proteobacteria increase in development
to 21dpf (juveniles; Stephens et al., 2016). During the larval
stage, gut microbiota differs minimally between individuals.
During the day of mouth opening, bacteria are less abundant
in the mouth, pharynx, esophagus, and proximal intestine by
4dpf (Bates et al., 2006). Between 4 and 8dpf, the abundance
of gut microbiota increased. Individual differences gradually
increase with age. Aeromonas and Pseudomonas species
predominate in the zebrafish embryo and larvae (Bates et al.,
2006). The phylum Fusobacteria is more prevalent in the adult
stage of zebrafish (Roeselers et al, 2011). Therefore, it can
know that the composition of the zebrafish gut microbiota
rapidly differentiates during early host development (Wong
et al., 2015; Figure 4).

Diet

Gut microbiota members correlated with dietary composition
have been found in humans and other mammals (Ley et al.,
2008; Muegge et al, 2011). Recent studies have shown that
the zebrafish gut microbiota changes in response to changes
in diet (Semova et al., 2012; Koo et al., 2017; Yang et al,
2017). Dietary changes are mainly reflected in differences in
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FIGURE 3 | Major factors affecting gut microbial composition, abundance, and diversity, excluding gender.
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FIGURE 4 | Changes in the composition of gut microbiota of zebrafish at different developmental stages. A total of three transitions of gut microbiota occurred
throughout the developmental stages. The first transition of gut microbiota occurs at 10days post-fertilization (dpf), the second transition of gut microbiota from
embryo to juvenile occurs at 35-75dpf in zebrafish, and the last transition of gut microbiota is from juvenile to early adult at 76 dpf-126 hpf. Proteobacteria and
Fusobacteria are the two main core groups of zebrafish at different developmental stages, but both show different changes (increasing or decreasing) in different
developmental stages.

feeding or not, diet type, and diet density (Semova et al.,
2012; Koo et al,, 2017; Osimani et al., 2019). Feeding promotes
bacterial diversity in the gut of zebrafish (Semova et al., 2012).
Compared to zebrafish fed a sterile diet or fed a low-calorie
diet, gut microbial diversity and abundance were significantly
lower in the gut of non-fed zebrafish (Semova et al, 2012).
It was found that the addition of the bioactive compounds
chlorogenic and caffeic acids to the diet of zebrafish has an
effect on enterobacteriaceae bacteria (Osimani et al., 2019).
Eating food contaminated with graphene family materials leads
to gut microbiota dysregulation in zebrafish (Zheng et al,
2019). The fat density in the diet affects the composition of
gut microbiota of zebrafish (Semova et al., 2012; Wong et al,
2015; Falcinelli et al., 2017). Feeding diets with different fat
densities (dietary fat levels) have a significant effect on the
diversity of gut microbiota (Falcinelli et al.,, 2017). During 35
and 70dpf, there are significant differences in gut microbiota
of zebrafish fed high- and low-fat diet (Wong et al., 2015).
In conclusion, whether fed or not, the diet type and diet
density affects the abundance, composition, and diversity of
gut microbiota in zebrafish.

Immune System

Immunity system interacts with gut microbiota by affecting
the composition and diversity to affect host health. This
conclusion has been confirmed in humans and mice (Dimitriu
et al,, 2013; Davenport et al, 2015; Zhang et al.,, 2015; Yoo
et al., 2020). Recent studies have shown that the immune
system is an influential factor affecting the composition and
diversity of the zebrafish gut microbiota (Mottaz et al., 2017;

Stagaman et al., 2017; Yang et al., 2017). Zebrafish begin to
possess an adaptive immune response 5dpf, and at this time
lymphocytes in the gut begin to function in the adaptive
immune process (Coronado et al., 2019). Adaptive immunity
inhibits the growth of Vibrio in the intestine. Compared to
wild-type zebrafish with adaptive immune, Ragl-deficient
zebrafish lacking adaptive immunity have a different gut microbial
composition and a large number of Vibrio species thriving in
their intestines (Brugman et al, 2014). T lymphocytes play
an important role in adaptive immunity (Hohn and Petrie-
Hanson, 2012; Tian et al, 2017). When T lymphocytes are
transferred to Ragl-deficient zebrafish, the growth of Vibrio
species in the gut of Ragl-deficient zebrafish is suppressed
(Brugman et al., 2014). This is strong evidence that immunity
affects the gut microbial composition of the gut, especially
adaptive immunity.

Probiotics

Probiotics alter the composition and relative abundance of gut
microbiota (Gioacchini et al., 2012; Falcinelli et al., 2015; Zhang
Z. et al, 2019; Chen et al.,, 2020). The addition of probiotics
alters the abundance of the host’s original gut microbiota.
Lactobacillus rhamnosus treatment significantly reduced the
lower gut microbial diversity, higher relative abundance of
Firmicutes and Lactobacillus, and lower relative abundance of
Mycobacterium (fish pathogen; Falcinelli et al, 2015). The
addition of exopolysaccharides from the probiotic Lactobacillus
casei BL23 increased the abundance of proteobacteria, while
the abundance of Fusobacteria decreased (Zhang Z. et al., 2019).
The addition of Lactobacillus plantarum ST-III not only restored
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the species and quantity of intestinal microbiota but also
inhibited the growth of saprophytic bacteria (Zang et al., 2019).
The probiotic L. rhamnosus IMC 501 can alleviate high-fat
diet-induced intestinal microbial disorders (Falcinelli et al.,
2017). And Table 1 lists other beneficial bacteria that also
regulate the homeostasis of the gut.

Social Interactions

Social interactions between hosts may promote microbial
dispersal. This is demonstrated in a study in which splitting
between hosts could greatly affect the diversity and composition
of the zebrafish gut microbiota (Burns et al., 2017). The
microbiota composition in the gut of zebrafish reared alone
differed more than between co-housing zebrafish within a tank,
implying that co-housing-induced social interactions results in
more similar gut microbiota composition in co-housing hosts
(Stagaman et al., 2017).

Pathogen

The pathogen infection disrupts the balance of the pre-existing
gut microbiota. Pseudocapillaria tomentosa infection disrupts
the composition of zebrafish gut microbiota (Gaulke et al,
2019). Also, a published research study showed that pathogen
challenge can affect the abundance of gut microbiota. Following
an attack by Aeromonas hydrophila (aquatic pathogen), the
bacterial abundance of zebrafish gut microbiota is altered, as
evidenced by a decrease in beneficial bacteria and an increase
in harmful bacteria in the gut (Yang et al, 2017).

Antibiotics

The use of antibiotics affects bacterial diversity, composition,
and abundance. Most antibiotics cause intestinal alterations,
which usually include effects on the microbiota (depletion of
the commensal microbiota), direct effects on host tissues, and
effects on antibiotic-resistant microbiota, which have been
reported in mice (Ubeda et al, 2010; Sorbara et al, 2019;
Keith et al., 2020). In zebrafish, the application of antibiotics,
such as colistin sulfate, penicillin, streptomycin, kanamycin,
oxytetracycline, and vancomycin hydrochloride, had an effect
on the gut microbial composition (Brugman et al., 2009; Willing
et al, 2011; Zhou et al, 2018; Stressmann et al., 2021). A
study also reported that environmental antibiotics can also

impair intestinal health in zebrafish (Zhou et al., 2018). Among
these, bacterial diversity or composition is more susceptible
to some low concentrations of antibiotics (Zhou et al., 2018).
After treatment with penicillin, streptomycin, and kanamycin
administration, the homogeneity of the bacterial community
of zebrafish was reduced. The number of antibiotic-sensitive
bacteria may decrease with increasing antibiotic treatment,
while the number of antibiotic-resistant bacteria increases
(Stressmann et al., 2021). The addition of oxytetracycline
exposure also disturbs gut microbiota of zebrafish, resulting
in significant changes in the composition of gut microbiota
(Zhou et al., 2018). Overall, it is clear from these studies that
antibiotics are a factor that affects the composition, abundance,
and diversity of gut microbiota.

Environmental Contaminants

The host gut is a sensitive organ to environmental contaminants
(Sun et al., 2019). Exposure to environmental pollutants tends
to induce disorders of gut microbiota, intestinal inflammation,
disorders of intestinal metabolism, and other adverse conditions,
thus affecting the health of the host (Jin et al., 2017; Chen
et al., 2018). Bactericides, microplastics or other common
environmental contaminants can affect the composition, diversity
or abundance of gut microbiota. 9-nitroanthracenes
(microplastics) altered the dominant abundance of five major
bacterial phyla (Proteobacteria, Firmicutes, Fusobacteriota,
Bacteroidota, and Verrucomicrobiota; Zhang et al., 2021). Imazalil
(IMZ) is a highly effective fungicide more commonly applied
in aquatic systems. IMZ exposure resulted in a significant
decrease in the abundance of Akkermansia, Alistipes, and
Bacteroides in the gut of zebrafish (Jin et al., 2017). Previously,
a study also found that IMZ also affected intestinal bacteria
dysbiosis in mice (Jin et al., 2016). Carbendazim (fungicide)
significantly changed gut microbiota composition (Bao et al.,
2020). Chronic triclosan (bactericide) exposure affected the
gut microbiota of zebrafish, mainly by influencing the abundance
of gut microorganisms, where chronic triclosan exposure
significantly increased the abundance of Proteobacteria (Zang
et al, 2019). Microcystin-LR and glyphosate are common
carcinogens present in aquatic ecosystems. Available studies
have shown that microcystin-LR and glyphosate exposure
significantly alters microbial communities in the zebrafish gut

TABLE 1 | Various probiotic with the change intestinal microbial composition.

Species/strains Zebrafish Effects/outcomes References

Aeromonas hydrophila NJ-1 GF Protected zebrafish from pathogenic infection Guo et al., 2019

Lactobacillus rhamnosus GG Zebrafish  Conferred higher protection against inflammation Sireswar and Dey, 2019

Lactobacillus plantarum ST-lI Zebrafish Recovered the species and number of microbiota in the intestines of zebrafish, and Zang et al., 2019
inhibited toxin production by saprophytic bacterial growth

Lactobacillus rhamnosus Zebrafish  Altered gut microbiota community and highlighted the potential of probiotics to attenuate  Falcinelli et al., 2017
HFD-related metabolic disorder

Lactobacillus rhamnosus Larvae Increased the abundance of Firmicutes sequence and reduced the abundance of Falcinelli et al., 2015
Actinobacteria

Lactobacillus plantarum Adult Altered the p-diversity of gut microbiota Falcinelli et al., 2015

Lactobacillus rhamnosus IMC 501  Zebrafish  Significantly increased the abundance of Firmicutes and decreased Proteobacteria Borrelli et al., 2016
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TABLE 2 | Factors affecting gene expression by affecting gut microbiota in zebrafish.

Factors Zebrafish Microbiota-related function Gene expression References

Vibrio sp. cVv Innate immune response Upregulated (tIr4, tIr5, nod1, nod2, Myd88, tnfa, tnfp, il1p) Xin et al., 2020
Downregulated (tIr2, NF-xB pathway genes, JNK/AP-1 pathway genes)

Vibrio sp. GF Innate immune response Upregulated (Myd88, tir2, tir5, nod1, nod2) Xin et al., 2020
Downregulated (NF-kB pathway genes, JNK/AP-1 pathway genes)

Aeromonas sp. CVv Innate immune response Upregulated (nod1, nod2, tnfa, tnfp, il1, Myd88, nfkb2, jund) Xin et al., 2020

IMZ Male adult ~ Glycolysis and lipid metabolism  Downregulated (Aco, Cpt1, Acc1, Srebp1a, Fas) Jinetal., 2017

CAgNC Zebrafish  Immune and mucin response Upregulated (TNF-a, IL-10, IL-12, IRF-1, Defbl1, Lyz) Udayangani et al., 2017

Eos GF Immune response Upregulated (i1, Claudin1, Occludin2) Ran et al., 2016

Lactobacillus Larvae Cholesterol and triglycerides Upregulated (fit2, agpat4, dgat2, mgll, hnf4a, scap, cck) Falcinelli et al., 2015

rhamnosus metabolism

NF-xB pathway genes: nfkb1, nfkb2, rela, relb, and c-rel; INK/AP-1 pathway genes: c-fos, c-jun, jun, jund, junbb, junba, and june; CagNC, chitosan silver nanocomposites; Eos,
Essential oils; tIr2, tir4, tIr5, and nfkb2: innate immunity-related gene; nod1 and nod2: NLRs-related genes, and inflammatory cytokines; Myd88: innate immune signal transduction
adaptor; NF-xB pathway genes, JNK/AP-1 pathway genes, innate immunity-related genes; tnfa, tnfp, and il1p: TLRs-related genes; jund, JNK/AP-1 pathway genes; Aco, Cpt1,
Acc1, Srebp1a, and Fas: glycolysis and lipid metabolism genes; TNF-a, IL-10, IL-12, IRF-1, Defbl1, and Lyz: immune and mucin genes; il1p, Claudin1, and Occludin2: immune
response genes; fit2, agpat4, dgat2, mgll, hnf4a, scap, and cck: cholesterol and triglycerides metabolism-related gene.

and induces alterations in the expression levels of apoptosis-
related genes (Ding et al, 2021). Environmental chemical
contaminant diethylhexyl phthalate and organochlorine dieldrin
affects the diversity (Wang et al,, 2022) and the abundance
of intestinal microbiota (Hua et al, 2021), respectively.
Polybrominated diphenyl ethers (PBDEs) is an environmental
contaminant commonly found in furniture, textiles, appliances,
and electronics. Acute exposure to PBDE-71 affects host gut
health and significantly alters the composition of the zebrafish
gut microbiota. This is because PBDE-71 exposure induces
the host gut to establish a suitable gut community to adapt
to the adverse effects of PBDE-71 exposure (Chen et al., 2018).
From the above study data, it is known that the exposure to
environmental pollutants is one of the factors affecting the
composition, abundance, and diversity of gut microbiota.

Interestingly, gut microbiota can significantly modulate
exogenous substance-induced toxicity by metabolically
activating or inactivating exogenous substances (Jeong et al.,
2013). Azoreductases, nitroreductases, [-glucuronidases,
sulfatases, and p-lyases are involved in the metabolism of
contaminants by the intestinal microbiota (Sousa et al., 2008;
Claus et al,, 2016). Available data suggest that biomarkers
related to neurotransmission, epithelial integrity, inflammation,
oxidative stress, and detoxification capacity correlate with
the abundance of some genera. For example, streptococcus
is positively correlated with intestinal ROS levels (oxidative
stress), and conversely, Prevotella is negatively correlated with
intestinal ROS (Chen et al.,, 2018). Members of cytochrome
P450, Cyplal, Cyp2b6, and Cyp2c19 are involved in xenobiotic
metabolism and have increased expression in the digestive
tract of GF zebrafish (Denison and Whitlock, 1995; Rawls
et al,, 2004). Additional studies also found that increased
cytochrome P450, and GST contribute to the resolution of
hygromycin toxicity. Notably, the GF zebrafish digestive tract
may be less able to detoxify dietary components and other
components of the environment (Rawls et al, 2004). The
data above suggest that contaminants affect the intestinal
bacterial flora. Conversely, the gut microbiota may modulate
the toxicity of contaminants to the host.

Other Factors

Endocrine disrupting chemicals affect the zebrafish gut microbiota
(Bates et al., 2007). Estradiol (E2) and bisphenol A (BPA) are
two endocrine-disrupting chemicals. Treatment of zebrafish with
E2 and BPA ultimately led to dysbiosis of gut bacterial ecology
in zebrafish, but the results showed that this was independent
of the sex of the zebrafish and may be mainly related to changes
in host lipid metabolism (Roeselers et al., 2011; Liu et al., 2016).
Occasionally, gut microbiota of zebrafish varies depending on the
aquaculture system (i.e., separated housing units; Stagaman et al.,
2017; Catron et al., 2019), temperature, and the strain of zebrafish
(Stephens et al., 2016). Microbial assembly of zebrafish is strongly
influenced by water quality (Liu et al,, 2016) and water samples
(Stagaman et al, 2017). Both high and low environmental
temperatures can affect the structure of zebrafish gut microbiota.
Among them, high temperature has a more drastic effect on the
structure of zebrafish gut microorganisms (Wang et al,, 2022). A
more detailed description of the factors affecting the composition
and abundance of gut microbiota are be listed in Tables 2, 3.

CONCLUSION AND OUTLOOK

Zebrafish has more potential and opportunities to provide a
more comprehensive understanding the interactions of gut
microbiota and host to help us establish the relationship between
gut microbiota and host health (Rawls et al., 2006; Chen et al.,
2018; Zheng et al, 2019; Jia et al., 2021). But several factors
will limit the use of zebrafish in gut microbiology research.

First, it is believed that the composition of gut microbiota
and its metabolites and derivatives all play a role in the metabolic
homeostasis of the host (Falcinelli et al, 2015), but various
endogenous and exogenous factors affect the composition and
abundance of the microbiota and it is quite difficult to dissect
well the gut microbial-host interactions (Brugman et al., 2009;
Roeselers et al, 2011; Mottaz et al, 2017; Yang et al, 2017).
Second, although zebrafish are an excellent model organism that
has been used to study blood diseases (Haffter et al, 1996;
Langenau et al, 2003; Dooley et al., 2008; van Rooijen et al,
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TABLE 3 | Various factors affect gut microbiota of zebrafish.

Factors Subject Species/strain

Changes References

HFD Zebrafish Bacteroidetes
Hyphomicrobium
Proteobacteria
Bacteroidetes
Fusobacteria
Firmicutes
Bacteroidetes
Proteobacteria
Legionellales
Rhizobiaceae
Rhodobacter
Actinobacteria
Lactobacillus
a-Proteobacteria
Firmicutes
Fusobacteria
Cetobacterium
Lactobacillus
Firmicutes
Pseudomonas
Shewanella

IMZ Male adult

MeHgCl Adult

GFD Zebrafish

MC-LR Zebrafish

Pb Adult male

GFMs Zebrafish

M. aeruginosa Zebrafish

Arias-Jayo et al., 2018

Jinetal., 2017

Zhu et al., 2020

Koo et al., 2017

Lietal, 2019
Xia et al., 2018

Zheng et al., 2019

D e D D D D e D D D D D o >

Qian et al., 2019

HFD, high-fat diet; IMZ, fungicide imazalil; GFD, gluten formulated diet; MC-LR, microcystin-LR; GFMs, graphene-family materials; and M. aeruginosa, Microcystis aeruginosa.

2009; Taylor and Zon, 2011; Santoriello and Zon, 2012), cancer
(Amatruda et al, 2002; Ignatius and Langenau, 2009; Mione
and Trede, 2010; Ceol et al., 2011; Liu and Leach, 2011), heart
diseases (Chen et al., 1996; Stainier et al., 1996; Poss et al., 2002;
Poss, 2007; Tang et al, 2019; Mukherjee et al., 2021), muscle
disorders (Bassett and Currie, 2003; Follo et al, 2013), kidney
diseases (Tobin and Beales, 2008; Diep et al., 2011; Sander and
Davidson, 2014; Gehrig et al.,, 2018; Brilli et al, 2019), central
nervous system diseases (Stewart et al., 2015; Heylen et al., 2021),
and eye diseases (Ohnesorge et al., 2019; Hong and Luo, 2021),
zebrafish does have certain disadvantages in mimicking human
diseases. These disadvantages include the inclusion of many gene
duplications in the zebrafish genome; the phenotypic characteristics
of diseases caused by direct homologous genes may differ in
zebrafish and humans (Santoriello and Zon, 2012). And the
zebrafish genome contains a significant amount of repetitive
content of 52.2% (Howe et al,, 2013). Therefore, when studying
the relationship and interaction of gut microbiota and host with
zebrafish, we also need to consider the above-mentioned issues
and drawbacks. This will help us to understand the interactions
between the gut and the host health better. Third, for zebrafish
husbandry, there are many issues currently faced, such as
determining a diet that will survive to reproductive maturity,
the ability of zebrafish to reproduce over multiple generations,
and optimizing precise equipment. Fourth, using zebrafish for
gut or gut microbiota studies faces obvious practical challenges,
mainly because the gut of zebrafish is small, making it difficult
to collect consecutive samples from the same fish and requiring
good operator skills. All the above factors may affect the promotion
and further application of zebrafish in gut microbiology research.

Due to the limited space of this review, only the roles of
gut microbiota in intestinal epithelial cell differentiation, intestinal
epithelial proliferation, nutrient metabolism, and immune

response regulation are listed. The functions of gut microbiota
that affect host health are not comprehensively summarized
in this review. Finally, we insist that more efforts should
be devoted to study the specific mechanisms by which gut
microbiota affect host health and explore their pathways or
some associated genetic changes in the future. It is worthwhile
to believe that fully exploiting the potential of zebrafish in
terms of gut microbiota will help to provide better and more
therapeutic options to unravel the pathogenesis and improve
host health.
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