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A B S T R A C T

Intestinal microbiota plays profound roles in host nutrition, physiology, and evolution. The development of DNA
sequencing technologies has increased dramatically research on fish intestinal microbiota. However, most stu-
dies conducted so far have focused on the microbial structure and diversity. Studies targeting the exact function
of commensal microbes in aquatic animals are still scarce, which limits the application of microbiota related
knowledge in aquaculture. Gnotobiotic models (animals cultured in axenic conditions or with defined microbial
lineages) are excellent tools for identifying the molecular interactions between intestinal microbiota and host,
which drive studies of microbiota from correlation to causality in mammals. In recent decades, gnotobiotic fish
models have been established and applied in aquaculture research. This review summarizes the colonization
conditions in gnotobiotic zebrafish model and its application in understanding intestinal microbiota-host in-
teractions in aquaculture. Furthermore, methods and research progress on other gnotobiotic models including
freshwater and marine fishes, molluscs and crustaceans are also discussed. Application of gnotobiotic models in
aquaculture has deepened our understanding of the relationship between the host and intestinal microbiota,
which will facilitate the modulation of intestinal microbiota for production of healthy animals and sustainable
development of aquaculture.

1. Introduction

Aquaculture, as the world's fastest growing food production sector,
has contributed nearly half of the global food fish consumption for more
than four decades (Tveteras et al., 2012). How to produce healthy and
safe aquatic products has attracted more and more attentions. Animals
are colonized at birth by complex and dynamic communities of mi-
croorganisms which take part in metabolism, development, immune
regulation process, therefore, the function of symbiotic microbiota
should not be ignored when we evaluate and manage the health of
aquatic animals (Marques et al., 2006; O'Hara and Shanahan, 2006).

Disease outbreaks caused by intensive culture have produced ser-
ious economic losses (Ribas and Piferrer, 2014). Historically, antibiotics
were used to prevent disease in commercial aquaculture facilities.
However, recent concerns over the use of antibiotics have led to the
development of natural immunostimulants, such as probiotics or pre-
biotics, which are supposed to regulate intestinal microbiota and en-
hance gut health, consequently improve the resistance against patho-
gens of aquatic animals (Haygood and Jha, 2018; Ran et al., 2015).

Moreover, due to the high cost of fishmeal, the current aquaculture
nutrition approaches have concentrated on replacing fishmeal with
plant protein-based diets, which triggers intestinal inflammation, con-
sequently generates negative influence on the development of healthy
aquaculture (Booman et al., 2018; Ulloa et al., 2014). Multiple ap-
proaches have been taken to increase the utilization efficiency of plant
protein and decrease the adverse effects, such as addition of essential
amino acids (Jiang et al., 2015) or probiotics (Batista et al., 2016).
However, due to the diversity of new protein ingredients and complex
interactions among the genome, intestinal microbiota and diet, the ef-
fect of these strategies is still controversial and the understanding of
mechanism underlying the whole digestion process is still limited
(Ulloa et al., 2014). An essential part of that understanding should be
provided by research involving the host-microbiota interactions (Rawls
et al., 2004).

Characterization of the intestinal microbial communities has been
explored in numerous gut microbial communities (Eckburg et al., 2005;
Ley et al., 2008). Although aquatic animals represent the greatest
taxonomic and ecological diverse group, the understanding of the
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composition and function of intestinal microbiota in fish has lagged
behind that of terrestrial animals (Clements et al., 2014). The devel-
opment of 16S rRNA gene-based approach with a next-generation se-
quencing approach has increased studies on the relationship between
the intestinal microbiota and aquatic animals (Ahmed et al., 2019;
Clements et al., 2014; Chen et al., 2019; Collins et al., 2012;
Franzenburg et al., 2013;Lasa et al., 2019; Milligan-Myhre et al., 2011;
Wong and Rawls, 2012). To date, intestinal microbial community has
been investigated in a wide range of aquatic animals, including zeb-
rafish (Stephens et al., 2015; Wong et al., 2015), Nile tilapia (Ran et al.,
2015), rainbow trout (Ingerslev et al., 2014), grass carp (Wu et al.,
2012), Atlantic cod (Star et al., 2013), Atlantic salmon (Navarrete et al.,
2008), as well as shrimps (Rungrassamee et al., 2014; Zhang et al.,
2014b), crabs (Zhang et al., 2016), Euprymna scolopes (Collins et al.,
2012), Hydra (Franzenburg et al., 2013) and other Aiptasia (Ahmed
et al., 2019). However, most of these studies have mainly focused on
the microbial composition and diversity. Our understanding of the in-
testinal microbiota function in aquatic animals is still limited, which
restricts the application of related knowledge in aquaculture (Romero
and Navarrete, 2006).

Microbiome-wide associations are moving beyond correlations and
beginning to address causation in mammals (Surana and Kasper, 2017),
which not only implies the function of specific microbes in improve-
ment of host metabolic health, but also affords microbiome-targeted
dietary interventions (Zhao et al., 2018). Similar to mammals, the
identification of intestinal microbiota function will constitute a new
frontier in the field of aquaculture nutrition and health, although it is
still in its infancy (Haygood and Jha, 2018; Wang et al., 2018).

Gnotobiotic models, which refer to animals cultured in axenic
conditions or with defined microbial lineages, have been widely used to
identify the function of intestinal microbiota in a variety of animals,
including mice, rats, guinea pigs, goats and chickens (Pham et al.,
2008). Gnotobiotic models have been applied in aquaculture animals
research since 1940's (Gee and Sarles, 1941) and multiple gnotobiotic
aquatic animal models have been established (Marques et al., 2006).
The development of the sterile and colonization methods has made
gnotobiotically grown aquatic animal models as popular for studying
intestinal microbiota function. In fact, the application of gnotobiotic
models has facilitated our understanding that intestinal microbiota is
involved in nutrients harvesting (Semova et al., 2012), intestinal epi-
thelial cell proliferation (Rawls et al., 2004), neurobehavioral devel-
opment (Phelps et al., 2017) and immune regulation in fish (Kanther
et al., 2011). However, further studies are needed to improve our un-
derstanding on gnotobiotic models establishment in other aquatic ani-
mals, including the appropriate method and time to colonize the germ-
free models and the application of gnotobiotic models in aquaculture by
utilizing the development of “omics” technologies (Martin and Krol,
2017). This review further provides methods and research progress on
gnotobiotic models in other aquatic animals and furnishes challenges of
gnotobiotic models in aquaculture perspective.

2. Gnotobiotic zebrafish model

Zebrafish (Danio rerio) is a freshwater teleost of the family
Cyprinidae and is a model organism in many research fields due to their
large brood size, high fecundity, external fertilization, rapid external
development, optical transparency and a wealth of genomic informa-
tion (Leulier et al., 2017; Pham et al., 2008). Zebrafish have been ap-
plied in the research related to reproduction, development, toxicology,
nutrition and genetics (Grunwald and Eisen, 2002). It has been re-
commended by Ribas and Piferrer (2014) that a good fish model for
aquaculture should: 1) has the basic biological characteristics shared by
the most important cultured species, 2) exhibits similar physiological
response to cultured fish, 3) has a short life span and easy to breed and
4) has many resources to deepen the research in most area. Zebrafish
fulfil to a large extent on most of the above conditions than any otherTa
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species.
As might be expected, due to its appropriate qualities, Rawls et al.

(2004) first established germ-free zebrafish model and published the
protocol for generating and colonizing gnotobiotic zebrafish (Pham
et al., 2008). This model opened new era on gnotobiotic science in
aquatic animals and facilitated the application of zebrafish as a model
organism in microbiota related researches (Pham et al., 2008; Melancon
et al., 2017). Until now, gnotobiotic zebrafish models have been applied
in the research related to immune regulation (Koch et al., 2018),
growth condition evaluation (Guo et al., 2017), pathogenesis identifi-
cation (Oyarbide et al., 2015), nutrients absorption (Semova et al.,
2012), as well as behavior development (Phelps et al., 2017). Gnoto-
biotic zebrafish is the most mature model for revealing the function of
intestinal microbiota in aquaculture, and the method to produce the
axenic zebrafish has been fully stated (Pham et al., 2008; Melancon
et al., 2017). However, the colonization conditions for gnotobiotic
zebrafish models vary among studies, which may cause confusion to the
new researchers in this field. Therefore, we summarized the coloniza-
tion conditions, including the colonization mode, inoculation time
point and microbial load (Table 1). A critical overview of the findings
obtained by using gnotobiotic zebrafish is also provided for fully un-
derstanding the application of this model.

3. Colonization of germ-free zebrafish

3.1. Modes of colonization

One of the methods used for colonization is harvesting intestinal
microbiota contents from other fish and adding them into the culture
media of germ-free zebrafish, which is referred as conventionalization
(Pham et al., 2008; Guo et al., 2019). This inoculum contains micro-
biota together with feces or intestinal contents, representing the mi-
crobial community normally encountered by zebrafish (Pham et al.,
2008; Guo et al., 2019). Colonizing germ-free zebrafish by inoculating
microorganism in culture media is a convenient method, but it is not
easy to accurately monitor or control the route or timing of microbe
delivery in immersion method. Direct microinjection has also been used
for microbe colonization. For microinjection, larvae are anaesthetized
with Tricaine, and then a standard capillary needle is employed to in-
oculate about 10 to 100 nL of bacterial culture either through the anal
pore or directly into the developing intestinal tract through the body
wall (Toh et al., 2013). As susceptible and microscopically visible in-
fection models, bacteria are injected via yolk sac, brain ventricle and
blood island for constructing the infection models in zebrafish (Shan
et al., 2015; Shan et al., 2016). Direct injection through the abdominal
wall may cause tissue damage, and therefore, microgavage was con-
ducted to introduce microbes into the intestine. Microgavage utilized
embryo microinjection and stereomicroscopy equipment and gavage
can be performed at a rate of 7–10 fish per minute (Cocchiaro and
Rawls, 2013). Microinjection and microgavage are both labor intensive,
but result in a targeted delivery of microbes without escapees of mi-
crobes into the medium (Toh et al., 2013). Furthermore, microgavage
permit the loading of higher concentration of microbes which may be
lethal to fish when exposed by immersion (Cocchiaro and Rawls, 2013).

The use of conventionalization as a mode of colonization only al-
lows the evaluation of the effect of total microbial community. For
studies which are interested in detecting the function(s) of a specific
microorganism, mono-association should be used. Unlike con-
ventionalization, mono-association means a single microbial species is
used to colonize fish. In order to detect the function of a combination of
microbes, Di-association or Tri-association may also be used for colo-
nization (Rolig et al., 2015).

3.2. Time of colonization

Three days post fertilization (dpf) and 5 dpf are always selected as

appropriate colonization time because zebrafish normally hatch from
their protective chorions at 3 to 4 dpf, while begin feeding by 5 dpf
(Pham et al., 2008). For example, in order to determine whether the
intestinal microbiota mediated the nucleotides-induced immune or
growth-promoting effect, germ-free zebrafish were colonized at 3 dpf
with the intestinal content of zebrafish (Guo et al., 2017; Guo et al.,
2019). Jemielita et al. (2014) colonized germ-free larval zebrafish at 5
dpf with enhanced green fluorescent protein (EGFP)-expressing Aero-
monas veronii to explore the dynamics of early microbial colonization of
the zebrafish gut. Notably, zebrafish larvae at 1 dpf have also been used
for colonization when the effect of early life microbial disruption is
evaluated (Phelps et al., 2017). Zebrafish larvae younger than 1 dpf
were also selected when microinjection was employed for colonization
(Shan et al., 2015; Galindo-Villegas et al., 2016; Shan et al., 2016).
These studies indicate that although 3 dpf and 5 dpf of germ-free zeb-
rafish larvae are more often used, time for colonization also depends on
the research target and colonization modes.

3.3. Microbes concentration

Considering that exposing fish to high microbe titers could cause
fish mortality, while low titers may not elicit enough responses, mi-
crobial concentration must be considered before the experiment (Pham
et al., 2008). The initial idea to determine the concentration of mi-
crobes is based on the knowledge of the microbial concentration in
recirculating media or related research (Pham et al., 2008). We sum-
marized the published studies and found that 103 to 106 CFU/mL mi-
crobes were the normally used concentrations for colonization in nu-
trition or metabolism related researches (Guo et al., 2017; Cheesman
et al., 2011; Rawls et al., 2004). However, concentrations from 107 to
108 CFU/mL or even higher titer of microbes have also been used for
some pathogenicity or immune regulation related studies (Oyarbide
et al., 2015; Shan et al., 2015; Ran et al., 2018). Our laboratory per-
formed a study to evaluate the efficiency of different concentrations of
Escherichia coli and Bacillus subtilis on germ-free zebrafish at 3 dpf and 5
dpf, and found that the final concentrations of 104 CFU/mL guarantee
high survival rate of zebrafish larvae and colonization efficiency.
Higher bacterial inoculation densities (more than 106 CFU/mL E. coli
DH5α or B. subtilis WB800N) reduced sharply the dissolved oxygen
level in media of mono-associated zebrafish, which may be lethal to
zebrafish (Tan et al., 2019). Despite this, the effect of microbial titer
may vary depending on microbial species, microbial genotype, media
component and culture conditions (Pham et al., 2008). In general, these
studies show that, the inoculation concentrations are variable de-
pending on the research targets, microbial species and colonization
conditions Tan et al., 2019.

4. Applications of gnotobiotic zebrafish models

Since intestinal microbiota composition varies depending on en-
vironmental factors, gnotobiotic models allow an increased control of
variables, enhanced reproducibility of results and more accurate ex-
perimental designs by separating an animal into the host and micro-
biota (Marques et al., 2006). Gnotobiotic models facilitate analysis of a
range of parameters. For example, gnotobiotic zebrafish models have
been used to study the influence of microbial colonization or microbial
products on host biological processes such as intestinal epithelial ma-
turation, lipid absorption and immune homeostasis (Semova et al.,
2012; Kanther et al., 2011; Koch et al., 2018). Gnotobiotic zebrafish
models have also been used to study factors related to bacterial colo-
nization (Stephens et al., 2015), resistance against pathogens
(Rendueles et al., 2012) as well as behavior development (Phelps et al.,
2017).
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4.1. Intestinal epithelial maturation

Animal-associated microbial communities are involved in the de-
velopment of the host, but are often overlooked by developmental
biologists and physiologists as critical developmental determinants
(Bates et al., 2006). Gnotobiotic zebrafish have been used to describe
several intestinal epithelial maturation function in animals. Bates et al.
(2006) found that the gut of 8 dpf germ-free larval exhibited immature
patterns just like that of 5 dpf conventional animals, while colonization
of 5 dpf germ-free larvae with microbe from conventional siblings was
sufficient to restore alkaline phosphatase activity, indicating that in-
testinal microbiota play essential roles in gut development. Moreover,
Rawls et al. (2006) found differences in the extent to which individual
bacteria induced intestinal cell proliferation in mono-associations,
suggesting that intestinal microbiota have different proliferative capa-
cities. Cheesman et al. (2011) demonstrated that intestinal epithelial
cell proliferation was regulated by both Wnt signaling and intestinal
microbiota. Furthermore, intestinal microbiota enhanced the stability
of β-catenin in intestinal epithelial cells and promoted cell proliferation
in the developing vertebrate intestine (Cheesman et al., 2011).

In a nutshell, these studies demonstrated that intestinal microbiota
were involved in the regulation of intestinal epithelium development.
Considering the adverse effects caused by plant-based protein on fish
intestinal inflammation, gnotobiotic zebrafish allow the evaluation of a
large numbers of feed ingredients in vivo at a cost-effective way. These
models also afford the possibility to identify the molecular mechanisms,
which will provide insights into possible solutions for the existing
problems resulting from nutrition interventions in aquaculture in-
dustry.

4.2. Feed additives identification

To fully understand the function of new additives on fish growth or
physiology, a shift in approach is needed to determine the molecular
mechanism. The evaluation of a large amount of feed additives in
aquaculture has caused high-cost and long-term assays. The use of
gnotobiotic zebrafish is more suitable for high throughput experiment
in aquaculture (Ulloa et al., 2014). For example, although some feed
additives, including thymol and carvacrol cause beneficial effects on
fish, their possible mechanisms may involve a combination of both the
host tissue stimulation and intestinal microbiota mediated effect
(Ahmadifar et al., 2011; Ezzat Abd EI-Hack et al., 2016). Knowledge on
the mechanisms may guide the efficient use of these feed additives. In
order to identify the exact mechanism, the effect of the host can be
detected in germ-free animals, while the function of microbiota can be
evaluated by colonizing germ-free zebrafish with intestinal microbiota
(Ran et al., 2016). Using a similar approach, Guo et al. (2017) found
dietary nucleotides promoted growth of fish by decreasing the standard
metabolic rate of zebrafish, which also included the contribution from
the nucleotide-altered microbiota. Ding et al. (2018) showed that pal-
mitic acid (PA) incorporated into high fat diet induced liver damage
and endoplasmic reticulum stress, which was related to the PA-altered
microbiota. The underlying mechanisms on feed additives will facilitate
both screening and evaluating the safety of novel feed ingredients. In
addition, many microbes are able to generate new products by de-
grading substrates in the diet, and the secondary metabolites from
microbiota can serve as hormones or signaling molecules to influence
the host physiology (Ikeda-Ohtsubo et al., 2018). Therefore, the proof
of the mechanisms based on gnotobiotic in vivo model is more accurate
than in vitro ones and gnotobiotic fish is regarded as the potential
powerful model for in vivo research.

4.3. Nutrients absorption

The genome of microbes within the host encode physiological traits
that are not represented in host genome. As the majority of these

commensals are present in digestive tract, they contribute a lot to the
harvest of dietary nutrients (Rawls et al., 2006). The metabolites of
intestinal microbiota during the digestion have often been measured in
vitro, which may not reflect the interaction between host and intestinal
microbiota and their influence on nutrients digestion. With the devel-
opment of gnotobiotic models, nutrients absorption and digestion can
be measured in vivo (Semova et al., 2012).

The contributions of intestinal microbiota to degradation of com-
plex dietary carbohydrates have been studied extensively, because the
dietary carbohydrates are not easily degraded by the host (Zhang et al.,
2014a). The impact of the microbiota on dietary protein or lipid me-
tabolism has received less attention. The development of germ-free
models, may allow for discovery of the function of microbiota in nu-
trients metabolism (Semova et al., 2012). For example; germ-free zeb-
rafish larvae failed to take up protein macromolecules in the distal in-
testine, while addition of intestinal microbiota at a later development
stage reversed all of the germ-free phenotypes (Bates et al., 2006). Si-
milar to protein absorption, the colonization of intestinal microbiota
stimulated fatty acids uptake and caused lipid droplet accumulation in
the intestinal epithelium and liver of zebrafish, which may be caused
partly by the microbial suppression of circulating inhibitor of lipopro-
tein lipase (Angiopoietin- 4, Angptl4/Fiaf) in intestinal epithelial
(Semova et al., 2012; Galindo-Villegas et al., 2012). Moreover, mono-
associated zebrafish revealed that different bacteria induced lipid ac-
cumulation via distinct mechanism (Semova et al., 2012). Compared to
other gnotobiotic models, gnotobiotic zebrafish larvae are transparent
and a large amount of transgenic zebrafish lines also facilitate the
identification of the role of microbiota in the intestinal epithelium or
extra intestinal tissues (Semova et al., 2012). To address the possible
molecular mechanisms, genes related to lipid metabolism have been
detected in germfree zebrafish and conventional fish (Sheng et al.,
2018). As might be expected, the expression of some genes were in-
fluenced by intestinal bacteria in fish, suggesting the possible molecular
mechanism regulated by intestinal microbiota during energy harvest
(Sheng et al., 2018). Previous studies have suggested that species- or
strain-level variation should be considered when we evaluate the in-
fluence of microbes on the health or growth performance of animals
(Ikeda-Ohtsubo et al., 2018). The development of gnotobiotic models
will further broaden our understanding of intestinal microbiota during
nutrients absorption.

4.4. Immune homeostasis and resistance against pathogens

Intestinal microbiota plays an important role in regulating immune
system in fish. An important concept in host-microbiota interaction is
the presence of conserved innate sensors including Toll-like receptors
(TLRs) (Kanther et al., 2011). Colonization of germ-free transgenic
zebrafish with a commensal microbiota caused dynamic temporal and
spatial patterns of NF-кB transcriptional activation and led to up-reg-
ulation of its target genes (Kanther et al., 2011). In addition, coloni-
zation by commensals increased neutrophils and enhanced several
genes encoding pro-inflammatory and antiviral mediators, increasing
the resistance of larvae to viral infection (Galindo-Villegas et al., 2012).
A study by Bates et al. (2007) demonstrated that brush border enzyme,
intestinal alkaline phosphatase (Iap), which dephosphorylates lipopo-
lysaccharide (LPS), was induced by the intestinal microbiota in zebra-
fish. Moreover, the normal homeostatic level of neutrophils in the in-
testine was influenced by intestinal microbiota through a process
involving myeloid differentiation primary response gene 88 (Myd88)
and tumor necrosis factor (TNF) receptor in zebrafish (Rendueles et al.,
2012). Consistent with this work, Koch et al. (2018) found that colo-
nization of germ-free zebrafish larvae with the intestinal microbiota
altered the host immune state and the microbiota-induced changes in
the expression of genes were dependent on the innate immune adaptor
gene Myd88 (Koch et al., 2018). Furthermore, per capita im-
munostimularoty effect of individual bacteria within a community also
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varied widely (Rolig et al., 2015), suggesting that the functional iden-
tification of a specific bacteria should be detected in vivo by using a
powerful gnotobiotic zebrafish model.

The identification of novel probiotics for aquatic animals is in-
creasing with the demanding for environment-friendly aquaculture.
However, studies on protective effects of a wide range of potentially
probiotics are time-consuming and low-throughput (Rendueles et al.,
2012). These weaknesses can be solved by using gnotobiotic zebrafish
models, which have easy husbandry condition and short generation
time. Gnotobiotic zebrafish models will be helpful for high-throughput
screening of the function of probiotics in vivo. For example, thirty-seven
potential probiotic bacterial strains were used to pre-colonized zebra-
fish larvae to detect their protective function against Edwardsiella icta-
luri and three of them were found to robustly protect zebrafish larvae
(Rendueles et al., 2012). Furthermore, Caruffo et al. (2016) found 13
different yeast strains isolated from the intestinal microbiota of healthy
fish could protect zebrafish against a Vibrio anguillarum challenge and
two probiotic candidates, Debaryomyces hansenii and Yarrowia lypolitica
were used to colonize germ-free zebrafish larvae to determine whether
the protection of probiotics against pathogens was mediated by the
intestinal microbiota. These studies showed that gnotobiotic models
afforded a high-throughput in vivo approach to oro-intestinal infection
so as to identify the molecular basis underlying pathogen exclusion by
probiotics (Rendueles et al., 2012). The question whether the identified
probiotics are beneficial to fish cannot be determined only by 16S rRNA
gene-based or in vitro-based analyses, the influence of probiotics on host
in vivo should be investigated systematically.

4.5. Pathogenicity of pathogens in aquaculture

Most pathogens in aquaculture are opportunistic and cause out-
breaks mainly through water and foodborne routes. Skin and gastro-
intestinal tract as the first line against pathogens, have received more
attention for pathogenesis analysis. However, the interaction between
host and pathogen is extremely complicated due to the diversity of the
symbiotic microbiota, which hampers the interpretation of the results.
Application of gnotobiotic fish models helps to overcome these diffi-
culties (Oyarbide et al., 2015; Logan et al., 2018; Shan et al., 2016;
Shan et al., 2015; Ran et al., 2018). For example, Vibrio anguillarum
(VAN), which provokes one of the highest mortality rates in fish, en-
tered through the larvae mouth at 5 dpf and after three hours post in-
fection (hpi), V. anguillarum was detected mainly in the first part of the
digestive tract and after 24 hpi throughout the digestive tract (Oyarbide
et al., 2015). The combination of gnotobiotic zebrafish and three-di-
mensional live imaging techniques were successfully used to identify
the mechanism used by Vibrio cholera to invade the intestine, suggesting
that zebrafish is a powerful model for direct observation and experi-
mental control of microbiome interactions (Logan et al., 2018). More-
over, Ran et al. (2018) found Aeromonas veronii isolates were more
virulent than Aeromonas hydrophila isolates when infecting germ-free
zebrafish larvae. Furthermore, authors identified aerolysin as the key
virulence factor in their study. Using gnotobiotic zebrafish, it was found
that immune effector serum amyloid A (Saa) could suppress expression
of pro-inflammatory markers and bactericidal activity and the effects of
Saa on neutrophil depended on microbiota colonization (Murdoch
et al., 2019). Study based on germ-free zebrafish embryos model in-
dicated that genes encoding antimicrobial effectors in skin are con-
stitutively expressed during development, independently of commensal
microbes and osmotic stress, suggesting that the influence of microbe
on different tissues varies (Galindo-Villegas et al., 2016).

Compared with the nongnotobiotic zebrafish, gnotobiotic models
had more homogenous response to bacterial infection and higher re-
producibility of results, suggesting that gnotobiotic fish has already
become a powerful platform for mechanistic studies of host-pathogen
interactions (Oyarbide et al., 2015; Murdoch et al., 2019). In addition,
the high-throughput of gnotobiotic zebrafish empowered the screening

the pathogenicity of a large amount of pathogens.

4.6. Microbial colonization ability

The intestine is the “home” to gastrointestinal microbial commu-
nity, which is essential in host development and health. However, little
is known about the spatial and temporal dynamics of intestinal mi-
crobiota not only in fish but also in mammals. Gnotobiotic models
provide the possibility for tracing the colonization characteristics of
microbes, but in germ-free mice, interrogation of intestinal contents can
be done only by dissection, which yields single-time-point data.
Gnotobiotic zebrafish models offer a system in which monitoring of the
spatial and temporal dynamics of intestinal microbiota in a living or-
ganism can be performed (Rawls et al., 2007). Using a gnotobiotic
zebrafish-Pseudomonas aeruginosa model, Rawls et al. (2007) quantify
bacterial colonization and behavior in the zebrafish intestine for the
first time. Fluorescently labeled strains of Aeromonas species were used
to colonize germ-free zebrafish larvae to measure the growth kinetic of
a bacterial species in vivo (Jemielita et al., 2014).

Except for the growth kinetic of specific bacteria, the interspecies
interactions of intestinal microbiota are more important in aquaculture.
For example, the ability of probiotics to colonize the zebrafish intestinal
tract is essential for the evaluation of potential beneficial effects
(McFall-Ngai, 2006). Germ-free zebrafish larvae at 4 dpf were colonized
with 107 CFU/mL lactic acid bacteria including two stains from Lacto-
bacillus plantarum and one strain from Lactobacillus fermentum (Russo
et al., 2015). The authors showed that, the occurrence of all strains
were detected in the intestinal tract of the larvae after 6 hpi and dif-
ferent bacteria had differential adhesion capabilities (Russo et al.,
2015). Furthermore, transient early-life exposure to yeast induced re-
markable alterations in the microbial assemblage in fish
(Siriyappagouder et al., 2018). These studies suggest the important role
of gnotobiotic zebrafish models in evaluation and development of novel
probiotics.

The influence of interaction between the host and microbiota on the
microbial colonization characteristics was also evaluated on gnoto-
biotic zebrafish. Schlomann et al. (2018) used fluorescently labeled
strains of seven bacterial symbionts to mono-associate with germ-free
zebrafish. These authors found that, strains showed large difference in
both cohesion and spatial distribution, which may be driven by peri-
staltic fluid flow, tubular anatomy, bacterial growth and aggregation
kinetics (Schlomann et al., 2018). All above results indicate that gno-
tobiotic zebrafish can be used not only to measure the growth kinetic of
specific bacteria, but also to reveal the influence of bacteria-bacteria or
bacteria-host interactions on the colonization characteristics of in-
testinal microbiota.

4.7. Behavior

The microbiome helps integrate the gut-brain coordination (Fung
et al., 2017). It has been found that antibiotic treatment or early-life
microbiota composition could modulate anxiety behavior and symp-
toms of stress in fish (Almeida et al., 2019; Phelps et al., 2017). How-
ever, the influence of the microbiota on behavior and stress responses is
poorly understood. Zebrafish is a premier model for exploring cellular
and molecular mechanisms underlying a variety of behaviors (Davis
et al., 2016; Melancon et al., 2017). Axenic zebrafish exhibited hyper-
activity compared with the conventional ones and colonization of
Lactobacillus plantarum attenuated anxiety-related behavior, indicating
disruption of intestinal microbiota in early life influenced the neuro-
development and behavior in larval zebrafish (Phelps et al., 2017). The
high-throughput assays in zebrafish will be helpful to uncover genetic
or environmental factors that influence fish behavior. Furthermore,
gnotobiotic zebrafish will enable unprecedented resolution of me-
chanism by which commensal microbiota affect the nervous system or
behavior (Melancon et al., 2017). With increased attention about the
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intestinal microbiota and neurodevelopment, the gnotobiotic models
will show their power in behavior related research.

5. Gnotobiotic models from other aquatic animals and their
application

5.1. History of germ-free fish and disinfection/sterilization methods

Apart from zebrafish, gnotobiotic models from other species in
aquaculture were reported during the last century (Gee and Sarles,
1941). Since then, series of axenic researches have been conducted in
many aquatic animal species (Table 2). Gee and Sarles (1941) devel-
oped a new and safe method for the disinfection/sterilization of living
trout (Salmo irideus, and S. fario) eggs, which provided an idea for ob-
taining germ-free larvae. In fact, the original intention of their research
was to restrict a highly infectious disease caused by Bacterium salmo-
nicida and eggs were supposed to be the carriers of pathogens. Germ-
free model of platyfish (Platyaoecilus maculatus), which is viviparous
fish, was established in 1942 (Baker et al., 1942). Researchers extracted
young fish through the ruptured walls of the ovary and reared them by
using heat-killed algae or autoclaved housefly larvae. The life span of
germ-free platyfish could reach more than four months (Baker et al.,
1942). Although contamination occurred in some circumstance, the
germ-free models were successfully established for fish produced either
by egg or foetus.

With the construction of germ-free models, different disinfection/
sterilization methods and chemicals have been used. Shaw (1957) dis-
infected Tilapia macrocephala eggs by using formaldehyde solution to
produce germ-free fry. Two different methods were employed for pro-
ducing bacteria-free salmonid species. The first method is to collect
bacteria-free eggs and sperm and then to fertilize aseptically in vitro
(Trust, 1974), while the second is to disinfect fertilized eggs by using
polyvinylpyrrolidone iodine (PVP-I) (Lesel and Lesel, 1976). Moreover,
Douillet and Holt (1994) disinfected eggs by using hydrogen peroxide
at 3% concentration and no adverse long-term effects on either survival
or growth of Red drum larvae were observed. Ozone dissolved in sea-
water was also evaluated as an egg disinfectant method on spawning
sea bream (Ben-Atia et al., 2007). Situmorang et al. (2014) used a
double disinfection procedure including hydrogen peroxide and sodium
hypochlorite solution to fish eggs, and then immersed eggs in a cocktail
of antibiotics and antifungal agents. Nowadays, the common method
for obtaining germ-free larvae is to collect fertilized eggs, disinfect and
incubate them in a combination of disinfectants and antibiotics.

5.2. Application of gnotobiotic freshwater fishes

Except for zebrafish, the majority of research related to gnotobiotic
freshwater fishes focused on testing the resistance against pathogens or
identifying the function of probiotics. Situmorang et al. (2014) in-
oculated four candidate pathogenic bacteria strains onto Nile tilapia
larvae to construct a consistent infection model for evaluating the
protection role of probiotics. Their results indicated that, the developed
gnotobiotic Nile tilapia model can be used to extend the understanding
of the mechanisms involved in host-microbe interaction and to evaluate
new methods of disease control.

Compared with terrestrial animals, assembly of fish gut microbiota
is also dependent on the aquatic environmental factors. Therefore, the
exposure of fish to environmental free-living microbiota and its effect
on early colonization in the gut is important for understanding host-
microbiota interaction in fish (Giatsis et al., 2016). In their study,
Giatsis et al. (2016) reared germ-free tilapia larvae under conventional
conditions or exposed them to a single probiotic strain. Results in-
dicated that although the added probiotic was only transiently de-
tected, gut microbiota of the exposed fish still differed from that of the
control group (Giatsis et al., 2016), suggesting that the early probiotics
treatment contributed to the assembly of intestinal microbiota. All these

studies suggest that gnotobiotic Nile tilapia larva is a powerful tool for
investigating the effects and modes-of-action of probiotics under con-
trolled conditions (Situmorang et al., 2014). Similar to the gnotobiotic
zebrafish, gnotobiotic Nile tilapia is also a high-throughput tool, and
more suitable for aquaculture nutrition related research.

5.3. Application of gnotobiotic marine fishes

The establishment of gnotobiotic marine fishes was later developed
than that of freshwater fishes, but their models are more widely applied
than the latter. Similar to the freshwater species, the original of axenic
larvae was also from the disinfected eggs due to frequency and high
mortality of fry caused by infectious disease in the mariculture industry
(Ben-Atia et al., 2007). The axenic larvae of marine fishes have been
established for sheepshead Minnow (Cyprinodon variegatus) (Battalora
et al., 1985), Red drum (Sciaenops ocellatus Linnaeus) (Douillet and
Holt, 1994), turbot (Scophthalmus maximus) (Munro et al., 1995) and
halibut (Hippoglossus hippoglossus L.) (Harboe et al., 1994; Salvesen
et al., 1997). Bacteria-free larvae from halibut were used to test the
toxicity of 20 bacterial isolates from hatcheries and the results showed
that most of the bacteria isolated from halibut hatcheries are not
harmful to yolk-sac larvae (Verner-Jeffreys et al., 2003). The high-
throughput features of gnotobiotic models, offer opportunities for use of
germ-free marine fish models to detect the influence of multiple pa-
thogens or factors.

Gnotobiotic marine fishes have been used to identify the patho-
genesis of a specific pathogen on a specific fish. For example, the lo-
cation and damage caused by Vibrio anguillarum as the causative agent
for the newly hatched sea bass have been studied extensively. A stan-
dardized challenge test with the pathogen V. anguillarum has been
constructed (Dierckens et al., 2009). The presence and location of this
pathogen in gnotobiotic sea bass (Dicentrachus labrax) at different time
intervals after the infection have been defined (Rekecki et al., 2012).
Furthermore, studies on gnotobiotic sea bass also indicated that indole
signaling and the alterative sigma factor RpoS have a significant impact
on the virulence of V. anguillarum (Li et al., 2014). Apart from V. an-
guillarum, other intestinal microbiota has also been studied in sea bass.
For example, gnotobiotic sea bass larvae were fed with axenic Artemia
sp. for one week and one of the three opportunistic pathogens, Aero-
monas hydrophila, two Listonella anguillatum were inoculated via water
and encapsulated in Artemia sp. (Dierckens et al., 2009). Using this
approach, the influence of native microbial communities was excluded,
suggesting that, gnotobiotic fishes are more suitable for understanding
the effects and modes-of-action of other bacteria (Dierckens et al.,
2009).

Except for the pathogenesis analysis, gnotobiotic marine fishes have
also been used for nutrition or development related research. A study
on bacteria-free sea-bass (Dicentrarchus labrax L.) larvae reported higher
growth and more developed digestive tracts compared to con-
ventionally raised larvae (Rekecki et al., 2009), which was inconsistent
to the findings in mammals and zebrafish. These results necessitated
increased research attention to elucidate the role played by host-mi-
crobiota in marine fish. Under this circumstance, Forberg et al. (2011)
generated bacteria-free Atlantic cod (Gadus morhua L.) larvae without
continued addition of antibiotics and developed an experimental
system allowing addition of live feed to the larvae. Furthermore, the
effects of eight combinations of either live or dead bacteria were in-
oculated to germ-free cod larvae and 17 different gnotobiotic condi-
tions were investigated. The results indicated that the host response to
the probiotic effect of a strain is not strictly dependent on bacterial
activity, using dead probiotic bacteria also have advantages under some
circumstance (Forberg et al., 2012).

Gem-free model of threespine stickleback (Gasterosteus aculeatus),
which has complex traits during the repeated evolution from ancestral
oceanic to derived freshwater, has been established (Milligan-Myhre
et al., 2016). The innate immune response of these fish to resident gut
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microbiota has been detected and the results indicated that oceanic fish
mount a strong immune response to residential microbiota, whereas
freshwater fish frequently do not. The gnotobiotic stickleback model
has the potential to be used for research on immune response in future
(Milligan-Myhre et al., 2016).

Compared with gnotobiotic zebrafish, gnotobiotic models from
other fishes have more specific features, for example, stickleback has
natural genetic variation among population, which allows the de-
termination of immune response of varied microbiota across families
within the same population (Milligan-Myhre et al., 2016). Furthermore,
some fish, including stickleback or Nile tilapia have a wide salinity
tolerance, which facilitate the assessment of the relationship among
host, microbiota and environmental factors. Sea bass has serious in-
fection caused by Vibrio anguillarum, and thus it is a suitable model for
identifying the pathogenesis or screening the protective probiotics
(Rekecki et al., 2012). However, compared to large amount of aquatic
animals, the diversity of germ-free fish models is still limited and much
more effort should be directed towards establishment of germ-free
models.

6. Challenges facing fish gnotobiotic models

Gnotobiotic models offer the possibility to understand the me-
chanisms by which intestinal microbiota regulate the host, but com-
pared with the mammals, gnotobiotic fish models are still far from
mature. Zebrafish may be reared for up to 30 days in a sterile en-
vironment (Rawls et al., 2006), but only the larvae (< two weeks) have
been used in most studies, partly due to the challenges on long-term
germ-free husbandry methods (Melancon et al., 2017). Supplying ade-
quate nutrition to GF zebrafish is the greatest challenge. Although GF
culture of Tetrahymena thermophile and Artemia have been used by
several groups (Milligan-Myhre et al., 2011; Rendueles et al., 2012), the
nutritional content of these live food is poorly defined or variable across
facilities (Melancon et al., 2017). Sterilized artificial diets were also
used by some studies (Rawls et al., 2004; Rawls et al., 2007; Semova
et al., 2012; Camp et al., 2012; Guo et al., 2019; Phelps et al., 2017;
Rendueles et al., 2012; Murdoch et al., 2019), but we still noticed that
most studies did not mention the diet components or did no feed germ-
free larvae during the experiment (Table 1). Zebrafish larvae hinder the
discovery of various responses to microbes from different organs or the
interactions between intestinal microbiota and adult fish because of
small size and limited life-span of germ-free ones. Due to the limited
knowledge of zebrafish stage-specific nutritional requirements, the diet
that can sustain gnotobiotic zebrafish into adult stages is absent, which
is a major impediment to the application of germ-free zebrafish. Great
efforts should be afforded to define zebrafish nutritional requirements
and develop a standardized artificial diet (Melancon et al., 2017).

Furthermore, gnotobiotic models availability are limited to a few
species, which are far from enough considering the diverse trophic le-
vels of fish. The application of gnotobiotic models in aquaculture is still
limited, which hampers the functional identification of commensal
microbiota in different aquatic animals.

7. Gnotobiotic models of molluscs

Similar to the gnotobiotic fishes, the bacteria-free hard clam model
was constructed with the original thought for identifying pathogens for
larval mortality (Guillard, 1959). Two species of bacteria-free oysters
larvae were established in 1967 (Milliar and Scott, 1967) and 1983
(Langdon, 1983). Accordingly, oysters models were applied to detect
the effects of marine bacteria or virus on the culture of axenic Oyster
Crassostrea gigas larvae (Arzul et al., 2001; Douillet and Langdon,
1993). In 1997, Erasmus et al. produced gnotobiotic abalone and in-
dicated that the bacteria in the digestive system of Haliotis midae as-
sisted the digestion efficiency of alginate, laminarin, agarose, carra-
geenan and cellulose, which was the first research to address the

function of bacteria in the nutrition of molluscs (Erasmus et al., 1997).

8. Gnotobiotic models of crustaceans

Daphnia magna straus was used to study relations between water
fleas and vibrios and the results indicated that water fleas act as bio-
logical scavengers for preventing and controlling of intestinal infection
even without symbiotic bacteria (Avtsyn et al., 1982). Germ-free
Daphnia has been widely used for studying microbiota-host interaction.
Gorokhova et al. found that the decrease of microbiota in the daphnia
gut induced by antibiotics caused compromised nutrition and ulti-
mately, growth, suggesting the important function of intestinal micro-
biota (Gorokhova et al., 2015). Macke et al. pointed that both en-
vironmentally and host genotype-induced variations in gut microbiota
structure mediate Daphnia tolerance to toxic cyanobacteria (Macke
et al., 2017). Considering that Daphnia magna is a model species used to
study stress responses, physiological adaptations, and genome-en-
vironment interactions, germ-free Daphnia magna has more widely ap-
plication potential in identifying the function of intestinal microbiota.

Artemia salina was able to be grown aseptically to adults in a non-
living medium (Provasoli and Shiraishi, 1959). Similar to axenic
Daphnia model, nutritional requirements and development studies
were performed on gnotobiotic Artemia (Provasoli and D'Agostino,
1969; Defoirdt et al., 2006). Soto-Rodriguez et al used germ-free Ar-
temia as a model for virulence evaluation (2003) and Defoirdt et al
showed 5 short-chain fatty acids protect gnotobiotic Artemia franciscana
from Vibrio campbellii infection (2006), suggesting Artemia served as a
good model for controlling Vibrio infection. In fact, searching for nat-
ural compounds which could protect farm (aquatic) animals from
bacterial diseases has great potential for disease control and gnotobiotic
Artemia model system afforded more information compared with in
vitro models (Baruah et al., 2015; Baruah et al., 2017).

9. Other models for host-microbiota interactions

Antibiotics have been used to deplete the intestinal microbiota and
antibiotic-treated animals are widely used to explore the function of
commensal microbiota in mammals (Brandl et al., 2008; Morgun et al.,
2015; Ruiz et al., 2017). However, the application of antibiotic-treated
models in aquaculture is not common. Recently, lipid accumulation and
the expression of related genes were detected among germ-free zebra-
fish, antibiotics-treated zebrafish and conventional ones (Sheng et al.,
2018). The results indicated that both models (germ-free & antibiotics
treated) provided valuable information for detecting the relationship
between gut microbiota and lipid metabolism (Sheng et al., 2018).
Furthermore, Phelps et al. (2017) found that impairment of host colo-
nization using antibiotics also caused hyperactivity in conventionally
colonized larvae, which was similar to axenic zebrafish, suggesting that
disruption of host-associated microbial communities may exert influ-
ence on neurobehavioral development. However, antibiotic-induced
effects can be explained by either depletion of microbiota, direct effects
of antibiotics on the host or the effect of remaining antibiotic-resistant
bacteria (Morgun et al., 2015). Therefore, care must be taken when
antibiotics-treated animals are used to identify the function of com-
mensal microbiota (Sheng et al., 2018).

10. Conclusion

The goal of aquaculture is to produce the highest quality of food for
consumers by using the lowest production cost and causing less en-
vironment pollution. Modulation of the intestinal microbiota is a pos-
sible way to promote the growth and health of the aquatic animals by
the use of probiotics, prebiotics and other feed ingredients (Haygood
and Jha, 2018). Revealing the interactions between the intestinal mi-
crobiota and the host (aquatic animal) is essential for the development
of aquaculture. A better understanding of interactions of host-
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microbiota will facilitate the development of effective solutions for
disease control or a healthy aquaculture growth.

The gnotobiotic models have showed successful uses as (i) identi-
fying the function of intestinal microbiota in the metabolism, immune
regulation, intestinal health, development and behavior of fish; (ii)
evaluating the protective function of probiotics, prebiotics or other
additives and identifying the underlying mechanism;(iii) revealing the
interactions among the host, microbiota and environment factors (diet
component, salinity, etc); and (iv) screening major factors that shapes
the microbial assembly, which is useful for microbial modulation.
Future works on intestinal microbiota are expected from correlation to
causality, including investigating the function of specific microbial
strains or the metabolites produced by intestinal microbiota. More
gnotobiotic aquatic animals are required and endeavors should be
performed to overcome the shortcomings of the present models. The
gnotobiotic models provide useful information on host-microbiota in-
teractions and facilitate the modulation of intestinal microbiota in
aquaculture.
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