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1 | INTRODUCTION

Expansion of the human population has led to an increased demand
for aquatic animal food production. Because freshwater and marine

fish provide a substantial source of animal protein in the human diet

Maggie A. Marshall*

| Stephen A.Smith?® | David D. Kuhn?* |

Abstract

Fish aquaculture has become the fastest growing sector in global food production.
Thus, ensuring the sustainability of aquaculture practices is of the utmost importance.
Studies in higher vertebrates (i.e. mammals) have demonstrated the role of the host
microbiome in physiological processes from nutrient acquisition to pathogen protec-
tion. Therefore, analysis of fish microbiomes is an important factor to consider with
regard to overall animal health and welfare. Rainbow trout (Oncorhynchus mykiss) are
an economically valued fish cultured worldwide. Several studies have identified micro-
bial constituents inhabiting the intestinal tract of rainbow trout. To better elucidate
some of the core constituents of the rainbow trout intestinal microbiome, this sys-
tematic literature review analysed the relative abundance results from 25 articles
published on the rainbow trout intestinal microbiome from 2017 to 2021. Bacte-
ria classified within the phyla Firmicutes and Proteobacteria were observed in every
study. At the family level, Lactobacillaceae was consistently observed. Additionally,
bacteria in the Actinobacteria, Bacteroides, and Tenericutes phyla were identified
in at least 50% of the studies. Interestingly, Mycoplasma spp. were occasionally the
most dominant organisms present in the microbiome. Overall, the results here iden-
tify bacteria that are commonly found members of the rainbow trout intestinal
microbiome.

KEYWORDS
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(Food and Agriculture Organization of the United Nations, 2020; God-
fray et al., 2010), the need for this specific food product has risen
sharply. Traditional sources of fish (i.e. wild-caught fisheries) are over-
exploited and unable to keep up with the current rate of human
seafood consumption (Godfray et al., 2010; Ye & Gutierrez, 2017). The
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aquaculture industry can alleviate some of the strain on depleted natu-
ral fisheries by providing an alternative fish source. In fact, aquaculture
has become the fastest growing food industry in the animal production
sector (Troell et al., 2014). Because of its rapid growth, more focus has
been on increasing this industry’s sustainability. One way in which this
is being accomplished is by using alternative diet supplements, as dis-
cussed below, to reduce reliance on fish meal, the main ingredient of
aquaculture fish feeds. Fish meal is often sourced from overexploited
captured fisheries (Klinger & Naylor, 2012; Naylor et al., 2009). Moving
forward, another major avenue of research in the aquaculture industry
is related to maintaining its sustainability by ensuring the health and
welfare of farmed fish. The microbiomes inhabiting fish aid the animal
in multiple ways and can be a good indicator for overall health of the
animals (Banerjee & Ray, 2017; de Bruijn et al., 2018; Desai et al., 2012;
Legrand et al., 2020; Tarnecki et al., 2017). With the introduction of
next-generation sequencing (NGS) and improved bioinformatic meth-
ods, a growing number of studies have been performed to analyse the
fish microbiome. One species of fish associated with an extensive num-
ber of 16S rRNA gene-based microbiome investigations, rainbow trout
(Oncorhynchus mykiss), was selected as the focus of this systematic
literature review.

Rainbow trout (O. mykiss) are typically carnivorous fish, though
they can consume plant protein-based diets (Craft et al., 2016) and
effectively utilise dietary carbohydrates (Balasubramanian et al., 2016;
Geurden et al.,, 2007). They dwell in freshwater ecosystems, though
anadromous stock (living in marine environments, but spawning in
freshwater) exist as steelhead trout, and they are endemic to the Pacific
Northwest of North America (Hinshaw et al., 2004). Farming of rain-
bow trout began relatively recently (compared to other species like
Nile tilapia [Popma & Masser 1999]), around the late 19th century
(Hardy 2002). However, their incorporation in the aquaculture indus-
try worldwide has led to rainbow trout currently being one of the
top 15 most farmed fish (Food and Agriculture Organization of the
United Nations, 2020). This increased farming potential for rainbow
trout has led to increased human consumption and a subsequent rise in
demand (Hinshaw et al., 2004). The expansion of rainbow trout farm-
ing has helped to elucidate optimal farming parameters. For example,
these fish grow best at colder water temperatures (~15°C) and require
exposure to ample aeration (Hardy, 2002). Despite past research that
examined the role of the microbiome of rainbow trout on the health and
welfare of the animal, additional analyses are still needed to improve
farming methods in the future.

Communities of microorganisms that inhabit a particular environ-
mental niche, including on or in animals, comprise the microbiome
(Alexander, 1971). Like higher vertebrates (i.e. mammals), fish con-
tain various tissue-specific microbiomes, such as the microbiomes
associated with the skin and gills (Larsen et al., 2013; Legrand et al.,
2018; Rosado et al., 2019a; Xu et al., 2013) or the gastrointestinal tract
(Clements et al., 2014; Tarnecki et al., 2017; Wang et al., 2018). These
microorganisms provide several key benefits for its fish hosts. For
instance, the bacteria present in the intestinal tract microbiome play
an important role in maintaining energy homeostasis (Butt & Volkoff,
2019; Nicholson et al., 2012). Host digestive processes are also aided

by the ability of the microbiome to facilitate nutrient acquisition from
the diet and provide essential nutrients (e.g. vitamins) for the host
(Chatterjee et al., 2017; Ghanbari et al., 2015; Llewellyn et al., 2014;
Nicholson et al., 2012; Tarnecki et al., 2017). During host immune sys-
tem development, the microbiome helps guide the ability to recognise
self from non-self and modulate immune system regulation (Brugman
et al., 2018; Kelly & Salinas, 2017). Lastly, the microbiome of fish
confers some protection against fish pathogens, such as Aeromonas
spp. (Nya & Austin, 2009; Park et al., 2017), Streptococcus agalactiae
(Silva et al., 2020), Flavobacterium spp. (Mohammed & Arias, 2015;
Nematollahi et al., 2003), and Yersinia ruckeri (Ingerslev et al., 2014), by
occupying space, competing for nutrients, and in some cases directly
inhibiting their growth (Chatterjee et al., 2017; Hai 2015).

Exogenous factors influence the dynamics of fish colonisation by
microbes. In contrast to most mammals, fish are constantly and directly
exposed to environmental microorganisms in the aquatic environment.
Because of their immersion in the water column, the microbiomes
of fish are strongly affected by changes in temperature (Element
et al.,, 2020; Huyben et al., 2018), salinity (Element et al., 2020; Zhang
etal., 2016), and, specifically important for aquaculture-raised animals,
stocking density (Du et al., 2019; Parma et al., 2020). This aquatic, high-
density lifestyle creates more opportunities for exposure to pathogens,
which can be associated with altered fish microbiomes (Kelly & Sali-
nas, 2017; Rosado et al., 2019b). The aquaculture industry, like other
agricultural and livestock sectors in food production, has historically
employed the use of antibiotics in order to not only control pathogens,
but promote growth. The use of prophylactic antibiotics is partly to
blame for the increased prevalence of antibiotic-resistant pathogens
(Cabello, 2006). Antibiotics can also have a major impact on the micro-
biomes of fish and ultimately risk the health of the fish stocks (Cabello,
2006; Carlson et al., 2015; He et al., 2017; Schmidt et al., 2017). To
provide a viable alternative to prophylactic antibiotic administration,
which is still done in some regions outside of the United States, an
increasing amount of research has been conducted on the efficacy
of probiotics (live microbes) and prebiotics (compounds metabolised
by microbes) in promoting a healthy microbiome. For instance, these
dietary supplements have the capability to support healthy fish phys-
iology and microbiomes while also inhibiting pathogen proliferation
(Al-Hisnawi et al., 2019; Dawood et al., 2020; Giorgia et al., 2018;
Hooshyar et al., 2020; Mora-Sanchez et al., 2020; Park et al., 2017;
Zabidietal., 2021). Dietary changes especially affect the inhabitants of
the gastrointestinal tract. One such change has been aimed at reduc-
ing reliance on the unsustainable use of fishmeal by supplementing or
outright replacing it with alternative protein sources (Olsen & Hasan,
2012; Turchini et al., 2019). Through these efforts, many studies have
also investigated the impact of alternative feeds on the fish microbiome
such as plant-based alternatives (Blaufuss et al., 2020; Estruch et al.,
2015; Lim & Lee, 2009) and insect meals (Huyben et al., 2019; Rimoldi
et al,, 2021; Terova et al., 2021) among other sources (Gasco et al.,
2018; Rimoldi et al., 2018; Tlusty et al., 2017).

Fish microbiomes are also impacted by intrinsic physiological fac-
tors. The divergence between the microbiomes of fish associated with

different trophic levels (i.e. carnivores and herbivores) may be related
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to the evolutionary development of the two types of fish and may even
involve some co-speciation (Groussin et al., 2017; Phillips et al., 2012).
Unlike herbivorous and omnivorous fish species, the intestinal tracts
of carnivorous fish, like trout, are less complex morphologically, being
shorter in length and straighter in comparison to other fish (Al-Hisnawi,
1947, Elliott & Bellwood, 2003). In fact, it has been observed that the
intestinal tract of rainbow trout is more microbially homogenous than
other mucosal sites (Lowrey et al., 2015). Development of the intestinal
tract as the fish matures also has a significant impact on the structure
of the microbial communities; the colonising members of the micro-
biome can shift depending on the stage of animal development (Li et al.,
2017). Though less studied than host age, host genetics and phylogeny
have also been implicated as possible drivers in the selection of the
microbiome inhabitants (Tzeng et al., 2015; Liu et al., 2016).
Regardless of the factors influencing the rainbow trout micro-
biome, there are some members of the microbial community that
are consistently present (Dehler et al., 2017; Gajardo et al., 2016;
Ricaud et al., 2018; Roeselers et al., 2011; Tarnecki et al., 2017; Wong
et al., 2013). This core set of microbes could illustrate the ‘healthy’
microbiome and therefore be used to establish targets for benefi-
cial manipulation. Therefore, identifying the core set of microbes that
inhabit the intestinal tract of rainbow trout will be helpful in advancing
the aquaculture-raised rainbow trout industry. This systematic review
compiles an overview of the recent pertinent literature in the field to
identify members of the rainbow trout intestinal microbiome that are

consistently present.

2 | METHODS
2.1 | Article inclusion criteria

This systematic review was accomplished by analysing microbiome
data from articles published between January 2017 and July 2021 that
utilised 16S rRNA gene-based approaches. The search was performed
on Google Scholar with inclusion of the key terms ‘rainbow trout’ and
‘microbiome’ for English language articles. Moreover, reviewed papers
were selected such that a variety of testing variables (e.g. diet, loca-
tion, etc.) were included as part of the analysis (Table 1). Papers that did
not include a clear description of the relative abundances of individual

phyla were filtered out for the quantitative analysis reported in Table 2.

2.2 | Core constituent analyses

The taxonomic data were analysed using Microsoft Excel v.2203
(Microsoft). Control and treatment animals within a given study were
analysed as a group together, since the goal was to identify commonali-
ties rather than differences between the groups. The frequency of each
phylum observed, out of the total 25 papers analysed, was reported
as a percentage. No minimum relative abundance value was used as
a criterion to omit phyla. Instead, a ‘phylum-positive’ identification

was defined by a simple observation of an individual phylum within

the referenced study; bacterial phyla associated with rainbow trout
intestines were reported here when observed in the reviewed paper.
Variable parameters impacting the microbiome as reported in each
study, including different treatment groups (e.g. diet), were recorded
(Table 1). The effect of tissue type (see below) was analysed in more
detail. Briefly, the ‘total’ category is defined by the percentage of
papers reporting phyla that were associated with either digesta (i.e.
faeces) or mucosa out of the 25 total papers; therefore, a positive result
reported for the ‘total’ only needed to be present in at least one of
the tissues. Conversely, the tissue-specific percentages represent that
the frequency a particular phylum was identified in a tissue type (i.e.
digesta, mucosa, or the combination of digesta plus mucosa at the point
of genomic DNA extraction) out of the total number of papers that
analysed the particular tissue of interest.

Of the 25 total papers included for this systematic review, 10
reported the relative abundances of intestinal phyla in clearly format-
ted numerical formats. The relative abundance values are defined as
the number of sequences associated with a specific taxon normalised to
the total number of sequences within a sample (represented as a per-
centage of the total sequences). These reported relative abundances
corresponding to each phylum were averaged together between differ-
ent studies regardless of tissue type. For studies that investigated more
than one treatment, the relative abundances associated with each
treatment were averaged together prior to inclusion within the full
dataset reported here. The standard error mean (SEM) represents the
error associated with the averaged relative abundances corresponding
to the number of papers that observed the phylum of interest.

Not all articles reviewed here reported the family-level (or lower
classification) taxonomy. Family-level analysis was accomplished by
calculating the frequency with which a particular family was observed
out of the total number of papers that identified its associated par-
ent phylum classification (i.e. phylum-positive). Tissue-specific analysis
is also reported as either the total (representing an identification in
either tissue, digesta, or mucosa), digesta, mucosa, or the combina-
tion of digesta and mucosa (tissues combined prior to genomic DNA

extractions).

3 RESULTS AND DISCUSSION

3.1 | Identifying bacterial members of the core
intestinal microbiome

Studies of fish intestinal tracts analysed in this systematic litera-
ture review tested the impact of various parameters including diet,
pathogens, host genetics, environment, and host age on the gas-
trointestinal microbiome of rainbow trout (Table 1). These studies
encompassed locations around the globe with fish originating from sev-
eral different farmed sources. The location of the study did not seem to
impact the microbiome composition in that different study sites were
found toyield similar microbiome composition, whereas geographically
similar sites yielded different microbiome compositions, often being
influenced by diet and/or animal age. However, regardless of the vari-
ables, a core set of bacteria appeared to be consistently present within
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TABLE 2 Average phyla-level relative abundances.

Phylum

Acidobacteria 2.00+0.00
Actinobacteria 6.28 + 3.66
Bacteroidetes 5.62+376
Firmicutes 18.7 +4.10
Fusobacteria 14.3+12.7
Proteobacteria 29.0+7.49
Spirochaetes 5.94+4.01
Tenericutes 46.5+15.7

Mean relative abundance (%)?

Reported papers®
2

8

7

10

6

10

3

6

2Error is represented by the mean relative abundances of that particular phylum across the specified number of ‘reported papers’ + SEM.
bNumber of studies wherein the phylum-level relative abundances were clearly reported (out of 10 total papers).

the trout gastrointestinal tract in every study. Bacteria belonging to
the phyla Firmicutes and Proteobacteria were always present in the
trout intestinal microbiome (Figure 1). Also identified in a majority of
the studies (>50% of the 25 studies investigated here) were the phyla
Actinobacteria, Bacteroidetes, and Tenericutes.

Although bacteria in the phyla Firmicutes and Proteobacteria were
present in every study, the relative abundances of each phylum can
be vastly different depending on the study. Most studies indicated
the microbiome is dominated by these two phyla, while other stud-
ies found these two phyla to exist in much lower abundances relative
to other more dominant organisms such as Fusobacteria and Tener-
icutes (Brown et al., 2019; Farzad et al.,, 2021; Hines et al., 2021,
Huyben et al., 2018; Lyons et al., 2017a, 2017b; Mora-Sanchez et al.,
2020; Terova et al., 2021). On average, bacteria classified as Firmicutes
accounted for ~19% of the relative abundances and bacteria classi-
fied as Proteobacteria accounted for ~29% of the relative abundances
(Table 2).

3.2 | Firmicutes

Firmicutes are a phylum of bacteria that typically have a low G+C (gua-
nine and cytosine nucleotide) content in their genomes and most, but
not all of them, have a Gram-positive cell wall structure as part of their
inherent physiology. The family Lactobacillaceae is one of the most com-
mon constituents of the Firmicutes phylum observed (Figure 2). Over-
all, the family Lactobacillaceae is more commonly identified within the
trout digesta, largely defining the allochthonous microbiome (transient
bacteria), as opposed to the mucosal layer (Figure 2). This heterogenic
group of bacteria includes several species that can provide probiotic
effects for their fish hosts (Claesson et al., 2007). Specifically, some
Lactobacillus species confer immune-stimulatory and antioxidant prop-
erties for fish (Adeshina et al., 2020; Dawood et al., 2020; Hooshyar
etal., 2020; Pérez-Sanchez et al., 2011). Two other common Firmicutes
families, Streptococcaceae and Clostridiaceae, were also more prevalent
in the digesta than mucosa of the rainbow trout (Figure 2). The Strep-
tococcaceae family contains several fish-specific pathogens including
the Lactococcus garvieae analysed by Pérez-Sanchez et al. (2020). This

group may also encompass opportunistic pathogens that are otherwise
common constituents of the rainbow trout microbiome. It is possi-
ble the constituents belonging to the Lactobacillaceae family may be
acting as probiotics to inhibit further proliferation by opportunistic
pathogens such as those in the Streptococcaceae family (Harikrishnan
etal, 2011; Heo et al,, 2013; Kim et al., 2019; Son et al., 2009). Similar
to members of the Streptococcaceae family, constituents belonging to
the Clostridiaceae family represent several higher vertebrate pathogens
occasionally associated with an increased level of microbiome dysbio-
sis and disease (Mufiz Pedrogo et al., 2019; Picchianti-Diamanti et al.,
2018; Scarpa et al., 2011). The role of Clostridiaceae in the internal
microbiome of trout is not well known; however, some strains have
actually been shown to act as probiotics for the fish host (de Bruijn
etal, 2018; Sakai et al., 1995).

3.3 | Proteobacteria

Proteobacteria are a major phylum of Gram-negative bacteria. Within
Proteobacteria, the most common families identified in the rain-
bow trout intestine were Enterobacteriaceae, Pseudomonadaceae, and
Moraxellaceae (Figure 2). The family Enterobacteriaceae is a broadly
encompassing group of bacteria that includes pathogens like Yersinia
ruckeri and Aeromonas spp. and commensal organisms like Escherichia
coli (Conway & Cohen, 2015). One major benefit posed by Enterobacte-
riaceae members is the production of short-chain fatty acids via sugar
fermentation similar to Clostridiaceae members (Gottschalk, 1986;
Wiist et al., 2009). Certain species in the Enterobacteriaceae family
can act as protective organisms against pathogenic infections in trout
(Schubiger et al., 2015). The families Pseudomonadaceae and Moraxel-
laceae include several fish pathogens (Austin and Austin, 2012), notably
those of the Acinetobacter genus within Moraxellaceae (Rossau et al.,
1991). Though Acinetobacter was identified as being present in the
study, the cultured fish did not exhibit disease caused by these organ-
isms. A protective system generated by lactic acid bacteria, similar
to their antagonistic nature against Streptococcaceae, may be inhibit-
ing excessive proliferation by these potentially pathogenic bacterial

families.
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FIGURE 1 Common phyla present in rainbow trout gut microbiomes. Bars represent the percent frequency of positive phylum identification
in fish tissue samples on a per study basis. Positive phylum identifications (phylum-positive) denote the phylum was observed in each study,
regardless of relative abundance, in the particular tissue. Frequencies are measured as the percent of phyla present within all papers used for this

-

systematic review (blue; N = 25
analysed the combination of both mucosa and digesta (yellow; N = 7).

3.4 | Actinobacteria

The phylum Actinobacteria is composed of mostly Gram-positive bac-
teria that primarily occupy soil and water environments. Though not
found in every study, bacteria belonging to the phylum Actinobacteria
were identified in at least 75% of the studies reviewed (Figure 1).

, papers that analysed the digesta (orange; N = 9), papers that analysed the mucosa (grey; N = 10), or papers that

Actinobacteria are also typically present at lower relative abun-
dances compared to the more common Firmicutes and Proteobacteria
(Table 2). However, its levels vary at different stages in the life cycle
of rainbow trout. Specifically, Actinobacteria appear to dominate the
microbiome of trout during the early life stages compared to fish dur-

ing adulthood wherein a much smaller relative abundance is observed
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FIGURE 2 Common bacterial families identified in the core phyla of rainbow trout gut microbiomes. Bars represent the percent frequency of
family presence in fish tissue samples. Positive phylum identifications (phylum-positive) denote the phylum was observed in each study, regardless
of relative abundance, in the particular tissue. Frequencies are defined as the percentage of phylum-positive papers wherein a family is identified.
Colours represent the percentage of all phylum-positive papers used for this systematic review (blue; N = 25), phylum-positive papers that
analysed the digesta (orange; N = 9), phylum-positive papers that analysed the mucosa (grey; N = 10), or phylum-positive papers that analysed the
combination of both mucosa and digesta (yellow; N = 7).
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(Ceppa et al., 2018; Piazzon et al., 2019). Therefore, age appears to be
a driving factor that influences the selection of microbial constituents
throughout the life of the fish.

The most commonly identified Actinobacteria family, Corynebacte-
riaceae (Figure 2), encompasses bacteria prevalent in the microflora
of fish species including salmonids (Hartviksen et al., 2014; Izvekova,
Izvekov & Plotnikov, 2007; Ruohonen et al., 2014). Though it consists
of human and fish pathogens such as Corynebacterium diphtheriae, the
studies used for the taxonomic analysis in this systematic review did
not indicate any disease associated with infection by Corynebacterium
spp.

3.5 | Bacteroidetes

Bacteroidetes are non-spore-forming, anaerobic or aerobic, rod-
shaped bacteria found in a variety of environments such as soil and
marine water environments, as well as the microbiome of animals and
humans. Bacteria associated with the Bacteroidetes phylum were iden-
tified in at least 50% of the studies analysed in this systematic review
and are typically in lower relative abundances compared to Firmicutes,
Proteobacteria, and Actinobacteria (Figure 1; Table 2). The dominant
Bacteroidetes family, Flavobacteriaceae (Figure 2), includes important
fish pathogens such as Flavobacterium columnare and Flavobacterium
psychrophilum (Mohammed & Arias, 2015; Nematollahi et al., 2003).
Flavobacterium psychrophilum may pose a serious issue due to the
prevalence of antibiotic resistance (Dalsgaard & Madsen, 2000), which,
when compounded with the high frequency of identification in trout
microbiomes, indicates the importance of controlling this opportunistic
pathogen.

3.6 | Tenericutes

The Tenericutes phylum is dominated by bacteria associated with
the Mycoplasmataceae family, a group of bacteria lacking cell walls
(Figure 2), per the reviewed studies. However, it should be noted
that Mycoplasmataceae has recently been reclassified within the Fir-
micutes phylum (Parks et al., 2018). Tenericutes was present in at
least 60% of the papers analysed here (Figure 1). When present, this
group of bacteria typically dominates the microbiome compared to the
other organisms (Table 2). Mycoplasma, a common genera within the
Mycoplasmataceae family, can sometimes dominate the trout intesti-
nal microbiome (Al-Hisnawi et al., 2019; Brown et al., 2019; Farzad
etal.,2021; Lyons et al.,2017a,2017b). Uniquely, this group of bacteria
are usually associated with a host due to their increased vulnerability
resulting from the lack of a cell wall (Razin, 1967). This phenomenon
is further validated by the results presented here indicating a higher
abundance of Mycoplasmataceae found in the autochthonous micro-
biome (mucosal adherent bacteria) versus transient digesta micro-
biome present in trout faeces (Figure 2). Within fish, Mycoplasma spp.
are increasingly being identified as commensal organisms instead of

pathogens, though some species such as Mycoplasma mobile are known

to cause disease (Stadtlander & Kirchhoff, 1990; Stadtlander et al.,
1995). Further studies are necessary to further characterise the role
of this bacterium within rainbow trout.

3.7 | Microbial populations associated with the
gastrointestinal mucosa and digesta

Though distinct from external tissues, the microbial communities may
be relatively homogenous along the gastrointestinal tract (Lowrey
et al., 2015). This relative microbial homogeneity is due, in part, to
a relatively shorter and linear intestinal tract with consistent resting
levels of effectors (i.e. intestinal ions and pH), regardless of intesti-
nal topography (Bucking & Wood, 2009; Fard, Weisheit and Poynton,
2007; Lowrey et al., 2015). However, within the gastrointestinal tract,
some members of the microbiome colonise the mucosal epithelial layer
and are considered adherent, whereas others are transient as they
are sloughed off into the lumen and/or are contained within the fae-
cal material that comprises the digesta. The sampling method within
the gastrointestinal tract (i.e. digesta only, mucosa only, or intestinal
mucosa combined with digesta) (Table 1) had a direct impact on the
organisms that were observed in the microbiome. Notably, most of
the taxa were identified across all sample types, though some pat-
terns were apparent. For instance, Firmicutes tended to be identified
more often in the digesta than mucosa (Figure 1). On the other hand,
Proteobacteria were identified more in the mucosa than the digesta.
Mycoplasmataceae were reported in both digesta and mucosa types,
but this family of bacteria was present in the mucosa five times more
often than in the digesta (Figure 2). Taxa that are more common in
the digesta but not in the mucosa, such as Lactobacillaceae, Leuconosto-
caceae, and Corynebacteriaceae, indicate transient organisms, including
potential Lactobacillus probiotics, that may be unable to colonise the
host’s mucosa (O'Toole & Cooney, 2008; Walter, 2008). Conversely, the
taxa present to a high degree in the mucosa but not in the digesta
(e.g. Flavobacteriaceae, Brevinemataceae, Mycoplasmataceae, and Enter-
obacteriaceae) indicate adherent organisms that likely colonised the
host’s intestinal mucosa and thus are able to persist, despite other-
wise detrimental conditions such as pH fluctuations (Banerjee & Ray,
2017).However, it isimportant to note that the increased abundance of
a particular organism within the mucosa does not necessarily guaran-
tee long-term mucosal colonisation, likely due to competitive exclusion
(Frese et al.,2012). The sloughing of dead bacterial cells may contribute

to these taxa reported from both sample types (Ventura et al., 2009).

3.8 | Limitations of methods used to assess
microbiome constituents and future approaches

Microbiome analysis based on sequencing of the 16S rRNA gene
has continued to provide a metric to analyse microbial populations
independent of culture-based techniques. With the advent of NGS,
high-throughput 16S rRNA gene-based studies have generated a

plethora of microbiome data. The majority of studies reviewed here
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utilised Illumina MiSeq NGS, which generates short-read sequences.
These short-read sequences are useful for comparing reads aligned
to the shorter sequences available within the hypervariable regions
of the 16S rRNA gene. Each hypervariable region presents differing
resolutions between bacterial taxa. Because of these differential res-
olutions, it is important to choose the most appropriate target region
for microbial community analysis. A standard method proposed by the
Earth Microbiome Project (Thompson et al., 2017) involves target-
ing the fourth hypervariable region (V4). Though most of the studies
here also targeted the V4 region, about half also included the V3
region during amplification. Inclusion of the V3-V4 data may repre-
sent a higher resolution bias resulting from the more precise primer
sets used (Almeida et al., 2018; Fuks et al., 2018). However, any intro-
duced biases would be more apparent at lower taxonomic classes (i.e.
genus and species levels). A potential solution to overcome biases
introduced using individual hypervariable regions and even utilisation
of the full 16S rRNA gene (e.g. bias introduced by copy number) for
microbial community analyses could be the implementation of metage-
nomic sequencing (e.g. Rasmussen et al., 2022). While the costs and
specific experience required for running metagenomic analyses are
greater than that of 16S-based community analyses, the additional
insights gained from metagenomics can greatly increase taxonomic
classification confidence. Potentially, a more precise bacterial function
within the microbiome can be inferred by successfully identifying bac-
teria at the species and even strain level. Ideally, microbial community
studies should begin to incorporate metagenomics as the expense of
these more robust analyses decreases and the number of available
applications increases.

Assigning taxonomic information to sequences also inherently
introduces bias (Mysara et al., 2017; Schmidt et al., 2015), though
this bias reduces with the inclusion and verification of more refer-
ence genomes. The majority of studies used for this systematic review
analysed microbiome data by assigning taxonomy to artificially cre-
ated operational taxonomic units (OTUs). Most of the OTUs here were
defined by 97% similarities. As sequencing technologies continue to
advance with reduction of inherent errors and bioinformatic tools
develop around increasing the confidence of filtered sequences (e.g.
DADA2 [Callahan et al., 2016]), the frequency of implementing OTU
clustering will continue to decrease. Additional work in this field would
also be benefitted by the consistent publication of taxonomic relative

abundance tables for ease of comparison.

3.9 | Concluding thoughts

All studies used for this systematic review analysed the microbiomes
of rainbow trout raised in aquaculture. As shown here, a core set of
intestinal microbial constituents exists independent of study variables
including age, specific intestinal sampling site, and geographical loca-
tion. However, it would be informative to investigate how culturing
rainbow trout affects the microbiome compared to wild-caught fish
and if this impacts the members of the core microbiome. Additional

analyses to define the core microbiome can involve identifying taxa

shared between testing groups based upon more advanced criteria
than the simple presence or absence of taxa (e.g. abundance-based,
persistence, connectivity [Shade & Handelsman, 2012]). However, the
methods used in this systematic review have enabled the elucidation of
some commonly found bacterial constituents of the aquaculture-raised

rainbow trout intestinal microbiome.
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