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DISSERTATION ABSTRACT 

Kayla C. Evens 

Doctor of Philosophy in Biology 

Title: Fish Out of Water: Understanding the Impacts of Regional Species Pool Variation on 
Local Community Assembly in a Host-Microbiome Model System 

The host-microbiome is essential to many aspects of host health and function, and acts as a 

useful model system in which to investigate broader questions of community assembly. Since the 

composition of host-microbiomes is, in part, determined by the input of microbes from the 

surrounding environment, it is integral to understand how variation in the environmental 

microbiome may influence host-microbiome assembly. For my dissertation research, I used a 

species pool conceptual framework to investigate drivers of variation in the microbiomes of 

aquaculture research facilities and the fish they house.  

Zebrafish (Danio rerio) are used extensively as model organisms in scientific research, 

especially in studies investigating host-microbiome dynamics. For in-vitro experimentation 

utilizing model organisms, we rely on the reproducibility of results to make broadly applicable 

conclusions about the host-microbiome. However, evidence suggests that inter-facility variation 

may influence zebrafish gut microbiome composition via acquisition of microbes from the 

environment, potentially leading to phenotypic differences among fish housed at different 

aquaculture facilities.  

To investigate the relationship between aquaculture facility water and fish gut 

microbiomes, I first characterized spatial and temporal variation across multiple aquaculture 

facilities on the University of Oregon campus. Facility water microbiota not only varied over 

time, but patterns of spatial variation in each facility were consistent despite differences in host 
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species. I then used this information to guide an expanded, intensive sampling of water and fish 

across four zebrafish facilities in Oregon and Norway. I observed significant variation in 

microbiome composition both within and between facility water systems and zebrafish gut 

samples. Further, there was evidence that variation in the water microbiome was a source of 

variation in zebrafish gut microbiomes. Finally, as differences in facility management and 

technical specifications can make directly linking microbiome variation in the water to variation 

in fish difficult, I attempted to isolate the effects by experimentally manipulating the water 

microbiome in a laboratory study using germ-free larval fish. My results indicate that microbial 

inputs from live feed overwhelmed any potential influence of water microbiome variation in 

early-life microbiome assembly. 

Overall, this dissertation provides a comprehensive look at the drivers of environmental 

microbiome variation and how these may mediate aspects of host-associated microbiota. My 

results have implications for fish microbiome research and suggest that research conducted with 

zebrafish sourced from a single facility may be heavily influenced by facility-specific effects. 
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CHAPTER 1: LITERATURE REVIEW AND INTRODUCTION 

A central goal of community ecology is to understand the drivers of community assembly 

to accurately predict the impact of environmental change on biodiversity. However, the 

processes that drive community assembly remain major areas for investigation in community 

ecology (Nemergut et al., 2013). This is particularly true regarding host microbiomes- 

communities of microorganisms living in and on animals and plants- since these communities 

have only recently been comprehensively sampled yet play a vital role in host function (Christian 

et al., 2015). Ecological theory is useful for understanding the complexities of the microbiome as 

we can conceptualize the host as an ecosystem or habitat patch in (and on) which a community 

of microorganisms inhabit (Costello et al., 2012; Miller et al., 2018; Morar & Bohannan, 2019).  

The application of community assembly theory to host-microbiome research is essential. 

Without knowledge of how microbiomes establish or persist, we cannot manipulate the 

microbiome to pursue questions of process and function relevant to areas like host health. The 

research covered in this dissertation expands our current knowledge of drivers of microbiome 

community assembly in an important model host (the zebrafish, Danio rerio) commonly used to 

address questions in developmental biology, physiology, toxicology, and many other areas of life 

science research. 

1.1  Processes in community assembly theory 

Community assembly theory has been adapted into a conceptual framework used to 

understand the formation of communities, and the drivers of their variation in space and time. 

This framework asserts that the species composition of a community can be conceptualized as 
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the passage (or impediment) of species from a “regional species pool” through a series of 

hierarchical filters before successfully forming a local community (Figure 1) (Keddy, 1992; 

Pearson et al., 2018). These “assembly filters” or “processes” are a metaphor for the often 

concurrent abiotic and biotic factors in an environment that select for or against specific species 

(Kraft et al., 2015). 

The study of community assembly 

has historically maintained two viewpoints: 

the niche view (in which local processes are 

paramount) and the colonization view (that 

emphasizes regional processes). The niche 

view has been traditionally pre-eminent in 

theoretical and empirical studies of 

community assembly and highlights strong 

habitat filters that restrict recruitment of 

species to those that can maintain viable 

populations at the local scale (Chesson, 2000; 

Leibold, 1995). However, the colonization 

view stresses that assembly is a result of a random series of colonization and demographic 

stochasticity events and has more recently challenged the traditional approach of solely looking 

at the role of local processes (Adler et al., 2007; Hubbell, 2001). 

As our understanding of community assembly has expanded, it has become evident that 

communities more likely exist on a continuum between the extremes of the niche and 

Figure 1: A conceptual model of the community 
assembly framework. Species represented in a local 
community are a filtered selection of species 
dispersed from the regional species pool. Created 
with Biorender.com. 
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colonization viewpoints. One important area of investigation is the influence of the regional 

species pool, hereby referred to as the ‘species pool’. The species pool is defined as the set of 

species that could potentially colonize and persist in a local community and is a persistent and 

central concept in community assembly theory. The structure of a local community is thus 

directly influenced by factors such as the diversity, abundance, and richness of its respective 

species pool (Cornell & Harrison, 2014). 

In some cases, the influence of the species pool can overwhelm the effects of local 

assembly factors. For example, in a study of the global distribution of birds, mammals, and 

amphibians, regional richness was almost always positively correlated with local richness, 

independent of environmental conditions (Belmaker & Jetz, 2012). Compared to local 

community dynamics, there have been relatively few studies that explicitly investigate regional 

dynamics, how a species pool itself is formed and maintained, or how variation in the species 

pool influences the development of local communities despite their importance to community 

assembly. 

1.2 Origins and challenges of species pool theory 

Regional processes were included in ecological analyses of local community assembly as 

early as 1909 (Taylor et al., 1990). Ecologists have since begun to integrate species dispersal (a 

regional process) with the traditional view of competition and environmental filtering (local 

processes) when determining drivers of local community composition, primarily through 

empirical studies of plants (Clements, 1916; Gleason, 1927; Spalding, 1909). This integration 

has allowed for the influence of large-scale processes to be included in our understanding of 

local community assembly. For example, the “species pool hypothesis” posits that species 
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richness is relative to the commonness of a habitat because greater habitat size and frequency 

should allow for more speciation opportunities (Harper, 1977). 

There are several integral theories that have informed the species pool concept. Island 

biogeography theory challenged the emphasis on local processes of community assembly. Put 

simply, island biogeography theory proposes that island species diversity depends on island size 

and distance to a mainland species pool (MacArthur & Wilson, 1977). Neutral theory, a 

descendant of island biogeography theory, postulates that local communities are a stochastic 

sample from a species pool where dispersal probability is related to the distance and abundance 

of a species in the species pool. Though directly utilizing the species pool concept, neutral theory 

emphasizes community assembly as the absence of niche factors, not explicitly an in-depth 

understanding of how regional processes drive interactions at the local scale (Hubbell, 2001). 

Lastly, metacommunity theory, which postulates that the biotic world can be envisioned 

as a set of local communities linked through dispersal, was developed in tandem with the species 

pool concept. Metacommunity theory envelops several different concepts, including neutral 

theory, and similarly to the species pool hypothesis, emphasizes the interaction between local 

and regional scale processes (Leibold et al., 2004). However, metacommunity theory assumes 

that local and regional processes occur on the same timescale, which has been difficult to 

observe in the field (Cornell & Harrison, 2014). Combined with the empirical explorations in 

community ecology at the time, these theoretical origins have seeded the continuum approach to 

community assembly we utilize today. 

Despite the potential importance of the species pool in determining local community 

diversity, the drivers of species pool diversity and composition are not well-understood. There is 
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a longstanding assumption that the species pool is relatively static, and in the rare instance that 

change does occur, it is predominately structured by historic-evolutionary processes such as 

speciation (Ricklefs, 2004; Terborgh & Faaborg, 1980). This assumption is based, in part, on the 

notion that the species pool exists at much larger scales of space and time than local 

communities. However, though the species pool and the local community are differentiated by 

scale, with the regional species pool encompassing the local community, definitions of “local” 

and “regional” vary dramatically in the literature.  

Under certain defined scales 

of a regional species pool, the 

species pool is under the same 

influence of assembly processes 

commonly attributed to local 

communities- such as selection and 

drift. In other words, the relative 

influence of local and regional 

processes in community assembly is 

context-dependent on the size and 

scope of the defined species pool 

(Russell et al., 2006; Zobel, 1997). 

As an example, Figure 2 presents an 

attempt to conceptualize this 

multiscale contextualization of the regional species pool by integrating it into an alternative 

conceptual representation of the classic community assembly framework. Other ecologists have 

Figure 2: Alternative conceptual model of the community 
assembly framework that incorporates multi-scale regional 
species pools and processes. Created with Biorender.com. 
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made similar arguments, inferring that discrete spatial scales of species pools and local 

communities are arbitrary (Schemske et al., 2009; Vellend, 2010).  It is increasingly recognized 

that the composition of the species pool is dynamic and can be influenced by interactions that 

occur within and between local communities. However, relatively little attention has been 

focused on such feedback (Mittelbach & Schemske, 2015).  What is crucially lacking are studies 

focused on the drivers of species pool attributes at multiple scales and the subsequent impact of 

species pool variation on local community composition. 

1.3 A community assembly framework for the host-microbiome 

Nearly every macroorganism maintains assemblages of associated symbiotic, commensal, 

and pathogenic microorganisms, jointly referred to as the “host-microbiome” (Hammer et al., 

2019; Parfrey et al., 2018; Robinson et al., 2018). Host-microbiomes have recently been 

proposed as a potentially ideal system to examine the drivers of community assembly (Miller et 

al., 2018). They can be thought of as local communities, whose composition and dynamics are at 

least partially determined by dispersal of microbes from the environment (the regional species 

pool) and partially determined by host selection (Figure 3).  

Host-microbiomes are well-suited for studies of the interplay between regional and local 

processes in community assembly because host microbiomes are distinctly bounded (by their 
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individual hosts) and clearly nested within a 

larger species pool (the surrounding 

environmental microbiota) (Christian et al., 

2015). This eliminates some of the issues 

associated with determining where a local 

community ends and a species pool begins, 

as discussed earlier. Within certain study 

systems, microbes in a host’s environment 

can even be experimentally manipulated to 

observe direct and indirect effects on the 

microbiome. Many animal models have 

been extensively developed for use in host-

microbiome studies, such as Drosophila, 

zebrafish, and mice, providing an established and accessible suite of tools and protocols for 

research (Kostic et al., 2013). 

For decades, researchers have expanded our understanding of the host-microbiome and 

elucidated its tremendous role in aspects of host health and function. The microbiome has been 

linked to an extensive suite of processes such as metabolism (Cox et al., 2022), neurological 

function (Cryan et al., 2020), nutrition (Hacquard et al., 2015), and immunology (Ottman et al., 

2012; Zheng et al., 2020). Despite its direct ties to host health and function, the microbiome can 

exhibit significant variability within and across individuals. Microbiome variation has been 

correlated with several major indicators, such as host phylogeny, geographical location, diet, and 

even cultural and ethnic identity, though this remains far from an exhaustive list (Costello et al., 

Figure 3: Host-microbiome assembly is a dynamic 
process that can be influenced by many factors. 
Several known contributors to the host-microbiome 
include host genetics, parental transmission during 
prenatal development and birth, environmental 
exposure, diet, and the interactions between these. 
Created with BioRender.com. 
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2009; Gupta et al., 2017; Moraitou et al., 2022; Rojas et al., 2021; Singh et al., 2017). 

Understanding how this variation in the microbiome occurs remains a major area of inquiry in 

host-microbiome research. 

A great deal of research has focused on exploring host-microbiome interactions as 

potential drivers of microbiome variation, such as host genetics selecting for specific microbial 

members within the host (Bonder et al., 2016) or microbiota directly altering host phenotypic 

traits (Rolig et al., 2017). However, there is growing evidence that microbial dispersal from the 

environment may play an even greater role in microbiome assembly, sometimes even 

overwhelming the effects of host genetics (Belmaker & Jetz, 2012; Rothschild et al., 2018; 

Tavalire et al., 2021), consistent with many studies of non-host systems that have observed 

substantial influence of the species pool on local community composition (Belmaker, 2009; 

Lessard et al., 2012; White & Hurlbert, 2010) .  Yet, elucidating the role of the environmental 

‘species pool’ of microbiota in host-microbiome assembly remains an integral but understudied 

area. 

1.4 Life history and use as model organisms: zebrafish and threespine stickleback 

Zebrafish (Danio rerio) and threespine stickleback (Gasterosteus aculeatus) have long 

served as tractable model organisms for research in disciplines such as evolution and 

development, vertebrate biology, toxicology, and biomedicine (Figure 4) (Cresko et al., 2007; 

Dooley & Zon, 2000; Eisen, 2020; Ostlund-Nilsson et al., 2006; Tanguay, 2018). However, these 

teleost fish have only recently been established as a model to study host-microbiota interactions 

(Roeselers et al., 2011). 
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Zebrafish and stickleback have distinct advantages as model organisms in host-

microbiome research over the more commonly used murine models, which currently account for 

approximately 95% of all laboratory animals (Hickman et al., 2017). Zebrafish and stickleback 

are smaller, can be reared in larger numbers, reproduce more frequently, and develop more 

quickly than mice and rats. Therefore, we can perform frequent, well-powered, and highly 

controlled experiments for a more robust sampling of the microbiome (Lescak & Milligan-

Myhre, 2017). 

The zebrafish, a hardy, freshwater fish native to south Asia, has been gaining popularity 

as an animal model in research communities over the last half-century. Though well-known in 

the pet trade, Dr. George Streisinger was the first to use zebrafish in a laboratory setting in the 

late 1960s while at the University of Oregon. Many key aspects of zebrafish physiology make 

them an ideal animal model. The zebrafish genome has been extensively sequenced, and 

approximately 70% of zebrafish genes have at least one orthologous human gene (Howe et al., 

2013). This makes them attractive candidates for the study of vertebrate genetics and models for 

human genetic disease. Additionally, they can reach sexual maturity as early as 2 months post-

fertilization and spawn year-round, producing upwards of 400 eggs per clutch (Hickman et al., 

2017). Zebrafish embryos are translucent and develop over the course of 24-48 hours, which 

Figure 4: Adult zebrafish and threespine stickleback specimens. Adult zebrafish average 2-3 cm in length. 
Threespine stickleback measure 3-8 cm in length at adulthood but average around 5 cm. Zebrafish 
image: Mirko Rosenau, Adobe Stock. Stickleback image: adapted from Jacobs, R. P., O'Donnell, E. B., 
and Connecticut DEEP. (2009). A Pictorial Guide to Freshwater Fishes of Connecticut. Hartford, CT. 
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aided in their rise in popularity for studying vertebrate embryonic development in the decades 

following their introduction as an animal model (Tanguay, 2018).   

         Research by Dr. Nikolaas Tinbergen first introduced stickleback as a model in the late 

1930s (Tinbergen, 1939). Threespine stickleback are small, bony fish named for the line of 

protective spines along their dorsal side. They can be found in both marine and freshwater 

environments in the Northern Hemisphere. Over evolutionary time, usually following periods of 

glacial retreat, populations of marine stickleback have colonized freshwater environments, 

resulting in phenotypically divergent forms that coexist in nature (McKinnon & Rundle, 2002). 

Because of this, threespine stickleback have gained popularity as animal models in the fields of 

evolution, genetics, and developmental biology.  In nature, stickleback follow a paternal care 

system. Males will build nests and care for eggs until hatching. In laboratory settings, researchers 

utilize in vitro fertilization to cross populations that would otherwise be reproductively limited 

(Heng et al., 2016). 

1.5 State of research in zebrafish and threespine stickleback-microbiome assembly 

Over the past decade, zebrafish and threespine stickleback have been increasingly used in 

studies of host-microbiomes (Eisen et al., 2020; Reid et al., 2021).  Zebrafish and stickleback 

embryos can be derived germ-free (i.e. axenic) and reared free from cellular microorganisms 

through early development (Melancon et al., 2017; Milligan-Myhre et al., 2016). This is 

particularly advantageous in host-microbiome studies as we can utilize germ-free fish to monitor 

microbiome assembly over time using various consortia of introduced microbes. Several recent 

studies have helped identify significant factors that influence microbiome assembly in zebrafish 

and stickleback including, but not limited to, developmental age, host-selection, and dispersal 
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(Rawls et al., 2006; Roeselers et al., 2011; Smith et al., 2015; Stephens et al., 2015; Steury et al., 

2019). 

In a study of gut microbial composition across time, researchers surveyed the intestinal 

bacteria of sibling zebrafish reared under identical environmental conditions at key 

developmental time points. They found that microbial composition in gut samples from 

approximately 135 fish significantly clustered by development stage. Interindividual variation 

remained high throughout the study period, but as fish aged, their microbiota became more 

differentiated from the microbiota in their environment, suggesting a stronger influence of host 

selection (Stephens et al., 2015). Another study utilized the Stephens et al. (2015) dataset to 

discern the contribution of neutral processes (chance colonization and dispersal from the 

environment) to gut microbiome assembly. Further supporting their initial findings, neutral 

models indicated that the relative importance of neutral processes to community assembly 

decreased over host development (Burns et al., 2015). In other words, developmental age 

significantly impacted microbiome composition. 

A 2006 study further identified that, even though it increases over time, host-selection 

remains a strong governing force on microbiome assembly at a young age. Researchers 

inoculated germ-free zebrafish with gut microbiota collected from conventionalized mice and 

sampled resulting gut microbiota in the zebrafish three and seven days later. Though the lineages 

in the resulting gut microbiota resembled the original mouse-gut, the relative abundances of the 

lineages changed to match those reflective of a normal zebrafish gut (Rawls et al., 2006). 

Similarly, when researchers compared gut microbiota across domesticated adult zebrafish housed 

in different aquaculture facilities and to wild-caught zebrafish, they found evidence for shared 
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microbiota across all individuals. They concluded that strong host-selection factors in the gut 

maintain a consortium of shared microbiota in the zebrafish gut regardless of environment 

(Roeselers et al., 2011). 

Similar findings were reported in several threespine stickleback studies. One paper 

sampled six genomically and phenotypically diverse stickleback populations from coastal and 

freshwater environments in northwestern Oregon. Using population genetic and gut microbial 

data, they found that gut microbial diversity was better explained by population genetic 

divergence than environment and geography. This indicates that host genetics imposes a strong 

selection effect on the microbiota inhabiting the host, though microbial diversity was also 

partitioned by environment and geography (Steury et al., 2019). Another study examined similar 

data from ten stickleback populations (two marine, eight freshwater) in and around Vancouver 

Island, British Columbia. Researchers also collected samples of water and common prey and 

quantified microbial DNA from these sources. Resembling results found in the previous study, 

stickleback gut microbial composition and diversity were strongly associated with population 

genetic divergence. Food microbiota, water body geomorphology, and habitat type were also 

associated with population-level variation to a lesser extent (Smith et al., 2015). 

         The studies discussed previously are united by their focus on host-level interactions with 

the microbiome. Yet, recent work has highlighted the importance of measuring dispersal between 

the host and its external environment in studies of host-microbiome assembly- a mode of 

assembly commonly overlooked. Within host-microbiome research, this process of dispersal is 

sometimes referred to as ‘horizontal transmission’. We are in the relatively early stages of 

looking at the host-microbiome at a broad ecological scale, but research in humans (Sharma et 
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al., 2019; Song et al., 2013; Tavalire et al., 2021), other vertebrates (Bik et al., 2016; Bornbusch 

et al., 2022; McCafferty et al., 2013), and even invertebrates (Eckert et al., 2021; Unzuenta-

Martinez et al., 2022) have provided strong evidence that dispersal from the environment is a 

major contributor to microbiome composition. 

   Current research in the role of environmental dispersal in zebrafish microbiome 

assembly, though limited, has suggested that fish follow similar patterns to those found in non-

fish systems. One study raised zebrafish with fully functional immune systems and 

immunodeficient zebrafish (a nearly isogenic mutant myd88- line) in different housing 

conditions designed to either limit or allow for dispersal between hosts via the environment. 

Wild-type zebrafish and my88- zebrafish were either reared in solitude (one fish per flask), in 

single genotype groups, or in mixed-genotype groups (ten fish per flask). When cohoused, 

interhost dispersal overwhelmed host factors, eliminating any difference seen in the intestinal 

microbiota of mixed-genotype groups (Burns et al., 2017). In another study, researchers passaged 

a zebrafish bacterial isolate, Aeromonas veronii, through populations of larval zebrafish, each 

time using Aeromonas isolated from the gut of the previous population to inoculate the next. 

Over time, they observed increased adaptation of Aeromonas to dispersal into and colonization 

of the host (Robinson et al., 2018). Without the consideration of the processes occurring outside 

of the host, we would be missing critical biological insights into microbiome assembly. 

1.6 Research aquaculture facilities: broadening the scale of host-microbiome assembly 

I have established that zebrafish and threespine stickleback are ideal models for 

understanding the processes of host-microbiome assembly and broader themes regarding general 

community assembly. However, one criticism of studies that have attempted to quantify the 
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influence of environmental microbiota on microbiome assembly in animal models is that these 

derived laboratory experiments can largely differ from “real world” microbial communities and 

scales of interactions between host and environment (Greyson-Gaito et al., 2020; Leray et al., 

2021). On the other hand, human and wild animal studies can make it difficult to identify drivers 

of assembly due to the overwhelming complexity inherent in studies of organisms in the wild 

(Glowacki et al., 2021). 

Examining host-microbiome assembly in research aquaculture facilities- where fish used 

for experimental research are bred and housed- provides a unique opportunity to work in a 

system that balances these extremes on the spectrum of experimental design. Research 

aquaculture facilities- hereby referred to as “facilities”- are heavily monitored and maintained 

due to strict animal care and use guidelines and to ensure healthy stocks of fish for 

experimentation (National Research Council, 2011). These standards reduce some of the 

variation and complexity across sites (i.e. facilities) that would be overwhelming in more 

“natural” systems.  However, local differences in the details of facility management (e.g. 

frequency of tank cleaning, specific food used, etc.) result in interesting and potentially 

important variation across facilities.  In addition, although research facilities are not “wild” (i.e. 

unmanaged) they represent the actual environment in which research animals are raised (often 

over many generations), making information about inter- and intra-facility microbiome variation 

directly applicable to animal husbandry. 

 Aquaculture facilities also provide an ideal system in which to study community 

assembly across varying spatial scales as tanks in each facility are organized in a way that allows 

for sampling at nested scales- from an individual tank to a single closed recirculating water 
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system to entire facilities. Since these facilities predominantly utilize closed loop water systems, 

the species pool is theoretically shared among all connected tanks within a given facility. 

Finally, the importance of research in aquaculture facilities extends beyond their 

relevance as a powerful host-microbiome model system. Zebrafish and stickleback are used as 

laboratory animal models, and understanding the dynamics of how their microbiome forms and 

functions is essential to maintaining a reproducible model for experimental manipulation. 

Furthermore, aquaculture facilities used to rear fish for research are very similar to those used to 

rear fish for commercial purposes. Aquaculture accounts for nearly 50% of the world’s fish 

supply and is one of the fastest growing food sectors (FAO, 2019). As such, results from 

research can help promote fish health and welfare by informing the microbial management of 

aquaculture facilities in general.  

In summary, aquaculture facilities can be used as an experimental system to investigate 

general questions about community assembly such as the role of the species pool in driving local 

community variation, the frequency and nature of feedback between local communities and the 

species pool, and the importance of variation in species pools across space and time in driving 

local community variation. 

1.7 Host-microbiome research in aquaculture 

Studies comparing aquaculture microbiota have supported the connection between the 

environment and host microbiome, as many have highlighted that facility water varies in its 

microbial composition and those compositional differences can correlate with variation in fish 

gut microbiota and vice versa. In 2019, researchers recorded the change in both water and 
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zebrafish gut microbiota during a water system switch at Wayne State University in Detroit, 

Michigan. As the water microbial community changed during the transition, so did the zebrafish 

gut microbiome (Breen et al., 2019). Vestrum et al. (2018) highlighted compositional differences 

in the microbiome of Atlantic cod (Gadus morhua) larvae reared in water sourced from facilities 

utilizing different water filtration systems. Both water and fish microbial communities differed 

significantly across facility systems and clustered in PCoA analyses according to facility 

source.   

In the previous papers, researchers directly measured both microbiota in the host and in 

the facility they were housed in. However, there are many more studies that have not directly 

measured the microbiota in the environment, and rather, described the influence of facility-level 

“factors” on the host microbiome. These facility “factors”, which can refer to things such as the 

selected diet, the temperature of the enclosure, or even the number of people within the facility, 

in many ways can influence the environmental microbiome as much as the host microbiome. As 

such, we can assume that, to some degree, these facility “factors” may be influencing the host 

microbiome indirectly via changes to the environmental microbiome.  

Some examples of this phenomena are represented in the Roeselers et al. (2011) paper, 

which was discussed earlier. Zebrafish from lab facilities across the U.S. had unique gut 

microbiota that correlated with the seeding history of their respective facility. Seeding refers to 

when microbiota from a facility (or commercial source) is used to prime a new aquaculture 

facility for use. Some forms of this may include adding fish and/or biofilter media from an 

established facility to the tanks and/or biofilter attached to the water system of another facility. In 

another study of the gut microbiota of reared Atlantic cod larvae demonstrated large variation 

among a gradient of facility management types as well as substantial inter-individual variation 
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(Fjellheim, 2011). Lastly, in mice, a recent study revealed that the microbiome of wild-type and 

disease model mice was heavily influenced by which facility they were sourced from, 

independent of cage, sex, or sequencing-related influence. Researchers replicated microbiome 

experiments in endothelin receptor type B knock-out mice (Ednr +/-) and a common in-bred 

mouse strain (wild-type C57BL/6J). Facility-specific differences were major drivers of not only 

gut and fecal microbiome composition at all taxonomic levels but also genotype-based 

differences in the microbial composition and diversity of the wild-type versus knock-out mouse 

models (Parker et al., 2018). 

1.8 Aquaculture facility design 

In modern zebrafish aquaculture, facilities are land-based and can vary substantially in 

the technical aspects of their design. However, all but one of the facilities studied in this 

dissertation use recirculating aquaculture systems (RAS), which were developed for use in 

intensive fish farming in areas with low water availability. These systems allow up to 99% of the 

wastewater in the system to be recycled by recirculating through a complex network of water 

treatments (Badiola et al., 2012; Figure 5). RAS water treatment systems include at least a 

mechanical and a biological filter. Mechanical filters, such as sand filters and settling tanks, 

remove solid waste and other particulates from the water column. Biological filters serve to 

remove dissolved waste from the water system and utilize beneficial bacteria that convert 

ammonia and nitrite into less harmful forms. Modern ‘biofilters’ are often some form of floating 

plastic media that serve as a surface for formation of beneficial biofilms. Additionally, RAS 

systems often include some form of a disinfection stage and ways to manage water oxygenation, 

quality control, and circulation. Two common water disinfection techniques are passage through 
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a UV or ozone filter. More intensive systems often include automated water quality technologies, 

such as pH and salinity sensors, for continued monitoring of the abiotic and biotic environment 

within the system (Xiao et al., 2018). 

The other facility represented in this dissertation uses a flow-through microbial 

maturation system (MMS). A flow-through aquaculture system relies on water exchange to 

maintain a suitable rearing environment for fish. Clean water, either from freshwater or saltwater 

sources, is diverted and pumped into rearing tanks. These systems rely on the flow of water 

Figure 5: The basic water treatment loop for a recirculating aquaculture system includes 
mechanical filtering, biological filtering, and aeration. Additional steps, including UV-disinfection 
and water oxygenation, can be used. Diagram from Bregnballe, J. 2022. A guide to recirculation 
aquaculture– An introduction to the new environmentally friendly and highly productive closed 
fish farming systems. Rome. FAO and Eurofish International Organisation. 
https://doi.org/10.4060/cc2390en. 
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created from input to drainage to remove solid and dissolved waste (Fornshell & Hinshaw, 

2008).   

Though flow-through systems are one of the most widely used aquaculture systems 

across the world, due, in part, to their lower operation and labor costs compared to RAS systems, 

fish health and mortality rates are notably worse (Eurofish, 2021). For example, in studies of 

cod, turbot, and Atlantic salmon, fish survival and overall health in RAS systems show 

remarkable improvement over flow-through systems, attributed partly to the maintenance of 

mature microbial communities in the water system (Attramadal et al., 2014; Kolarevic et al., 

2014; Salvesen et al., 1999).  

As such, MMS are used as an intermediary between flow-through and RAS systems. 

MMS uses a flow-through system paired with a microbial pre-treatment, and thus, maintains the 

relative operational simplicity and low cost while utilizing the beneficial microbial management 

component of RAS systems. Input water, prior to being distributed to tanks, is microbially 

“matured” by passage through a biofilter, often seeded with ammonium and nitrite oxidizers, and 

wastewater is removed from the system. 

1.9 Aquaculture study sites 

The facilities used in my research included five aquaculture facilities spanning two 

geographical regions. I sampled from two zebrafish and one stickleback facility on the 

University of Oregon campus in Eugene, Oregon, USA, and two zebrafish facilities on the 

Norges teknisk-naturvitenskapelige universitet, or Norwegian University of Science and 

Technology (NTNU), Gløshaugen and Øya campuses in Trondheim, Norway.  
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The facilities represented in this dissertation are particularly useful for answering 

questions regarding the interaction between the fish and water microbiome for several reasons. 

First, these facilities are clustered in geographic space, thus providing an excellent system to test 

questions regarding species pool variation across multiple scales. For example, I can investigate 

the influence of variation in the water microbiome within a facility, between facilities in close 

proximity to one another, and between facilities on separate continents to develop a more robust 

understanding of the interaction of fish and water microbiomes across space. Second, the 

facilities represent a variety of modern approaches to rearing fish for research use. The technical 

specifications of each facility, such as the life support systems used, are similar, but the size of 

the facility, number of fish, range of genotypes, and approach to care vary. Due to these aspects, 

the results of this dissertation research can be considered broadly applicable to other aquaculture 

research facilities despite potential variation in geographical distance or management. Finally, 

including a facility that houses a different species of fish (stickleback, rather than zebrafish) will 

allow me to explore the possible role of host species in the assembly of host-microbiomes. 

All the facilities on the University of Oregon campus use RAS systems and include the 

Aquatic Animal Care Services zebrafish facility (referred to as Ore1 throughout this 

dissertation), the Zebrafish International Resource Center (Ore2), and the Cresko Stickleback 

Lab (OreSB).  

The Ore1 facility was established in 2012 and received its first fish from commercial 

suppliers. The facility covers 1,000 square meters with an average capacity of 50,000 fish. There 

are around 2,900 different genotypic strains represented in the facility. All fish are kept in 3.5-

liter acrylic tanks. The facility life support system utilizes a RAS system containing automated 
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mechanical and biological filters in addition to ultra-violet disinfection. The facility has two 

separate, closed-loop RAS systems with a UV-treatment step supplying the main housing. There 

is an additional quarantine area with a separate flow-through system (T. Mason, personal 

communication, September 20, 2023).  

The Ore2 facility was built in 1999 and the first fish were introduced in 2001. Ore2 is a 

900 sq. m. facility with a maximum capacity of 150,000 fish and maintains live populations of 

45 genotypic lines on average. This facility serves as a worldwide resource for zebrafish, 

maintaining approximately 44,000 different genotypic lines in cryogenic storage. Ore2 maintains 

the same layout of life support systems as the Ore1 facility and fish are kept in a mix of both 3.5-

liter acrylic and 75-liter glass tanks (D. Lains, personal communication, January 20, 2022). This 

facility is approximately 300 meters from both Ore1 and OreSB.  

The OreSB facility represents the only stickleback facility studied in this dissertation. It 

was started in 2004 as an experimental facility for the lab of Dr. William Cresko and is located 

approximately 150 meters from Ore1 and 300 meters from Ore2. OreSB is approximately 185 

square meters in total and is divided into two separate rooms that mimic aspects of the 

sticklebacks’ natural environment throughout the year. Stickleback spawn in the spring and 

summer, so the first of these rooms, the “Summer Room”, houses stickleback in their larval 

(hatching to ~3 months) and reproductive adult stages (12+ months). Larval fish are housed in 

3.5-liter acrylic tanks while larger adult fish are housed in 75-liter glass tanks. This room is kept 

at 20 ℃ and follows a day-night cycle of 14 light/ 19 dark hours to mimic the longer days in the 

spring and summer. The second room, the “Winter Room”, is on a 10 light/ 14 dark hour light 

cycle and is also kept at 20 ℃. This room primarily houses juvenile fish between the larval and 
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reproductive adult stages (3-12 months) in 75-liter tanks. Each room has its own closed-loop 

RAS system (M. Currey, personal communication, February 12, 2024).  

The Norwegian zebrafish facilities are located on the Norwegian University of Science 

and Technology Trondheim campuses in Trondheim, Norway. One facility (referred to as Nor2A 

and Nor2B), is maintained by the Jutfelt research group and is located on the Gløshaugen 

campus. Originally built as a general animal laboratory in the 1990s, Dr. Fredrik Jutfelt 

repurposed the lab to house fish from 2015 through 2020. Nor2 is made up of five different 

rooms (around 10-30 square meters each) and maintains both populations of zebrafish and 

guppies (Poecilia reticulata). Because the facility consists of multiple small rooms with separate 

life support systems within each, I reference Nor2 as separate facilities (Nor2A and Nor2B) 

throughout this dissertation although they are technically maintained under the same 

administrative body. I conducted my research in two zebrafish-only rooms within the facility, 

each approximately 10 square-meters. The first room (A) contains approximately 50, 3.5-liter 

acrylic tanks utilizing a standalone RAS system with UV-treatment. The second room (B) houses 

approximately 14, 75-liter glass tanks with a flow-through filtration system using a maturation 

tank without UV-treatment. An aspect of this facility that makes them particularly unique from 

the others is that they maintain no common laboratory zebrafish genotypic strains. The ones 

housed in the facility today are direct descendants (~6 to 10 generations) of wild zebrafish caught 

in India in 2016 (F. Jutfelt, personal communication, January 13, 2024).   

Lastly, the second Norwegian facility, the Yaksi Lab (Nor1), is located on the Øya 

campus, approximately 800 meters from Nor2A and Nor2B, and maintains approximately 10,000 

zebrafish in a 70 square-meter facility. Built in 2014 for the lab of Dr. Emre Yaksi to study brain 
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function in health and diseases, the Nor1 facility houses over 100 unique genotypic strains. Fish 

in this facility are housed in 3.5-liter acrylic tanks attached to a RAS system with UV-treatment. 

There is an additional quarantine area that uses a flow-through system with approximately 50 

tanks (E. Yaksi, personal communication, October 10, 2023). 

1.10 Dissertation overview and objectives 

In this dissertation, I investigate the dynamic interaction between the environmental 

microbiome and fish microbiome in several zebrafish and three-spine stickleback research 

aquaculture facilities in the United States and Norway.  

In Chapter 2, I examine broad scale spatial and temporal variation in the water 

microbiome of three aquaculture facilities in Oregon, United States, and measure patterns of 

variation across facilities to identify the greatest magnitude of variation in the regional pool of 

microbiota. Using the results of this chapter, I designed an expanded, intensive sampling of 

water and fish microbiomes across four zebrafish facilities in Oregon and Norway (described in 

Chapter 3). 

In Chapter 3, I characterize variation in the water microbiome at a finer spatial scale and 

measure the consequences on variation in the zebrafish gut microbiome across four aquaculture 

facilities in Oregon and Norway.  Results from this survey were used to design an experimental 

exploration of the impact of water microbiome variation on fish gut microbiome variation 

(described in Chapter 4). Finally, in Chapter 4, I attempted to directly measure the influence of 

the water microbiome on the zebrafish gut microbiome by experimentally manipulating the 

environmental microbiome in a controlled laboratory environment. By removing the effects of 

facility-specific differences, such as husbandry and management, I assess the relative 
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contributions of the environmental microbiome on the fish gut microbiome during initial 

assembly and after exposure to a novel environmental microbiome. 
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CHAPTER 2: WATER MICROBIOMES IN ZEBRAFISH AND STICKLEBACK 

AQUACULTURE FACILITIES SHARE GENERAL PATTERNS OF SPATIAL AND 

TEMPORAL VARIATION 

2.1 Introduction 

Community assembly theory assumes the existence of a species pool from which species 

that can disperse through a series of biotic and abiotic filters may colonize the local community. 

However, communities under similar conditions in different regions may demonstrate 

idiosyncratic species assemblages, suggesting a broader scale influence on local diversity 

(Cornell & Harrison, 2008). We can utilize inherent variation in a defined species pool— an 

aquaculture facility— to understand how regional richness combines with environmental filters 

to determine local diversity— a host-microbiome. In this chapter, I focus on identifying patterns 

of variation in the regional species pool- the water microbiome. In particular, I am interested in 

1) identifying whether the facility water microbiome demonstrates temporal stability and 2) 

determining whether there is spatial variation in the facility water microbiome and if these 

patterns are consistent across different facilities.  

Aquaculture facilities are quickly adopting the use of recirculating aquaculture systems 

(RAS) to filter and reuse water. The microbial composition within a RAS has a direct impact on 

fish health and development (Attramadal et al., 2014). However, microbiota within aquaculture 

facilities are rarely monitored, save for key culturable pathogens. Preliminary data suggests that 

different aquaculture facilities have unique species pool compositions, with differential impacts 

on host function. For example, tissue development (specifically pancreatic β-cell proliferation) 

and growth proceed at different rates in larval zebrafish inoculated with water from two separate 

University of Oregon aquaculture facilities- both of which are included in this dissertation (Ore1 



 

41 
 

 

and Ore2)- despite their proximity and general technical similarity (Adair, 2019; Massaquoi & 

Black, 2019). Understanding the factors shaping the species pool available for host colonization 

could inform facility management and husbandry protocols that minimize pathogen spread 

through facilities and promote reproducibility in research by accounting for known variation 

within and across facilities (Franklin & Ericsson, 2017). 

This study compares all of the aquaculture facilities on the University of Oregon campus, 

which includes two zebrafish and one stickleback facility. Although this dissertation primarily 

focuses on microbiome variation in zebrafish and zebrafish facilities, the inclusion of a 

stickleback facility is useful for several reasons.  

Like zebrafish, stickleback are used as animal models in research, and investigating how 

the regional pool of microbiota in their facilities varies across time and space can help promote 

reproducibility in stickleback as an animal model. It also extends our understanding of whether 

the patterns I observe in this study are generalizable to aquatic host-microbiome systems and 

RAS aquaculture or specific to zebrafish and zebrafish aquaculture only.  

 In this study, I quantified water microbiome variation across three aquaculture facilities 

over the course of four years. I looked at how the water microbiomes in each facility varied over 

time as well as in space by using a nested sampling design that captured total variation in water 

between tanks at the Housing, Row, and Shelf levels to identify where the greatest amount of 

variation was occurring. I found that the microbiome composition of each facility varied across 

time and compositional shifts in all facilities were largely driven by Proteobacteria. Within each 

facility, PERMANOVAs reveal that the greatest magnitude of variation among tanks occurs at 

an intermediary scale at the Row or Shelf level, depending on the size and layout of the facility. 
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These results are used to help inform more intensive sampling of both fish and tank water in later 

chapters. 

2.2 Methods 

2.2.1 Study sites.   In this project, I investigated three aquaculture facilities 

used for academic research on the University of Oregon (UO) campus in Eugene, Oregon. Two 

of these facilities housed zebrafish and one housed threespine stickleback for experimental 

research (Figure 1).  

The first facility- the 

Aquatic Animal Care Services 

Zebrafish Facility (Ore1)- is 

located in Huestis Hall on the UO 

campus and houses approximately 

50,000 zebrafish in a 1,000 

square-meter facility. This facility 

utilizes a recirculating aquaculture 

system (RAS) containing 

mechanical and biological filters 

in addition to ultra-violet 

disinfection to clean water used in 

fish husbandry. Two separate RAS 

systems filter water in the ‘East’ 

and ‘West’ housing areas.  

Figure 6: Sample site locations on the University of Oregon 
campus in Eugene, Oregon. The table includes information on 
the name of the facility, the abbreviations used in this study, and 
the years sampled for this study. Map image adapted from 
Google Earth, 2022. Figure created with Biorender.com. 
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The Zebrafish International Resource Center (Ore2) is the second zebrafish facility. This 

facility is located on the Riverside campus at UO, approximately 300 meters from both the Ore1 

and OreSB facilities. It houses an average of 30,000 zebrafish (maximum capacity is around 

150,000) in a 900 square-meter facility, and like the Ore1 facility, maintains two separate RAS 

systems that supply two housing areas. 

The only stickleback facility, the Cresko Lab (OreSB) is located in the Pacific Hall 

building at UO. It is approximately 185 square-meters and houses 2,500 fish on average 

(maximum capacity 3,500 fish). The RAS water filtration system mimics the other two facilities, 

though the separate housing areas are unique in their operational capacity, as discussed in 

Chapter 1. 

 2.2.2 Sample collection and processing.   Tank water was collected in 2019 

and 2020 using a nested sampling design (Figure 2), though the actual number of tanks sampled 

was dependent on facility size and housing setup (n = Ore1: 2020 (29), 2022 (27); Ore2: 2019 

(47), 2020 (18), 2022 (17); OreSB: 2019 (51), 2020 (29), 2022(28)). I sampled tanks from both 

Housing areas in each facility. Within each 

Housing, I randomly selected three ‘Rows’, or 

large sets of shelves. For each Row, I 

randomly selected three shelves, and then 

sampled three random tanks on each selected 

shelf.  In 2022, I used a smaller scale version 

of the whole-facility sampling design. I 

selected one to two sets of shelves Figure 7: Facility nested sampling design. 
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immediately adjacent to one another connected within the same Housing. I then sampled 

following the same nested scheme. 150-mL of tank water was passed through a Sterivex filter 

cartridge (MilliporeSigma, Massachusetts, USA) using a 60-mL syringe. Sterivex filters were 

capped and kept on ice until processing. If DNA extraction could not be performed immediately, 

dry cartridges were stored at -80°C.  

2.2.3 Microbial DNA extraction and processing.  DNA extractions for samples 

collected in 2019 were performed using the DNeasy Blood and Tissue kit (QIAGEN, Carlsbad, 

California, USA) following the adapted in-cartridge ‘SXCAPSULE’ extraction method from Spens et 

al., (2017). Extractions for samples collected in 2020 and 2022 were performed using the 

DNeasy PowerWater Sterivex kit (QIAGEN, Carlsbad, California, USA). DNA was extracted 

following the standard protocol provided in the kit handbook (2009, pg. 9). 

2.2.4 16S rRNA gene amplification, library preparation, and sequencing.  DNA 

extraction products were quantified using a Qubit dsDNA HS Assay Kit (Thermo Fisher 

Scientific, Waltham, MA, USA). PCR amplification of the V4 region of the 16S rRNA gene was 

performed using a dual-indexed 515F-806R primer combination based on protocols described in 

Caporaso et al. (2011). Each 515F 

(AATGATACGGCGACCACCGAGATCTACACxxxxxxxxTATGGTAATTGTGTGCCAGCM

GCCGCGGTAA) and 806R 

(CAAGCAGAAGACGGCATACGAGATxxxxxxxxAGTCAGTCAGCCGGACTACHVGGGT

WTCTAAT) primer pair were modified with unique barcodes (represented by italicized portion 

of primer above). PCR mixtures contained 12.5 µL NEBNext Q5 Hot Start HiFi PCR Master 

Mix (New England Biolabs, Ipswich, MA, USA), 10.5 µL DNA template, 1 µL Bovine Serum 
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Albumin (Thermo Fisher Scientific), and 1 µL mixed primers (12.5 mM concentration). PCR 

cycling steps were denaturation at 98°C for 30 seconds, 30 amplification cycles at 98°C for 10 

seconds, 61°C for 20 seconds, and 72°C for 20 seconds, followed by a final extension at 72°C 

for 2 minutes. Samples were held at 4°C until removal from thermocycler.         

PCR products were visually checked for successful gene amplification via agarose gel 

electrophoresis. Amplicon libraries were cleaned twice with Mag-Bind RxnPure Plus isolation 

beads according to an adapted kit protocol using a 0.8x reaction volume (Omega Bio-Tek, 

Norcross, Georgia, USA). Concentrations of amplicon libraries were quantified with the Quant-

iT 1x dsDNA HS Assay kit (Thermo Fisher Scientific) using a SpectraMax M5E Microplate 

Reader (Molecular Devices, San Jose, CA, USA) and multiplexed at equimolar concentration. 

Amplicons were then sequenced by the University of Oregon Genomics & Cell Characterization 

Core Facility on the Illumina MiSeq (Illumina, San Diego, CA, USA) with 150-bp paired-end 

reads. 

2.2.5 Bioinformatics and statistics.  All bioinformatics processing and statistical 

analyses were performed in ‘R’ (R Core Team, 2018). Sequences were demultiplexed and then 

denoised to construct an amplicon sequence variant (ASV) table using DADA2 1.16 (Callahan et 

al., 2016). Taxonomy was assigned to sequences using the RDP Classifier and Silva NR99 

v.138.1 16S rRNA gene reference database (Wang et al., 2007; Quast et al., 2012). Sample 

contaminants were evaluated using the frequency method with ‘DECONTAM’ (Davis et al., 

2018). Samples with less than 1,000 reads were considered unreliable and trimmed. 

To analyze water microbiome composition, ASV sequences were first transformed to 

relative abundances and plotted using the ‘fantaxtic’ package, which selects the most abundant 
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taxa averaged across all samples at any selected taxonomic levels (Teunisse, 2022). I calculated 

and compared beta-diversity of facility water microbiomes using Bray-Curtis distance by testing 

a difference in centroid and dispersion using permutational analysis of variance 

(PERMANOVA) with the ‘adonis2’ function from the ‘vegan’ package in R (McArdle & 

Anderson, 2001; Okansen et al., 2019). Pairwise comparisons between sampling time points 

were made using the pairwise PERMANOVA function, ‘pairwise.adonis2’ from the 

‘pairwiseAdonis’ package (Martinez Arbizu, 2020).  

To identify taxa most associated with differences between facility microbiome 

composition, I used SIMPER analyses with a Bray-Curtis distance matrix (Clarke, 1993). I 

additionally constructed principal coordinate analyses (PCoA) using Bray-Curtis distances to 

visualize clustering in microbial composition. 

2.3 Results 

Samples with less than 1,000 reads were considered unreliable and trimmed. After 

amplicon sequencing data was normalized to 2,556 reads per sample, I identified a total of 1,104 

unique genera in water microbiome samples, representing 53 phyla across all aquaculture 

facilities and time points. 

2.3.1 Water microbiomes display both temporal and spatial intra-facility 

variation.   

Zebrafish facilities 

To look at patterns of within-facility variation, I used nested PERMANOVAs to evaluate 

spatial and temporal differences in microbial composition. When testing for temporal variation in 
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both zebrafish facilities, Ore1 and Ore2, PERMANOVA analyses showed significant differences 

in the microbiota composition among sampling time points (Ore1: p = 0.001; Ore2: p = 0.001).  

Large shifts in composition can be observed in graphs of relative abundance over the 

sampling time points, especially within the phyla Proteobacteria and Fusobacteriota. In Ore1, 

Proteobacteria was the most prevalent phylum in both 2020 and 2022 (Figure 3). However, each 

sampling time point was characterized by large compositional shifts in dominant taxa. In 2020, 

Figure 8: Phylum and genus-level taxonomic composition of Ore1 water microbiome samples collected in 
2020 and 2022. The mean relative abundance is grouped by sampling time point and is displayed for only 
the top four most abundant phyla and top five genera within each phylum as averaged across samples. 
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Proteobacteria represented an average of 71% of all sequences and the most prevalent taxa were 

Pseudomonas and Perlucidibaca. In 2022, Proteobacteria represented 60% of sequences and the 

most prevalent taxa was Psychrobacter.  

Figure 9: Phylum and genus-level taxonomic composition of Ore2 water microbiome samples 
collected in 2019, 2020, and 2022. The mean relative abundance is grouped by sampling time point 
and is displayed for only the top four most abundant phyla and top five genera within each phylum as 
averaged across samples. 
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Ore2 was characterized by similar patterns (Figure 4). Proteobacteria was the dominant 

phyla across all sampling time points (2019: 55%; 2020: 43%; 2022: 43%). However, the most 

prevalent taxa within Proteobacteria changed over the sampling time points from Aeromonas in 

2019, Perlucidibaca in 2020, and Vibrio in 2022. Additionally, the relative abundance of 

Cetobacterium (phylum Fusobacteria) changed substantially over the years. SIMPER analyses of 

both facilities indicated that shifts in the most dominant Proteobacteria taxa as well as 

Cetobacterium (phylum Fusobacteria) were the largest contributors to variation in composition 

between sampling time points, though each only accounted for around 7-10% of observed 

differences. 

 

To look at spatial variation within facilities, I used a nested PERMANOVA, constrained 

by sampling time point, to test the influence of various scales of sampling (e.g. groups of tank 

water samples belonging to the same Housing, Row, or Shelf) on overall microbial composition. 

The analyses indicated significant variation across all sampling scales within the facilities- 

Table 1: Complete PERMANOVA models of Ore1 and Ore2 facilities using Bray-Curtis 
distances. 
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Housing, Row and Shelf (Ore1, Housing: p = 0.002, Row & Shelf: p = 0.001; Ore2, Housing: p 

= 0.003, Row: p = 0.001, Shelf: p = 0.032; complete model Table 1). However, the greatest 

variation was often seen between tanks at the intermediary Shelf or Row level. 

In Ore1, Row accounted for 40% of variation in the model while Shelf accounted for 

10%. While in Ore2, Row and Shelf both accounted for about 21% of variation. In PCoA 

visualizations for Ore1 and Ore2, communities clearly cluster by facility and sampling time point 

(Figure 5). However, within these clusters, the influence of finer spatial scales within each 

facility- such as by Row, or Shelf- are difficult to visualize. 

Figure 10: Beta diversity of zebrafish facility water samples using Bray-Curtis dissimilarity. A principal 
coordinate analysis (PCoA) (A) grouped by aquaculture facilities (‘Facility’) and sampling time point 
(‘Sampling_Round’). Colors of normal confidence ellipses (95%) group aquaculture facilities. PCoAs 
of (B) Ore1 and (C) Ore2 colored by ‘Housing’ and sampling time point. Normal confidence ellipses 
(95%) are labeled and group sampling time point. 
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Stickleback facility 

 In the OreSB facility, sampling time point also had a significant influence on water 

microbial communities and explained 36% of variation in the Bray-Curstis dissimilarity (p = 

0.001, Table 2). Like the zebrafish facilities, though the most prevalent phylum was the same 

across all time points- Proteobacteria-, the most abundant genera within that phylum changed 

year to year (Figure 6).  

 

In 2019, Rheinheimera and Roseateles were the most abundant taxa while Pseudomonas 

dominated in 2020 and 2022. Notably, Rheinheimera remained in abundance of >1% across all 

sampling time points. Another major contributor to changes seen across time was 

Planctomycetota. This was the second most abundant phyla in 2019 and represented about 21% 

of sequences. However, this phylum was greatly reduced in both the 2020 and 2022 time points, 

making up approximately 0.4% of total sequences in 2020 and 1.2% in 2022. According to a 

SIMPER analysis, changes in Pseudomonas prevalence alone explained an average of 12-15% of 

the differences seen between communities at all time points. 

 

Table 2: Complete PERMANOVA model of the OreSB facility using Bray-Curtis distances. 
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Results from a nested PERMANOVA showed significant differences within the facility 

at all spatial scales (p = 0.001; Table 2). Much like the Ore1 and Ore2 facilities, however, Row 

Figure 11: Phylum and genus-level taxonomic composition of OreSB water microbiome samples collected 
in 2019, 2020, and 2022. The mean relative abundance is grouped by sampling time point and is 
displayed for only the top four most abundant phyla and top five genera within each phylum as averaged 
across samples. 
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and Shelf explained the majority of the variation in Bray-Curtis dissimilarity at 16% and 21%, 

respectively. In a PCoA plot of distance values, clusters of water samples can be seen by both 

sampling time point and Housing (Figure 7).  

 2.3.2 Aquaculture facilities maintain unique water microbiomes but share patterns 

of variation across facilities.  To quantify the similarity of tank water microbial 

communities between facilities, I conducted several PERMANOVA analyses using Bray-Curtis 

distance. The PERMANOVA showed significant effects of species, facility, and sampling time 

point as well as the interaction between these factors (p = 0.001) (Table 3). Species accounted for 

the largest proportion of variance in the model (16.1%) and facility the second largest (10.9%). 

The significant interaction effects between sampling time point, species, and facility were 

unsurprising given the broad variation in microbial composition within facilities across time and 

unequal sampling effort across facilities. 

Figure 12: Beta diversity of OreSB facility water samples using Bray-Curtis dissimilarity. A principal 
coordinate analysis (PCoA) grouped by Housing and sampling time point (‘Sampling_Round’). 
Colors of normal confidence ellipses (95%) group sampling time points. 
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I further used a nested PERMANOVA constrained by facility to test the overall pattern in 

within-facility spatial variation. Water microbial communities across all facilities significantly 

varied by Housing, Row, and Shelf (p = 0.001), and Row and Shelf accounted for most of the 

variation within the model, much like the individual models. 

2.4 Discussion 

I sampled water microbiota from tanks in three aquaculture facilities that are in close 

geographic proximity over the course of four years. Two of these facilities house zebrafish and 

one houses stickleback, though all use a RAS water treatment life support system. Despite the 

relative proximity and general similarity in facility technical layout and design, I found both a 

significant species and facility-specific effect on the composition of the water microbiomes. 

Within each facility, there were significant temporal and spatial influences on microbiota that 

were common to all facilities sampled. Though there was a significant effect on water 

microbiome composition at every spatial scale I tested, the magnitude of variation within every 

facility was largest at either the Row or Shelf level.  

Table 3: Complete PERMANOVA model of all aquaculture facilities and time 
points using Bray-Curtis distances. 
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Within individual aquaculture facilities, I observed both substantial spatial and temporal 

variation in the water microbiome. For all facilities, both zebrafish and stickleback, taxa within 

the Proteobacteria phyla were responsible for the largest compositional shifts year to year. Taxa 

belonging to the Proteobacteria phylum are consistently found to be some of the most abundant 

bacteria in both zebrafish and stickleback (Roeslers et al., 2011; Sharpton et al., 2021; Small et 

al., 2023; Steury et al., 2019). Thus, it is not unexpected that these were also the most dominant 

taxa found across the water microbiomes in the study facilities, regardless of species housed.  

 Both Ore2 and OreSB had noticeable shifts in composition between sampling time points 

2019_11 (November 2019) and 2020_09 (September 2020). After, in Ore2, the water 

microbiome composition at the 2022_03 (March 2022) sampling time point was more similar to 

the 2019 sampling time point than 2020, while in OreSB, the 2022 was largely similar to the 

community in 2020. Notably, the time span between the 2019 and 2020 sampling efforts 

included the onset of the 2019 SARS-CoV-2 pandemic, which was first confirmed in the U.S. in 

January 2020 (Centers for Disease Control and Prevention, 2023). The pandemic was responsible 

for major changes in the operation of the facilities during this time as physical access was limited 

following state and local guidelines for pandemic response. In both the Ore2 and OreSB 

facilities, staffing numbers in the facility were greatly reduced and a large portion of the fish in 

each of the facilities at the time were culled; in Ore2 alone, fish numbers were reduced from 

48,000 to 30,000 (D. Lains, personal communication, January 20, 2022; M. Currey, personal 

communication, February 12, 2024). Ore1 also underwent similar changes to facility operation 

during 2020, but since I do not have prior data, I cannot say for certain that this affected the Ore1 

water microbiome in a similar capacity to Ore2 and OreSB (T. Mason, personal communication, 

September 20, 2023).  
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In both the Ore2 and OreSB facilities, this reduction in staffing also meant an overall 

reduction in the amount of time that remaining personnel were physically in the facilities. 

Between the 2020_09 and 2022_03 time points both facilities resumed operations similar to 

those prior to 2020. However, some practices adopted during the pandemic in the facilities, like 

increased use of personal protective equipment, have largely remained in use. 

One potential limitation to the interpretation of the temporal variation seen within the 

facilities is the change in microbial extraction methodology. Bacterial DNA from water 

microbiome samples collected in 2019 were extracted following an adapted method from Spen et 

al. (2017) using a Qiagen DNeasy Blood & Tissue kit, while those collected in 2020 and 2022 

were extracted following the methodology included in the DNeasy PowerWater Sterivex kit 

(Qiagen, 2009). However, both methodologies follow the same general principles (cell lysis and 

extraction within the Sterivex filter cartridge), and the extraction kit used was produced by the 

same manufacturer. As such, it is very unlikely that all variation observed from 2019 to 2020 in 

the water microbiome samples is solely due to differences in extraction methodology.  

To measure spatial variation within the facilities, I grouped water samples across spatial 

scales at the ‘Housing’, ‘Row’, and ‘Shelf’ level. Though every scale within the facility 

significantly influenced water microbiome composition in my PERMANOVA models, I 

observed the greatest magnitude of variation in the water microbiome at the intermediary scale- 

e.g. individual shelves (‘Shelf’) or groups of shelves (‘Row’). These results suggest that tank-to-

tank variation is not the largest contributor to overall water microbiome variation within the 

facilities, but rather, certain groupings of tanks. 

This is somewhat surprising, given that other studies have noted tank-to-tank variation in 

aquaculture facilities and experimental systems (albeit intermediary scales of variation are not 
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usually included in analyses), but may be a result of common approaches to the organization of 

fish within research aquaculture facilities (Bakke et al., 2013; Breen et al., 2019; Schmidt et al., 

2015; Stagaman et al., 2017). At least in the facilities investigated in this dissertation, fish tanks 

were often grouped within the facility by some identifying information about the fish.  

In Ore2, sets of tanks containing specific genotypes were commonly grouped in one area 

of the facility. Further, within these groups of genotypes, tanks containing fish bred from the 

same stocks- in other words, genetically related siblings, half-siblings, and so on- were also 

commonly in the same general proximity relative to others.  

In Ore1, tanks within the facility are primarily arranged by research group. Many 

research groups employ specific staff to care for fish and may keep only one or two genotypes 

specific to their research needs. For example, my research group- the Bohannan Lab-, at the time 

of the publication of this dissertation, maintains around six tanks of zebrafish in the Ore1 facility. 

These six tanks are spread across two shelves, immediately adjacent to one another, and contain 

only ABxTu and AB wild-type fish from the same stock pools. Immediately across from these 

tanks, on a separate ‘Row’, another research group maintains several Casper and other CRISPR-

Cas9-knockout lines cared for by a different staff member. Given the evidence for genotype-

specific variation in the fish microbiome, variation in the water microbiome, at this scale within 

the facility, may be partially due to the microbial influence of fish (Burns et al., 2017; Lu et al., 

2021; Okazaki et al. 2018; Thormar et al., 2024).  

For OreSB, the facility layout is slightly different than the zebrafish facilities and 

suggests that the observed water microbiome variation may be due to more than just the spatial 

groupings of fish. Though the Housings retain very different developmental stages of fish, within 

each Housing, fish within tanks across Rows and Shelves are not necessarily grouped by 



58 

genotype or lineage, yet this intermediary scale still explains the largest proportion of variance. 

After discussion with personnel in each of the facilities, one early- and frequently repeated- 

suggestion for why this variation may be occurring was the proximity of the fish tanks to 

overhead light sources, since exposure to ultraviolet radiation can promote bacterial and algal 

growth in water (Hörtnagl et al., 2010; Lindell et al., 1995).  

However, when included in my models, proximity to light was not statistically 

significant. I additionally looked at the relative abundance of Cyanobacteria, a phylum 

containing some of the most common photosynthetic bacteria in aquatic environments, across 

tanks but saw no clear pattern that would align with this hypothesis. While this is obviously not 

an exhaustive approach to examine all potential photoautotrophic bacteria in the water 

microbiome, there is little evidence that this is a viable source of variation. Some other common 

suggestions for potential sources of variation from discussion with facility personnel included 

differences in bacterial biofilm composition and accumulation in the plumbing throughout the 

facility as well as potential exposure to air or falling debris from higher shelves. These things 

were not measured in this study, however, and remain as speculation for future investigation.  

Beyond identifying and quantifying variation in the water microbiome throughout these 

aquaculture facilities, one of the main objectives of this study was to determine whether the 

observed patterns in water microbiome variation were generalizable across facility systems. I 

found evidence for consistent patterns of variation compared across all our study facilities. 

Facilities not only varied year to year, but at least in our sites, Proteobacteria was the main driver 

of these changes.  

In terms of spatial variation, analyses also indicated that the greatest magnitude of 

variation was occurring at the ‘Row’ or ‘Shelf’ level. Though in our sampling scheme, these are 
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considered different scales this is not always the case. For example, Housings within OreSB did 

not have Rows in the same capacity of Ore1 or Ore2 (as there were far fewer tanks in OreSB), 

and thus the classification of spatial scales is somewhat subjective. However, regardless of the 

technical difference in layout, it was clear that intermediary sampling scale explained the largest 

proportion of variance in all the facilities and more metadata and greater sampling power would 

be needed to draw any definite conclusions about why this is occurring. 

Knowing how and to what capacity the microbiome of facility water varies over time and 

in space is not only an important ecological question, but also an integral aspect to aquaculture 

facility management. Facility managers monitor changes in the water microbiome to combat 

pathogen spread and maintain appropriate environments for fish (Barton et al., 2016; Lawrence 

& Mason, 2012). To make generalizable recommendations about microbial management, 

however, we first need to establish how facility water systems may differ and which aspects 

remain the same. Additionally, this is only one piece of the puzzle, as it remains unclear whether 

the variation in the water microbiome observed in this study has any consequence on fish 

microbiomes. As such, future investigations should attempt to connect variation within the water 

and fish microbiome in aquaculture facilities.  

2.5 Bridge 

The study discussed in this chapter functioned as a proof-of-concept that guides the rest 

of my dissertation. To use the aquaculture facilities as a model system to investigate the 

influence of regional pool variation in local community assembly, I needed to determine three 

things: 1) whether there was microbial variation in the aquaculture facility water systems, 2) 

whether it could be quantified, and 3) where the magnitude of variation within the facilities was 

greatest to inform future sampling. In other words, since zebrafish are a valuable resource and I 
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utilize destructive sampling (notably, however, care should be taken to minimize destructive 

sampling of organisms regardless of research utility), I wanted to determine the scale at which I 

could sample both fish and water to accurately capture the range of variation within each facility 

while minimizing the extent of destructive sampling. I use my results from Chapter 2 to inform 

my sampling approach in the following chapter.  
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CHAPTER 3: AQUACULTURE FACILITY-SPECIFIC WATER MICROBIOTA 

SHAPE THE ZEBRAFISH GUT MICROBIOME 

This chapter has been formatted and prepared for submission to the Animal Microbiome journal. 

As such, the order of sections deviates from other chapters and some material in the Introduction 

and Methods may be repeated elsewhere in this dissertation. 

3.1 Introduction 

Over the past several decades, research has elucidated the influence of the microbiome on 

the development and fitness of their vertebrate hosts, through mediation of nutrition, metabolism, 

physiology, and immunology, among others (Teame et al., 2019; Cryan et al., 2020). However, 

substantial variation in the microbiome can be observed between and even within hosts (Adair & 

Douglas, 2017; Kostic et al., 2013). To fully comprehend why variability may occur and how 

that impacts animal host health and function, it is important to first determine how the 

microbiome is acquired and maintained.   

The structure and composition of the host-microbiome is partially determined by factors 

outside of the host individual, which includes, but is not limited to, food, other host individuals, 

and the environmental microbiome (Adair & Douglas, 2017). While factors such as diet have 

been well-studied, the role of the environmental microbiome in driving microbiome variation 

remains unclear. Previous studies have indicated that variation in the environment surrounding 

vertebrate hosts correlates with variation in the microbiome, but few have characterized the 

potential for environmental acquisition of microbes by measuring both the host microbiome and 
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the environmental microbiome simultaneously (Kers et al., 2019; Moraitou et al., 2022; Shigeno 

et al., 2022). 

Zebrafish (Danio rerio) are ideal for investigating these questions of host and 

environment as they are already used extensively as a laboratory animal model in host-

microbiome research due, in part, to their rapid development, high reproductive rate, and ability 

to be derived germ-free (reared without microbes; Eisen, 2020; Stagaman et al., 2020). Broad 

conclusions made from experimental manipulation of zebrafish, however, are only useful if the 

results can be widely replicated and reproduced.  In other studies of laboratory animals, 

including mice (Parker et al., 2018; Rausch et al., 2016) and non-human primates (Flynn, 2022; 

Shigeno et al., 2022), genotype-matched individuals displayed marked variation in their 

microbiota correlating with housing condition and vendor source. This variation, if unaccounted 

for, could potentially confound cross-study comparisons of microbiome-sensitive research.  

Similar studies in zebrafish have noted both intra-facility variation (Breen et al. 2019) 

and inter-facility variation (Roeslers et al., 2011; Sharpton et al., 2021) in gut microbiota. To the 

best of my knowledge, however, no studies have attempted to directly characterize the 

contribution of the environmental microbiome to zebrafish gut microbiome variability across 

multiple modern research aquaculture facilities. Therefore, in this study, I used 16S rRNA 

amplicon sequencing to quantify variation in the environmental microbiome (tank water) both 

within and across representative aquaculture facilities and identify the consequences on the 

zebrafish gut microbiome. 

In modern aquaculture facilities, zebrafish of different ages and genetic backgrounds are 

housed in large aquaculture systems that can range widely in their technical specifications and 
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management. I was particularly interested in investigating the relationship between the host and 

environmental microbiome in facilities that supply zebrafish for basic research, as there should 

be some general similarity between their operation and management due to the sensitive nature 

of rearing laboratory animals. By comparing similar aquaculture facilities, I can better isolate the 

interaction between host and environment as well as provide helpful insight into the 

reproducibility of results derived from zebrafish sourced from different facilities. 

The facilities 

investigated in this 

study are in two 

geographic locations: 

Trondheim, Norway 

and Eugene, Oregon. 

Within each region, 

facilities are located 

within 300 meters of 

each other on the 

University of Oregon 

campus and within 

700 meters on the 

Norwegian University 

of Science and 

Technology campus 

(Figure 1). These facilities are representative of zebrafish research facilities because they 

Figure 13: Aquaculture facilities (region, name, abbreviation, and water 
system type) and samples collected from tank water and zebrafish. The two 
photos of zebrafish tanks (Ore1- left; Nor2B- right) provide an example of the 
variety and organization of tanks common in modern aquaculture facilities. 
Image of Ore1 facility courtesy of Kelley Christensen, 2024, University of 
Oregon. Image of Nor2B facility, Kayla Evens, 2022. Created with 
Biorender.com. 
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predominantly utilize recirculating aquaculture systems (RAS) to filter their water. One facility 

Nor2B- uses a similar system called a microbial maturation style system (MMS). RAS systems, 

as the name suggests, filter outflow water and recirculate it back through the closed-loop system. 

Interest in these types of facility water systems has grown over the last several decades as they 

minimize waste and energy usage. Studies have indicated they can be useful for maintaining high 

loads of beneficial bacteria in the water system, or at the very least, reduce the abundance of 

pathogenic bacteria, because the long retention times characteristic of RAS systems allows for 

the “maturation” of the water microbial community (i.e. the replacement of fast-growing 

pathogens with slow-growing but competitively superior non-pathogens; Attramadal et al., 2014; 

Attramadal et al., 2016; Salvesen et al., 1999).  

MMS systems use a similar theory of creating a mature microbial community by 

lengthening retention time of water prior to it being pumped out to tanks, but outflow “dirty” 

water is removed from the system instead of being recirculated. During the establishment of both 

types of aquaculture systems, the water is seeded with beneficial bacteria, such as nitrifying 

bacteria, as part of the biofilter. In addition to inputs and manipulation of the microbial 

community through husbandry, management, and other factors, the progression of this initial 

microbial seeding can greatly diversify even the most similar of aquaculture facilities.  

Despite the general shared goal of maintaining safe, clean rearing conditions for 

zebrafish, the microbial communities in aquaculture facility water systems are very likely to vary 

in composition. As such, if the microbiome of zebrafish is mostly assembled via acquisition from 

the environment, this facility-level variation could potentially drive significant variation among 

zebrafish housed in different facilities. However, it is thought that the zebrafish intestine is at 
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least somewhat selective since a “core” intestinal microbiome has been suggested to exist across 

zebrafish facilities (Roeselers et al., 2011; Sharpton et al., 2021). Selection by the zebrafish gut 

would reduce the effect of facility on the composition of the gut microbiome. Here, I address 

three main questions, (1) How does the environmental microbiome in aquaculture facilities 

vary?, (2) Can we identify patterns of covariation between the environmental microbiome and 

the zebrafish gut microbiome?, and  (3) At what scale(s) does such variation occur? By using 

paired samples of fish and water from five locations, I show significant variation in both the 

water and fish gut microbiomes across facilities despite the relative technical similarities of their 

water systems. Furthermore, I show that overall, the similarity between fish and water 

microbiomes is far greater within facilities. Finally, I use source tracking methods to demonstrate 

a consistent influence of the environmental microbiome on the zebrafish gut microbiome. 

3.2 Results 

 3.2.1 Tank water.  The goal of this study was to investigate the consequences of 

variation in the tank water microbiome on the zebrafish gut microbiome across aquaculture 

facilities. However, to answer this question I first needed to determine whether there was 

variation in the tank water microbiome within and between facilities. To address this, I examined 

metrics of both community composition and diversity within and across tank water samples. A 

total of 1,625 unique amplicon sequence variants (ASVs) were identified across 50 tank water 

samples (n = Ore1 (27); Ore2 (17); Nor1 (7); Nor2A (6); Nor2B (3)) after the amplicon sequence 

data were normalized to 1,369 reads per sample. 

 Variation in the tank water microbiota is driven by shifts in dominant bacterial taxa. 
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I first looked at α-diversity metrics to compare the communities within each facility. 

Across the five facilities, α-diversity of water microbiota did not differ significantly using the 

Shannon-Wiener index (Kruskal-Wallis: p = 0.13), but in pairwise comparisons, the Nor2A and 

Nor2B facilities varied significantly from the Nor1 facility (pairwise Wilcoxon test: Nor2A vs. 

Nor1, p = 0.008; Nor2B vs. Nor1, p = 0.017). However, the Inverse Simpson index, which gives 

greater weight to numerically dominant taxa, varied significantly across facilities (Kruskal-

Wallis: p = 0.029) and pairwise comparisons using this index resulted in significant differences 

between the Nor1 facility and both the Ore1 and Ore2 facilities (pairwise Wilcoxon test: Ore1 vs. 

Nor1, p = 0.004; Ore2 vs. Nor1, p = 0.013) (Figure 2). 

Figure 14: Alpha diversity metrics of tank water microbiota with (A) Shannon diversity and (B) 
Inverse Simpson diversity. Tukey-style box and whisker plots display the median (center horizontal 
line) and interquartile range (upper and lower bounds of the box), while whiskers extend +/- 1.5 
times the interquartile range. Significance calculated with pairwise Wilcoxon rank-sum test with 
Benjamini-Hochberg p-value correction (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 
0.0001, ns = non-significant). 
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The α-diversity metrics indicated that variation seen in the tank water was most 

influenced by shifts in numerically dominant taxa, as indicated by the significant variation 

between facilities detected using the Inverse Simpson index. To further elucidate variation 

between facilities, the composition of tank water microbiota was compared between the five 

facilities. Though no one phylum was shared across every tank water sample, seven phyla were 

detected across the facilities at a mean relative abundance threshold of 1%. Proteobacteria was 

by far the dominant phylum in every facility, making up anywhere from 52% (Ore1) to 92% 

(Nor2A) of the water microbial community. There were additionally 19 abundant (>1%) genera 

represented across all facilities. Of these abundant taxa, none were unique to water samples and 

all were shared with samples of fish gut communities. The Ore1 and Ore2 facility water 

microbiomes were both dominated by Cetobacterium, representing an average of 20.2 and 42% 

of overall sequences, respectively. Ore1 was further characterized by high relative abundances of 

Psychrobacter (19%) and Aeromonas (12%). Pseudomonas was most prevalent in the Nor1 

facility (35% on average) while Rheinheimera was most prevalent in the Nor2A facility (33%). 

Compared to the other facilities, Nor2B had no one dominant taxon, and instead was 

characterized by a number of Proteobacteria including Acidovorax (11%), Nevskia (10%), and 

Limnobacter (9%) among others (Figure 3). 

A SIMPER Analysis, a method that assesses which taxa are primarily responsible for 

observed differences between groups, indicated that the abundances of members of the 

Fusobacteria and Proteobacteria were primary contributors to the differences seen among all five 

facility water communities (Clarke, 1993). Cetobacterium was responsible for 8 to 16% of the 

observed differences between the Oregon and the Norwegian facilities. A number of 
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Proteobacteria, including both Pseudomonas and Rheinheimera, were responsible for 7 to 8% of 

the observed differences among the three Norwegian facilities. 

Figure 15: Phylum and genus-level taxonomic composition of tank water microbiome samples across 
aquaculture facilities. The mean relative abundance is grouped by aquaculture facility and is displayed for 
only the top five most abundant phyla and top four genera within each phylum as averaged across 
samples. 
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Aquaculture facilities are a major contributor to variation in tank water microbial communities. 

 

The composition of the water microbiomes varied significantly across all facilities. A 

permutational analysis of variance (PERMANOVA) indicated a strong effect of both 

geographical location (Norway versus Oregon; p < 0.001) and individual facility (p < 0.001) on 

both Bray-Curtis and unweighted UniFrac dissimilarity. Location explained 20.4% of variation 

in the Bray-Curtis and 12.7% in the unweighted UniFrac dissimilarities. Meanwhile, individual 

facilities explained 26% of the variation in the Bray-Curtis and 21.5% in the unweighted UniFrac 

dissimilarities. However, a pairwise PERMANOVA demonstrated that though the taxonomic 

Table 4: Pairwise PERMANOVA on Bray-Curtis and unweighted UniFrac distance 
of aquaculture facility water microbiome. p-value adjusted with Benhamini-
Hochberg correction. 
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dissimilarity of the water microbial community differed strongly by facility, there was weaker 

variation among the Norwegian facilities, particularly between Nor2A and Nor2B (Bray-Curtis 

and unweighted UniFrac: p-adj = 0.11) and Nor2B and Nor1 (Bray-Curtis and unweighted 

UniFrac: p-adj = 0.10) (Table 1). 

A PCoA plot based on the Bray-Curtis and unweighted UniFrac dissimilarity indices 

further corroborated the results of the PERMANOVA. The water microbiomes clustered strongly 

according to aquaculture facility, with some overlap seen primarily in the Norwegian facilities 

(Figure 4). 

3.2.2 Zebrafish.  To address whether the zebrafish gut microbiome also varied 

across tanks and facilities, I used similar analyses of community composition and diversity. A 

Figure 16: Beta diversity of tank water samples across aquaculture facilities. A principal coordinate 
analysis (PCoA) of (A) Bray-Curtis and (B) unweighted UniFrac dissimilarity. Colors represent 
facilities with normal confidence ellipses (95%).
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total of 1,281 unique ASVs were identified across 134 fish samples (n = Ore1 (55); Ore2 (5); 

Nor1 (15); Nor2A (36); Nor2B (23)) after data were normalized to 1,171 reads per sample. 

Differences in the zebrafish gut microbiota are driven by shifts in dominant bacterial taxa. 

Zebrafish gut microbiomes varied significantly in α-diversity metrics, both across all 

facilities (Kruskal-Wallis: Shannon: p < 0.001; Inverse Simpson: p = 0.003) and between pairs of 

facilities (pairwise Wilcoxon test: Shannon: Ore1 vs. Nor2A: p < 0.001; Ore2 vs. Nor2A, p < 

0.001; Nor2A vs. Nor2B, p <0.001; Nor2A vs. Nor1, p < 0.001, Inverse Simpson: Ore1 vs. 

Nor2A: p = 0.008; Ore2 vs. Nor2A, p < 0.001; Nor2A vs. Nor2B, p = 0.002; Nor2A vs. Nor1, p 

< 0.001). Taxonomic richness was consistently lowest in the Nor2A facility (Figure 5). 

 

Figure 17: Alpha diversity metrics of zebrafish gut microbiota with (A) Shannon diversity and 
(B) Inverse Simpson diversity. Tukey-style box and whisker plots display the median (center 
horizontal line) and interquartile range (upper and lower bounds of the box), while whiskers 
extend +/- 1.5 times the interquartile range. Significance calculated with pairwise Wilcoxon 
rank-sum test with Benjamini-Hochberg p-value correction (* = p < 0.05, ** = p < 0.01, *** = p 
< 0.001, **** = p < 0.0001, ns = non-significant). 
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Zebrafish gut microbiomes included 15 taxa at a mean relative abundance threshold of 

1% averaged across all facilities. Three of these abundant taxa were shared across all facilities- 

Cetobacterium (phylum Fusobacteriota), Aeromonas (phylum Proteobacteria), and Plesiomonas 

(phylum Proteobacteria). Additionally, of the identified taxa three were unique to the fish gut 

microbiome, all members of the order Lactobacillales (phylum Firmicutes)- Lactococcus, 

Lactilactobacillus, and Pediococcus. 

In the Ore1 and Ore2 facilities, Cetobacterium represented 56% and 47% of all 

sequences, respectively. The Nor2B and Nor1 facilities were primarily dominated by Aeromonas 

(60 and 24%, respectively), while in the Nor2A community, Vibrio made up an average of 47% 

across all sequences. Vibrio was also identified as an abundant taxon in zebrafish gut 

microbiomes in all facilities except for Nor1 (Figure 6). 

A SIMPER analysis of zebrafish gut microbiomes produced results similar to those found 

in water, with members of the Fusobacteria and Proteobacteria phyla contributing substantially 

to the variation observed between the Oregon and Norwegian facilities. Cetobacterium 

accounted for approximately 20% of the observed differences between the Oregon and 

Norwegian facilities. Members of the Proteobacteria, Vibrio and Aeromonas, accounted for 13-

22% of the differences observed among the Norwegian facilities. 

Aquaculture facility is a major driver of variation in the zebrafish gut microbiome. 
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Figure 18: Phylum and genus-level taxonomic composition of zebrafish gut microbiome samples across 
aquaculture facilities. The mean relative abundance is grouped by aquaculture facility and is displayed for 
only the top five most abundant phyla and top four genera within each phylum as averaged across 
samples. 
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Compositional differences in zebrafish microbiomes were visualized using a PCoA based 

on Bray-Curtis and unweighted UniFrac dissimilarity (Figure 7). Despite apparent overlap in the 

plot, the beta-diversity of zebrafish gut microbiomes varied significantly by both location and 

facility (PERMANOVA; Bray-Curtis: p < 0.001, unweighted UniFrac: p < 0.001). Location 

explained 21.9% of variation in the Bray-Curtis and 12.4% in the unweighted UniFrac 

dissimilarities, and facility identity explained 14.4% of the variation in the Bray-Curtis and 

14.4% in the unweighted UniFrac dissimilarities. Pairwise PERMANOVAs revealed significant 

variation between each pair of facilities (p-adj. = 0.01), with the sole exception of the Ore1 and 

Ore2 microbiomes using Bray-Curtis dissimilarity (p-adj. = 0.07). UniFrac dissimilarity values, 

however, indicated significant variation between these two facilities (p-adj. = 0.01). 

 

Figure 19: Beta diversity of zebrafish gut samples across aquaculture facilities. A principal coordinate 
analysis (PCoA) of (A) Bray-Curtis and (B) unweighted UniFrac dissimilarity. Colors represent facilities 
with normal confidence ellipses (95%). 
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3.2.3 Covariation between the zebrafish gut and water microbiome.  Once I 

confirmed significant variation in both the fish and water microbiome across facilities, I asked if 

there was significant covariance between fish and water microbiomes. I accomplished this by 

examining overlap in microbiome composition between matched fish and water samples across 

and within each facility. I then used source tracking methods to identify the relative proportion of 

water microbiota that could be found in zebrafish guts and vice versa. 

Fish and water microbiomes share greater similarity within than between facilities. 

Overall, there were 179 ASVs shared between fish and water microbiomes, nearly half of 

which (81 ASVs or 45%) were members of the Proteobacteria phylum. The other dominant taxa 

belonged to the Actinobacteriota (27 ASVs, 15%), Firmicutes (17 ASVs, 9.4%), Bacteriodota 

(14 ASVs, 7.8%), and Plantomyceota (12 ASVs, 6.7%) phyla. Many of these shared taxa were 

abundant in either fish or water (average relative abundance >1%), but just 12 were abundant in 

both. Of these, members of the Cetobacterium, Pseudomonas, and Aeromonas genera were 

shared at >5% average relative abundance in both fish and water.  

I conducted pairwise comparisons of Bray-Curtis dissimilarity for fish and water 

collected from their own tank, tank water from elsewhere in the same facility, and water from 

tanks in other facilities (Figure 8). Overall, fish gut microbiomes were significantly more similar 

to both tank water from the same tank and within the same facility than tank water from other 

facilities (Kruskal-Wallis test: p < 0.001; pairwise Wilcoxon test: same tank vs. same facility, p-

adj. = 0.013; same tank vs. other facility, p-adj. < 0.001; same facility vs. other facility, p-adj. < 
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0.001). Consistently, variation between fish and water microbiomes within a facility was 

significantly less than variation between fish and other facility water microbiomes. 

The relative influence of the water microbiome on the zebrafish gut microbiome varies by 

facility. 

To further assess potential acquisition of fish microbiota from the tank water 

environment, I performed source tracking analysis, calculated using probabilistic models in the 

Fast Expectation-maximization microbial Source Tracking (FEAST) R package, to identify the 

relative source proportion of water microbiota found in the fish gut microbiome. The FEAST 

package requires the assumption of directionality, so fish were first classified as ‘sinks’ and 

Figure 20: Tukey-style box and whisker plot featuring pairwise beta-diversity values using Bray-Curtis 
distance for fish gut microbiome samples paired with either 1. water from the same tank (‘same tank’), 2. 
water from tanks within the same facility but not in the same tank (‘same facility’), and 3. water from tanks 
in other facilities (‘different facility’). Significance calculated with Kruskal-Wallis and pairwise Wilcoxon 
rank-sum test with Benjamini-Hochberg p-value correction (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** 
= p < 0.0001, ns = non-significant). 
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water samples, ‘sources’. As directionality between species pools is difficult to determine, and 

this process can often be dynamic, I also performed source tracking analyses where fish were 

classified as ‘sources’ and water samples were classified as ‘sinks’ (Miller et al., 2018). 

 The proportion of tank water microbiota found in zebrafish gut samples varied 

significantly across facilities (Kruskal-Wallis: p < 0.001). Gut microbiota of fish in Nor2A and 

Ore2 facilities had significantly greater proportions of tank water microbiota than Ore1, Nor1, 

and Nor2B (Figure 9A). In the converse analysis with fish as the source, the proportion of fish 

microbiota found in water samples also varied significantly across facilities (p < 0.001). The 

Ore1 and Nor2B facilities were the only facilities where fish microbiota were found in larger 

proportions in water than water microbiota in fish (Figure 9B), though overall, Nor2B fish 

Figure 21: Source proportions for (A) water microbiota found in the zebrafish gut microbiome and (B) 
fish microbiota found in water microbiomes. Proportions were calculated using probabilistic models 
within the R package ‘FEAST’. Significance calculated with pairwise Wilcoxon rank-sum test with 
Benjamini-Hochberg p-value correction (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001, 
ns = non-significant). 
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consistently contained the lowest proportion of shared microbiota out of all facilities tested. This 

demonstrates that the facility water microbiome clearly exerts an influence on the fish gut 

microbiome, but the strength of this process is dynamic and dependent upon facility. 

3.3 Discussion 

In this study, the objective was to characterize microbial variation across aquaculture 

facilities and identify the potential for microbial sharing between the fish and water 

microbiomes. I assessed paired tank water and zebrafish gut microbiomes from five different 

aquaculture facilities that produce zebrafish for research use across the globe. The results 

indicate that facility factors have a significant effect on both water and fish gut microbial 

communities, and though water and fish microbiomes remain compositionally distinct from one 

another, microbial taxa are widely shared between the two. Furthermore, zebrafish microbiomes, 

on average, share greater similarity to water within their own facility than other facilities, and 

there is a significant effect of tank identity on within-facility variation. Finally, source tracking 

analyses demonstrate that the water microbiome influences the zebrafish gut microbiome. 

However, the strength of this interaction varies across facilities and the reciprocal analyses of 

fish microbiota indicate that there may be substantial feedback (i.e. mutual exchange of 

microbiota between fish and water), especially in some facilities. 

3.3.1 Variation in facility water.  Beta-diversity analyses of the facility water 

microbial communities showed differences in microbiome composition between regions (i.e. 

Oregon versus Norway) as well as variation among facilities within a region. Some clues to the 

driving force in the division of these facilities can be gathered through inspection of their 

community composition. Of the abundant taxa, two phyla represented greater than 75% of the 
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reads within most samples. These were the Proteobacteria and Fusobacteriota. While 

Proteobacteria were represented by multiple genera, only one genus (Cetobacterium) was 

represented from the Fusobacteriota. Both Oregon facilities were dominated by Cetobacterium. 

In fact, differences in composition between Ore1 and Ore2 were largely driven by variation in 

the relative abundance of Cetobacterium alone. Multiple studies have identified this as one of the 

‘core’ members of the zebrafish gut microbiome (Roeselers et al., 2011; Sharpton et al., 2021), 

though they are commonly found in a wide range of other freshwater fish species (Ofek et al., 

2021; Ramirez et al., 2018; Yajima et al., 2023). Stephens et al. (2015) has previously shown that 

Cetobacterium appears to be enriched in the intestines of adult zebrafish. Additionally, there is 

some evidence that its presence is negatively associated with parasite burden, can facilitate 

glucose homeostasis, and some Cetobacterium strains have shown promising results as a 

candidate probiotic for liver health (Gaulke et al., 2019; Wang et al., 2020; Xie et al., 2022). 

Other highly prevalent taxa in both facilities, including Psychrobacter and Vibrio, are also 

widely found in fish guts (albeit many Vibrio spp. are notable pathogens; Manchanayake et al. 

2023; Quero et. al 2022; Zhao et al., 2022). Given that results of source tracking analyses 

indicated that in the Ore1 and Ore2 facilities, source proportions of fish microbiota accounted for 

upwards of 50% and 25% of the water microbiome, it's clear that microbial inputs from fish may 

be one of the aspects driving differences in the water microbiomes of the Oregon facilities. 

In contrast, water samples from the Norwegian facilities were dominated by 

Proteobacteria. While Proteobacteria is a phylum that contains a large range of bacterial taxa, the 

most abundant members found within our water samples were primarily isolated from open 

water and sediment, though their common appearance in samples of fish microbiota may indicate 

a “niche preference for fish” (Sylvain et al., 2022). For example, in the Nor2B facilities, the most 
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abundant taxa included Acidovorax and Nevskia- both of which have predominantly isolated 

from wastewater and open water environments (Babenzien & Cypionka, 2015; Wang et al., 

2024), though one study has also noted enrichment of Nevskia in larval zebrafish exposed to 

microplastics (Zhao et al., 2021). Nor1, similarly, had many abundant taxa (i.e. Delftia) 

commonly found in water and soil (Bhat et al., 2022; Goldschmidt-Clermont et al., 2008), 

though also seen sporadically in pathogen-challenged zebrafish guts (Stressmann et al., 2020; 

Vargas et al., 2021). Finally, in Nor2A, the most abundant genera were Rheinhemera. This taxon 

is often found in aquatic systems and soil (Presta et al., 2017; Sheu et al., 2018), but is often 

enriched in zebrafish exposed to antibiotics, often through the germ-free derivation process 

(Phelps et al., 2019; Weitekamp et al., 2019). 

One hypothesis for the difference between the Oregon and Norwegian facilities is their 

relative age and density of housed fish. The Ore1 and Ore2 facilities have been in operation since 

2012 and 2001, respectively, while the Nor1 facility was established in 2014 and the Nor2A and 

Nor2B in 2015. Given that these facilities use RAS systems, water housing fish in Oregon has 

been recirculating through the same closed loop system for years longer than those in Norway. 

Additionally, there are just far more fish in both the Oregon facilities than the facilities in 

Norway (i.e. approx. 50,000 in Ore1 and 30,000 in Ore2 vs. 10,000 in Nor1 and 100-200 in 

Nor2A and Nor2B). This would allow the microbial communities within the biofilter, the water 

column, and the various biofilms throughout the facility plumbing to mature and possibly 

become more reflective of the fish housed within them. Similar effects can be seen in the 

microbiota of other built environments, such as office buildings and homes, where the presence, 

number, and activity of hosts can lead to the environmental microbiome becoming more 

reflective of the host-microbiome over time (Young et. al 2023, Meadow et. al 2014). 
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Additionally, there are far more disease-model genotypes housed in the Norwegian facilities 

compared to the Oregon facilities- most likely due to the nature of the research of the lab groups 

associated with each-, which may explain the prevalence of microbiota associated with pathogen 

and antibiotic-challenged fish. 

Another possible explanation for why I observed an influence of facility location (Oregon 

vs. Norway) is the general maintenance and care routines of the physical tank environment. The 

Oregon facilities maintain the strictest protocols, changing tanks once every two weeks or earlier 

if visible algal or biofilm growth is observed (T. Mason, Ore1 facility manager, personal 

communication, September 20, 2023; D. Lains, Ore2 facility manager, personal communication, 

January 20, 2022). The Norwegian facilities Nor2A and Nor2B similarly follow a two-week 

cleaning schedule (F. Jutfelt, Nor2A and Nor2B facility manager, personal communication, 

January 13, 2024), while the Nor1 facility changes tanks once every two to three months (E. 

Yaksi, Nor1 facility manager, personal communication, October 10, 2023). All facilities 

regularly use personal protective equipment to limit potential cross-contamination within the 

facilities.  

Although similar protocols were maintained in each facility, anecdotally, nearly all the 

tanks sampled in the Norwegian facilities had at least some visible biofilm and algal growth. 

This was not observed in the Oregon facilities. Thus, the high proportion of fish-associated 

microbiota found in the water microbiome of the Oregon facilities may be explained by the 

disturbance of the tank environment through regular tank cleaning and replacement. Regular 

disruption of the environmental microbiome in the Oregon facilities may reduce competitive 

water-associated taxa and allow open niche space for fish-associated microbiota that are 
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dispersed into the environment via the zebrafish host to proliferate. In contrast, by allowing 

competitive taxa found in biofilm and algal communities to grow in the tank water of the 

Norwegian facilities, dispersal of microbiota from fish into the environment could have less of 

an influence on the tank water microbiome, resulting in a more stable water microbiome. If the 

tank water microbiome converged towards a similar stable state, this could offer another 

explanation as to why we observed no significant differences among the Norwegian facility tank 

water microbiota. 

3.3.2 Variation in zebrafish.  The zebrafish gut samples shared many similarities 

to patterns seen in the tank water samples. Although variation in alpha-diversity between 

facilities was far greater, the composition of the zebrafish microbiome showed significant 

influence of both location and facility origin. In Roeselers et al. (2011), the authors compared the 

microbiomes of wild and domesticated zebrafish. In their paper, Proteobacteria represented over 

99% of all reads in wild-caught zebrafish raised in laboratory aquaculture facilities but made up 

considerably smaller proportions of the microbiome of zebrafish genotypes that had been 

maintained for many generations in such facilities. Notably, this pattern was seen in both the 

Nor2A facility and the Nor2B facility, where Proteobacteria comprised the greatest proportion of 

reads- upwards of 95% and 75%, respectively- while making up a far lesser proportion of reads 

in the other facilities.  

Unlike the other facilities, which maintain many domesticated zebrafish lines, the Nor2B 

zebrafish are approximately sixth generation descendents of wild zebrafish collected in India in 

2015. Those in Nor2A are a cross between these wild descendents and a domesticated Casper 

line. This proximity to “wildness” could explain some of the compositional patterns seen in these 

facilities. However, both the Fusobacteriota that dominates the Oregon facilities and the 
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Proteobacteria abundant in the Norwegian facilities are considered part of the shared ‘core’ 

microbiome (Roeselers et al., 2011; Sharpton et al., 2021).   

Effects of genotype on the composition and structure of the host microbiome have been 

well documented in zebrafish research (Lu et al., 2021). As such, I attempted to include genotype 

as a factor in our mixed models. In the facilities, there were many different lines and sublines of 

zebrafish that could be considered either wild-type or a genetic modification of these lines and 

were often confounded with facility (i.e. wild-type strain ‘ABCxTu’ was only found in Ore1 

while the genetically modified strain ‘HuC/GCaMP’ was only found in Nor1). Therefore, I 

created a binary classification where all lines that could be considered wild type were coded as 

‘WT’ and all lines that were genetically modified for a specific experimental purpose as ‘GM’. 

Though genotype coded in this manner was consistently not a significant factor in my models, I 

can assume that the number and variety of zebrafish lines housed in a facility could explain at 

least some of the differences observed between facilities given the complexity introduced 

through decades of cross-breeding and genetic alteration (Sprague et al., 2001; Trevarrow & 

Robison, 2004). 

3.3.3 Zebrafish gut and water covariation.  Lastly, in trying to link the variation 

seen in the microbial communities of both fish and water, I observed that many of the patterns in 

diversity and composition unique to individual facilities were reflected in both sample types, 

suggesting that there is active sharing of microbiota between the two. It is difficult to establish 

whether this sharing was reciprocal or primarily in one direction, so I took two approaches to 

infer the directionality of transfer. First, I considered the identity of the shared bacterial taxa, and 

whether they were considered primarily aquatic or fish-associated. A caveat to this approach is 

that information is extremely limited on the associations of specific bacterial taxa and 
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associations and function can be dependent on specific locations or lines as well as being limited 

by our sequencing technique (Blazewicz et al., 2017; Lebov et al., 2020).  

To complement this approach, I also used a source tracking method to estimate whether 

the shared taxa likely originated from the water or the fish guts. The source tracking analysis I 

used, conducted with the R package ‘FEAST’, requires the assumption of directionality in the 

transmission of microbiota. Since there is no prior conclusive evidence for the direction of 

transmission between fish and water in these systems, I performed the source tracking analyses 

once with fish designated as the ‘source’ and once as the ‘sink’. The goal of this reciprocal 

analysis was to determine if there was any clear pattern of directionality; for example, if there 

were large proportions of water microbiota found in fish but little to no fish microbiota found in 

water. 

In the Oregon facilities, there was significant overlap between ASVs shared between fish 

and water samples. Compared to the Norwegian water samples, the tank water community in 

Ore1 and Ore2 had a large proportion of taxa from the phylum Fusobacteriota and Firmicutes. As 

discussed previously, the only genus identified in Fusobacteriota- Cetobacterium- has been 

widely found associated with freshwater fish. Though not definitive, this was the case with many 

of the abundant taxa from the Firmicutes as well. For example, two of the most abundant 

Firmicutes taxa in Oregon water samples included Epulopiscium and Exiguobacterium, both of 

which there is evidence of association with host gut and skin, respectively (Angert, 2021; 

Krotman et al., 2020). In these two facilities, the abundance of fish-associated microbiota found 

in the water microbiome suggests there may be substantial microbial input from the fish, seeding 

the water microbiome.  
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In the Norwegian facilities, there were fewer abundant taxa in the water microbiome that 

were also found abundantly in the fish gut microbiome. Conversely, when looking at the 

dominant taxa in the water microbiome, these were also not necessarily found at high 

abundances in the fish microbiome. Although the composition of both the water and fish 

microbiomes across all the facilities appear similar to one another in regard to the relative 

proportion of Proteobacteria each share, highly abundant water microbiota were not necessarily 

seen in proportionally greater abundance in the zebrafish microbiome. Instead, the variation in 

fish across facilities was largely driven by compositional shifts in abundant microbial taxa 

already generally considered to be part of a normal zebrafish gut microbiome. However, 

zebrafish and water did share several rare ASVs that were unique to each facility, suggesting that 

in addition to shifts in numerically dominant taxa, key rare taxa are also contributing to the 

differences seen between facilities (Schmidt et al. 2015).  

In general, results from source tracking analyses highlighted the highly variable nature of 

microbial sharing between fish and water seen across aquaculture facilities. Water microbiota 

appeared to be far more prevalent in fish reared in RAS systems (Ore1, Ore2, Nor1, and Nor2A) 

than MMS (Nor2B). Considering we only investigated one MMS facility in this study, however, 

these results may be anomalous to this facility alone. Beyond that, there were no clear patterns 

across facilities as to what proportion of water microbiota could be found in the zebrafish 

microbiome. Reciprocally, facilities with smaller source proportions of water microbiota in the 

fish microbiome did not necessarily have large source proportions of fish microbiota in the water 

microbiome. The Ore1 water microbiome, by far, showed the largest influence of fish 

microbiota. Other than Ore1, however, the fish input of microbiota appeared relatively stable 

across all facilities. This may indicate that fish have a relatively stable input of microbiota to the 
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environment, but the influence of the environmental microbiome on the fish is greatly facility 

specific.  

These source tracking results are generally consistent with my observations of the 

relationship between the zebrafish and water microbiomes across facilities. Variations in water 

microbiomes do not appear to exert predictable compositional shifts in the zebrafish microbiome, 

but there is evidence that microbes are readily shared between the two. This observation is 

consistent with observations of other aquatic organisms, such as common bottle-nose dolphins, 

California sea lions, Atlantic cod, and Mediterranean gilthead sea bream; while host and 

environmental microbiomes share some similarities, environmental abundance and diversity does 

not necessarily correlate with changes in the host, and the microbiomes of each remain largely 

distinct (Bakke et al., 2013; Bik et al., 2016; Quero et al., 2022). 

A major potential limitation to this study is that the microbial communities captured by 

my sampling efforts represent the microbiomes of both fish and water at a singular time point. 

Based on my observations in Chapter 2, we have evidence that the composition of the water 

microbiome varies significantly over time. Given that variation in the water microbiome is 

correlated with variation in the fish gut microbiome, this temporal variation may mean that the 

relative influence of the water microbiome changes over time and repeated sampling efforts at 

more time points would provide more accurate insight into the interactions between fish and their 

environment.  

While I cannot define the mechanism and directionality of transmission between the 

zebrafish gut microbiome and the environmental microbiome of the surrounding tank water, my 

results indicate that zebrafish and tank water microbiomes shared large proportions of 

microbiota, and both were heavily influenced by aquaculture facility and geographic location. 
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Zebrafish are used as animal models in foundational research, and variation in their microbiome 

can have significant effects on the reproducibility of phenotypes. As stated at the start of this 

paper, the host-microbiome mediates many aspects of host health and function, and studies in 

mice and primates have already noted disparate experimental outcomes directly linked to 

microbial variation associated with facility origin (Mandal et al., 2020; Parker et al., 2018; 

Shigeno et al., 2022).  The microbiome variation I observed across facilities and regions could 

reduce the reproducibility of zebrafish research focused on microbiome-mediated processes.  My 

results suggest that one potential driver of this variation could be differences in hygiene practices 

across the facilities I sampled; increasing consistency in such practices across facilities could 

increase reproducibility.  Future work should focus on identifying other facility-specific factors 

which could be altered to reduce microbiome variation, and potentially increase experimental 

reproducibility, across zebrafish facilities. 

3.4 Conclusion 

My results demonstrate that even in relatively controlled aquaculture facilities, facility-

specific differences can be seen in both water and zebrafish gut microbial communities. I found 

evidence that variation in the zebrafish microbiome was being driven by environmental 

acquisition of microbiota from the tank water, though the magnitude of this influence varied 

across facilities. Microbial sharing between zebrafish and their environment is most likely just 

one part of a much larger landscape of facility-specific factors shaping the zebrafish gut 

microbiome, and future studies should consider isolating potential factors to characterize 

mechanisms and magnitude of transmission. This study expands our current understanding of the 

factors influencing the microbiome of a popular animal model, and I highlight that more in depth 
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sampling and monitoring needs to be done to identify the factors shaping zebrafish gut 

microbiome assembly in aquaculture facilities. Further, I caution that care should be used when 

using zebrafish models sourced from single facilities for research given that microbiome 

variation could greatly influence experimental outcomes. 

3.5 Methods 

3.5.1 Study sites.  The study sites in this Chapter included five zebrafish aquaculture 

facilities used for academic research in the United States and Norway. Both facilities in the U.S. 

are hosted on the main University of Oregon campus in Eugene, Oregon. The first, the Aquatic 

Animal Care Services Zebrafish Facility (Ore1), is a 1,000 square-meter facility with an average 

capacity of 50,000 fish (maximum capacity ̴ 88,000). The facility life support system utilizes a 

recirculating aquaculture system (RAS) containing mechanical and biological filters in addition 

to ultra-violet disinfection. The facility has two separate RAS systems with a UV-treatment step 

supplying the main housing and a quarantine area with a separate flow-through system. 

The second U.S. facility, the Zebrafish International Resource Center (Ore2), is a 900 

square-meter facility with an average capacity of 30,000 fish (maximum capacity ̴ 150,000). 

Ore2 maintains the same layout of life support systems as the Ore1 facility. 

The Norwegian zebrafish facilities are located on the Norwegian University of Science 

and Technology Trondheim campuses in Trondheim, Norway. The first facility, the Yaksi Lab 

(Nor1), is located on the Øya campus and maintains approximately 10,000 zebrafish in a 70 

square-meter facility. It utilizes a singular RAS system with UV-treatment. 
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The other Norwegian facility, the Jutfelt Lab, is located on the Gløshaugen campus. The Jutfelt 

Lab fish facility maintains both populations of zebrafish and guppies (Poecilia 

reticulata).  Because the facility consists of multiple small rooms with separate life support 

systems within each, we reference Jutfelt as separate facilities (Nor2A and Nor2B) in our 

analyses though they are technically maintained under the same administrative body. We 

conducted our research in two zebrafish-only rooms within the facility, each approximately 10 

square-meters. The first room (Nor2A) contains approximately 50, 3.5L tanks utilizing a 

standalone RAS system with UV-treatment. The second room (Nor2B) houses approximately 14, 

75L tanks with a flow-through filtration system using a maturation tank without UV-treatment. 

The entirety of the facility houses around 2,000 fish. 

 3.5.2 Sample collection and processing.   

Tank water 

Tank water was collected from a representative number of tanks based on the criteria that 

they were on a single RAS system and contained adult zebrafish. I used a nested sampling 

design, though the actual number of tanks sampled was dependent on facility size and housing 

setup (n = Ore1 (27); Ore2 (17); Nor1 (7); Nor2A (6); Nor2B (3)). For the nested sampling 

design, I selected one to two sets of shelves immediately adjacent to one another connected to 

the same RAS system. For each set of shelves, I then selected three random shelves. On each 

shelf, I sampled from three randomly selected tanks. If there were less than three shelves or tanks 

(for example, in Nor2B, which had two shelves containing two tanks each) I sampled from all 

available. 150-mL of tank water was passed through a Sterivex filter cartridge (MilliporeSigma, 

Massachusetts, USA) using a 60-mL syringe. Sterivex filters were capped and kept on ice until 
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processing. If DNA extraction could not be performed immediately, dry cartridges were stored at 

-80°C. 

Zebrafish 

Zebrafish were selected from matching tank water samples (n = Ore1 (55); Ore2 (5); 

Nor1 (36); Nor2A (23); Nor2B (15)) and euthanized via rapid chilling. I sampled four fish per 

tank. In the event there were not enough fish, or I was otherwise limited in my sampling, I 

sampled as many as were available. The whole intestine was aseptically dissected the same day 

and placed into a 2-mL RHINO screw cap tube containing zirconium oxide beads and 400 µL 

enzymatic lysis buffer (20mM Tris-Cl, pH-8.0; 2mM sodium EDTA; 1.2% Triton X-100). If 

DNA extraction could not be performed immediately, tubes were stored at -80°C. 

3.5.3 Microbial DNA extraction.   

Tank water 

DNA extractions were performed using the DNeasy PowerWater Sterivex kit (QIAGEN, 

Carlsbad, California, USA). DNA was extracted following the standard protocol provided in the 

kit handbook (2009, pg. 9). 

Zebrafish 

DNA extractions for all zebrafish gut samples were performed following an adapted protocol 

based on the DNeasy Blood & Tissue Kit Quick-Start protocol as described in Stephens et al. 

(2015). 

3.5.4 16S rRNA gene amplification, library preparation, and sequencing.  DNA 

extraction products were quantified using a Qubit dsDNA HS Assay Kit (Thermo Fisher 
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Scientific, Waltham, MA, USA). PCR amplification of the V4 region of the 16S rRNA gene was 

performed using a dual-indexed 515F-806R primer combination based on protocols described in 

Caporaso et al. (2011). Each 515F 

(AATGATACGGCGACCACCGAGATCTACACxxxxxxxxTATGGTAATTGTGTGCCAGCMG

CCGCGGTAA) and 806R 

(CAAGCAGAAGACGGCATACGAGATxxxxxxxxAGTCAGTCAGCCGGACTACHVGGGTW

TCTAAT) primer pair were modified with unique barcodes (represented by italicized portion of 

primer above). PCR mixtures contained 12.5 µL NEBNext Q5 Hot Start HiFi PCR Master Mix 

(New England Biolabs, Ipswich, MA, USA), 10.5 µL DNA template, 1 µL Bovine Serum 

Albumin (Thermo Fisher Scientific), and 1 µL mixed primers (12.5 mM concentration). PCR 

cycling steps were denaturation at 98°C for 30 seconds, 30 amplification cycles at 98°C for 10 

seconds, 61°C for 20 seconds, and 72°C for 20 seconds, followed by a final extension at 72°C 

for 2 minutes. Samples were held at 4°C until removal from thermocycler.      

PCR products were visually checked for successful gene amplification via agarose gel 

electrophoresis. Amplicon libraries were cleaned twice with Mag-Bind RxnPure Plus isolation 

beads according to an adapted kit protocol using a 0.8x reaction volume (Omega Bio-Tek, 

Norcross, Georgia, USA). Concentrations of amplicon libraries were quantified with the Quant-

iT 1x dsDNA HS Assay kit (Thermo Fisher Scientific) using a SpectraMax M5E Microplate 

Reader (Molecular Devices, San Jose, CA, USA) and multiplexed at equimolar concentration. 

Amplicons were then sequenced by the University of Oregon Genomics & Cell Characterization 

Core Facility on the Illumina MiSeq (Illumina, San Diego, CA, USA) with 150-bp paired-end 

reads. 



 

92 
 

 

3.5.5 Bioinformatics.  All bioinformatics processing was performed in ‘R’ (R 

Core Team, 2018). Sequences were demultiplexed and then denoised to construct an amplicon 

sequence variant (ASV) table using DADA2 1.16 (Callahan et al., 2016). Taxonomy was 

assigned to sequences using the RDP Classifier and Silva NR99 v.138.1 16S rRNA gene 

reference database (Quast et al., 2012; Wang et al., 2007). Sample contaminants were evaluated 

using the frequency method with ‘DECONTAM’ (Davis et al., 2018). 

3.5.6 Statistics.  I performed all statistical analyses in ‘R’ (R Core Team, 2018). I 

calculated metrics of alpha diversity (Shannon and Inverse Simpson) and beta diversity (Bray-

Curtis and unweighted UniFrac) using the ‘vegan’ package and tables of ASVs (Bray & Curtis, 

1957; Oksanen, 2022). All plots were created with ‘ggplot2’ (Wickham, 2016). To test for 

differences in alpha diversity between the water and zebrafish gut microbiomes by facility, I 

used the non-parametric tests Kruskal-Wallis (Hollander & Wolfe, 1973) and pairwise Wilcoxon 

rank-sum with Benjamini-Hochberg p-value adjustment (Benjamini & Hochberg, 1995; 

Wilcoxon, 1945). To test the effects of Location and Facility on both fish gut and water 

microbiomes, I used Permutational Multivariate Analysis of Variance (PERMANOVA) on Bray-

Curtis and unweighted UniFrac distance values. Pairwise PERMANOVA using the 

‘pairwise.Adonis’ package was conducted to test for the pairwise effects of facility (Martinez 

Arbizu, 2020). Additionally, I used a principal coordinate analysis to visualize clustering of 

microbiome composition.  

Relative abundance plots were created by first agglomerating ASV data by taxonomic 

classification level. Relative abundance values were then calculated by dividing sums of ASVs 

by total counts. Nested bar plot graphs were created using the ‘fantaxtic’ package in R (Teunisse, 

2022).  
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To determine which ASVs were contributing to differences in fish and water microbiota 

between facilities, I used a ‘Similarity Percentage’ (SIMPER) analysis with Bray-Curtis 

dissimilarity (Clarke, 1993). This analysis partitions Bray-Curtis dissimilarity and calculates the 

average contribution of taxa to the difference between every sample pair. 

For pairwise beta-diversity plots, I classified paired Bray-Curtis dissimilarity values of 

fish and water across all facilities as either 1) from the same tank, 2) not from the same tank but 

from the same facility, and 3) not from the same tank and not from the same facility. Values 

from all facilities were then plotted by classification status. I tested differences between 

classification status with nonparametric Kruskal-Wallis (Hollander & Wolfe, 1973) and pairwise 

Wilcoxon rank-sum with Benjamini-Hochberg p-value adjustment tests (Benjamini & Hochberg, 

1995; Wilcoxon, 1945).  

Finally, to test if water microbiota were present in the zebrafish gut and vice versa, I used 

the package ‘Fast expectation-maximization microbial source tracking’, or ‘FEAST’ (Shenhav et 

al., 2019). ‘FEAST’ uses maximum-likelihood probabilistic models and machine-learning 

classification to model microbial source tracking (Shenhav et al., 2019). Using matched fish and 

water samples from one facility at a time, I assigned all the water samples from within a singular 

facility as potential ‘sources’ for every fish sample- assigned as ‘sinks’. Source proportion values 

were then summed across every input source for each sink and plotted as a singular value. For 

example, for every fish, the relative proportion from each potential water source was summed. 

This was then repeated with the source and sink assignments flipped. To test for differences in 

source proportion values between facilities, I used a non-parametric Wilcoxon rank-sum test 

with a Benjamini-Hochberg p-value adjustment (Benjamini & Hochberg, 1995; Wilcoxon, 

1945). 



 

94 
 

 

3.6 Bridge 

In Chapter 3, I investigated the dynamic interaction between zebrafish and tank water 

microbiomes within various research aquaculture facilities located in both the United States and 

Norway. Despite functional parallels, such as water treatment specifications, I detected a 

significant impact of each facility's identity on both zebrafish and water microbial communities. 

I further attempted to ascribe causation of zebrafish gut microbiome variation to facility water 

microbiome variation by examining compositional overlap and using source tracking analyses. 

However, unique aspects of each facility- such as differences in fish feed and husbandry 

protocols- confound my results and make it difficult to directly link regional pool and local 

community variation in this system, though it serves as a useful observation of “real-world” 

dynamics. In Chapter 4, I will attempt to isolate the effects of variation in the water microbiome 

on zebrafish gut microbiome assembly by experimentally manipulating the regional species pool 

of water microbiota in a controlled laboratory environment. 
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CHAPTER 4: INFLUENCE OF DIET OVERWHELMS EFFECTS OF REARING 

WATER DURING EARLY LIFE MICROBIOME ASSEMBLY IN LARVAL ZEBRAFISH 

4.1 Introduction 

Empirical studies have suggested that the richness and absolute abundance of species 

pools can be used to predict average richness of local communities (Belmaker & Jetz, 2012; 

Gerhold et al., 2008). However, the extent to which species pools influence local communities is 

not fully understood. Given the dynamic interplay between regional and local processes, the 

species pool may be predictive of biodiversity in light of habitat degradation, global change, and 

anthropogenic pressures (Harrison & Cornell, 2008). However, one of the main obstacles to 

understanding how species pools and local communities are connected is that boundaries of 

species pools are often difficult to delineate, and studies run the risk of overestimating regional 

diversity (Zobel, 2016). As was discussed earlier in this dissertation, a zebrafish model in an 

aquaculture system is especially useful for testing these ecological assembly questions because 

the local community (zebrafish gut microbiome) and species pools (tank water) can be distinctly 

bounded. 

In Chapter 3, I examined the dynamic relationship between the zebrafish and tank water 

microbiome in several research aquaculture facilities across the United States and Norway. 

Though there were, functionally, many similarities shared among these facilities- such as water 

treatment specifications-, I observed a significant influence of facility identity on both zebrafish 

and water microbial communities. One possible reason for why I saw this effect was variation in 

the numerous facility-specific factors that could influence the microbial environment in a 

facility. 
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Two such factors are diet and genotype (Burns et al., 2017; Okazaki et al., 2019; Sieler 

Jr. et al., 2023). While each facility fed their fish an overall similar diet- most fish received 

rotifers, brine shrimp, and dry fish flakes at similar developmental stages across their lifetimes-, 

every facility sourced their feed from different locations or manufacturers. Additionally, while 

some facilities maintained primarily wild-type lines of zebrafish, others reared (almost) 

exclusively transgenic lines. Variation in these two factors alone could potentially lead to drastic 

differences in the microbial inputs into the microbiome of the aquaculture facilities, and these 

examples are far from the only observable differences.   

The differences in facility factors observed among the aquaculture facilities we 

investigated in Chapters 2 and 3, though reflective of a “real-world” environment, potentially 

confound our ability to directly examine the influence of variation in the environmental 

microbiome on zebrafish microbiome assembly. To address this issue, I experimentally 

manipulated environmental microbiome variation in a controlled system for 12 days to test the 

isolated effect on host-microbiome assembly. In my experiment, germ-free larval zebrafish were 

initially reared in flasks inoculated with water from two aquaculture facilities previously 

investigated in this dissertation (Ore1 and Ore2). After six days of exposure to the aquaculture 

facility water, a subset of zebrafish were moved to new flasks inoculated with either the same 

facility water or different facility water. In the first part of the experiment, the goal was to isolate 

the influence of variation in the facility water microbiome and test whether it would cause 

divergence in gut microbiome assembly across related individuals. Though my previous chapters 

focused on adult fish, I used larval fish for this experiment as they can be reared axenically, and 

this would allow for control over their initial microbial exposure. The second part of the 

experiment was to investigate whether the magnitude of variation in the water microbiome we 
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observed across the aquaculture facilities in this dissertation was enough to influence the gut 

microbiome once established. I generated 16S amplicon sequences from samples of zebrafish 

gut, fish food, and water taken across the course of the experiment.  

In my comparative studies in earlier chapters, I observed significant covariation between 

fish gut microbiomes and facility water microbiomes. However, the complexity of the 

aquaculture facility environment prevented the establishment of causality between fish and water 

microbiome variation. As such, the main goal of this study was to address the questions 1) What 

is the relative influence of species pool variation in early life microbiome assembly?, and 2) How 

does the range of variation in the environmental microbiome alter the host-microbiome after 

establishment? In my experiment, I observed that water microbiomes significantly varied by 

inoculum source, but zebrafish gut microbiomes did not. Evidence suggests microbial inputs 

from food were sufficient to overwhelm any effect of microbial input from water in the zebrafish 

gut. Other considerations for why a relationship was not observed could be that the water 

variation generated was not enough to observe an effect in zebrafish gut microbiomes, that 

selection by fish associated with genotype overwhelmed the effect of water variation, and/or that 

it requires a lifetime of exposure to variation in aquaculture facility water to generate an effect on 

the gut microbiome. However, these theories require further experimentation.  

4.2 Methods 

4.2.1 Experimental design and zebrafish husbandry.  All zebrafish experiments 

were performed using standard protocols approved by the University of Oregon Institutional 

Care and Use Committee.  
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I set up approximately 40 wild-type AB fish from a single tank housed in the Huestis 

facility at the University of Oregon in crossing cages. The crossing cages were outfitted with 

dividers separating two males and two females per cage. Cages were left overnight. The 

following day, fish were transferred to new crossing cages with fresh water. I removed the 

dividers and allowed the fish to spawn for one hour. Afterwards, I removed adult fish from the 

crossing cages and collected fertilized embryos into a petri dish containing antibiotic embryo 

media (ABEM). After collection, I selected approximately 300 of the best embryos and 

transferred them to another sterile petri dish with fresh ABEM. After one hour had passed, I 

selected the best 200 embryos and repeated the process of moving them to a new petri dish. After 

another hour, I selected the final 100 best embryos and moved them to a sterile petri dish 

containing filter-sterilized ABEM.  These embryos were made “germ-free” (absent of microbes) 

following established protocols (Melancon et al., 2017). 

Part One 

Germ-free embryos were evenly split among 9, 500-mL Erlenmeyer flasks for a total of 8 

embryos per flask. Each flask was filled with 390 mL filter-sterilized E4 media (salinity adjusted 

reverse-osmosis water; Aquatic Animal Care Services, 2016). Then, I inoculated each flask with 

10 mL of water collected from either 1) an AB tank in the Ore1 facility, 2) an AB tank in the 

Ore2 facility, or 3) molecular biology grade water. I filtered 50 mL of remaining tank water used 

for inoculation of flasks using a Sterivex filter cartridge. Molecular grade water and filter 

sterilized E4 media were plated on prepared Difco Nutrient Broth (Becton Dickinson, Franklin 

Lakes, NJ, USA) agar plates and incubated overnight at 34 ℃ to check for microbial growth. 

 Zebrafish were grown out in their respective flasks for six days. Every day, starting at 1 

d.p.f. (the day after inoculation), I exchanged 300 mL of media in each flask for fresh E4 media 
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and measured ammonia levels. Though standard protocol dictates that media changes do not 

need to be performed until after larval fish have hatched and started feeding- as long as ammonia 

levels stay low- I did so to reduce the influence of variation in husbandry throughout the course 

of the experiment. Prior to media changes at 5 and 6 d.p.f., I filtered 50 mL of media from each 

flask using Sterivex cartridges. Fish were fed rotifers sourced from the Ore1 facility every day 

after media changes starting at 5 d.p.f. (Figure 1). 

Part Two 

At 6 d.p.f., prior to media change, I removed three larval fish from each flask and 

euthanized them via lethal overdose of tricaine methanesulfonate (MS-222). The intestines were 

dissected for 16S rRNA amplicon sequencing as described in Chapter 3.  

After dissection, I added 390 mL of fresh E4 media to 9 new Erlenmeyer flasks. Three 

replicate flasks were then inoculated with 10 mL of either 1) an AB tank in the Ore1 facility, 2) 

an AB tank in the Ore2 facility, or 3) molecular biology grade water. Tank water used for 

inoculation was filtered for later 16S sequencing, and water and E4 media was plated to check 

Figure 22: Experimental timeline of important data collection and husbandry events. Black lines 
indicate single-day events while red arrows indicate repeated events. Figure created with 
Biorender.com. 
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for microbial growth. The 

remaining fish were moved to 

new flasks following a factorial 

design as seen in Figure 2. Prior 

to moving, fish were netted and 

rinsed with sterile E4 media. 

Fish were reared for an 

additional six days in these new 

flasks using the same husbandry 

protocols as described above. 

Water was sampled prior to media 

changes at 10 and 12 d.p.f. At 12 

d.p.f., the remaining zebrafish 

were euthanized and dissected as 

described previously. 

4.2.2 Microbial DNA extraction.  All DNA extractions for fish and water were 

performed as described in Chapters 2 and 3. Rotifer DNA extractions were performed following 

the same protocols as used for fish. 

4.2.3 16S rRNA gene amplification, library preparation, sequencing, and 

bioinformatics.   

All post-extraction processing, sequencing, and bioinformatics followed the same 

protocols as described in Chapter 2 and 3.  

Figure 23: Part Two flask switch design. During the inoculant 
switch at 6 d.p.f., three fish from each flask were moved into 
flasks containing media with either a novel inoculant or an 
inoculant matching that at initial exposure (0 d.p.f.). For example, 
of the three remaining fish in flask Ore1(A), one was moved into 
a flask containing E4 media inoculated with tank water from the 
Ore1 facility, one was moved into a flask containing E4 media 
inoculated with tank water from the Ore2 facility, and the third 
was moved into a flask containing E4 media inoculated with 
molecular-grade water. Figure created with Biorender.com. 
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4.2.4 Statistics.  All statistical analyses were performed in ‘R’ (R Core Team, 

2018). To calculate metrics of alpha diversity (Shannon and Inverse Simpson) and beta diversity 

(Bray-Curtis), I used the ‘vegan’ package and our table of ASVs (Bray & Curtis, 1957; Oksanen, 

2022). All plots were created with ‘ggplot2’ (Wickham, 2016). Differences in alpha diversity by 

sample type, time point, and treatment groups were tested using a Kruskal-Wallis test using the 

‘kruskal.test’ function (Hollander & Wolfe, 1973).  

To test for multivariate differences in microbial community composition by treatment 

group, sample type, and time point, I used a PERMANOVA from the ‘adonis2’ function in the 

‘vegan’ package using the Bray-Curtis distance. Pairwise comparisons between sample groups 

were tested using the ‘wilcox.test’ (Wilcoxon, 1945) with the Benjamini-Hochberg p-value 

adjustment (Benjamini & Hochberg, 1995). Further, I used Bray-Curtis distance values to create 

a principle coordinate analysis (PCoA) to visualize clustering in microbial composition. 

Finally, to identify potential sources of microbiota found in zebrafish guts, I used 

maximum-likelihood probabilistic models to estimate the proportion of the microbial community 

in each ‘sink’ that could be attributed to each ’source’ in the package ‘FEAST’ (Shenhav et al., 

2019). 

4.3 Results 

To reveal variation in zebrafish microbiota due to variation in facility water treatment, I 

characterized the microbial composition of zebrafish guts, flask water, tank water used for initial 

inoculation, and zebrafish feed. 

4.3.1 What is the relative influence of species pool variation in early life 

microbiome assembly?  
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I isolated results from TP1, prior to the switch in facility water inoculum, to investigate 

the relative influences of regional variation on host microbiome development. To characterize 

regional variation, I looked at the similarity between the initial aquaculture facility inocula and 

the resulting flask water microbiomes. The initial facility water inocula (Inoc1) explained 52% of 

the variation between flask water microbiome samples (p < 0.001), and there were no significant 

differences among replicate flasks (p = 0.168). Flask water microbiome composition was 

completely dominated by Proteobacteria, namely the genera Novosphingobium, which accounted 

for 29-59% of all sequences across flasks, and Vibrio, which accounted for 18 and 21% of 

sequences in flask water inoculated with Ore1 water and Ore2 water, respectively.  

Comparatively, there was no significant influence of facility water inoculum on the fish 

gut microbiome in TP1 (p = 0.511), nor was there any evidence of a flask effect (p = 0.238). 

Vibrio was the most common taxa, making up > 50% of reads across all fish samples.  

The dissimilarity and general taxonomic microbiome composition between the Ore1 and 

Ore2 facility water used as inoculants was similar to that seen in previous chapters (average 

Bray-Curtis distance ~0.88) though significance could not be tested as there were too few 

samples. Proteobacteria dominated samples from both facilities; Perlucidibaca (30% average) 

and Limnobacter (10% average) were most abundant in Ore1, and Vibrio (14% average) and 

Cetobacterium (30% average; phylum Fusobacteriota) were the most abundant taxa in Ore2. 

Similarly, the Proteobacteria Vibrio (77% average) and Pseudomonas (22% average) were the 

two most abundant taxa identified in rotifer samples.  
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PERMANOVA results are supported by a PCoA; overall microbiome samples cluster by 

sample type. Within each sample type, there is slight clustering in water microbiome samples by 

initial facility inoculum, but fish gut microbiome samples completely overlap (Figure 3). 

To evaluate the potential sources of zebrafish microbiota, I used FEAST to perform 

source tracking on all potential source samples (i.e. food and initial facility inoculant; Figure 4). 

Rotifers (food) had the greatest relative source proportion of microbiota in zebrafish across all 

experimental treatments. Very few, if any, zebrafish microbiota could be attributed to initial 

facility inoculants. This suggests that, in my experiment, the assembly of the fish gut 

Figure 24: Beta diversity of zebrafish gut, fish food, facility water inoculants, and flask water microbiome 
samples using Bray-Curtis dissimilarity for TP1 (0-6 d.p.f.). A principal coordinate analysis (PCoA) of (A) 
all sample types, (B) flask water, and (C) fish gut microbial samples. Colors in (A) represent sample type 
while colors in (B) and (C) represent the facility water source used to inoculate flask water at 0 d.p.f. 
Normal confidence ellipse (95%) groupings match each plot legend. 
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microbiomes was greatly influenced by the immigration of microbiota from diet sources rather 

than from the surrounding tank water. This could also include indirect acquisition via the 

environment if microbiota from rotifers are first passed to flask water and then dispersed into 

fish guts. 

 

4.3.2 How does the range of species pool variation alter host microbiome 

development when a microbiome is already established? 

Figure 25: Source proportions of food (‘Rotifer’), facility inoculant (‘Inoc’), and a 
default ‘Unknown’ source microbiota in zebrafish gut microbiomes for each 
treatment in TP1. Proportions were calculated using probabilistic models within the 
R package ‘FEAST’. Significance calculated with a Kruskal-Wallis test. 
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To answer the second question- how species pool variation may influence an established 

host-microbiome- I first looked at microbial communities in TP2. Unlike TP1, after switching 

facility water inoculant, flask water microbiomes no longer exhibited significant variation among 

facility water inoculant, even when controlling for initial inoculant in TP1 (Inoc 1: p = 0.973; 

Inoc2:Inoc1, p = 0.824). Additionally, all water microbiomes regardless of facility water 

inoculum in TP1 or TP2 were now primarily dominated by Pseudomonas, Vibrio, and 

Flavobacterium. These were not only in greater abundance than in TP1, (i.e. Pseudomonas 

accounted for an average of >30% of all reads in TP2 vs. 14% in TP1), they were uniformly 

present in almost equal abundance across all flasks.  

 In fish, results were very similar to those found in TP1. There appeared to be no 

significant effect of facility water treatment on gut microbiome samples (Inoc1: p = 0.518; 

Inoc2:Inoc1, p = 0.237), nor was there any significant difference between replicate flasks (p = 

0.214). Overall community composition was so similar to TP1 that a differential abundance 

analysis identified no significant taxa. Vibrio was the most dominant taxa in all flasks, making 

up an average of at least 50% across all fish samples. Fish that were inoculated with Ore1 in TP1 

had the highest average relative abundance, at 81% of all reads.  

Like fish, facility water inoculant looked very similar to samples in TP1. Rotifer samples 

in TP2 were dominated by Microbacterium though Vibrio still accounted for about 25% of reads. 

In a PCoA, although microbiome samples were still clustered by sample type, there was 

complete overlap in both fish and water individually (Figure 5). 
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To identify potential sources of zebrafish microbiota, I repeated FEAST source tracking 

analyses. Since zebrafish microbiota sampled in TP2 were most likely affected by variables 

across the entirety of the experimental timeline, all food and relevant facility inoculant samples 

from both TP1 and TP2 were included in the analyses (Figure 6). Results again show significant 

differences among measured sources and indicate that the largest source proportion of microbiota 

found in the zebrafish gut microbiome could be attributed to rotifers in TP1 (Kruskal-Wallis: 

Ore1-TP2, p < 0.001; Ore2-TP2, p = 0.004; Blank-TP2, p = 0.004). Almost no microbiota could 

Figure 26: Beta diversity of zebrafish gut, fish food, facility water inoculants, and flask water microbiome 
samples using Bray-Curtis dissimilarity for TP2 (6-12 d.p.f.).  A principal coordinate analysis (PCoA) of 
(A) all sample types, (B) flask water, and (C) fish gut microbial samples. Colors in (A) represent sample 
type while colors in (B) and (C) represent the facility water source used to inoculate flask water at 0 d.p.f. 
Normal confidence ellipse (95%) groupings match each plot legend. 
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be attributed to facility water inoculant, nor any of the measured variables in TP2. This suggests 

that, in this experiment, the influence of initial microbiome assembly in the zebrafish gut 

outweighs later exposure to variation in the water microbiome. 

Figure 27:  Source proportions of food (‘Rotifer’), facility inocula (‘Inoc’), and a default 
‘Unknown’ source microbiota in zebrafish gut microbiomes for each treatment in TP2. 
Food and inocula from both TP1 and TP2 were included as sources to identify potential 
legacy effects of source contributions over time. Plot titles refer to the initial facility inocula 
used in TP1. Proportions were calculated using probabilistic models within the R package 
‘FEAST’. Significance calculated with a Kruskal-Wallis test.
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4.4 Discussion 

In previous Chapters, I observed significant covariation between tank water and zebrafish 

gut microbiomes across multiple aquaculture facilities. However, the complex nature of these 

facilities, including differences in water treatment and husbandry, prevented me from 

determining whether there was a causal link between variation in water and fish. In this study, I 

aimed to determine whether variation in the water microbiome could directly influence zebrafish 

gut microbiome assembly by standardizing husbandry, diet, and zebrafish genotype while 

manipulating the regional pool of microbiota. I did this by inoculating the rearing water of GF 

larval zebrafish with water from different aquaculture facilities to establish unique microbial 

regional pools and measured the gut microbiome of a subset of the larval fish after six days. 

After this initial measurement, remaining fish were moved to different flasks that were 

inoculated with either water from the same facility or a different facility to determine the 

influence of water microbiome variation after a microbiome had been assembled.   

Overall, even though the facility water inoculants were enough to induce variation in the 

flask water microbiome, I found no evidence that this variation in the flask water was enough to 

influence variation in zebrafish microbiome assembly. Instead, source tracking analysis indicated 

that diet was the largest source proportion of microbiota in the zebrafish gut microbiome. 

In humans and other vertebrates, researchers have long highlighted the strong influence 

diet can have on host-microbiome assembly (Hacquard et al., 2015; Singh et al., 2017). It has 

also been widely studied in aquaculture, since diet is, arguably, one of the most accessible 

methods of microbial management and has direct, measurable effects on fish health (Bruno et al., 

2023; Infante-Villamil et al., 2020; Leeper et al., 2023; Parata et al., 2020; Sieler Jr. et al., 

2023).  
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However, there are several different ways in which we may consider how diet influences 

the fish gut microbiome. The first, and often primary, way we consider the influence of diet is 

through the direct influence on gut physiology. Gut microbiota metabolize a portion of consumed 

food, thus influencing the overall structure and composition of the gut microbiome based on the 

amount and type of available nutrients (Zhang, 2022). Another way to consider the influence of 

diet, especially live food, is as a source of microbiota itself. Rotifers and brine shrimp- common 

live diets used for zebrafish and stickleback- maintain their own unique microbiomes, and their 

microbiota can be dispersed to the fish either directly via consumption or indirectly via the 

environment (Eckert et al., 2021; Lee et al., 2023). Live food is not always eaten immediately by 

fish, and as such, some portion of their microbiota can be dispersed to the surrounding 

environment, integrated into the tank water microbiome, and potentially passed on to the fish via 

their interaction with the tank water. 

Only one of the studies cited earlier- Bruno et al. (2023)- considered diet as a potential 

source of microbiota through direct measurements and comparisons of the compositions of diet, 

water, and fish gut microbiomes. Though the influence of diet in aquaculture systems most likely 

always acts by direct influence of host gut microbiota and indirect influence via dispersal of 

microbiota, the study in this chapter is one of the few that directly tests the latter in fish, 

especially in zebrafish. 

Conclusions about the relative influence of the rearing water microbiome compared to the 

influence of diet on the microbiome of larval fish diverge (Vadstein et al., 2018). In some 

studies, such as in Bakke et al. (2013) (another study that considered diet as a microbial source), 

the authors fed cod larvae three different diets and found no statistically significant differences in 

their gut microbiomes. Moreover, despite different diets, cod gut microbiomes became more 
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similar over time and more closely resembled the tank water rather than the live feed. However, 

in a recent study by Sieler Jr. et al. (2023), zebrafish fed different common laboratory diets 

displayed significant variation in their gut microbiomes at all developmental stages and 

responded differently when challenged with a common pathogen. Similar results to Sieler Jr. et 

al. (2023) have been seen in Delacroix et al. (2014) in larval sea bass and Michl et al. (2017) in 

larval rainbow trout.  

Whether this means diet will always overwhelm the effects of water microbiome 

variation, however, is yet to be determined. In my study, I wanted to experimentally test the 

water microbiome variation I observed in the aquaculture facilities investigated earlier in this 

dissertation. Though the fish I sampled in Chapter 2 were adults, I used larval zebrafish in my 

study because they can be reared germ-free, allowing for direct manipulation of their initial 

microbial exposure (Melancon et al., 2017). It has been well-documented that zebrafish larvae 

experience rapid and age-specific changes in their microbiome (Stephens et al., 2015). As I did 

not sample into adulthood, my results are solely applicable to the larval stage and may not be 

reflective of the relative influence of environment and diet at later developmental stages.  

Additionally, though I attempted to impart variation in the flask water microbiome that 

mimicked the variation observed in facility water, this effect was largely diminished due to the 

technical setup of my experiment. Unlike the RAS systems in the aquaculture facilities, where 

water in tanks is recirculated and thus, microbial inputs via water are continually renewed, the 

flask water in this experiment was largely stagnant. Moreso, around 70% of the flask water was 

removed every day after initial inoculation and replaced with ‘sterile’ media. Though I was still 

able to observe an effect on the flask water microbiome, the average dissimilarity among flasks 
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dropped dramatically by Day 6 (average Bray-Curtis distance = 0.4) compared to the initial 

inocula (average Bray-Curtis distance = 0.88).  

In the second part of this experiment, fish were moved from their flasks in TP1 into new 

flasks inoculated with either water from the same facility source as in TP1 or a new facility 

source, following a fully factorial design (see Figure 2). While in TP1 I was interested in 

isolating the effects of water microbiome variation on zebrafish microbiome assembly, the goal 

of TP2 was to determine whether variation in the water microbiome could influence an already 

established zebrafish microbiome. It is important to note that, in this case, the term ‘established’ 

means that the zebrafish gut has already been colonized by some subset of microbiota and is not 

meant to reference the stability of the microbiome, as it fluctuates quite a bit throughout 

development (Stephens et al., 2015). In TP2, I did not observe a significant effect of aquaculture 

facility inoculant on either flask water microbiomes or zebrafish gut microbiomes, and results 

from source tracking analyses indicated that diet was still a major source of microbiota for the 

zebrafish microbiome.  

 In results from previous chapters, I observed that, in some facilities (e.g. Ore1), the 

influence of microbial inputs from fish on the water microbiome far outweighed the reciprocal 

influence of water on the fish microbiome. Compared to TP1, fish in TP2 were larger, more 

active, and were fed more food on a more frequent schedule. If the variation imparted on the 

flask water microbiome via facility water inoculant was not enough to observe any significant 

influence on zebrafish microbiomes in TP1, then it makes sense that, with fish now more 

actively interacting with their environment and larger inputs of food, the variation in flask water 

in TP2 was unlikely to have an impact on the zebrafish microbiome.  
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Future studies could address the limitations in this experiment by conducting trials on a 

scaled-down RAS system. Or, at the very least, by mimicking the recirculation action of tank 

water by continually replenishing microbial inputs to the tank water microbiome to ensure an 

accurate representation of the magnitude of variation in tank water microbiota seen in 

aquaculture facilities. Additionally, it would be helpful to extend this study through the adult 

developmental stage in order to determine what proportion of variation in the zebrafish gut 

microbiome is driven by early-life exposure. These studies would allow us to build a more 

holistic understanding of how the environmental microbiome interacts with the zebrafish 

microbiome under a variety of conditions in aquaculture and potentially how these can be 

manipulated to better zebrafish health and welfare. 
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CHAPTER 5: CONCLUSION 

Community assembly theory suggests that variation in the regional species pool can act 

as a source of variation in a local community. In my dissertation, I leveraged species pool theory 

to empirically test how regional species pool variation drives local community assembly in a 

host-microbiome model system. The microbiome plays a critical role in aspects of host health 

and development, yet the drivers of microbiome assembly and sources of variation remain major 

questions in host-microbiome research. This is especially true in research aquaculture facilities, 

where fish used in basic experimental research are bred and housed. Variation in the microbiome 

of zebrafish and stickleback, two animal models commonly used in biomedical and evolutionary 

genetics research, can lead to disparate phenotypes, potentially influencing research outcomes. 

Identifying drivers of variation in fish microbiome assembly not only helps to promote 

reproducibility in an important animal model, but also provides a broader understanding of how 

regional and local community dynamics may play a role in host-microbiome assembly in 

general. 

Using a set of aquaculture facilities on the University of Oregon campus, I characterized 

temporal and spatial variation in the regional pools- the water microbiome. My research suggests 

that facilities maintain unique water microbiomes that vary over time. Despite the differences in 

their water microbiomes, the patterns of spatial variation within facilities were shared, and the 

greatest magnitude of variation within each water system occurred at the intermediary levels of 

Shelf or Row. I used my findings in Chapter 2 to guide my experimental approach in Chapter 3.  

In my third chapter, I extended my study to connect regional pool variation in the facility 

water microbiome to local community variation in the zebrafish gut microbiome. I expanded the 

number of facilities I investigated to include an additional geographic region and sampled tank 
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water microbiomes more intensively over a smaller spatial scale to minimize destructive 

sampling of zebrafish while ensuring the capture of as much variation in the water microbiome 

as possible. I found a significant influence of both regional location and facility identity on fish 

gut and tank water microbiomes. I also examined covariation between fish and water within 

facilities to determine the directionality in microbial sharing between the two. Results suggest 

that variation in the water microbiome does impact the fish gut microbiome, but the relative 

magnitude of this influence is facility-dependent. The inherent differences in each facility, from 

the way they are managed to the density of fish housed- are representative of the differences we 

see between almost all modern zebrafish research facilities but can restrict our ability to 

completely isolate the effects of the water microbiome on the zebrafish gut microbiome. 

As such, in my final chapter I attempted to address this issue by experimentally 

manipulating the water microbiome to measure the direct influence on the zebrafish gut 

microbiome. I found that the microbial inputs from live feed were the primary drivers of 

zebrafish gut microbiome assembly, and that, by standardizing feed across all water treatments, 

the consistent microbial inputs from live food most likely negated all influence of flask water on 

microbiome variation.  

My results highlight that interactions between the fish gut microbiome and their tank 

water microbiome are highly dynamic, and due to the microbial sharing between the two, 

variation in facility water microbiomes can act as a driver of variation in the fish microbiome. 

However, the specific conditions of the rearing environment and select host physiological 

features, like developmental stage, could play major roles in determining the magnitude at which 

regional pool water microbiota impacts gut microbiome composition. Future studies should 

continue to identify the sources of variation in aquaculture facility water systems to better 
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understand how the fish gut and water microbiome may interact under different conditions. This 

research ultimately provides insight into the housing effects on zebrafish in aquaculture systems 

and advocates for a deeper understanding of what drives microbiome variation in zebrafish to 

promote reproducibility in our animal models. 
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