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The gut and the brain, both vastly different in physiologic function, have been linked in a variety
of different neurological and behavioral disorders. The bacteria that comprise the gut microbiome
communicate with other systems within the body including neurological systems. Specifically, the
gut is being associated with the development and onset of many behavioral disorders. Zebrafish
(Danio rerio) form social relationships of dominants and subordinates, but the relationship
between social status and host gut microbiome is unknown. The purpose of this study was to
determine if social status impacts the composition of the host zebrafish by examining how the
evolution of social status affects the composition and species diversity of the host gut. After initial
isolation, male zebrafish were assigned to one of three experiment groups: paired (n=12), isolate
(n=6), or communal (n=6). Over the course of fourteen days, the agonistic interactions of paired
zebrafish were observed. To examine fish microbiomes, fecal samples were collected from each
fish from each group at four different times: during isolation, on day 0, day 7, and day 14 of pairing.
After fecal sample processing and 16S rRNA Illumina sequencing, we found that social status
affected host gut microbiome composition. More specifically, bacterial composition differed
between fish of different social status and time of experiment. These results are indicative that
social status in zebrafish can impact the host gut microbiome with potentially similar effects on
other social organisms. This supports the assumptions that social factors may be linked to

components of the gut.
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Chapter 1
INTRODUCTION

Social behaviors are an important part of the establishment and development of
relationships in humans and animal models. These social behaviors vary depending on an
individual’s health and negative social behaviors can be associated with certain behavioral
disorders. Zebrafish serve as an excellent model for behavioral research, as they exhibit certain
social behaviors similarly to humans as they form hierarchal relationships. Host behavior in
zebrafish involves the development of social hierarchies which is a key aspect in the development
of relationships among many animals, including humans [14]. The development of social
hierarchies has been studied in relation to neural circuit patterns in the brain associated with
aggressive behaviors (dominance, submission) [14]. However, the gut microbiome has only
recently been questioned as a contributing factor in neurological processes related to social
behaviors [39].

Dominance and aggression in zebrafish have been studied to determine neural circuit
patterns in the brain associated with specific behaviors [3]. With that being said, the mechanisms
behind dominance and aggression revolve around hormone and neurotransmitter regulation and
these behaviors play an important role in developmental success. Further, aggression animals
typically establish dominance and have more success in finding food and access to mates.
Conversely, animals displaying minimal aggression fall into the hierarchal rank of subordinance
and may experience higher levels of stress compared to their counterparts. The effects of stress on
an animal are detrimental and have been adversely linked to anxiety-like behavior relevant for
survival in zebrafish and other social species [18]. Specifically, reduction of glucocorticoid

signaling activity (caused by insufficient hormone availability) in chronic stress models has been



associated with stress-related disorders [19]. Interestingly, the gut microbiota has recently been
thought to modulate downstream glucocorticoid receptors in the hippocampus resulting in
behavioral abnormalities [20]. Altogether, this highlights the relationship between stress
responses, the gut microbiome, and associated behavioral deficits.

While the establishment of dominance hierarchies dictate rank and organization within
zebrafish populations, understanding the factors contributing to the formation of social dominance
is critical. Although the effects of social dominance and anxiety on brain function have been
studied to great extent [14], little effort has been invested in probing the effects of the social
dominance on the brain-gut microbiome axes. Knowledge of how social behavior influences the
gut microbiome health in zebrafish will provide important insight into the gut-brain relationship
in many organisms. Understanding the correlation of neural pathways with specific behaviors in
model species is critical to also understanding similar behaviors and social relationships in
humans. In addition, understanding the gut microbiome and its relationship to social behaviors
may lead to the development of treatment and preventative measures to control behavioral
disorders and possibly neurodegeneration.

The gut microbiome is known to play key roles in biochemical functions of vertebrates.
Gut bacterial metabolism has been linked to many systemic diseases in humans and plays an
important role in immune system pathways [1]. Commensal bacteria within the gut microbiome
serves as a line of defense to viral infections through interferon signaling [2]. Along with these
known functions of the gut, it has recently been linked to the brain in many neurodevelopmental,
behavioral, and neurodegenerative disorders. The gut microbiome produces certain biochemicals
(i.e., dopamine and oxytocin) [3] that control certain neural circuit activity responsible for the

regulation of social behaviors [4]. This recently discovered link is known as the “microbiota-gut-



brain axis” and dysfunction of this axis has been associated with many behavioral disorders such
as autism spectrum disorder, depression, and anxiety [5]. These disorders can have long lasting
and detrimental impacts on social behavior, thus, understanding the mechanisms of onset and
progression related to the gut microbiome is critical.

The typical gut microbiome consists of both commensal and pathogenic bacteria. While it
is known that pathogenic bacteria are more prevalent in gut microbiomes of diseased organisms,
research in multiple animal models has shown that a lack of commensal bacteria can also
contribute to the detrimental progression of various behaviors and behavioral disorders. In Autism
Spectrum Disorder mouse models, the abundance of commensal bacteria species, Lactobacillus
reuteri is significantly reduced in comparison to wild type mice [3]. Further, Lactobacillus
plantarum has been used as a probiotic in zebrafish models to reduce stress-related behaviors and
prevent stress-induced microbiome dysbiosis [9]. L. plantarum modulates anxiety related behavior
through the GABAergic and serotonergic pathways, as levels of genes that encode for the GABA-
A receptor alpha 1 and serotonin transporters were upregulated in L. plantarum treated fish [9].
Moreover, gut bacterial composition influences host behavior through the modulation of Brain-
Derived Neurotrophic Factor (BDNF) levels and serotonin metabolism [8]. Probiotic treatment
with Lactobacillus rhamnosus in zebrafish resulted in differences in shoaling behavior and brain
expression levels of bdnf and other genes linked to serotonin pathways compared to untreated
groups [8]. Serotonin is an important neurotransmitter involved in behavior, while changes in
BDNF signaling has been linked to multiple psychiatric disorders and is relevant to behavioral
systems regarding stress responses [10, 11]. This evidence supports the idea that certain bacteria
can modulate certain neurotransmitter pathways responsible for social behaviors in zebrafish. In

addition to the modulation of neurotransmitters, bacteria from the genera Lactobacillus can



activate afferent neurons in the intestine which modulate pain sensation and actions of defense
behaviors in response to stress [12]. These relationships between host gut bacteria and
neurotransmitter production, supports the idea of a link between the gut microbiome and associated
host behavior.

Given the previously known relationships of the gut microbiome and behavior in both mice
and zebrafish, this study aims to determine if and how social status in male zebrafish affects the
abundance, diversity, and overall composition of the host gut microbiome. Additionally, we aim
to analyze those compositional differences and characterize the male zebrafish gut microbiome at
multiple time points during social dominance formation. It is predicted that there will be
compositional changes between fish of dominance and subordinance and that these compositional
changes will evolve as dominance relationships mature.

Thesis Outline

The objective of this thesis is to determine the interplay between social status and host gut
microbiome abundance and diversity in male zebrafish. Further, I aim to examine the
compositional differences between zebrafish of different social status to determine the role of
certain social behaviors in shaping the gut microbiome bacterial communities. The second chapter
of discusses the progression of social status in male zebrafish and associated changes in species
richness, diversity, and evenness. The second chapter discusses the multivariate patterns of
bacterial community composition. The results indicate that there are significant differences in
community composition based on both social status and day of experiment.

The third and final chapter aims to discuss the community compositional differences and

how they compare to similar zebrafish microbiome research. Altogether, I will summarize how



compositional differences in zebrafish based on social status may contribute to ongoing research
surrounding the gut-brain axis related to behavior. While this study offers an insight into the
relationship between the social behavior and the gut, more research is needed to characterize

bacterial community composition based on social status and evolution of time.



Chapter 11
Introduction

The gut and its 100 trillion bacterial inhabitants play a critical role in the overall health and
survival of the host individual. The gut controls how our body breaks down food and in turn, how
our bodies absorb specific nutrients to produce energy, maintain metabolism, and regulate immune
responses. On the other end of the spectrum, the brain and the nervous system are responsible for
thoughts, behavior, movement, and quite literally, every process that regulates the body. When
two seemingly independent physiological systems are studied together, research is showing the
very dependent link between the gut and the brain and how this link can regulate many neurological
and behavior-related functions and associated microbial composition.

In zebrafish, social behaviors associated with the formation of dominance relationships
have been studied. When paired, zebrafish quickly form dominance relationships that are stable
and long lasting . The dominant fish exhibits increased aggression towards the subordinate fish
and thus controls the area of the tank. This behavior allows the dominant fish to acquire more food
and other resources necessary for survival [14]. The subordinate fish exhibits less aggression and
is typically confined to a small area of tank which limits access to resources. The
dominant/subordinate relationship and the neurological pathways involved have been previously
researched; however, the potential association with the gut microbiome and these neurological
pathways involved with social behaviors is less understood.

The adult zebrafish gut microbiome is composed of bacteria within the Proteobacteria,
Firmicutes, and Fusobacteria phyla [6]. Pathogenic bacteria within the Proteobacteria phylum are
found in significantly lower abundance of healthy human gut microbiomes and higher abundance

of Proteobacterial members can be used as a diagnostic for disease and dysbiosis [7]. In zebrafish,



Proteobacteria including pathogenic genera Vibrio and Plesiomonas, were reduced in probiotic
treated fish as opposed to commensal Firmicutes bacterial members [8]. Moreover, the presence
of pathogenic bacteria in both zebrafish and humans can indicate microbial dysbiosis and potential
health issues.

The development of zebrafish has been researched in multiple aspects, and it has recently
been discovered that the gut microbiome composition of host zebrafish changes through the stages
of growth. Based on developmental changes, bacterial abundance and diversity change between
embryonic and adult stages. Specifically, diversity of gut bacteria decreased significantly over the
course of development in terms of the number of Operational Taxonomic Units (OTUs), which
are clusters of bacteria that exhibit high sequence similarity of the 16S gene [15, 38]. However,
there were not significant differences between stages of adult fish which indicates that major gut
microbial changes occur before and during major development changes such as sexual
differentiation [15]. Further, bacterial phylum Proteobacteria and phyla’s Firmicutes and
Fusobacteria are present at all stages of the zebrafish developmental life cycle including the adult
stage [6].

When the typical gut microbiome composition or host microbiome development is
disrupted, the associated neurological consequences range from behavioral disorders like anxiety
[14] to neurodegenerative disorders like Parkinson’s Disease [16]. In mouse models, individuals
with social deficits (e.g., Autism Spectrum Disorder, ASD) showed a reduction in the commensal
bacteria, Lactobacillus reuteri, which is been known to modulate oxytocinergic brain circuits
associated with social behavior [3]. Interestingly, treatments of L. reuteri rescued the social deficits
in ASD models and it was discovered that L. reuteri works independently of other bacteria in the

gut to modulate social behavior via the oxytocinergic system [3]. Oxytocin, a neurohormone is



implicated in regulating many aspects of behavior including social interactions, pair bonding, and
sexual reproduction [3]. In addition to oxytocin, a study examining the relationship between the
gut and onset of Parkinson’s disease, discussed the idea of neurotransmitters associated with social
behavior being expressed and regulated by certain bacteria in the gut [16]. In humans, bacterial
species, Bacteroides, Parabacteroids, and Eserichia, express GABA (y-aminobutyric acid)-
producing pathways which ultimately control the production and regulation of dopamine, a
neurotransmitter responsible for emotional responses and behavior [17]. Relative abundance of
fecal Bacteroides was significantly lower in human patients suffering from depression [17].
Understanding how and why the reduction or absence of L. reuteri and other commensal bacteria
affect neurotransmitter production can aid in the understanding of the host microbiome’s
relationship to host behavior, and specifically the establishment of social hierarchy in the zebrafish,
Danio rerio. Specifically in mice, social behaviors related to dominance and submission contribute
to the composition of the gut microbiome [45]. Submissive mice, which spend less time interacting
in the maze and has less access to food resources, have a reduction of certain commensal bacteria
genera, Paraprevotella and Prevotella but an increased abundance of pathogenic bacteria
belonging to the Rikenellaceae family [45]. Dominant mice, which spend more time interacting in
the maze and has more access to food resources have higher abundances of the Paraprevotella and
Prevotella genera and a decreased abundance of a pathogenic bacterial family, Rikenellaceae [45].

Because of these previous findings, not only do I expect to see compositional differences
between fish of different social status, but a continuous reduction of commensal bacteria in isolate
and subordinate fish. This hypothesis was supported in the fact that community composition
differences were observed between fish of different social ranks, and the presence of commensal

bacterial was reduced in both subordinate and isolate individuals.



Experimental Methods

Pairing and behavioral analysis.

Male zebrafish (n=24) were isolated in individual tanks for 7 days to minimize the effects
of prior social experience. Then, 12 fish were randomly paired and placed into new tanks while 6
fish remained in isolation, and the remaining 6 fish were placed into one new tank to serve as
communal controls. Over a period of 14 days, the 6 zebrafish pairs self-established rank and their
behavior was monitored and recorded over a course of 14 days (2 weeks). Behavior will be
observed visually, and written observations will be made regarding dominant and subordinate
behavior among the paired and communal fish. Specifically, the number of attacks and retreats by
each fish were recorded during a 5-minute observation period 3 times a week. Tank locations of
each fish (top vs. bottom of tank) were monitored and recorded as stressed or subordinate fish tend
to stay lower in the tank and more aggressive/dominant fish claim the top of the tank.

Fecal sample collection:

Initial fecal samples were collected from each fish on day 3 of isolation period. This fecal
collection before pairing or establishment of behaviors serves as a method of comparison for later
fecal collections. After pairing of fish after isolation period of 7 days, fecal samples were collected
on day 0 (day of pairing), day 7 (one week after pairing), and day 14 (2 weeks after pairing).
Collections were made throughout the progression of social hierarchal development to determine
whether the gut microbiome composition of host fish evolves as the establishment of behavioral
rank progresses.

On days of fecal collection, fish were removed from tanks and each fish was placed into
individual containers to prevent any cross contamination of fecal matter (figure 1). Before pairing,

each fish was carefully observed and distinct markings, size differences, and color differences



were noted to ensure easy recognition of each fish upon isolation and fecal sample collection. 2-4
hours after separation and feeding each fish, fecal samples were collected. Fecal samples from
each fish were extracted using sterile micropipette tips and were placed into 500 microliters of
DNAse free water. Gloves were always worn when handling fecal samples and fish, to minimize
any cross contamination. After samples were collected, they were stored at -80 °C until DNA

extractions and processing were performed.

Feed fish in individual tanks Collect fecal samples

30-60
min

Figure 1. Fecal sample collection methodology. fecal samples were collected 30-60 minutes after
fish were fed.

Water sample collection.

To ensure that the tank water bacterial composition was accounted for, two liters of water
were collected at two different time points (before and after water system cleaning). Water biomass
was collected after 200 mL of collected sample was concentrated on 0.22 um sterile filters through
a vacuum filtration system within 24 hours of collection. Filters containing biomass were stored

at -80 °C until extractions and processing were performed.
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Microbiome Analysis:

To determine differences in microbial composition in zebrafish based on social status,
microbial communities in each fecal sample were characterized with Illumina sequencing of the
highly conserved 16S rRNA gene [40]. Following fecal sample collection, DNA extractions were
performed on each sample using the PowerLyzer PowerSoil DNA protocol. Approximately 0.02g
of feces were collected from each fish for extractions. This extracted DNA was used for PCR
reactions, where barcoded primers (515FB-806RB) were used to target the V4-V5 region of the
16S rRNA gene [40, 41]. To ensure the 515FB-806RB primers were working correctly, spot PCR
checks using primers, P5 and P7 Illumina adapters were completed after initial PCR. Agarose gel
electrophoresis (4%) to examine DNA concentration, and NanoDrop spectrophotometer
quantification was completed for all PCR products to ensure amplification of DNA. PCR cleanup
using AMPure xp Mg+ beads was performed to ensure any contaminants were removed from the
pooled PCR product. After successful cleanup, DNA concentrations (ng/mL) from each sample
were quantified using Qubit High Sensitivity (HS) setting. Recorded DNA concentrations (ng/mL)
using HS measurements were converted to the final DNA concentration (ng/pl) and then all PCR
products were diluted to the same concentration. PCR products were pooled in equimolar
concentrations and sequenced using the paired-end Illumina MiSeq platform at the Center for
Genomics and Bioinformatics at Indiana University.

Genome sequencing data was obtained and processed using the Mothur standard operating
procedure (SOP) analysis pipeline [33]. The sequence contigs were organized and trimmed and
sequences were aligned to the Silva Database [42] and the VSEARCH algorithm [43] was used to

remove chimeric sequences. All sequences identified as anything other than bacteria were
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removed. Using 97% sequence similarity threshold, sequences were clustered into operational

taxonomic units (OTUs).

microbiome sample

quantify DNA f—
using spectrophotometer

=

\ extract DNA

<| dilute template DNAto || amplify DNA using TITITT  combine and concentrate
the same concentration barcoded PCR (set up A | ’ PCR reaction using quantify DNA \_.'
(e.g., 10 ng/pl) reactions in triplicate) magnetic bead protocol using fluorometer
=| dilute barcoded PCR to repeat for all individual combine barcoded sequence microbiome
| the same concentration < samples (using unique PCR in equamolar using the lllumina
] concemratlons Miseq platform
[=—:4

(e.g., 10 ng/pl) K barcoded primer)
Created in BioRender.com bio

Figure 2. Experimental design of microbiome analysis protocol representing the individual steps
necessary for preparing a microbiome fecal sample for microbiome sequencing via [llumina Miseq
platform. After DNA extractions, the 16S rRNA gene from each sample was amplified using
barcoded PCR and all products were diluted to equimolar concentrations for sample pooling and
sequencing.
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Compositional Analysis:

Taxonomic approaches were used to characterize diversity and composition of bacterial
communities in each fecal sample. We first determined alpha diversity using Shannon’s Diversity
after we rarefied the OTU table to 6,000 observations. Bray-Curtis distance was calculated for
taxonomy compositions were used to analyze bacterial community composition in each sample
and at different time points. These differences in composition were observed with Principal
Coordinate Analysis (PCoA).

Statistical Analysis.

All data analysis was completed using the R software (R v4.1.0, R Core
Development Team 2021). Using the Imer() function from the ImerTest package (Kuznetsova et
al., 2017), a linear mixed effects model with ‘Day’ and ‘SocialStatus’ as fixed effects was run to
analyze bacterial diversity metrics. Species richness, Shannon diversity (H’), and Simpson’s
evenness were calculated and summarized based on social status and day of experiment. Following
diversity metrics analysis, community composition analyses using permutational multivariate
analysis of variance (PERMANOVA) and Principal Coordinates Analysis (PCoA) were
completed. PCoA was performed based on the Bray-Curtis dissimilarity of bacterial community
composition and the PERMANOVA analysis allowed us to determine significant differences in
bacterial communities based on social status and time. We performed PERMANOVA using the
adonis() function from the vegan package (Oksanen et al., 2017) and the inval() function in the
indispecies package (Caceres & Jansen, 2016). For diversity metrics and PCoA analysis, statistical
significance of p < 0.05 was used. We next found bacterial species that represented each treatment
the most using indicator species analysis. Finally, specific phylum and genus level compositions

with relative abundances greater than 0.05 were plotted.
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Results:

Univariate Diversity Metrics:

To determine if there were notable differences between the gut microbiomes of zebrafish
of different social statuses, microbiome analysis was performed. Linear mixed model analysis
indicated that species richness, diversity and evenness were similar across social status and time
(p = 0.5481, F = 1.77, df = 15). Type two Analysis of Variance (ANOVA) also indicated that
species richness (p = 0.2914, F = 1.268, df = 3), diversity (p = 0.89925, F = 0.195, df = 3), and
evenness (p = 0.1627, F = 1.756, df = 3) were similar overtime based on social status
(Supplemental Table 3). However, species richness (p = 0.439, F = 2.831, df = 3) and evenness (p
=0.0186, F = 3.533, df = 3) were significantly different based on day of pairing (Supplemental
Table 3). Additionally, interesting trends with these plots were observed. Subordinate data points
plotted similarly to isolate data points during the isolation period (IP) before any pairing or rank
establishment. Dominant data points trended similarly to those of communal status during the
isolation period. These trends were observed for richness (figure 3), diversity (figure 4), and
evenness (figure 5). Diversity was also visualized between social and antisocial individuals, where
pairs and communals were social and isolates were considered nonsocial through a linear mixed
model. Again, species richness and diversity were similar across social group and time (p=0.6071,
F=0.7785, df=7), however it appears that social individuals have increased richness (figure 6) and
diversity (figure 7) during the isolation period compared to nonsocial individuals. Type two
Analysis of Variance (ANOVA) indicated as well that bacterial diversity remained the same based

on social group and day (Supplemental Table 4)
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Figure 3. Violin plots representing OTU richness between individuals from dominant, subordinate,
communal, and isolate social statuses throughout the pairing period with Day IP representing
collection before pairing and Day 14 representing the end of socialization. The violin plots are a
visual representation of summary statistics: the median, the 25% and 75% percentiles, and the
feasible range of data £1.5 x the interquartile range. Thicker violin sections indicate more data
points. Summary of statistical output in Appendix table 1.
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Figure 4. Violin plots representing species diversity between individuals from dominant,
subordinate, communal, and isolate social statuses throughout the pairing period with Day IP
representing collection before pairing and Day 14 representing the end of socialization. The violin
plots are a visual representation of summary statistics: the median, the 25% and 75% percentiles,
and the feasible range of data +1.5 x the interquartile range. Thicker violin sections indicate more
data points. Summary of statistical output in Appendix table 1.
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Figure 5. Violin plots representing species evenness between individuals from dominant,
subordinate, communal, and isolate social statuses throughout the pairing period with Day IP
representing collection before pairing and Day 14 representing the end of socialization. The violin
plots are a visual representation of summary statistics: the median, the 25% and 75% percentiles,
and the feasible range of data +1.5 x the interquartile range. Thicker violin sections indicate more
data points. Summary of statistical output in Appendix table 1.
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Figure 6. Violin plots representing OTU richness between individuals from social and nonsocial
social status groups throughout the pairing period with Day IP representing collection before
pairing and Day 14 representing the end of socialization. The violin plots are a visual
representation of summary statistics: the median, the 25% and 75% percentiles, and the feasible
range of data £1.5 x the interquartile range. Thicker violin sections indicate more data points.
Summary of statistical output in Appendix table 2.
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Figure 7. Violin plots representing species diversity between individuals from social and nonsocial
social status groups throughout the pairing period with Day IP representing collection before
pairing and Day 14 representing the end of socialization. The violin plots are a visual
representation of summary statistics: the median, the 25% and 75% percentiles, and the feasible
range of data £1.5 x the interquartile range. Thicker violin sections indicate more data points.
Summary of statistical output in Appendix table 2.

Community Composition Analysis:

Using multivariate ANOVA analysis with permutations, a PERMANOVA test was performed to
determine if the centroids from the sample clusters based on social status and day of experiment
were different. This analysis showed that bacterial composition differed significantly based on
both social status and day (p = 0.00099, R? = 0.1436, df = 9). Using PCoA, we were able to
visualize these differences in compositional clusters at different social statuses and time of
experiment (figure 8). Interestingly, there is clustering of bacterial species specific to the dominant

experimental group.
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Bacterial Community Composition by Social Status
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Figure 8. Ordination based on Principal Coordinate Analysis (PCoA) presenting bacterial
community compositional based on 1) social status and 2) day of pairing. Symbols are colored
according to social status (orange = dominant individuals, purple = subordinate individuals, teal =
communal individuals, pink = isolate individuals) and day (diamond = isolation period (IP), square
= first day of pairing (D0), circle = middle of pairing (D7), triangle = end of pairing (D14)).
Summary of statistical output in Appendix table 5.

Once significant differences between fish of different social status and day of experiment
were confirmed, taxonomic analysis was performed to see how phylum and genus level
community composition varied between social status at different time points during the pairing
period. Initial phylum level differences were observed based on social status (figure 9). The three
main phyla: proteobacteria, firmicutes, and fusobacteria had different abundances dependent on
social status. Further, Protcobacteria abundance was reduced in dominant individuals, whereas it

was significantly higher in subordinate, communal, and isolate individuals. On the contrary, there

was a higher abundance of firmicutes and fusobacteria phyla in dominant individuals compared to
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the subordinate counterpart. To display variance of these taxonomic differences, box plots
illustrating differences in all taxa present and high levels of variance were observed in many of the
plots. While high levels of variance were seen within the taxonomic differences, notable trends
were still observed. As seen initially, Actinobacteria, Fusobacteria, and Firmicute communities
were higher in dominant individuals. These phyla are composed primarily of commensal bacteria
with a few exceptions, whereas Proteobacteria is largely comprised of pathogenic bacteria.
Interestingly, the abundance of Proteobacteria communities was reduced in dominant individuals

compared to subordinate, isolate, and communal individuals (figure 10).

1.00-

0.75-

phylum
Firmicutes
0.50 - Fusobacteria
other

Proteobacteria

Relative Abundance

Figure 9. Stack bar plot analysis illustrating phylum level bacterial abundance in zebrafish based
on social status. Colors represent individual phyla (pink = Firmicutes, green = Fusobacteria, purple
= Proteobacteria, blue = other phyla). Thickness of each color represents relative abundance with
Proteobacteria having the highest abundance in all individuals.
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Figure 10. Taxonomic box plots highlighting abundance based on social status for the top phyla
present in the zebrafish gut. Colors represent social status (pink = Dominant, green = Subordinate,
blue = Communal, purple= Isolate). Actinobacteria, Fusobacteria, and Firmicutes phyla represent
commensal bacteria primarily while the Proteobacteria phylum is representative of many
pathogenic bacteria. Thicker box plot indicates less variation of data points.

Community compositional analysis showed significantly different clusters based on social
status and day of experiment. These clusters of similar sequences represent taxonomies of bacteria
at the genus level of classification. Bacterial communities within the Proteobacteria,
Actinobacteria, Acidobacteria, Bacteroidetes, Firmicutes, Planctomycetes, and Chloroflexi phyla
were observed. Interestingly, the Proteobacteria phylum made up most of the compositional
analysis. This was expected; however, as many proteobacteria genera are waterborne [34]. After
observing that the abundance levels of these specific phyla differed significantly based on social
status, we next examined whether these differences were also present based on the day of pairing.
By looking at phylum composition greater than 5%, we see that day of experiment had a significant
impact on gut microbiome composition in addition to social status (figure 11). At initial glance,

we don’t many changes in gut microbiome composition, but on day 14 of pairing in dominant

individuals, abundance levels of Proteobacteria, Firmicutes, and Fusobacteria are significantly
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different. Specifically, Proteobacteria community abundance is reduced by almost half compared
to dominant individuals at other time points and individuals of different social status. On day 14
in dominant individuals, Firmicute and Fusobacteria abundance increased to compensate for the
reduction of Proteobacteria. Again, these changes were specifically seen at the end of pairing and
the increase in commensal phyla was not observed in fish of subordinate, communal, or isolate

groups.

Phylum Composition of Zebrafish
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Figure 11. Phylum-level community composition in zebrafish by social status and day of pairing
Colors represent individual phyla present within each social status at certain times of pairing and
the thickness of color indicates relative abundance of certain phyla. Each stacked box plot
represents relative abundance of phyla based on social status (rows) and day of pairing (columns).
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We next wanted to see if similar trends were seen at the genus level composition. While
community composition varied between different social statuses and day of pairing, we again
noticed significant changes in dominant individuals on day 14 of pairing (figure 12). Like at the
phylum level, we noticed a reduction in pathogenic genera that were consistently high in
abundance in other social status groups and throughout the pairing period. Specifically, Aeromonas
and Enterobacteriaceae community abundance was lower in dominant individuals on day 14,
whereas abundance of these genera remained higher in other groups. We also saw an increased
abundance of Chitinobacteria, Vibrio, and Pseudomonas in individuals of subordinate, isolate, and
communal social status and the presence of these genera were maintained before and during
pairing. Alternatively, certain commensal genera such as Exiguobacterium and Cetobacterium
increased in abundance in dominant individuals on day 14 of pairing. Interestingly, these genera
were present in dominant individuals throughout pairing, but on day 14, the abundance increased,

especially for the Cetobacterium genus.
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Figure 12. Genus-level bacterial community composition by social status and day of pairing.
Colors represent individual genera present within each social status at certain times of pairing and
the thickness of color indicates relative abundance of certain phyla. Each stacked box plot
represents relative abundance of genera based on social status (rows) and day of pairing (columns).
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Discussion

Determining the relationship between social status in zebrafish and host gut microbiome
composition is a critical component to understanding the gut-brain axis related to social behaviors
and disorders. Previous research highlights communication between gut microbes and
neurological pathways but the results from this study demonstrate the presence of certain bacterial
communities dependent on social status and day of socialization. As a general foundational
conclusion, dominant zebrafish had decreased abundance of pathogenic bacterial phyla and genera
and an increased abundance of commensal bacteria, specifically at the end of the socialization
period. Conversely, subordinate individuals have a decreased presence of commensal bacterial

phyla and genera and an increased abundance of pathogenic bacteria.
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Figure 13. Proposed model of zebrafish gut microbiome composition based on social status.
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While there were no significant differences in gut microbiome diversity or richness of
zebrafish of different social status, the compositional differences provide a foundational insight
into the gut microbiomes of organisms exhibiting different social behaviors. The typical zebrafish
gut microbiome is comprised of the phyla firmicutes, fusobacteria, and proteobacteria [6]. These
findings are consistent with our study, as Proteobacteria dominated the gut microbiota, but
firmicutes and fusobacteria phyla were also present. Actinobacteria, Acidobacteria,
Planctomycetes and Chloroflexi and a few other phyla made up the remaining community
composition. While these are not dominant phyla in the zebrafish gut microbiome, analysis of the
zebrafish core gut microbiota in other studies has included these two phyla [6].

Based on previous research in zebrafish and other animal models, the genus, Lactobacillus,
from phylum Bacteroidetes, is a common protective bacterial species often found in the guts of
many animal models [9]. Because of these qualities, the Lactobacillus genus is often used as a
probiotic treatment in both zebrafish and mouse models to rescue stressed phenotypes [9, 3].
Interestingly, the Lactobacillus genus was only present in low abundances and only in the isolate
social status group. Another bacterial genus from the Bacteroidetes phylum was
Chryseobacterium. While this genus doesn’t come from the same family as Lactobacillus, both
genera seem to have similar protective qualities in zebrafish gut microbiota. In a study examining
bacterial key players in pathogenic infection in zebrafish, Chryseobacterium massillae was
determined to important in protecting both larvae and adult zebrafish from pathogenic infection
[21]. This bacterial genus was interestingly only present in low abundances in both communal and
dominant individuals (figure 8).

Within the firmicutes phylum, the bacterial genus Exiguobacterium was also determined

as a component of compositional analysis of the zebrafish gut in this study. This genus of bacteria
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has been shown to produce cyclic dipeptides, which have many antimicrobial, antifungal, antiviral,
and anti-inflammatory properties in humans and other animals [23, 24]. Intriguingly,
Exiguobacterium acetylicum has therapeutic properties in zebrafish colorectal cancer models [22].
This research highlights the protective properties of this genus of bacteria in the gut of both
zebrafish and humans. This genus increased in abundance in dominant individuals at the end of
pairing but was also present in both isolate and subordinate individuals at lower abundances (figure
8). This genus was not observed in communal individuals which is interesting considering their
social behaviors may be like dominant fish. Another genus found in high abundance in dominant
individuals was Cetobacterium. This bacterium has been used as a probiotic in zebrafish and serves
to promote glucose homeostasis via activation of the parasympathetic nervous system [46]. In
certain grouper species, bacteria within the Psychrobacter genus can be used as a probiotic to
promote diversity in the intestines of the host fish [26]. Interestingly, the probiotic treatment of
Psychrobacter in these fish also significantly increased abundance of other commensal bacteria
and decreased the abundance of Staphylococcus and other pathogenic species [26]. This bacteria
genus was present in dominant individuals, but at very low abundance levels (< 5%).

Given the high percent of proteobacteria communities in general zebrafish gut
microbiomes, the presence of pathogenic bacteria isn’t uncommon. Additionally, a large portion
of the species in these pathogenic genera are waterborne. However, the varying abundance of
certain pathogenic bacteria like Aeromonas, Enterobacteriaceae, Staphylococcus, Vibrio, and
Pseudomonas in the community composition is interesting. Aeromonas and Enterobacteriaceae
were the dominant pathogenic genera in all groups and at all time points during pairing, but several
pathogenic genera were primarily seen in subordinate, isolate, and even communal individuals.

Many of these genera have been used in zebrafish infection models. A model of Staphylococcus

28



infection in zebrafish has been studied, and the interactions between Staphylococcus aureus and
other bacteria in the gut to create infection [29]. This study specifically examined the immune
response of the fish in response to this infection, but it is important to note the pathogenesis
associated with Staphylococcus infection. Interestingly, Staphylococcus abundance is increased in
dominant individuals even though other pathogenic genera are decreased. This could contribute to
the increase in Firmicute abundance seen in dominant individuals. While it is increased in
dominant individuals, it is also present in subordinate individuals but has no presence in communal
or isolates. This finding is inconsistent with other trends observed, but still provides insight into
gut microbiota in all fish dependent upon different social statuses. A potential explanation to the
increased abundance of Staphylococcus in dominant individuals could surround the hypothesis
that Staphylococcus contributes to the production of Tyrosine, a precursor to the neurotransmitter
dopamine [42]. Given that this genus is only found in socially paired individuals, it poses an
interesting question as to whether the presence of Staphylococcus could contribute to increasing
dopamine expression, which is a very relevant neurotransmitter in social behaviors and the
establishment of dominance in zebrafish [43].

In another zebrafish pathogenesis model, bacteria within the Pseudomonas genus can
lethally infect larval zebrafish [30]. Another similar study also saw this trend and found that
Pseudomonas aeruginosa could cause lethal infection in zebrafish model whereas other pathogenic
bacteria like Escherichia coli could not induce such pathogenic infection [31]. The Vibrio genus
has also been researched in pathogenesis in zebrafish, but some Vibrio species are harmless. Many
species of Vibrio, both non-pathogenic and pathogenic are present in water sources, but specific

pathogenic species of Vibrio have been researched in zebrafish and humans [35]. Many species of
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Vibrio are colonized in zebrafish models normally, so the presence of this genus isn’t as indicative
of pathogenesis compared to other genera (e.g., Staphylococcus, Aeromonas).

The Aeromonas genus, which has a high abundance in almost all zebrafish individuals
regardless of social status, has been observed in several pathogenic models of zebrafish.
Interestingly, specific species within the Aeromonas genus have been seen to induce severe
infection of zebrafish models by influencing the release of reactive oxygen species (ROS) and
nitrogen free radicals [36]. Consequently, immune responses were triggered in these fish models
which ultimately resulted in a massive inflammatory response and eventual death of fish. While
we do not know the specific species of Aeromonas present, higher abundances of this genus may
result in pathogenesis, but further research surrounding this topic needs to be done in zebrafish
social rank models.

Finally, the unclassified-Enterobacteriaceae genus had a very high abundance in many
zebrafish. This family contains many pathogenic genera such as Shigella, Salmonella,
Edwardsiella, and Klebsiella. Several of these genera have been observed in zebrafish
pathogenesis models. Specifically, Edwardsiella infections in zebrafish led to an elevated cytokine
response and Edwardsiellosis, which is one of the most studied bacterial diseases on fish [37].
More analysis needs to be done to examine specific genera of this Enterobacteriaceae family
present in zebrafish bacterial composition, but research examining these specific genera are
indicative of pathogenesis and disease in fish with high abundances of these bacteria.

Given the presence of certain bacterial genera, both pathogenic and commensal, we can
foundationally characterize the zebrafish gut microbiome based on social status. Since dominant
zebrafish have a higher abundance of commensal bacteria in addition to a decreased pathogenic

bacterial abundance, we can speculate that certain social behaviors exhibited by these zebrafish
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(i.e., aggression) may play a role in gut-brain communication. Alternatively, certain social
behaviors exhibited by subordinate individuals (i.e., fear, anxiety, stress-related behaviors) may

also play a role in gut-brain communication, but negatively.
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Chapter 111
GENERAL DISCUSSION

The link between the gut and the brain is a relatively recent discovery. With that said, the
research surrounding the gut and its association with the brain is rapidly ongoing. Since there
appears to be a relationship between the gut microbiome and social status in zebrafish, this points
towards the assumptions that the gut microbiome may be associated with other social behaviors,
or behavioral disorders. In mouse models, there seems to be a causative relationship between the
gut and anxiety/depression phenotypes [3] in which individuals experiencing social deficits also
have microbiome dysbiosis. These results are similar to animal model research examining how
probiotic treatment changes behavior in stress-induced individuals. Specifically, zebrafish with
prolonged, induced stress were treated with probiotics and the stress associated behaviors were
rescued [9]. Further, the treatment of probiotics decreased blood cortisol levels in these stressed
zebrafish which indicates that the gut may be communicating with hormonal pathways involved
in stress regulation [9]. Given that subordinate zebrafish experience higher blood cortisol levels
[44], subordinance may act as a stressor which could be a factor in associated gut microbiome
composition. More research needs to be done surrounding this concept, however this information
supports a microbiome mediated behavior hypothesis in which the gut microbiome and its bacterial
inhabitants are associated with behaviors related to stress and anxiety. However, it is important to
note that in many studies, the composition and diversity of the gut microbiome potentially affects
behavior whereas we found that social status potentially shapes gut microbiome composition.

While we saw compositional differences between fish of different behaviors, these
differences were also present based on the time of experiment which signifies that the

physiological stress associated with certain social behaviors may directly impact bacterial



composition. Is also seems that certain social behaviors related to dominance and aggression
promote an increased presence of commensal bacteria genera. Previous research in autism models
show an inverse relationship between the gut and behavior, as individuals born with gut microbiota
dysbiosis are predisposed to social deficits and autism-like behaviors. An initial question in this
study was whether social status would be dependent on an individual’s gut composition prior to
pairing. Given that notable trends were not seen before pairing during the isolation period (Day
IP), this hypothesis is not supported in this model. However, it would be interesting to see if
probiotic or antibiotic treatment changed host zebrafish social status, which would indicate that
the microbiome could directly affect behavior.

Future Experiments:

Given the community compositional differences between individuals of different social
status, there is some connection between the gut and the neurological pathways associated with
social behavior. It is also important to note that most notable changes in dominant individuals
occurred on day 14 of pairing, it would be interesting to see if these changes would persist
throughout longer pairing periods or post pairing in general. Further behavioral testing could be
completed after initial experiments to examine if the gut microbiome changes effected by social
status continue with new pairings. For example, if two established dominant fish were paired
together, would the gut microbiome change further based on new social statuses?

Previous research has examined the relationship between gut microbiome composition and
associated gene expression within the brain. Given that zebrafish experiencing induced stress
exhibit changes in gut microbiome composition and brain gene expression [8] experiments testing
this relationship in zebrafish of different social status could be informative. More specifically, it

would be interesting to see if there are any transcriptional changes in the brains of dominant and
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subordinate fish that could be linked to changes in bacterial abundance in the host gut. This may
allow us to see if certain neurotransmitters (i.e., serotonin, GABA, dopamine) and their pathways
are influencing the gut in a way that changes the overall community composition.

Experiments surrounding antibiotic treatment targeting certain bacterial communities
would also be significant in examining the gut microbiome-social status link. Given that certain
bacteria genera are present in fish of different social status, removing those specific communities
could impact social behavior. Alternatively, probiotic treatment for fish lacking certain bacterial
communities may also impact social behaviors in the host zebrafish. Probiotic treatment in
zebrafish under induced stress has rescued both behavioral phenotypes and associated gene
expression in the brain [8]. A similar experiment in fish based on social status could highlight the
importance of certain bacteria in regulating social behaviors.

Conclusions:

While it was initially predicted that social status would affect both gut microbiome
composition and species diversity, we did not see any significant diversity differences between
fish of different social status. However, the differences in gut microbiome composition by social
status and time of pairing tell an interesting story about the composition of zebrafish gut microbiota
and the changes in composition depending on certain social behaviors exhibited by the host. These
differences in bacteria communities between fish of different social status support the hypotheses
surrounding the gut-brain axis and link between the gut and behavior. Interestingly, it appears that
behaviors like aggression associated with social dominance may alter the gut microbiome
composition in which commensal genera become more abundant and pathogenic genera decrease
in abundance. Alternatively, social behaviors related to fear, stress, or anxiety in subordinate fish

may contribute to the increased presence of pathogenic communities throughout pairing. In
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conclusion, the findings from this study contribute to our knowledge about social behaviors and
their impacts on the host gut microbiome. Furthermore, better understanding of this behavior-gut
link provides foundational research that may help us better understand the relationship between
the gut and the brain and how the onset of certain behavioral, neurodevelopmental, and

neurodegenerative diseases and disorders may be associated with gut dysbiosis.
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Appendix
Supplemental Table 1. Statistical output of linear mixed model with social status (dominant,

subordinate, isolate, communal) and day (Day IP, Day 0, Day 7, Day 14) as mixed effects.

Minimum 1Q Median 3Q Maximum
Richness -298.00 -84.83 -29.33 62.17 912.00
Diversity -1.5392 -0.2825 0.0581 0.2526 1.2440
Evenness -0.0470 -0.0145 -0.0048 0.0074 0.1031

Supplemental Table 2. Statistical output of linear mixed model with social group (social,

nonsocial) and day (Day IP, Day 0, Day 7, Day 14) as mixed effects.

Minimum 1Q Median 3Q Maximum
Richness -227.89 -86.12 -31.20 44.67 983.67
Diversity -1.2960 -0.3584 0.0487 0.2842 1.7729

Evenness -0.0441 -0.0204 -0.0046 0.0081 0.1107




Supplemental Table 3. Summary of two-way Analysis of Variance Table comparing bacterial

diversity metrics (OUT richness, Shannon Diversity Index H’, and Simpson’s Evenness

associated with Social Status (dominant, subordinate, isolate, communal) and Day of

socialization (Day IP, Day 0, Day 7, Day 14).

(A) OTU Richness

Fixed Effect SumSq MeanSq NumDF F-value Pr(>F)
SocialStatus 131644 43881 3 1.268 0.2914
Day 293917 97972 3 2.831 0.0439
SocialStatus:Day 497947 55327 9 1.599 0.1306
(B) Shannon’s Diversity (H)
Fixed Effect SumSq MeanSq NumDF F-value Pr(>F)
SocialStatus 0.150 0.0499 3 0.195 0.8993
Day 0.1378 0.1378 3 0.539 0.6570
SocialStatus:Day 6.148 0.6831 9 2.672 0.0094
(C) Simpson’s Evenness
Fixed Effect SumSq MeanSq NumDF F-value Pr(>F)
SocialStatus 0.0045 0.0015 3 1.756 0.1627
Day 0.0090 0.0030 3 3.533 0.0186
SocialStatus:Day 0.0148 0.0016 9 1.924 0.067

42



Supplemental Table 4. Summary of two-way Analysis of Variance Table comparing bacterial

diversity metrics (OTU richness, Shannon Diversity Index H’, and Simpson’s Evenness

associated with Social group (social, nonsocial) and Day of socialization (Day IP, Day 0, Day 7,

Day 14).
(A) OTU Richness
Fixed Effect SumSq MeanSq NumDF F-value Pr(>F)
Group 44379 44379 1 1.199 0.2766
Day 293265 97755 3 2.641 0.0546
Group:Day 104921 37974 3 0.945 0.4227
(B) Shannon’s Diversity (H)
Fixed Effect SumSq MeanSq NumDF F-value Pr(>F)
Group 0.011 0.0115 1 0.039 0.843
Day 0.411 0.1371 3 0.470 0.704
Group:Day 1.160 0.3868 3 1.325 0.272
(C) Simpson’s Evenness
Fixed Effect SumSq MeanSq NumDF F-value Pr(>F)
Group 0.00137 0.0014 1 1.480 0.2271
Day 0.00895 0.0030 3 3.324 0.0263
Group:Day 0.00512 0.0017 3 1.852 0.1440
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Supplemental Table 5. Summary of Permutational Analysis of Variance (PERMANOVA)
comparing bacterial compositional differences between social status (dominant, subordinate,
isolate, communal) and time (Day IP, Day 0, Day 7, Day 14). Number of permutations was 1000

and PERMANOVA was performed using Bray-Curtis dissimilarities in bacterial community

composition.
SumSq MeanSq NumDF F-value Pr(>F)
SocialStatus 2.301 0.767 3 3.671 0.00099
Day 3.156 1.052 3 5.035 0.00099
SocialStatus:Day 3.613 0.402 9 1.920 0.00099
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