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Abstract

In the yolk sac-fry stage, farmed Atlantic salmon (Salmon salar) are especially sus-
ceptible to unfavorable microbial rearing conditions, and high mortalities are frequently
reported from the aquaculture industry in this life-stage. This can to some extent be
attributed to harmful host-microbe interactions. Increasing our knowledge about these
interactions could therefore contribute to the reduction of mortality-related losses in the
Norwegian aquaculture industry. A novel approach could potentially be to use estab-
lished model organisms, such as zebrafish (Danio rerio), as a tool to better predict the
effects of host-microbiota interactions in economically important fish species. For this
to be applicable, the comparability of microbiota-induced host responses should be in-
vestigated.

This study aimed to characterize the initial microbiota of newly hatched zebrafish and
Atlantic salmon under gnotobiotic and re-conventionalized conditions, and to assess
whether host responses to various bacterial conditions were comparable between the
two host organisms on the gene expression level. Unfortunately, due to an unforeseen
delay in sample analysis at a third party, gene expression results were not returned in
time for them to be included in this work.

In addition, the study set out to determine the growth characteristics of nine bacterial
strains previously isolated from the gut of Atlantic salmon at temperatures relevant to
the rearing of zebrafish larvae and salmon yolk-sac fry. To achieve this, growth charac-
teristics were first determined for the nine bacterial strains in a general growth medium.
Further, gnotobiotic experiments were performed with each host organism, using the
same nine bacterial strains. Host organisms were exposed to the bacterial strains both
as mono-associations, and as a microbial consortium (SynCom). The community com-
position of re-conventionalized control conditions kept in both gnotobiotic experiments
was also investigated. Bacterial community compositions were analyzed by Illumina
sequencing of 16S rRNA gene amplicons.

In the gnotobiotic experiment with salmon yolk-sac fry, gnotobiotic conditions were suc-
cessfully maintained. In the zebrafish gnotobiotic experiment, indications of bacterial
contaminations were observed. Further, there appeared to be a positive correlation
between the SynCom strain’s maximum growth rates and their colonization success
in rearing water and host-associated microbiotas. Although the rearing water and fish
tissue microbiotas were distinct, results suggested that the fish tissue microbiota was
influenced by the water microbiota, but that host-provided selection factors made them
distinguishable. The main finding of this study was that the experimental system design
seemed to adversely affect the microbial community composition, as it was observed
that rapid-growing heterotrophs dominated the fish tissue and end water microbiotas.
This could suggest that the batch-like system design provides a selection regime in
which rapid-growing heterotrophs out-compete slower-growing bacteria.
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Sammendrag

I plommesekkstadiet er oppdrettslaks (Salmo salar) spesielt sårbar for ugunstige mikro-
bielle betingelser, og høy dødelighet rapporteres ofte fra oppdrettsnæringen i dette
livsstadiet. Dette kan til en viss grad tilskrives skadelige vert-mikrobe interaksjoner. Økt
kunnskap rundt disse interaksjonene kan derfor potensielt bidra til å redusere døde-
lighetsrelaterte tap i den norske oppdrettsnæringen. En ny tilnærming kan muligens
være å bruke etablerte modellorganismer, slik som sebrafisk (Danio rerio), som et verk-
tøy for bedre å forutsi effektene av vert-mikrobiota interaksjoner i økonomisk viktige
fiskearter. For at dette skal være anvendelig, må sammenlignbarheten av mikrobiota-
induserte vertsresponser undersøkes.

Denne studien hadde som mål å karakterisere den initielle mikrobiotaen til nyklekt se-
brafisk og laks under gnotobiotiske og re-konvensjonaliserte betingelser, og å under-
søke om vertsresponsene til de ulike bakterielle betingelsene var sammenlignbare mel-
lom de to vertsorganismene på genuttrykksnivå. På grunn av en uforutsett forsinkelse i
prøveanalysen hos en tredjepart, ble dessverre ikke genuttrykksresultatene returnert i
tide til å inkluderes i denne studien.

Et annet mål med studien var å karakterisere vekstegenskapene til ni bakteriestam-
mer, som tidligere hadde blitt isolert fra laksetarm, ved temperaturer relevante for op-
pdrett av sebrafisklarver og plommesekkyngel av laks. Vekstegenskapene til bakteri-
estammene ble derfor først bestemt i generelt vekstmedium. Videre ble de samme ni
bakteriestammene brukt i gnotobiotiske forsøk utført med hver vertsorganisme. Vert-
sorganismene ble eksponert for bakteriestammene både som mono-assosiasjoner og
som et mikrobielt konsortium (SynCom). Den bakterielle samfunnssammensetningen
av re-konvensjonaliserte kontrollbetingelser i begge gnotobiotiske eksperimenter ble
også undersøkt. De bakterielle samfunnssammensetningene ble analysert ved hjelp
av Illumina-sekvensering av 16S rRNA gen-amplikoner.

I det gnotobiotiske forsøket med plommesekkyngel av laks ble de gnotobiotiske betinge-
lsene opprettholdt. I forsøket med sebrafisk ble indikasjoner på en bakteriell kontam-
inasjon observert. Det så ut til at det var en positiv sammenheng mellom SynCom-
stammenes maksimale vekstrater og deres koloniseringssuksess i de vann- og vertsas-
sosierte mikrobiotaene. Selv om mikrobiotaen i vann og fiskevev framsto som forskjel-
lige, antydet resultatene at vertsmikrobiota ble påvirket av vannmikrobiota, men at se-
leksjonsfaktorer i verten gjorde dem forskjellige. Hovedfunnet i denne studien var at
utformingen av det gnotobiotiske eksperimentelle systemet så ut til å påvirke sam-
mensetningen av mikrobielle samfunn negativt, da det ble observert at hurtigvoksende,
heterotrofe bakterier dominerte mikrobiotaene assosiert med fiskeverten og vannet på
slutten av forsøket. Dette kan tyde på at det batch-lignende eksperimentelle systemet
bidrar med et seleksjonsregime der hurtigvoksende, heterotrofe bakterier dominerer.
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AB-SGM Antibiotic Salmon Gnotobiotic Medium

AB-ZGM Antibiotic Zebrafish Gnotobiotic Medium

ASV amplicon sequencing variant

CFU colony forming unit

dpf days post-fertilization

dph days post-hatching

FTS flow-through system

IBIS Institut de Biologie Intégrative et des Systèmes

LARSEM Laboratoire Aquatique de Recherche en Sciences Environnementales et
Médicales

NAP Nucleic Acid Preservation buffer

NSC Norwegian Sequencing Centre

OD600 optical density at 600 nm

OTU Operational Taxonomic Unit

PCoA Principal Coordinate Analysis

PCR polymerase chain reaction

PVP-I poly(vinylpyrrolidone)–iodine

RAS recirculating aquaculture system

SGM Salmon Gnotobiotic Medium

SIMPER Similarity Percentage Analysis

SynCom Synthetic Community

TSA Tryptic Soy Agar

TSB Tryptic Soy Broth

ZGM Zebrafish Gnotobiotic Medium
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1 Introduction

1.1 Motivation

As the global population grows larger and wealthier, the demand for high-quality, animal-
based protein sources is following suit [1]. Compared to other animal protein sources for
human consumption, such as beef, pork, and poultry, aquaculture-based sources can
still be considered underutilized, as fish only accounts for 7% of all protein produced
for human consumption [1, 2]. Due to increased worries about harmful ecological im-
pacts, production volumes from capture fisheries have remained relatively stable over
the last thirty years, characterized by a shift towards ecologically sustainable fish stocks
and more stringent stock management [1, 3]. The contribution of aquaculture to global
seafood production, however, has increased exponentially since the 1960s, driving a
total increase in seafood production volumes (Figure 1.1). In 2013, aquaculture sur-
passed capture fisheries in production volumes globally, and its contribution to total
seafood production is anticipated to grow further [1, 3].

Figure 1.1: The development of global seafood production in tons from 1960 - 2015 from aqua-
culture (blue) and capture fisheries (red). (Food and Agriculture Organization of the United
Nations (via World Bank) – processed by Our World in Data. CC BY [3, 4])
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In Norway, aquaculture is already the second-largest export industry, beaten only by
the petroleum industry [5]. Atlantic salmon (Salmo salar ) is by far the most important
species in Norwegian aquaculture, with over 1.2 million tons exported in 2023 at an
estimated value of approximately 122 billion NOK [6]. This makes Norway the biggest
producer of Atlantic salmon globally [5]. Given the forecasted importance of aquaculture
as a provider of sustainably sourced, high-quality protein, it is evident that the Norwe-
gian aquaculture industry will be a key contributor in feeding an increasingly larger and
wealthier global population.

In an effort to run aquaculture facilities with better animal welfare and lower mortalities,
the last decades have seen an increased interest in factors affecting fish biology and
health both from academia and the industry itself. Focus has been on a broad but often
correlated range of parameters such as water quality [7], rearing facility design [8], feed
composition [9], and, most pertinent for this thesis, the effects of the fish- and rearing
water microbiota [10].

The current production trend in Norway for rearing Atlantic salmon can be divided into
two stages: The Atlantic salmon starts its life in onshore rearing facilities, either in a
flow-through system (FTS) where fresh water is continuously moved through the sys-
tem, or in a more contemporary recirculating aquaculture system (RAS) where water
is treated biologically and physiochemically and recirculated. Once smoltification is in-
duced, the salmon is transferred to sea cages for the final grow-out stage until slaugh-
ter weight is achieved [11]. RAS typically have a water recirculating degree of > 90%,
demanding increased attention to biological and physiochemical water quality param-
eters, some of which depend on bacterial populations in the RAS itself [10, 11]. The
high degree of water recirculation allows for the accumulation of bacterial populations
to a larger extent compared to traditional flow-through systems [11]. Understanding the
effect of these environmental bacteria, not just on water quality but also on fish health,
have therefore become more important with the emergence of RAS as the industry
standard for rearing juvenile fish [7, 11].

In a survey of 190 Norwegian onshore salmon smolt production facilities, 44% of all
reported mortalities occurred in just one of seven weight groups, when individuals
weighed less than 3 grams [12]. This corresponds to the first life stage post-hatching,
the yolk-sac fry stage. This stage is characterized by rapid development of adult phys-
iological and immunological functions, making yolk-sac fry especially vulnerable to un-
favorable microbial and physiochemical conditions [10]. The high mortalities seen in
this life stage can, to some extent, be attributed to harmful host-microbiota interactions
[13]. A better understanding of these interactions in the earliest life stages will therefore
be imperative to further develop the Norwegian aquaculture industry both economically
and ethically.
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1.2 Host-microbiota interactions and the ontogenesis of the
teleost microbiota

A microbiota can be defined as the collection of all living microorganisms in a specific
environment at a specific time, and the term is often used about host-provided envi-
ronments such as skin, gut, and oral microbiota [14]. Culture-independent methods
based on high-throughput sequencing and multi-omics approaches have allowed for
a deeper insight into microbial community compositions, diversities, and functions in
recent decades. This has led to remarkable progress in our understanding of the intri-
cate commensal relationship between host and microbiota, but many questions remain
unanswered [15, 16].

The most studied host-related microbiota is that of the mammalian gut, both in humans
and in rodent model organisms. These studies have shown that the gut microbiota is
shaped by environmental and geographical factors [17], diet [18], host immune system
[19], and development [20]. Reversely, studies have shown that the microbiota influ-
ences various host health and development traits. The vast genomic potential present
in a diverse microbiota, for example that of the mammalian gut, opens the door for a
wide range of functional properties that can benefit the host, including pathogen protec-
tion, nutrient provision, and maintaining the structural integrity of the mucosal layer [21,
22]. In addition, it has been shown that the commensal microbiota contributes to and
maintains proper immune function through various mechanisms [19, 23, 24]. Although
less is known about the detailed roles of fish microbiota compared to mammalian hosts,
evidence suggests that it plays a role in similar processes to those observed for mam-
mals, such as the proper development of the gut and immune system [25, 26, 27],
protection against pathogen infections [28], nutrient production and uptake, and growth
[29].

One major difference between mammals and teleosts is that, in the lack of a stra-
tum corneum, teleosts have an additional mucosal tissue – the skin mucus. It provides
a biochemical and physical barrier against potential pathogens and the external en-
vironment, and presents itself as a microbial habitat in close spatial proximity to the
surrounding water [30]. Although the skin mucosal microbiota is typically reported to
be distinct from it, studies show that the environmental microbiota together with the
physiochemical selection regime are the main determinants affecting the community
composition of the skin mucosal microbiota, in addition to host-provided selection fac-
tors [30, 31, 32, 33, 34]. However, the exact functions of the skin microbiota, and the
mechanisms involved in its assembly are still not properly understood [33].

The current consensus for how the teleost microbiota establishes in host mucosal sur-
faces is summarized by Llewellyn et al. (2014). It is thought that whilst still in the de-
veloping egg, the embryo remains sterile as it is protected from environmental bacteria
by the egg chorion. Bacteria will however colonize the outer surface of the chorion.
Once hatched, all available mucosal surfaces of the larvae are colonized by the en-
vironmental bacteria and possibly also by those present on the chorion. As soon as
the gastrointestinal tract opens, bacteria will colonize the developing gastrointestinal
mucosal tissues. When larvae commence active feeding, the microbiota of the feed
will have a strong impact on the composition of the gastrointestinal microbiota. As the
teleost matures, so will the microbiota, becoming more diverse and increasingly stable
[32]. The adult microbiota is the most diverse and stable due to host-provided selection
factors in the different host niches [32].
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1.3 Studies on the effects of microbiota in salmonids and
zebrafish

A prerequisite for studying the effects of microbiota on its host is to establish gno-
tobiotic model systems. Gnotobiology is the study of model organisms with known,
pre-determined bacterial conditions which is decided by the researcher [35]. To ob-
tain gnotobiotic model organisms, they first need to be made germ-free. Once this is
achieved, re-inoculation with the desired bacterial conditions can be done. Germ-free
derivation procedures have been developed both for zebrafish [25] and, more recently,
for Atlantic salmon yolk-sac fry [36].

Few studies have been performed on the microbiota-induced effects on its host in At-
lantic salmon, or in salmonids in general, but there are still some examples in literature
that shed light on potential interactions. Gómez de la Torre Canny et al. (2023) ob-
served that the presence of commensal bacteria in newly hatched salmon yolk-sac fry
gave a greater functional thickness of the skin mucus compared to fry reared in germ-
free conditions, as well as an effect on adipose tissue accumulation [36]. Other studies
have found that the commensal microbiota of the salmonid species rainbow trout (On-
corhynchus mykiss) and brook charr (Salvelinus fontinalis) can contribute with protec-
tion against bacterial pathogens and antifungal properties [28, 37, 38, 39]. Specifically,
Pérez-Pascual et al. (2021) were able to show that whilst germ-free rainbow trout were
highly susceptible to infection by the common freshwater fish pathogen Flavobacterium
columnare, re-conventionalization with eleven culturable species from the trout micro-
biota gave resistance towards the infection. Through bacterial mono-associations they
were able to show that the resistance was conferred by a commensal Flavobacterium
strain [28].

Compared to the salmonids, studies of microbiota-induced effects on its host in ze-
brafish can be said to have reached a higher level of sophistication, and there are
several examples of such studies in literature. A gnotobiotic zebrafish derivation pro-
tocol was established by Rawls et al. in 2004 [25]. Preceding this, the zebrafish was
already a well-established vertebrate model organism in many different biological dis-
ciplines, such as developmental biology and biomedical research [40]. Advantages of
the zebrafish model system includes a fully sequenced genome, high fecundity, rapid
oviparous embryonic development, short generation times, and transparent embryos.
Standardized molecular methods, assays, imaging techniques, and transgenic lineages
were already used routinely before the model system was used to investigate host-
microbiota relations. These tools allow for detailed investigations into intricate cellular
and systemic responses to different experimental conditions [40]. Compared to rodent
models, using zebrafish also allows for experiments with a high number of individuals,
which is useful in studies of host-related microbial ecology. The door thus stood ajar for
investigating microbiota-induced effects in zebrafish, and was opened by Rawls et al.
with the establishment of the gnotobiotic derivation procedure [25].

In the same study, the intestinal microbiota was found to trigger host responses in-
volved in epithelial proliferation, nutrient metabolism, and innate immune system sig-
naling, which were conserved between mice and zebrafish, two seemingly distant ver-
tebrate relatives [25]. This was an important finding, as it showed that host responses
to microbiota are evolutionarily conserved, which further implies that findings related
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to microbiota-induced effects in model species such as zebrafish might be transferable
to other host systems. Later studies have since revealed some of the molecular mech-
anisms underlying the communication between the zebrafish commensal microbiota
and the innate immune system. Some examples are the findings that transcriptional
activity of the nuclear transcriptional factor NF-κB, which is important in immune re-
sponse regulation, is regulated by bacterial factors present in a commensal microbiota
[26], that the presence of a commensal microbiota alters neutrophil homeostasis and
increases their recruitment to injury [41], or that MyD88 signaling mediates the effects
of colonization on the mucosal immune status of the host [42]. Studies in gnotobiotic
zebrafish have also revealed some of the details regarding the role of the microbiota in
host nutrient metabolism. One study found that a commensal microbiota promotes fatty
acid uptake and lipid droplet formation, and their subsequent metabolism in the liver
[43].

The well-established set of tools that exists for zebrafish does not exist in the same way
for Atlantic salmon, or any salmonids for that matter. Still so, the gnotobiotic derivation
protocol developed by Gómez de la Torre Canny et al. has opened for new insights into
host-microbiota relations in Atlantic salmon [36]. It is especially suited for studying bac-
terial community dynamics, but to reach the level of detail that is possible in zebrafish
models, there is still a way to go in terms of developing standardized methodologies
and molecular tools comparable to those already existing for zebrafish. One advantage
which the salmon model system is the physical size of eggs and fry. Salmon are signif-
icantly larger and more robust towards physical damage than zebrafish, which eases
handling both during the experiment and in subsequent analytical work. Salmon also
have a longer yolk-sac stage compared to zebrafish [44, 45]. This allows for studying
the host associated microbiota over a longer time period without the need for external
feeding.

Although all the details regarding the effects on host health of the teleost fry microbiota
are not fully known, the fact that it has been demonstrated that it can interfere with
pathogen colonization and affect mucus and immune system development could poten-
tially have implications for current practices in Norwegian aquaculture, where strict ster-
ilization of embryos to avoid pathogen infections is standard. Considering that the mi-
crobiota might be especially important in pathogen protection in the earliest life stages
when the immune system is not yet fully developed, filling these knowledge gaps and
increasing our understanding of the host-microbiota relationship in economically impor-
tant species such as Atlantic salmon could be important for reducing early-life mortality
numbers in the aquaculture industry [46, 47, 48].

1.4 Investigating microbial community compositions

Before the invention of the PCR and the discovery that microbial phylogeny can be
derived from nucleic acid sequences, studying microbial communities relied mainly on
culture-dependent methods [49]. Considering that we now know that only a small sub-
set of known bacterial species are actually culturable, such methods obviously had their
limitations when it came to capturing the actual microbial diversity in a sample [50]. In
addition, many bacteria are indistinguishable morphologically and functionally, so sep-
arating different taxa based on phenotype is often not possible. [51].
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It was Woese and Fox who first suggested the 16S rRNA gene as a marker for phyloge-
netic classification. Combined with the invention of Sanger sequencing, the 16S rRNA
gene sequence quickly became, and still is, the gold standard for studying microbial
phylogeny, diversity, and taxonomy [52]. The 16S rRNA gene encodes the prokaryotic
small subunit ribosomal RNA, which functions as a major structural component of the
30S ribosomal subunit in bacteria. It also has functional roles, such as providing a ribo-
somal binding site for the Shine-Dalgarno sequence of the incoming mRNA [53, 54].

The 16S rRNA gene possesses several features which make it the preferred marker for
classifying bacteria. Firstly, it is an essential housekeeping gene, with functionally con-
served homologs universally distributed. Secondly, the gene’s primary structure con-
sists of nine hypervariable regions (v1 – v9) interspaced by highly conserved regions.
By using universal primers which bind to the conserved regions one can perform tar-
geted PCR amplification of all bacterial 16S rRNA genes in a sample. The variable
regions can then be used for taxonomic diversity studies. By using curated databases
which links taxonomy to 16S rRNA gene sequences one can determine the taxonomic
classification of the queried source bacteria [55]. The diversity of the sampled microbial
community is reflected in the sequence diversity of the sampled 16S rRNA genes. In
addition, horizontal gene transfer of the gene is limited [49]

The combination of targeted 16S rRNA gene PCR amplification and subsequent mas-
sive parallel sequencing is what is called 16S amplicon sequencing [55]. In Figure 1.2,
an overview of a typical workflow for 16S amplicon sequencing is shown. Usually, only
a subset of the total 16S rRNA gene which contains one or more hypervariable regions,
such as the v3-v4 region, is sequenced. The possibility 16s amplicon sequencing pro-
vides for deep characterization of microbial communities, combined with state-of-the
art -omics technologies, has revolutionized the scientific fields which involves microbial
communities, and they are now central methods in fields such as microbial ecology,
environmental microbiology, and environmental biotechnology.

Figure 1.2: A generalized overview of the typical 16S amplicon sequencing workflow. Created
with Biorender.com
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The composition of bacterial communities are can be analyzed in regards to which bac-
terial species are present, and at what levels. Depending on the homology to previously
classified 16S rRNA gene sequences present in databases, a 16S sequence can result
in classification at different taxonomic levels based on a set similarity threshold [49].
Previously, sequencing reads were clustered into “Operational Taxonomic Unit (OTU)”
based on sequence similarity. The current trend is to work with amplicon sequencing
variant (ASV), as it offers better sensitivity, resolution, and reproducibility compared to
OTU-based methods [56]. ASVs are all sequence variants present in a sequencing run
after strict quality processing, which are then assumed to represent biologically signif-
icant sequences. Assessment of sample diversities involves big sequencing data sets,
and requires the use of relevant pipelines and multivariate statistics. Diversity depends
both on how many species that are observed, the richness, and to which degree these
species are present relevant to one another, the evenness. One can investigate both
the diversity within single samples, the α-diversity, or between samples, the β-diversity
[57]. Different diversity indices have been developed to quantify the diversity, such as
the Shannon diversity index for α-diversity and the Bray-Curtis index for β-diversity [58,
59].

1.5 Aims and objectives

In previous work in the ACMS research group, yolk sac fry of Atlantic salmon has proven
to be a sturdy organism with regards to physiological effects of different bacterial as-
sociations, showing little to no effects on growth and survival. However, it has been
shown that the initial bacterial colonization of a developing teleost host can induce var-
ious responses which might not affect growth and survival directly [25]. How, and to
what degree these responses are triggered, will depend both on the species of bacte-
ria associated with the host, the host itself, and the colonization success of the bacteria.

The overall aim of this study was to examine if zebrafish could be used as a model to
predict host responses in Atlantic salmon to specific bacterial strains. It also set out to
investigate colonization of the two different host organisms by a gnotobiotic bacterial
community (termed SynCom).

The master project’s specific objectives were to:

• Determine growth characteristics of nine previously classified bacterial strains iso-
lated from the gut of Atlantic salmon at temperatures relevant for rearing zebrafish
and Atlantic salmon yolk-sac fry

• Prepare axenic zebrafish larvae and Atlantic salmon yolk-sac fry, and perform
gnotobiotic experiments in these host models with the bacterial isolates, both as
mono-associations and combined in a Synthetic Community (SynCom).

• Quantify the development of bacterial densities in these conditions by means of
flow cytometry analyses

• Characterize the resulting fish microbiota and community compositions in the
SynCom and re-conventionalized conditions through and 16S amplicon sequenc-
ing

• Assess whether host responses on the gene expression level to the initial bac-
terial colonization are comparable between the two host systems, and evaluate
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if zebrafish could be a useful model system for host responses to early bacterial
colonization in Atlantic salmon
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2 Materials and Methods

2.1 Selection of bacterial strains isolated from salmon

As part of a previous project in the ACMS group, 77 different bacterial strains were
isolated from skin and gut samples of Atlantic salmon reared in Salmar’s Follafoss fa-
cilities, a commercial RAS for smolt production. The bacterial strains were acquired in
2017 by plating them on different media and picking colonies with unique morphologies.
They were then taxonomically characterized to the genus level using the RDP Classifier
tool based on 16S rRNA gene amplicon sequence data. They have since been stored
at -80 °C. The nine bacterial strains used throughout this thesis were chosen from this
strain collection. Representatives from three different phyla (Actinobacteria, Proteobac-
teria, and Firmicutes) were selected to capture the diversity of the collection. Initially,
twenty strains were chosen, but this number was reduced to nine after initial trials on
growth characteristics experiments. An overview of the nine strains used throughout
this thesis is given in Table 2.1.

2.2 Determining growth characteristics of bacterial strains

To determine basic growth characteristics for the 9 selected bacterial strains, OD600-
based growth curves were generated at two temperatures, and a CFU count using the
drop plate method was performed. The results of these experiments were also used to
determine which concentrations to use of the single-strain cultures in the gnotobiotic
zebrafish and salmon yolk-sac fry experiments (Section 2.3 and Section 2.4)

Bacterial growth curves were generated for the nine selected strains (Table 2.1) in the
general growth medium Tryptic Soy Broth (TSB) (Appendix A) by measuring the devel-
opment of the optical density at 600 nm (OD600) in single-strain cultures over time at
two different temperatures relevant for rearing zebrafish (22 °C) and salmon yolk-sac
fry (10 °C) , using either a Tecan Spark® 20M Microplate Reader or a BioLector®Pro
micro-bioreactor system (m2p Labs), respectively.

Isolates were retrieved from glycerol stocks stored at -80 °C by plating them on Tryptic
Soy Agar (TSA) plates (Appendix A) and incubated at room temperature (approximately
22 °C) for three days until visible growth was obtained for all strains. Colonies were then
picked and re-plated on new TSA plates and incubated for an additional three days, giv-
ing growth of single colonies. Subsequently, 3 mL of TSB was inoculated with a single
colony for each bacterial isolate and incubated for one day (22 °C, 250 rpm shaking).
These liquid cultures where then used to inoculate new 1% cultures which were used
for the OD600 measurements.
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For the experiment at the 22 °C, 150 µL of each 1% culture were aliquoted into three
replicate wells on a 96-well plate. The outermost wells of the plate were not used due
to the increased risk of evaporation; instead, they were filled with sterile TSB to serve
as a negative control. Cultivation conditions for the experiment were shaking at 250rpm
at 22 °C, with OD600 measurements every hour for 48 hours.

For the experiment at 10 °C, the BioLector®Pro high-throughput micro-bioreactor sys-
tem (m2p Labs) was used. 800 µL of each 1% culture were aliquoted into their separate
wells on a m2p Labs 48-well flower plate, with three replicates of each culture. In addi-
tion, three replicate negative controls consisting of sterile TSB were made. Cultivation
conditions for the experiment were set to 10 °C, shaking at 1300 rpm, with biomass
gain measurements every hour for 190 hours.

The maximum growth rate (µmax) for each individual strain at the two different tem-
peratures was determined from measurements made in the exponential growth phase,
using the logarithmic form of the exponential growth equation (Equation 2.1):

ln Xt = µt + ln X0 (2.1)

Here, Xt is the is the biomass concentration at time t, µ is the specific growth rate, and
X0 the biomass concentration at time 0 [60]. Specifically, Microsoft Excel was used to
fit a linear regression model to the natural logarithms of the cell density measurements
observed in the exponential growth phase. Data points were chosen to give the highest
rate of change per time. This was done for all three replicates for each strain. Accord-
ing to Equation 2.2 the average slope of the three replicate regression models is the
average µmax.

Minimum doubling time was also determined based on the relationship

td =
ln 2
µ

(2.2)

where µ is the specific growth rate, and td the doubling time [60]. Minimum doubling
time was found by using the determined µmax in place of µ in Equation 2.2. The end of
lag phase was defined as the time point were growth had increased with more than 5%
of the highest registered cell density for that specific strain.

2.2.1 Determining relationship between OD600 and CFU/mL using the
drop plate method

To determine the relationship between OD600 and bacterial concentration, a colony
forming unit (CFU) count was performed for all nine strains using the drop plate method
[61]. This method allows for parallel CFU counts to be performed on a single petri dish,
thus reducing both the workload and the use of laboratory consumables [61].

First, the bacterial isolates were revived on TSA dishes and re-plated to single-colony
cultures in the same way as described for the OD600 measurements (Section 2.2). For
each bacterial isolate, 25 mL of TSB in a 250 mL erlenmeyer flask was then inoculated
with a single colony incubated at 22 °C with shaking at 250 rpm overnight or until vis-
ible growth was achieved. These cultures were then used to inoculate a new 25mL of
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TSB (1%), which were incubated until exponential growth phase was established, de-
termined by the growth curves from the previous experiment (22 °C, 250 rpm shaking).
Then, whilst still in the exponential growth phase, three replicate samples of this cul-
ture were diluted to an OD600 between 0.1 and 0.3. These samples were then further
diluted in series to 10–3, 10–4, 10–5, and 10–6-dilutions. For each of these dilutions,
five 10 µL drops were deposited on a TSA plate divided into four, one quadrant for each
dilution (Figure 2.1). All dilutions were done with TSB. The plate was then inoculated at
ambient temperature (approximately 22 °C) until single, countable colonies appeared.
Thus, for each bacterial strain, this resulted in three Petri dishes representing three dif-
ferent OD’s, each containing five drops of all four dilutions.

Figure 2.1: The replicate plate for strain B49 (Lactococcus sp.) at OD600 0.139 as an example
of the drop plate method, showing the setup of each plate with five drops of each of the four di-
lutions made for that specific OD600 replicate. This was done in three different OD600 replicates
for all nine strains.

The CFU/mL was calculated for each replicate OD600 using the dilution quadrant which
gave a CFU count of 3 - 35 per drop. Each of the five drops of the given dilution was
considered an individual data point for that specific OD600 replicate. All three replicate
plates were then used to generate a linear regression model for the relationship be-
tween OD600 and CFU/mL within the given OD600 range. These relationships were
used in the bacterial association experiments described in Section 2.3 and Section 2.4
to add the correct volume of bacterial culture to the fish wells to achieve the target start-
ing bacterial concentrations. For three of the bacterial isolates (3.78, B40, and B49)
which initially gave inconsistent CFU counts between replicates, the experiment was
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repeated with five replicate OD’s instead of the original three. The regression curves
for the relationship between OD600 and CFU/mL are given in Supplementary Figure
S.1.

2.3 Gnotobiotic experiment in zebrafish (Danio rerio)

This experiment was performed at Institut de Biologie Intégrative et des Systèmes
(IBIS) of Université Laval in Québec, Canada, in collaboration with professor Nicolas
Derome and PhD candidate Lisa Zoé Auclert. Zebrafish embryos and fish lab facili-
ties were kindly provided by Laboratoire Aquatique de Recherche en Sciences Envi-
ronnementales et Médicales (LARSEM), also located at Université Laval. Training and
supervision in gnotobiotic handling and germ-free derivation of zebrafish eggs was pro-
vided by Lisa Zoé Auclert.

2.3.1 Overview of experimental design

For this experiment, a total of 39 gnotobiotic cohorts, each consisting of 10-15 wild-type
AB zebrafish, were established in 6-well plates to investigate the effects of host asso-
ciation with both mono-associations and a combination (SynCom) of bacterial strains
originally isolated from salmon fry on host gene expression and the colonization suc-
cess of these strains when presented with a novel host system.

An overview of the experimental design is given in Figure 2.2. Twelve different bacterial
conditions were investigated: A mono-association for each of the nine bacterial strains,
a SynCom condition consisting of equal amounts of all nine strains, a germ-free control
condition, and a re-conventionalized control condition using rearing water from the ze-
brafish hatchery at LARSEM. Three replicate wells were established for each condition.
Wells containing only the bacterial inoculum (for SynCom and re-conventionalized con-
ditions) or sterile Zebrafish Gnotobiotic Medium (ZGM) (for the germ-free condition),
but no fish, were made to represent the starting bacterial communities of these condi-
tions (proxy wells).

Fertilized zebrafish eggs acquired through natural breeding were provided by LARSEM
on the day of fertilization and immediately sterilized as described by Pham et al. [62],
before being divided into cohorts and associated with the respective bacterial condi-
tions (detailed descriptions are given in Section 2.3.2 and Section 2.3.3). The exper-
iment was ended at 5 days post-fertilization (dpf). Mortality and hatching progression
were monitored daily. Sampling for microbial community characterization and flow cy-
tometry analysis were done at the start and end of the experiment. At the end of the
experiment, fish were also sampled for the same purposes, as well as for host RNA ex-
traction and first-strand cDNA synthesis to investigate host responses to the SynCom,
germ-free, and re-conventionalized conditions.

2.3.2 Derivation of germ-free zebrafish embryos

The derivation of germ-free zebrafish eggs and the following bacterial association was
based on the protocol of Pham et al. with some minor modifications [62], and was su-
pervised and assisted by Lisa Zoé Auclert.
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Figure 2.2: Overview of the experimental design for the zebrafish bacterial association experi-
ment. Each well color represents a different bacterial condition. White wells are empty. Except
for proxy wells, wells contained 10 - 15 sterilized zebrafish eggs. Created with Biorender.com.

Approximately 450 fertilized eggs were delivered from LARSEM on the day of the germ-
free derivation. They were immediately rinsed twice in 50 mL Antibiotic Zebrafish Gno-
tobiotic Medium (AB-ZGM) (Appendix A) before being incubated at 26 °C in AB-ZGM
in individual Petri dishes as described in Pham et al [62]. Following the antibiotic treat-
ment, the eggs were rinsed twice in 50 mL ZGM (Appendix A) before being incubated in
0.1% poly(vinylpyrrolidone)–iodine (PVP-I) solution for ≤ 2 minutes. After this incuba-
tion, excess PVP-I solution was rinsed off with ZGM, before the eggs were transferred
to a 0.003% bleach solution for ≤ 20 minutes. After the bleach incubation, the eggs
were rinsed in large volumes of ZGM (>400 mL) to remove any excess bleach before
being divided into cohorts of 10-15 eggs per well in six-well plates. The eggs were
transferred using disposable sterile transfer pipettes, as these secure gentle handling
and limit death due to shear forces [63]. Finally, the media volume was adjusted to 5
mL ZGM in each well. Sterility tests were performed by plating 100 µL of water from
wells on TSA plates.

2.3.3 Bacterial association of zebrafish embryos

For the bacterial associations, bacterial cultures were prepared in TSB cultures as de-
scribed in Section 2.2.1. Bacteria were added to the wells from a liquid culture in ex-
ponential phase. The target bacterial concentration in each well was 5 ×105 CFU/mL.
The OD600 was determined for each culture, and the relationships between OD600 and
CFU/mL found in Section 2.2.1 were used to determine the volume of bacterial culture
needed to reach the target bacterial concentrations in the wells. The resultant aliquots
of the bacterial cultures were placed in eppendorf tubes and diluted to a final volume
of 1 mL with ZGM. This dilute culture was then centrifuged at 8000×g for 7 minutes.
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The supernatant was discarded to remove TSB media and the pellet resuspended in 1
mL ZGM. 1 mL of media was aspirated from each well and replaced with the bacteria-
containing ZGM. To prepare the SynCom aliquote, one-ninth of the volume used for
the mono-associations was added in the same eppendorf tube for all 9 strains. For the
wells with the re-conventionalized condition, 1 mL of well media was replaced with 1
mL of parent rearing water.

2.3.4 Sample collection

Water samples for flow cytometry analysis were taken at the start and end of the exper-
iment to quantify the bacterial densities of the different bacterial conditions. Samples of
whole fish were also taken at the end of the experiment to quantify bacterial densities
in skin mucus. For water samples, 100 µL were sampled in three replicates from each
bacterial condition and fixated in 900 µL glutaraldehyde solution to a final glutaralde-
hyde concentration of 0.5%. These samples were then snap-frozen and stored at -80
°C. Fish samples, also three replicates consisting of one individual from all conditions,
were placed in 1 mL 0.5% glutaraldehyde solution, snap-frozen, and stored at -80 °C.

For analyses of community compositions in the SynCom, re-conventionalized, and
germ-free control conditions by 16S rRNA gene amplicon sequencing, water samples
were taken at the start of the experiment, as well as water and fish samples at the end
of the experiment. The proxy wells were sampled to represent the starting bacterial
communities of these conditions. To collect the bacteria in the water, each well’s whole
volume (5 mL) was sampled in 1 mL batches. These were then centrifuged sequentially
at 20000 × g for 10 minutes in the same tube, and the supernatant was removed after
each run. The resulting pellet was then snap-frozen in 50 µL of Nucleic Acid Preser-
vation buffer (NAP) prepared according to Camacho-Sanchez et al. [64], and stored at
-80 °C . At the end of the experiment, four replicate samples, each consisting of three
individual fish from replicate wells, were taken from the Syncom, re-conventionalized,
and germ-free conditions. These were placed in 1 mL NAP buffer, snap-frozen, and
stored at -80 °C. The remaining water of these wells were also sampled as described
for the proxy wells.

Fish samples were taken for RNA extraction and subsequent gene expression analysis
at the end of the experiment to investigate host responses to the bacterial colonization.
Four replicate samples consisting of three individuals were taken from the SynCom,
germ-free, and re-conventionalized conditions, placed in 1 mL TRIzol™ (Invitrogen)
and kept at 4 °C for one day before further processing as described in Section 2.8. An
overview of the samples collected from the zebrafish gnotobiotic experiment is given in
Table 2.2.
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Table 2.2: Overview of water and fish samples collected in the zebrafish gnotobiotic experiment.
The number of replicates of each sample type is given. For the mono-associations, the number
of replicates given is for each of the nine conditions. FC start/end = Samples for flow cytometry
analyses collected at the start or end of the experiment. 16S start/end = Samples for 16S
rRNA gene amplicon analyses collected at the start or end of the experiment. RNA extraction
= Samples collected for RNA extraction and subsequent gene expression analyses

FC start FC end 16S start 16S end RNA extraction

Water Fish Water Fish Water Fish Water Fish Water Fish
X9 Mono-associations 3 - 3 3 - - - - - -
SynCom 3 - 3 3 4 - 3 4 - 4
Germ-free control 3 - 3 3 4 - 3 4 - 4
Re-conventionalized 3 - 3 3 4 - 3 4 - 4

2.4 Gnotobiotic experiment in Atlantic salmon yolk-sac fry
(Salmo salar )

The bacterial association experiment with Atlantic salmon yolk-sac fry was performed
at ACMS’ facilities at NTNU Trondheim, with salmon embryos acquired from Aquagen.
Assistance and training in germ-free derivation of Atlantic salmon eggs was kindly pro-
vided by Eirik Degré Lorentsen and Amalie Johanne Horn Mathisen of ACMS.

2.4.1 Overview of experimental design

An overview of the experimental design is given in Figure 2.3. The same twelve bac-
terial conditions that were investigated for zebrafish were also used for the association
experiment with the salmon yolk-sac fry host. For the re-conventionalized control con-
dition, rearing water from SINTEF SeaLab’s salmon rearing facilities was used. After
deriving the eggs germ-free as described in Section 2.4.2, and subsequent hatching in
cell culture flasks, individuals were transferred to 6-well plates. 60% media exchanges
were performed every second day in the flasks containing the hatching eggs. Six repli-
cate wells were established for each mono-association condition and twelve for the
remaining SynCom, germ-free, and re-conventionalized conditions. Each replicate well
contained one individual host.

The experiment was ended at 13 days post-hatching (dph). Sampling for microbial com-
munity characterization and flow cytometry analysis were done at the start and end of
the experiment. At the end of the experiment, fish were also sampled for the same pur-
poses, as well as for host RNA extraction and first-strand cDNA synthesis to investigate
host responses to the SynCom, germ-free, and re-conventionalized conditions. All work
with salmon yolk-sac fry was done in a dark-room cold lab set at 8 °C.
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Figure 2.3: Overview of the experimental design for the salmon yolk-sac fry bacterial asso-
ciation experiment. Each well color represents a different bacterial condition. White wells are
empty. Except for proxy wells, wells contained one yolk-sac fry individual. Created with Bioren-
der.com.

2.4.2 Germ-free derivation of Atlantic salmon eggs

The germ-free derivation of Atlantic salmon eggs and the following bacterial associa-
tions were based on the protocol developed at ACMS by Gómez de la Torre Canny and
Fiedler (Appendix B). Fertilized eggs received from Aquagen were kept in a dark-room
at all times. They were immediately transferred to a petri dish (13.5 cm Ø) upon arrival
and covered in sterile Salmon Gnotobiotic Medium (SGM) for acclimatization (24 hours)
(Appendix A). Following this, media was exchanged with Antibiotic Salmon Gnotobiotic
Medium (AB-SGM) for antibiotic incubation (24 hours) (Appendix A). On day 3 after ar-
rival, eggs were transferred to 50 mL conic vials in groups of eleven. These were filled
with Buffodine solution containing 50 mg/L available iodine for a thirty-minute incuba-
tion. Buffodine was then decanted, and eggs were rinsed four times in 50 mL SGM,
before being transferred to250 mL cell culture flasks with vented caps (eleven eggs per
flask). The described steps were all performed by Eirik Degré Lorentsen and Amalie Jo-
hanne Horn Mathisen. Flasks were filled with 100 mL SGM, and 60% media exchanges
were performed every second day until hatching.

Sterility tests were performed before and after hatching for all flasks, and included inoc-
ulation of brain-heart infusion media, Saboraud dextrose broth, nutrient broth, glucose
yeast medium, and two TSA plates with 100 µL SGM hatching media. Any flasks show-
ing growth in any sterility control media were removed from the experiment. 3 dph,
salmon yolk-sac fry were transferred to 6-well plates containing 10 mL SGM per well
using stringent sterile technique. Each well contained one individual.
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2.4.3 Bacterial association of salmon yolk-sac fry

The bacterial associations for salmon yolk-sac fry were performed as described previ-
ously for zebrafish in Section 2.3.3.

2.4.4 Sample collection

Samples for flow cytometry and RNA extraction/cDNA-synthesis were collected as
described previously for zebrafish in Section 2.3.4, except that only one individual
was used per replicate fish sample. Samples for 16S rRNA gene amplicon sequenc-
ing however, were sampled in accordance with established routines at ACMS. Four
replicate water samples were taken from each of the SynCom, germ-free, and re-
conventionalized conditions at the start and end of the experiment, as well as four
replicates of fish for each condition after the experiment. For the water samples, the
total 10 mL of rearing media (SGM) in a well were aspirated with a syringe and fil-
tered through a Whatman® Nuclepore™ 0.2 µm Track-Etched membrane. The filtrate
was discarded, and the filter was stored at - 20 °C for subsequent DNA extraction,
described in Section 2.6.1. Fish samples for amplicon sequencing were collected in
the same way for salmon yolk-sac fry as for zebrafish, previously described in Section
2.3.4. An overview of the samples collected from the salmon yolk-sac fry gnotobiotic
experiment is given in Table 2.3.

Table 2.3: Overview of water and fish samples collected in the salmon yolk-sac fry gnotobiotic
experiment. The number of replicates of each sample type is given. For the mono-associations,
the number of replicates given is for each of the nine conditions. FC start/end = Samples for
flow cytometry analyses collected at the start or end of the experiment. 16S start/end = Sam-
ples for 16S rRNA gene amplicon analyses collected at the start or end of the experiment. RNA
extraction = Samples collected for RNA extraction and subsequent gene expression analyses

FC start FC end 16S start 16S end RNA extraction

Water Fish Water Fish Water Fish Water Fish Water Fish
X9 Mono-associations 3 - 3 3 - - - - - -
SynCom 3 - 3 3 4 - 4 4 - 4
Germ-free control 3 - 3 3 4 - 4 4 - 4
Re-conventionalized 3 - 3 3 4 - 4 4 - 4
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2.5 Optimizing DNA extraction for zebrafish and salmon yolk-
sac fry tissue samples

As part of another master project being conducted at ACMS concurrently with the work
of this thesis, protocols for extracting bacterial DNA from adult Atlantic salmon skin
tissue samples were being optimized, specifically focusing on the first lysis step [65].
The main finding in this work was that vortexing of the tissue sample in lysis buffer
followed by an incubation period before removing tissue and proceeding with lysis with-
out host tissue present gave the best results. The lysis buffer provided in the Zymo-
BIOMICS™ kit was used. To test if this also applied for zebrafish and salmon yolk-sac
fry samples, one replicate of each of the bacterial conditions (SynCom, germ-free, re-
conventionalized) for both host species (six samples in total) were subjected to the
following lysis treatment:

• Tissue samples were transferred to lysis tubes containing lysis buffer (600 µL).

• The NAP buffer which tissue samples had been stored in was centrifuged at 10
000 × g for five minutes. The supernatant was removed, and the pellet resus-
pended in 150 µL lysis buffer, which was added back to the lysis tube containing
the corrresponding fish tissue sample.

• Samples were vortexed for two minutes, followed by a thirty minute incubation
and another two minute vortexing.

• The lysis buffer was then split in equal parts between two lysis tubes, keeping the
host tissue in one of them. Fresh lysis buffer was added in both tubes to a total
volume of 750 µL.

• Approximately 50 µL 0.1 mm glass beads (Bertin Technologies) were added to all
samples. Lysis was performed by bead beating in a Precellys® tissue homoge-
nizer at 5500 rpm in two 30-second cycles.

Lysates were then further processed in the KingFisher™ Flex Purification System as
described in Section 2.6.1. The resulting DNA extracts were used as templates in a
16S rRNA gene targeted PCR as described in Section 2.6.2 both in the original con-
centration, and in 1:10 dilutions. The obtained PCR products were evaluated by gel
electrophoresis.
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2.6 Library preparation for 16S rRNA gene amplicon sequenc-
ing

To investigate the development of the bacterial community compositions in the Syn-
Com, germ-free and re-conventionalized conditions, a DNA library with the isolated
16S rRNA gene target sequences was prepared. This was then sent to the Norwegian
Sequencing Centre (NSC) for Illumina sequencing. In the following subsections, the
steps in preparing the DNA library are described.

2.6.1 DNA extraction

DNA extraction was done for all water and fish samples prepared for 16S rRNA gene
amplicon sequencing analysis (see Table 2.2 and Table 2.3) with the ZymoBIOMICS ™
96 MagBead DNA kit (Appendix C). The supplier’s kit protocol was followed with some
deviations. All samples were lysed using Precellys® tissue Homogenizer with approxi-
mately 50 µL 0.1 mm glass beads (Bertin Technologies) at 5500 rpm in two 30-second
cycles using the lysis buffer (750 µL) provided in the ZymoBIOMICS™ kit.

For the zebrafish water samples, the entire sample volume (50 µL) was added to the ly-
sis buffer before lysing in the Precellys® tissue Homogenizer. The zebrafish fish tissue
samples were thawed, and individuals were transferred from their storage NAP buffer
to the lysis buffer, where lysis was performed with host tissue, as this lysis method was
evaluated as the most optimal for zebrafish tissue samples in Section 2.5. The salmon
water samples consisted of a Whatman ® Nuclepore ™ Track-Etched membrane filter.
These were transferred directly to the lysis buffer, and homogenization was executed
with the membrane filter present. For the salmon fish tissue samples, tissue was trans-
ferred to the lysis buffer and vortexed for two minutes, incubated, and then removed, as
this lysis method was evaluated as the most optimal for salmon yolk-sac fry tissue sam-
ples in Section 2.5. After lysis homogenization, all samples were centrifuged at 10 000
× g for 1 minute, and 200 µL of the supernatant was used for DNA extraction using the
KingFisher™ Flex Purification System. 50 µL of ZymoBIOMICS ™ MagBinding Beads
were used for the binding step. The remaining steps were performed as described in
the kit protocol (Appendix C), giving a 50 µL eluate of nuclease-free water containing
the extracted DNA.

2.6.2 Targeted PCR

The DNA extracts from Section 2.6.1 containing the extracted DNA were used as tem-
plates for the targeted PCR amplifications of the v3+v4 region of the bacterial 16S
rRNA gene, using broad coverage primers Ill-341F-KI and Ill805R, which consists of a
gene targeting sequence and an Illumina adapter sequence (Table 2.4). 1 µL of DNA
template, 1X Phusion buffer HF, 200 µM of each dNTP, 0.02 units/µL Phusion Hot-Start
DNA Polymerase (all from Thermo Scientific™), and 0.16 µM of each primer (Sigma-
Aldrich) made up each PCR in a total volume of 25 µL. PCR cycling conditions are given
in Table 2.5. A negative control from the DNA extraction step, as well as a non-template
and positive PCR control, was included. The resulting PCR products were checked for
quality and size by gel electrophoresis before continuing with normalization.
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Table 2.4: Sequences of the Ill-341-KI and Ill-805R broad coverage primers used for amplifying
the v3+v4 region of the 16S rRNA gene in the targeted PCR. Gene targeting sequences are
marked in bold.

Primer Sequence Target region

Ill-341-KI
5’-TCG TCG GCA GCG TCA GAT GTG TAT AAG
AGA CAG NNNN CCT ACG GGN GGC WGC AG-3’

v3

Ill-805R
5’-GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG
ACA G NNNN GAC TAC NVG GGT ATC TAA KCC-3’

v4

Table 2.5: Cycling conditions for the 16S rRNA gene PCR amplification

PCR step Time Temperature [°C] Cycles

Denaturation 2 min 98 1X

Denaturation 15 sec 98
Annealing 20 sec 56 38X
Elongation 20 sec 72

Elongation 5 min 72 1X

Cooling ∞ 4 1X

2.6.3 Normalization of targeted PCR products

PCR products from the targeted PCR were normalized and purified using the Sequal-
Prep ™ Normalization Plate kit from Invitrogen™ according to the kit protocol (Appendix
D). This process step ensures that the input concentration of the amplified DNA from
the targeted PCR is similar across all samples before the indexing PCR (1 – 2 ng/µL).

2.6.4 Indexing PCR

Before sending the library for sequencing, an indexing PCR was performed on the
normalized PCR products. This is done so that samples are distinguishable after being
pooled and sequenced. Each sample’s normalized PCR product is tagged with a unique
combination of forward and reverse sequence indexes, which are added to the PCR
products in this step. The Nextera XT DNA Library Preparation Kit A (Illumina™), which
consists of a set of indexing primers that allow for up to 96 unique index sequence
combinations, was used. For all samples, a PCR consisting of 2.5 µL of normalized
template, 1X Phusion buffer HF, 200 µM of each dNTP, 0.02 units/µL Phusion Hot-Start
DNA Polymerase (all from Thermo Scientific™), and 2.5 µL of each indexing primer was
performed in a total volume of 25 µL, using a unique combination of primers for each
sample. PCR cycling conditions are given in Table 2.6. The same controls that were
used for the targeted PCR (Section 2.6.2) were included, and the resulting indexed
PCR products were again checked for size and quality by gel electrophoresis before
continuing with the final normalization.



22 CHAPTER 2. MATERIALS AND METHODS

Table 2.6: Cycling conditions for the Indexing PCR amplification

PCR step Time Temperature [°C] Cycles

Denaturation 2 min 98 1X

Denaturation 15 sec 98
Annealing 20 sec 55 10X
Elongation 20 sec 72

Elongation 5 min 72 1X

Cooling ∞ 4 1X

2.6.5 Second normalization and pooling of samples

The indexed PCR products were normalized using the SequalPrep ™ Normalization
Plate kit as described in Section 2.6.3). The normalized samples were subsequently
pooled in a single tube and concentrated with the Amicon® Ultra Centrifugal Filter (Mil-
lipore™) according to the accompanying protocol (Appendix E). In addition, a washing
step with 500 µL TE-buffer was performed twice after concentration by centrifuging the
sample with buffer at 14 000 x g for 10 minutes in the centrifugal filter column. DNA con-
centration of the final sample was measured in a NanoDrop UV-Vis Spectrophotometer
(Thermo Scientific™), and the sample was assessed for purity by gel electrophoresis.
The final pooled library was sent to NSC for sequencing by the Illumina MiSeq v3 plat-
tform.

2.7 Data processing and statistical analysis of amplicon se-
quencing data

2.7.1 Data processing

The amplicon sequencing data was processed using the pipeline USEARCH v.11
[66]. Due to time limitations, the amplicon sequencing data processing was performed
by Ingrid Bakke. The command “merge_pairs” was used to merge forward and re-
verse reads, trim off primer sequences, and discard merged sequences shorter than
380 bp (base pairs). The merged sequences were quality filtered using the command
“fastq_filter” with an expected error threshold of 1. The “unoise3” command was ap-
plied to generate ASVs [67]. This step included chimera removal. As recommended in
the documentation for “unoise3”, all sequence variants with an abundance less than 8
reads in the total data set were discharged. The “sintax” command [68], together with
the RDP trainset reference dataset (v18), was applied to assign taxonomy to the ASVs.
Finally, an ASV table was made using the command “otutab”.

The resulting ASV table was inspected manually in Microsoft Excel. All ASVs (9 in
total) found in negative controls for DNA extraction and PCR were removed from the
ASV table, with the exception of a few ASVs that had very low abundances (maxi-
mum 10 reads) in negative controls, but were abundant in the samples. Most of the 9
ASVs removed represented taxa typically associated with human skin (Cutibacterium,
Corynebacterium) or water systems (e.g. Acidovorax). In addition, four low-abundant
ASVs representing chloroplasts, and one representing the eukaryotic genus Zea, were

https://drive5.com/usearch/
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removed. Next, the ASV table was rarified to 4750 reads per sample by using the com-
mand “otutab_rare”. As the sequencing depth varied greatly between samples (7 to
274608 reads), this led to the exclusion of 8 samples which had less than 4750 reads.
This applied to 3 water samples obtained from assumed germ-free rearing conditions
in the zebrafish experiment, as well as a water sample from the re-conventionalized
condition. From the salmon yolk-sac fry experiment, two water samples and one fish
tissue sample from the assumed germ-free condition were excluded, as well as a fish
tissue sample from the re-conventionalized condition (see Supplementary Table S.1).

For samples collected from the SynCom condition in the salmon experiment, a large
number of highly similar ASVs representing the genera that had been included in the
synthetic community were identified. The sequencing data for these samples were
therefore re-processed using the command “cluster_otus” to perform OTU clustering
at a 97% pairwise sequence identity level. An OTU table was made using the “otutab”
command, and taxonomy was assigned to the representative sequences for the ASVs
using the “sintax” command together with the RDP trainset v18. The OTU table was
rarefied to 18300 reads per sample using the command “otutab_rare”.

Finally, the command “sintax_summary” was applied to both the rarified ASV and the
SynCom OTU table to generate tables showing the community composition at different
taxonomic levels (phylum, class, order, family, and genus). These tables were used for
further analyses.

2.7.2 Statistical analysis

β-diversity analyses were performed on the salmon yolk-sac fry SynCom samples,
based on the OTU table obtained for these samples from processing of the amplicon
sequencing data. Bray-Curtis similarities were calculated using PAST (v4.10) [69] and a
Principal Coordinate Analysis (PCoA) ordination plot of two dimensions was generated
based on Bray-Curtis similarities for visualization of β-diversity in the SynCom sample
groups. PCoA is an analysis method where each sample is fitted in a multidimensional
space with as many coordinates as there are samples, and distances between the
sample points in the multidimensional space reflects the similarity between samples.
The further apart two samples are, the less similar. Then, the two coordinates which
contributes most to the variation between samples, the principal coordinates, is used,
and the sample point’s positions are projected on these two coordinates, resulting in
a two-dimensional plot which can reveal information about the relationship of the sam-
pled bacterial communities within and between different sample groups.

To see whether the community compositions of the three sample groups from the Syn-
Com condition in the salmon yolk-sac fry experiment were significantly different, the
one-way PERMANOVA (permutational multivariate analysis of variance) tool in PAST
was used, based on Bray-Curtis similarities.

Based the rarefied ASV table obtained after processing of the amplicon sequenc-
ing data, the four α-diversity indices Chao-1, observed ASV richness, Shannon’s di-
versity index, and evenness were calculated for all remaining samples from the re-
conventionalized conditions in both gnotobiotic experiments using PAST. The observed
ASV richness is the total number of ASVs detected in a sample. Chao-1 is a theoretical
estimate of what the total ASV richness in a sample would be if sequencing depth was
infinite. The estimate is based on the prevalence of singleton and doubleton reads in
the queried sample [70]. Evenness is a measure of the ASVs equitability in a sample.
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Shannon’s diversity index (H) considers both the richness and evenness of a sample.
Due to the nonlinearity of the Shannon diversity index, the exponential Shannon diver-
sity index (eH) was used as recommended by Lucas et al. [71].

To assess if the observed α-diversities in the re-conventionalized sample groups were
significantly different, an F-test (significance level = 0.05) to assess differences in vari-
ability was performed. Based on the result of the F-test, pairwise t-tests (significance
level = 0.05) assuming either equal or different variance was performed both between
sample groups from within a specific host species experiment (start water vs. end wa-
ter, start water vs. fish, end water vs. fish) and for the same sample group obtained
from the two different different host species experiments (start water zebrafish vs. start
water salmon yolk sac-fry, etc.).
β-diversity in the re-conventionalized conditions were also investigated as described for
the salmon yolk-sac fry SynCom condition. To determine the ASVs specific contribution
to the observed differences between sample groups, the Similarity Percentage Analysis
(SIMPER) tool in PAST was used, based on Bray-Curtis similarities.

2.8 Host RNA extraction and cDNA synthesis

RNA extraction from host tissues was done for four replicate samples for each of the
SynCom, re-conventionalized, and germ-free conditions using TRIzol™ and subse-
quent phenol-chloroform RNA extraction as described in the TRIzol™ reagent user
guide (Appendix F). This was done for both zebrafish and salmon yolk-sac fry sam-
ples. A replicate consisted of three individuals for zebrafish samples and one individual
for salmon yolk-sac fry samples. Nucleic acid concentration was determined for each
sample using a NanoDrop UV-Vis spectrophotometer before first-strand cDNA synthe-
sis was performed using qScript® cDNA SuperMix in accordance with the supplied
manual (Appendix G).

2.9 Flow cytometry data processing

Water samples obtained from both gnotobiotic experiments (see Table 2.2 and Table
2.3) were shipped to KYTOS, who performed the flow cytometry analysis. Samples
were analyzed on an Attune NxT flow cytometer equipped with a blue (488 nm, 50
mW) and violet (405 nm, 50 mW) laser. Water samples were diluted in Instant Ocean
and stained with SybrGreen according to KYTOS protocols for analysis of bacterial
densities in water samples.

Raw data received from KYTOS was further processed at NTNU in AttuneTM Cytomet-
ric Software (v5.1.1) by Amalie Johanne Horn Mathisen. The quality of the single files
was inspected by plotting Counts versus Time and Green Fluorescent (BL1-H, 530/30
nm) versus Time. A gate on Counts versus Time was set to filter out unstable measure-
ments. Red Fluorescent (BL3-H, 695/40 nm) versus BL1-H was plotted to distinguish
the background noise from the bacterial cells. Lastly, the bacterial populations were
identified by plotting BL1-H versus Side Scatter (SSC-H). The obtained data was then
further processed in Microsoft Excel to estimate the bacterial density of the rearing
water and fish tissue samples.

https://kytos.be/
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3 Results

3.1 Growth characteristics of bacterial strains

Nine bacterial strains which had previously been isolated from the gut of Atlantic salmon
fry was selected for the gnotobiotic experiments in this thesis. The goal of this experi-
ment was to determine basic growth characteristics for the strains at temperatures rel-
evant for rearing zebrafish and Atlantic salmon yolk-sac fry, before applying them in the
gnotobiotic host models. Growth measurements at 22 °C were done in a Tecan Spark®
20M Microplate Reader. For the growth measurements that was to be performed at 10
°C a BioLector®Pro micro-bioreactor system (m2p Labs) was used. However, datalogs
revealed that although the equipment was set to 10 °C, temperature unexpectedly in-
creased throughout the experiment. Because of this, the actual average temperature
of the experiment in the time-frame at which measurements for determining the µmax
was made, was 14.4 °C. The resultant growth curves are given in the Supplementary
Materials.

The mean maximum growth rate (µmax) of three replicates of each individual strain at
the two different temperatures was determined from measurements made in the expo-
nential growth phase, as described in Section 2.2. The mean µmax values are given
in Table 3.1, together with the mean minimum doubling time and the time spent in lag
phase for each bacterial strain. Strain 3.11 (Hafnia sp.) had the highest µmax at both
temperatures, and strain 3.3 (Sphingomonas sp.) the lowest. The reduced culturing
temperature affected the strains differently, although all nine strains showed a signifi-
cant decrease in µmax. The strain with the greatest decrease in µmax was strain B40
(Staphylococcus sp.) (90.0%). Strain 3.28 (Microbacterium sp.) was least affected by
the reduced temperature in terms of µmax , with an average decrease of 54.3 % (Figure
3.1).

Table 3.1: Mean µmax and minimum doubling time with standard deviations, and time spent in
lag phase for the nine bacterial strains at 22 and 14.4 °C.

22 °C 14.4 °C
µmax (h–1) Doubling time (h) Lag phase (h) µmax (h–1) Doubling time (h) Lag phase (h)

3.28 (Microbacterium sp.) 0.201 ± 0.003 3.5 ± 0.04 9 0.092 ± 0.010 7.6 ± 0.76 16
3.67 (Arthrobacter sp.) 0.204 ± 0.009 3.4 ± 0.15 8 0.094 ± 0.003 7.4 ± 0.20 12
3.24 (Micrococcus sp.) 0.081 ± 0.010 8.7 ± 0.96 14 0.036 ± 0.004 19.5 ± 2.14 42

3.11 (Hafnia sp.) 0.326 ± 0.005 2.1 ± 0.03 3 0.114 ± 0.008 6.1 ± 0.39 8
3.78 (Psychrobacter sp.) 0.217 ± 0.001 3.2 ± 0.02 7 0.080 ± 0.003 8.7 ± 0.38 14
B40 (Staphylococcus sp.) 0.230 ± 0.012 3.0 ± 0.16 8 0.023 ± 0.010 38.2 ± 19.9 43

B49 (Lactococcus sp.) 0.214 ± 0.006 3.2 ± 0.09 4 0.032 ± 0.001 21.5 ± 0.93 11
3.18 (Carnobacterium sp.) 0.245 ± 0.001 2.8 ± 0.01 4 0.059 ± 0.007 11.9 ± 1.41 10
3.3 (Sphingomonas sp.) 0.067 ± 0.008 10.4 ± 1.26 17 0.009 ± 0.001 78.1 ± 4.62 29
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Figure 3.1: Comparison of the mean µmax determined for each strain at 22 and 14.4 °C. Means
were calculated from three replicate cultures for each strain at both temperatures. Error bars
indicate the standard deviation of the calculated means. The percent decrease for each strain
is shown. Asterisks indicate a significant difference in µmax between the two experiments ( two-
way t-test, p = 0.05).

3.2 Optimization of DNA extraction protocols for zebrafish
and salmon yolk-sac fry tissue samples

Achieving consistent PCR amplification of bacterial 16S rRNA genes from salmon yolk-
sac fry tissue samples had been a challenge in previous projects in the ACMS group,
probably due to low amounts of bacterial DNA compared to the amount of host DNA,
and presence of PCR inhibitors in DNA extracts from such samples. Because of this,
optimization trials were performed to investigate if the presence of salmon yolk-sac fry
tissue in the lysis steps prior to DNA extraction had an effect on PCR outcome. Since
there was little experience within the group with zebrafish tissue samples, fish tissue
samples from the gnotobiotic experiment in zebrafish was also included in the trials.

Two main conditions were tested for both host samples; homogenization with or with-
out host tissue present in the bead beating lysis step. The obtained DNA extracts were
used as templates in a 16S rRNA gene targeted PCR either in their original concen-
trations, or in 1:10 dilutions. For zebrafish, the best PCR outcome was obtained with
the undiluted DNA extracts from samples where host tissue had been included in the
homogenization step (Figure 3.2). For salmon yolk-sac fry, undiluted DNA extracts of
samples where host tissue had been excluded from the homogenization step gave the
best PCR outcome (Figure 3.2). Salmon samples which were homogenized with the
host tissue included, resulted in amplification of unspecific PCR products. Thus, salmon
yolk-sac fry samples was homogenized without host tissue, and zebrafish samples with
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host tissue, for the preparation of the 16S rRNA gene amplicon library.

Figure 3.2: Agarose gel showing PCR products of the v3+v4 region of the 16S rRNA gene
obtained from the DNA extraction optimization trials on zebrafish and salmon yolk-sac fry tis-
sue samples. For each of the two host species, one fish tissue sample obtained from each
of the SynCom, germ-free, and re-conventionalized conditions were used. Bead beating was
performed either with or without host tissue, and DNA extracts were used as templates in a tar-
geted PCR amplification reaction in either the original concentration (1:1) or in a 1:10 dilution.
PCR reaction conditions are detailed in Section 2.6.2.

3.3 Preparation of 16S rRNA gene amplicon library

To characterize the water and fish microbiota in the SynCom, germ-free, and re-conventionalized
conditions in the two gnotobiotic experiments, the v3+v4 region of the bacterial 16S
rRNA gene was amplified and sequenced. DNA extracts from water samples taken at
the start and end of the experiments, as well as from fish tissue samples, were used
as template in the first targeted PCR (Figure 3.3). PCR products of the expected size
of approximately 540 bp were obtained for all samples. For one salmon yolk-sac fry
fish tissue sample obtained from the SynCom condition, prominent amplification of un-
specific products were observed (Figure 3.3b). PCR products were also observed for
several germ-free zebrafish samples, both from water and fish tissue (Figure 3.3a). This
indicated that a bacterial contamination potentially was present in these samples.PCR
products were not observed for the negative controls for DNA extraction or for non-
template PCR controls.

After normalization and purification of the 16S rRNA gene amplicons, a second PCR
was performed to add sample-specific indexes to the amplicons. Examination of the
resultant PCR products by gel electrophoresis revealed that amplification was less suc-
cessful than expected for some samples, and also indicated amplification of unspecific
products and/or primer-dimers (Supplementary Figure S.2). Therefore, the indexing
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PCR was repeated with twelve PCR cycles. This gave more PCR product of the ex-
pected size, but also an increased amplification of the undesired products (gel image
not shown). Therefore, the first indexed amplicons from the ten-cycles indexing PCR
were used to generate the amplicon library which was sent for sequencing. The final
DNA concentration obtained for the pooled amplicon library as measured on a Nan-
oDrop UV-Vis spectrophotometer was 31.7 ng/µL (A260/A280: 2.08) (Figure 3.4).
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(a)

(b)

Figure 3.3: Agarose gels showing PCR products of the v3+v4 region of the 16S rRNA gene
obtained from the targeted PCR in the amplicon library preparation. (a) shows zebrafish and
(b) salmon yolk-sac fry samples. DNA extracts from water samples taken at the start and end
of the experiments, as well as fish tissue samples were used as template in the PCR. PCR
reaction conditions are detailed in Section 2.6.2. The sample indicated with an asterisk in b)
showed prominent amplification of unspecific products. SC = SynCom, GF = germ-free, RC =
re-conventionalized, KB = DNA extraction kit blank control, NC = non-template PCR control,
PC = Positive PCR control.
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Figure 3.4: Agarose gel electrophoresis of the pooled, indexed 16S rRNA gene amplicon library
which was sent to NSC for sequencing.

3.4 Zebrafish gnotobiotic experiment

To investigate the effects of bacterial associations on the zebrafish host at the gene
expression level, and the colonization success of the SynCom strains when presented
with a novel host system, a gnotobiotic experiment was performed with zebrafish. After
the derivation of germ-free eggs, sterility tests were performed on TSA plates, which
indicated that the derivation had been successful. Zebrafish were inoculated with mono-
associations of the individual bacterial strains, a SynCom consisting of all nine strains,
and a re-conventionalized condition using rearing water from the LARSEM zebrafish
rearing facilities. In addition, a germ-free control condition was kept. Directly after the
germ-free derivation, a mortality of 11.8% was registered for the eggs. Distinguishing
between non-viable, unfertilized eggs and eggs where the derivation procedure itself
induced mortality proved to be difficult. No further mortalities were registered after inoc-
ulation with the different bacterial conditions. Hatching progression proceeded similarly
for all conditions, and after 3 dpf, all eggs were hathced.

RNA was successfully extracted for gene expression analysis from fish samples of the
SynCom, re-conventionalized, and germ-free control conditions. Yield and purity of the
extracted RNA varied between sample, but was generally of acceptable quality, with an
average concentration of 26.3 ± 10.5 ng/µL (Supplementary Table S.2). The RNA ex-
tracts were then used to perform first-strand cDNA synthesis, which was to be analysed
by a cDNA microarray. The cDNA was sent to the Environmental Genomics Facility at
University of Windsor (Canada), a cooperation facilitated by IBIS. Unfortunately, the
gene expression data were not returned in time for it to be included in this work.

Bacterial densities were determined for three replicate wells of each bacterial condition
by flow cytometry (Table 3.2). At the start of the experiment, bacterial densities varied
from between 1.09 ± 0.816 × 104 bacteria/mL for the germ-free condition to 38.3 ±
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3.38 × 104 bacteria/mL for the re-conventionalized condition. The bacterial condition
with the lowest bacterial density at the end of the experiment was the mono-association
with strain 3.28 (Microbacterium sp.) with 4.88 ± 0.910 × 104 bacteria/mL, whilst 3.18
(Carnobacterium sp.) had the highest (8757.9±1565.2×104 bacteria/mL. The end/start
ratios of bacterial densities in the bacterial conditions indicated that the bacterial density
increased in all conditions except for the B49 (Lactococcus) mono-association.

Table 3.2: Bacterial densities in water at the start and end of the zebrafish gnotobiotic exper-
iment, and the end/start ratio of bacterial densities for each of the bacterial conditions in the
experiment as determined by flow cytometry. The table shows the mean of samples taken from
three replicate wells plus-minus the standard deviation. End/start ratio indicates the ratio be-
tween the determined end and start densities. Samples were diluted 1:10 and fixated in 0.5%
glutaraldehyde. Before flow cytometry analysis, samples were diluted once more 1:2, giving a
final dilution of 1:20. Bacterial concentrations were determined based on gated FL1 vs. FSC-A
plots obtained from processing of raw data files acquired from KYTOS in the BD Accuri™ soft-
ware.

Bacterial condition Start concentration (104 bacteria/mL) End concentration (104 bacteria/mL) End/start ratio

3.28 (Microbacterium sp.) 3.57 ± 0.398 4.88 ± 0.910 1.37 ± 0.26
3.67 (Arthrobacter sp.) 2.11 ± 0.268 11.6 ± 2.59 5.44 ± 0.80
3.24 (Micrococcus sp.) 4.85 ± 1.89 51.9 ± 11.7 13.02 ± 6.78
3.11 (Hafnia sp.) 1.10 ± 0.165 96.4 ± 61.6 88.21 ± 53.42
3.78 (Psychrobacter sp.) 12.6 ± 1.92 265.9 ± 42.7 21.06 ± 0.84
B40 (Staphylococcus sp.) 2.53 ± 0.429 6.73 ± 2.26 2.59 ± 0.43
B49 (Lactococcus sp.) 13.0 ± 0.974 9.78 ± 2.31 0.74 ± 0.12
3.18 (Carnobacterium sp.) 14.1 ± 2.89 8757.9 ± 1565.2 627.06 ± 53.07
3.3 (Sphingomonas sp.) 2.02 ± 0.184 112.2 ± 51.7 58.06 ± 29.51
SynCom 5.29 ± 0.855 1209.6 ± 593.7 217.47 ± 69.29
Germ-free 1.09 ± 0.816 8.21 ± 0.881 11.50 ± 5.28
Re-conventionalized 38.3 ± 3.38 315.7 ± 87.5 8.15 ± 1.77

3.4.1 Characterization of the zebrafish microbiotas

16S rRNA gene amplicon sequencing was performed to characterize the microbiota
associated with rearing water and fish from the SynCom and re-conventionalized con-
ditions. Germ-free control samples were also included in the amplicon library, since the
targeted PCR amplification performed during library preparation indicated that there
potentially was a bacterial contamination present in these samples. Characterization
of the water and fish microbiota from the re-conventionalized condition is presented in
Section 3.6 together with the corresponding results for the salmon yolk-sac fry experi-
ment.

For the germ-free samples which were kept after rarefaction (see Supplementary Ta-
ble S.1), the 16S amplicon sequencing data reinforced the suspicion that a bacterial
contamination was present. Two ASVs, ASV4 and ASV20, which were both assigned
to the family Oxalobacteraceae, were abundant in both water samples taken at the end
of the experiment, as well as in three of the four fish tissue samples, and accounted
for 44.3 – 99.6% of reads in the relevant samples. ASV4 was also present in the fourth
fish tissue sample, but in lower abundance compared to the aforementioned samples
(0.01% of total reads). In addition, several, less abundant ASVs assigned to the genus
Corynebacterium, a genus known to be highly abundant in human skin, was observed
in several samples [72]. An overview of the ten most common ASVs observed in the
zebrafish germ-free samples are given in Supplementary Table S.3. Remaining ASVs
observed in these samples occured sporadically across samples and probably repre-
sented noise.
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For the SynCom condition, ASV11, which was assigned to the genus Comamonas, un-
expectedly dominated all four fish tissue samples, accounting for 91.5 – 98.6% of all
reads, indicating that fish were contaminated by a Comamonas strain. The same ASV
was also highly abundant in one of the four water sample taken at the end of the exper-
iment (accounting for 66.6% of all reads). ASVs which represented the actual SynCom
strains were detected only sporadically and generally in low abundances, varying from
a single read in a start water sample, to 62.5% of all reads in another replicate of the
same sample type (see Supplementary Table S.5). Generally, SynCom water samples
seemed to be dominated by ASVs not showing any particular pattern between sam-
ples, probably representing noise. This could indicate that the water sampling method
used in the zebrafish experiment perhaps did not work as intended, and that it failed to
capture the full microbial diversity in samples. Due to the lack of filters for collecting the
water microbiota, water had been sampled by sequential centrifugation as described in
Section 2.3.4.

3.5 Salmon yolk-sac fry gnotobiotic experiment

A gnotobiotic experiment was also performed in well plates with salmon yolk-sac fry as
the host model. This experiment was performed in the fish lab facilities of ACMS. Steril-
ity tests of the SGM hatching media were performed twice for all flasks containing fish
in various liquid and agar culture media (see Section 2.4.2). Microbial contamination
was detected for two flasks between the germ-free derivation and association with bac-
terial strains. These were therefore excluded from the experiment. At 3 dph, wells with
salmon yolk-sac fry were inoculated with mono-associations of the individual bacterial
strains, a SynCom consisting of all nine strains, and a re-conventionalized condition
using rearing water from SINTEF SeaLab’s salmon RAS facilities. A germ-free control
condition was also kept. All eggs were hatched 13 days after receiving the fertilized
eggs. Mortality was generally low throughout the experiment; one egg never hatched,
and two hatched individuals died during handling.

RNA extraction and subsequent cDNA synthesis for gene expression analysis was
successfully performed also in this experiment. RNA was extracted from fish tissue
samples obtained from the SynCom, germ-free, and re-conventionalized conditions. In
this experiment, cDNA concentration was measured instead of RNA. Both yields and
A260/A280-ratios of the obtained cDNA was higher than for the RNA measured in the
zebrafish experiment. The average cDNA concentration obtained was 157.8 ± 32.8
ng/µL (see Supplementary table S.4).

Bacterial densities were determined for three replicate wells of each bacterial condition
by flow cytometry (Table 3.3). Bacterial densities varied from between 1.41±0.226×104

bacteria/mL in the germ-free condition to 140.81 ± 96.41 × 104 bacteria/mL in the B40
(Staphylococcus sp.) mono-association at the start of the experiment. At the end of the
experiment, the lowest bacterial density was found in the mono-association with strain
B49 (Lactococcus sp.) with 5.68 ± 1.00 × 104 bacteria/mL, whilst the 3.28 (Microbac-
terium sp.) mono-association had the highest (7828.04 ± 1515.53 × 104 bacteria/mL).
The end/start ratios of bacterial densities in the bacterial conditions indicated that the
bacterial density increased in all conditions except for the B40 ((Staphylococcus, B49
(Lactococcus), and 3.3 (Sphingomonas) mono-associations.
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Table 3.3: Bacterial densities at the start and end of the salmon yolk-sac fry gnotobiotic exper-
iment, and the end/start ratio of bacterial densities for each of the bacterial conditions in the
experiment. The table shows the mean of samples taken from three replicate wells plus-minus
the standard deviation. Samples were diluted 1:10 and fixated in 0.5% glutaraldehyde. Before
flow cytometry analysis, samples were diluted further 1:2. Bacterial concentrations were deter-
mined based on gated FL1 vs. FSC-A plots obtained from processing of raw data files acquired
by KYTOS in the BD Accuri™ software.

Bacterial condition Start concentration (104 bacteria/mL) End concentration (104 bacteria/mL) End/start ratio

3.28 (Microbacterium sp.) 2.71 ± 0.474 7828.04 ± 1515.53 2915.06 ± 503.33
3.67 (Arthrobacter sp.) 4.04 ± 0.282 104.23 ± 470.03 25.83 ± 11.20
3.24 (Micrococcus sp.) 72.02 ± 96.33 105.13 ± 102.97 23.33 ± 28.66
3.11 (Hafnia sp.) 4.09 ± 0.519 38.73 ± 9.85 9.36 ± 1.45
3.78 (Psychrobacter sp.) 6.20 ± 0.447 8.039 ± 1.20 1.32 ± 0.28
B40 (Staphylococcus sp.) 140.81 ± 96.41 6.12 ± 0.78 0.043 ± 0.021
B49 (Lactococcus sp.) 9.00 ± 3.62 5.68 ± 1.00 0.77 ± 0.38
3.18 (Carnobacterium sp.) 12.24 ± 8.97 382.58 ± 39.81 50.88 ± 26.80
3.3 (Sphingomonas sp.) 12.54 ± 0.58 9.25 ± 1.27 0.74 ± 0.08
SynCom 25.86 ± 5.58 1308.20 ± 652.69 54.53 ± 31.31
Germ-free 1.41 ± 0.226 8.59 ± 0.944 6.40 ± 1.88
Re-conventionalized 17.50 ± 1.46 308.30 ± 87.31 17.66 ± 5.13

3.5.1 Characterization of the salmon yolk-sac fry microbiotas

Water and fish tissue samples from the SynCom and re-conventionalized conditions
in the salmon yolk-sac fry gnotobiotic experiment were subjected to 16S rRNA gene
amplicon sequencing for characterization of their associated microbiotas. Germ-free
samples were also included in the amplicon library, as some of these samples gave
low amounts of PCR product. Results for the samples from the re-conventionalized
condition is presented in Section 3.6 together with the corresponding results for the
zebrafish experiment.

Community profiles for PCR products representing germ-free fish and water samples
showed that ASVs were sporadically dispersed among samples and did not show any
particular pattern, indicating that they most likely represented DNA contaminations and
noise rather than actual bacterial contaminations. The lack of observable PCR products
for these samples in the targeted PCR performed during library preparation supports
this (Figure 3.3b).

Amplicon sequencing data for the SynCom samples contained several highly similar
ASVs representing the genera that had been included in the SynCom. Therefore, an
OTU clustering at 97% pairwise sequence identity, and subsequent determination of
the bacterial community compositions at the OTU level, was performed (Figure 3.5).
OTUs representing the SynCom genera accounted for 92.4 ± 7.7% of the total reads,
indicating that the gnotobiotic condition had been successfully maintained. The remain-
ing reads were accounted for by OTUs dispersed sporadically between samples in
low abundances, probably representing noise. However, no OTUs representing Sph-
ingomonas sp. or Staphylococcus sp. were detected. Instead, an OTU representing
an Oceanobacillus sp. (OTU24) was the fourth most common OTU on average in all
samples. Similarly, a Pseudomonas OTU was abundant in several samples. This could
imply that it was these strains, rather than the Sphingomonas sp. and Staphylococcus
sp. strains which were used for the SynCom condition. Two distinct Microbacterium
OTUs (OTU8 and OTU175) was observed in most SynCom samples, with OTU8 being
the dominant of the two. This could indicate that the Microbacterium isolate which was
used contained more than one strain, or the two OTUs could represent two gene vari-
ants of the 16S rRNA gene from the same strain.



34 CHAPTER 3. RESULTS

Community profiles also showed that SynCom OTUs had varying relative abundances
in start water samples, even though the aim was to inoculate wells with equal amounts
of each strain (Figure 3.5). OTU1 (Psychrobacter sp.) was the most dominant OTU in
start water samples, but had reduced abundance in end water samples, where OTU6
(Hafnia sp.) and OTU8 (Microbacterium sp.) dominated. OTU8 especially had a great
increase in relative abundance in water from the start to the end of the experiment.
The Oceanobacillus sp. OTU (OTU24) was almost exclusively present in start water
samples. Fish tissue samples appeared relatively similar to end water samples, except
that they had higher abundances of OTU1 (Psychrobacter ssp.) and lower abundances
of OTU8 (Microbacterium sp.) and OTU21 (Carnobacterium sp.).

Figure 3.5: Community composition at the OTU level for the SynCom samples. Only the most
abundant OTUs, representing nine genera presumably derived from the SynCom strains are
shown. OTUs assigned with an asterisk are the additional Oceanobacillus, Pseudomonas, and
Microbacterium OTUs which were suspected to also be part of the SynCom inoculum.

To compare microbiota associated with water and fry samples from the SynCom con-
dition, as PCoA ordination plot based on Bray-Curtis similarities was generated (Figure
3.6). The PCoA indicated that the start water communities differed from those of the
end water and fish tissue samples, which seemed to be more similar. Furthermore, the
PCoA plot also indicated that community profiles varied to a greater extent in the end
water and fish tissue samples, compared to the start water samples. This indicates that
SynCom communities diverged from the starting conditions throughout the course of
the experiment.
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A one-way PERMANOVA analysis confirmed that the bacterial community composi-
tions were significantly different both when comparing start water samples to end water
(p = 0.0235) and fish tissue samples (p = 0.0241). This indicated that community pro-
files had diverged from the starting conditions both in water and in fish tissue samples.
Comparing end water samples and fish tissue samples resulted in a p-value of 0.0519.
The PCoA ordination plot revealed that the fish tissue sample from replicate well 4 ap-
peared more similar to end water samples than the other three fish tissue replicates
(Figure 3.6).

Figure 3.6: PCoA ordination plot of the salmon SynCom samples based on Bray-Curtis similar-
ities, grouped into start water, end water, and fish tissue samples. Individual samples are from
four replicate wells (indicated 1 - 4), which contained one salmon yolk-sac fry exposed to the
SynCom.

3.6 Bacterial rearing conditions in the re-conventionalized
conditions of the zebrafish and salmon yolk-sac fry gno-
tobiotic experiments

In both the gnotobiotic zebrafish and salmon yolk-sac fry experiments, a re-conventionalized
condition was included to represent the bacterial rearing conditions the two host organ-
isms normally would be exposed to in their respective rearing habitats. To characterize
the water and fish microbiota, 16S rRNA gene amplicon sequencing was performed on
water samples from before and after the experiments, as well as on fish tissue samples.

3.6.1 Alpha-diversity in the re-conventionalized conditions

In the ASV table that had been rarefied to 4750 reads per sample, 236 ASVs were ob-
served in all re-conventionalized samples from the zebrafish experiment. In the salmon
yolk-sac fry experiment, a total of 517 ASVs were observed. Combined in the two sam-
ple sets, a total of 712 unique ASVs were found, meaning that 41 ASVs were present
in both experiments. The average sequence coverage of the observed ASV richness
compared to the estimated richness (Chao-1) at the relevant sequencing depth of 4750
reads per sample was 85.7 ± 5.3% for zebrafish samples, and 81.6 ± 3.8% for salmon
yolk-sac fry samples (± SD).
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Overall, α-diversity indices showed that water samples from the salmon yolk-sac fry ex-
periment had the highest α-diversity (Figure 3.7). Notably, salmon water samples taken
both at the start and end of the experiment had a significantly higher observed and
estimated (Chao-1) ASV richness than all other sample types (one-tailed T-tests, p <
0.05), including the salmon yolk-sac fry fish tissue samples. This indicated that rearing
water microbiota had a higher α-diversity than fish microbiota in this experiment. The
significantly higher observed ASV richness in salmon water samples compared to ze-
brafish water samples in one-tailed t-tests (p = 2.56 ×10–6 for start water samples, p =
0.023 for end water samples) is another indication that the sampling method applied for
zebrafish water samples might not have worked as intended. The exponential Shannon
diversities of zebrafish and salmon fish tissue samples were not significantly different
(one-tailed t-test, p = 0.25).

(a) (b) (c) (d)

Figure 3.7: α-diversity indices for water and fish samples from the re-conventionalized condi-
tions in the zebrafish and salmon yolk-sac fry gnotobiotic experiments obtained from PAST. a)
shows the observed ASV richness, b) the estimated ASV richness (Chao-1), c) the exponential
Shannon’s diversity index, and d) the evenness. Mean values for four replicate samples for a
given sample type are shown, except for the zebrafish end water samples (two replicates) and
salmon fish tissue samples (three replicates). Error bars indicate the standard deviation be-
tween replicate samples of the same type. Diversity indices were calculated based on the ASV
table rarefied to 4750 reads per sample.

The evenness of corresponding sample types from the two experiments was observed
to be similar (Figure 3.7d). Within each experiment however, the evenness decreased in
both water and fish tissue communities compared to the start water community. One-
tailed t-tests revealed that this decrease was significant both from start water to end
water (p = 0.0425) and from end water to fish tissue samples (p = 0.0164) in the ze-
brafish experiment. In the salmon yolk-sac fry experiment only comparison of the start
water and fish tissue samples showed a significant decrease in evenness (p = 0.025).

3.6.2 Bacterial community compositions in the re-conventionalized con-
ditions

The bacterial community composition was determined on the family level for all sam-
ples from the re-conventionalized condition in both the zebrafish and salmon yolk-sac
fry gnotobiotic experiments (Figure 3.8). In the water microbiota at the start of the ze-
brafish experiment, the families with the highest average relative abundances were
Caulobacteraceae ( 44.3%), Comamonadaceae (average 7.6%), Sphingomonadaceae
(average 7.3%), and Pseudomonadaceae (average 5.2%) (Figure 3.8a). ASVs which
were unassigned at the family level made up 8.9% of the communities in these samples
on average. Relative abundances in water microbiota varied greatly between replicates
already at the start of the experiment. ASVs assigned to the Weeksellaceae family for
example, had a relative abundance of 19.1% in one replicate, whilst in the remaining
three replicates its relative abundance was between 0 - 0.821%. Another example is
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ASVs assigned to the Hyphomicrobiaceae family, which were not detected in any repli-
cates but one, where it made up 13.7 % of all reads.

In the start water microbiota of the salmon yolk-sac fry experiment, Comamonadaceae
(average 22.0%), Flavobacteriaceae (average 18.2%), Pseudomonadaceae (average
17.6%), Rhodobacteraceae (average 15.2%) and Sphingomonadaceae (average 6.6%)
were the most abundant families (Figure 3.8b). ASVs which were unassigned at the
family level made up 14.6% of the communities in these samples on average. Variation
between replicate samples were markedly lower compared to the zebrafish experiment,
both in terms of which taxa were present, and the relative abundances of these taxa.

The rarified ASV table included only two replicates of the water samples taken at the
end of the zebrafish experiment. In these samples, families that were abundant in both
replicates were Pseudomonadaceae (relative abundances: 26.6% and 40.4%) and Co-
mamonadaceae (relative abundances: 12.5% and 9.1%) (Figure 3.8a). ASVs which
were unassigned at the family level had relative abundance of 11.5% and 11.7% in
"end water 1" and "end water 2", respectively. Some variation between the two replicate
samples were observed for this sample type as well. For example, Flavobacteriaceae
was exclusive to "end water 2" (36.1% relative abundance), whilst Chromobacteriaceae
and Rhizobiaceae were almost only present in the other (relative abundances: 13.1%
vs. 0.379% and 8.53% vs. 0.316%, respectively).

The families with the highest average relative abundances in water samples taken at the
end of the salmon yolk-sac fry experiment were Sphingomonadaceae (average 31.2%),
Pseudomonadaceae (average 17.1%), Oxalobacteraceae (average 9.8%), Flavobacte-
riaceae (average 8.5%), and Comamonadaceae (average 7.1%) (Figure 3.8b). ASVs
which were unassigned at the family level had an average relative abundance of 15.0%.
In these samples, it was observed that replicates were either dominated by Sphin-
gomonadaceae or Pseudomonadaceae, but never by both simultaneously.

Microbiota in the zebrafish tissue samples were dominated by Pseudomonadaceae,
which had an average relative abundance of 79.3% (Figure 3.8a). Another abundant
family were Comamonadaceae (average relative 10.4%). The variation in the commu-
nity compositions between replicate samples were markedly lower for fish tissue sam-
ples compared to the water samples in the zebrafish experiment.

In two of three salmon yolk-sac fry tissue samples which remained after rarefaction,
the bacterial communities were dominated by Pseudomonadaceae, with relative abun-
dances of 76.1 and 84.8% (Figure 3.8b). In the third sample, Pseudomonadaceae had
a relative abundance 7.6%. This sample was instead dominated by Flavobacteriaceae
and Comamonadaceae, with relative abundances of 31.2, and 29.7%, respectively.
This indicated a greater variation in microbiota compositions for fish tissue samples
compared to water samples in the salmon yolk-sac fry experiment.
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(a)

(b)

Figure 3.8: Community compositions at the family level in re-conventionalized samples from a)
the zebrafish experiment and b) the salmon yolk-sac fry experiment. All families with relative
abundance ≥ 0.5% in at least one sample are included. Numbers in sample names indicate the
replicate well from which the samples were obtained.
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3.6.3 Beta-diversity in the re-conventionalized conditions

The β-diversity of samples from the re-conventionalized conditions was also assessed.
A PCoA ordination plot based on Bray-Curtis similarities revealed that zebrafish and
salmon yolk-sac fry samples formed distinct clusters, and that salmon yolk-sac fry sam-
ples appeared more similar to each other compared to zebrafish samples (Figure 3.9a).
A one-way PERMANOVA analysis comparing all zebrafish re-conventionalized samples
to all salmon yolk-sac fry re-conventionalized samples confirmed that the bacterial com-
munity compositions of the two experiments were, as expected, significantly different
(p = 0.0001). SIMPER analysis revealed that the ASVs which contributed most to the
difference between the two re-conventionalized conditions were ASV3 (Pseudomon-
adaceae), ASV2 (Pseudomonadaceae), ASV14 (Caulobacteraceae), and ASV12 (Sph-
ingomonadaceae) (Table 3.4). Together, these four ASVs contributed to 38.08 % of the
difference between the two groups.

Table 3.4: A summary of the ten ASVs that contributed the most to the differences between
the re-conventionalized communities of the zebrafish and salmon yolk-sac fry experiment. Dif-
ference contributions were identified by SIMPER analysis based on Bray-Curtis dissimilarities.
The analysis was performed in PAST. The ASVs individual contribution, together with the cu-
mulative contribution from top to bottom is given. The mean relative abundance of each ASV in
re-conventionalized samples from both the zebrafish and the salmon yolk-sac fry experiment is
also shown.

ASV ID Taxonomy (family level) Contribution (%) Cumulative
contribution (%)

Mean rel. abundance
zebrafish (%)

Mean rel. abundance
salmon (%)

ASV3 Pseudomonadaceae 14.5 14.5 29.05 0.00
ASV2 Pseudomonadaceae 10.35 24.85 0.00 20.65

ASV14 Caulobacteraceae 6.992 31.84 13.96 0.00
ASV12 Sphingomonadaceae 6.235 38.08 0.00 12.44
ASV17 Rhodobacteraceae 2.891 40.97 0.00 5.77
ASV21 Pseudomonadaceae 2.735 43.7 5.45 0.00
ASV25 Comamonadaceae 2.702 46.4 0.00 5.39
ASV9 Comamonadaceae 2.257 48.66 4.51 0.00

ASV29 Pseudomonadaceae 1.763 50.42 3.52 0.00
ASV46 Chromobacteriaceae 1.646 52.07 3.28 0.00

The PCoA ordination plot for zebrafish samples revealed that the microbiota of the start
water, end water, and fish tissue samples differed (Figure 3.9b). The re-conventionalized
condition in this experiment, start water samples appeared to be the sample group with
the highest variation in community compositions. This is another indication that the
sampling method applied for water samples might not have worked as intended. The
same PCoA plot also indicated that the rearing water community composition was more
similar to fish tissue at the end of the experiment than at the start (Figure 3.9b). One-
way PERMANOVA analysis of the zebrafish end water and fish tissue samples showed
that these two sample groups were significantly different (p = 0.0478). A similar com-
parison of the zebrafish start water and fish tissue samples gave a p-value of 0.008.

In the salmon yolk-sac fry experiment, a PCoA showed that start water samples ap-
peared to have more similar community compositions compared to end water and fish
tissue samples (Figure 3.9c). As was observed in Section 3.6.2, two of the three fish
tissue samples (Fish tissue AS 1 and 3 in Figure 3.8b) appeared to have similar com-
munity compositions. The PCoA plot revealed that the remaining sample were more
similar to water samples (Figure 3.9c). However, a one-way PERMANOVA comparison
showed that start water and fish tissue community compositions were significantly dif-
ferent (p = 0.0285). When comparing the community composition of the rearing water
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at the start and end of the experiment, these were also shown to differ significantly (p
= 0.0280). When comparing the end water and fish tissue compositions these were not
statistically different (p = 0.109). Together, this indicates that the water microbiota at
the end of the experiment was more similar to the fish tissue microbiota than to water
microbiota at the start of the experiment.

(a)

(b)

(c)

Figure 3.9: PCoA ordination plots based on Bray-Curtis similarities of the re-conventionalized
samples from both gnotobiotic experiments. In a) all re-conventionalized samples from both
experiments are compared. Comparisons of the start water, end water, and fish tissue samples
are shown for b) the zebrafish and c) the salmon yolk-sac fry experiments individually.Numbers
indicate the replicate well from which the samples were obtained.
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4 Discussion

4.1 Evaluation of experimental work

4.1.1 Quality of amplicon library and amplicon sequencing data

Amplification of unspecific products were observed for some samples in the indexing
PCR, particularly in one SynCom and one germ-free salmon yolk-sac fry tissue repli-
cate (see Supplementary Figure S.2). In addition, the amount of PCR products of the
expected size after the indexing PCR appeared to be low for most samples. An attempt
was made to increase the number of PCR cycles from ten to twelve. This seemed to
increase the amount of the product of the desired size, but also gave what appeared to
be an even greater increase in the amplification of the shorter unspecific products.

To avoid interference of the unspecific products with the Illumina sequencing, it was
decided to continue with the library indexed at ten PCR cycles. The pooled amplicon
library was purified by eluation from an agarose gel to remove unspecific PCR prod-
ucts. The resulting sequencing data from this library was of poor quality, with a very low
amount of forward and reverse reads which could be merged in the USearch process-
ing. The library was therefore re-sequenced. This resulted in sequencing data which
were of high enough quality to be processed into ASVs. Still, for some samples a rela-
tively high proportion of forward and reverse reads could not be merged. This probably
contributed to the great variation in sequencing depth that was observed. One of the
reasons forward and reversed reads are unable to merge, is that the obtained reads
from sequencing are longer than expected. This is a known issue in amplification of
bacterial 16S rRNA genes from host-associated microbiotas, due to unspecific ampli-
fication of host DNA ([73, 74]. Specifically, the loss of reads was greater for zebrafish
samples than for salmon yolk-sac fry samples. For salmon yolk-sac fry samples, PCR
protocols are well-established, and co-amplification of the host 18S and 12S rRNA
genes are generally not a problem (Ingrid Bakke, verbal communication).

4.1.2 Maintenance of gnotobiotic conditions in the zebrafish and salmon
yolk-sac fry experiments

PCR of samples from the germ-free condition in the zebrafish experiment unexpect-
edly resulted in amplification of bacterial 16S rRNA genes, indicating that a bacterial
contamination was present in these samples. The amplicon sequencing data further
revealed that two Oxalobacteraceae ASVs (ASV4 and ASV20) accounted for most of
the reads in all but one germ-free fish tissue samples and in water samples taken at
the end of the experiment from the germ-free condition. In the fish tissue sample which
had few reads of the Oxalobacteraceae ASV, several ASVs assigned to Corynebac-
terium were dominant. The ASVs representing Oxalobacteraceae were not classified
above the confidence threshold of 0.80 at the genus level, but the data indicated that
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they both belonged to the Undibacterium genus (confidence tresholds of 0.3758 and
0.5742 for ASV4 and ASV20, respectively). This genus is typically found in various
fresh water environments, and have been isolated from zebrafish previously [75, 76].
Corynebacterium are common in human skin microbiota and are frequently observed
contaminations in amplicon sequencing-based research [72, 77]. It is possible that the
Corynebacterium ASVs observed in the one fish tissue sample represented a DNA
contamination. In the zebrafish SynCom condition, a Comamonas ASV which was not
part of the SynCom dominated the fish tissue samples. The natural habitats of Coma-
monas include fresh water ponds and rivers, and members of the genus have been
isolated from zebrafish microbiota previously [78, 79]. As the SynCom condition was
expected to show an increase in bacterial density, flow cytometry measurements are
not suitable for detecting a contamination in these samples. If a bacterial contamination
was present in the germ-free condition, one would expect that the flow cytometry mea-
surements showed a higher-than-expected bacterial density in these samples. How-
ever, these results were less clear on whether a bacterial contamination had occured
in the relevant samples. Although they indicated an increased bacterial density in the
germ-free condition throughout the experiment, this increase was small compared to
some of the other bacterial conditions. This could perhaps indicate that a potential bac-
terial contamination occurred in the latter stages of the experiment. Still, considering
the weaknesses of the flow cytometry data discussed in Section 4.2, and the observa-
tions made in the targeted PCR and the amplicon sequencing data, it seems likely that
a bacterial contamination was present in the germ-free and SynCom conditions in the
zebrafish experiment.

Additionally, ASVs representing the SynCom strains where only sporadically detected
in water samples from the zebrafish SynCom condition, contrary to the case for the cor-
responding samples from the salmon yolk-sac fry experiment. Here, ASVs representing
the SynCom genera were the most abundant, and remaining ASVs were accredited to
noise. As the same method for establishing the SynCom condition was applied in both
experiments, but vastly different results were obtained from the subsequent amplicon
sequencing, this indicates, along with other results discussed in Section 4.5 that the
water sampling method used in the zebrafish experiment did not work as intended. De-
tails on the execution of the water sampling are discussed in Section 4.1.3.

The completion of the salmon yolk-sac fry gnotobiotic experiment appeared to have
been generally successful, as no obvious indications of contamination were observed
in the sterility controls of the germ-free conditions, the targeted PCR, nor the amplicon
sequencing data for the germ-free and SynCom conditions. Furthermore, the SynCom
condition looked to have been successfully established, as the amplicon sequencing
data showed that SynCom samples were dominated mainly by OTUs representing the
strains used in the condition, with some notable exceptions (for discussion of detailed
results based on amplicon sequencing data, see Section 4.4).

There are several possible explanations as to why gnotobiotic conditions were com-
promised in the zebrafish experiment. One possibility is that the maintenance of sterile
conditions when handling well plates throughout the experiment was unsuccessful. The
zebrafish and salmon yolk-sac fry experiments differed in this aspect. In the salmon
yolk-sac fry experiment, well plates were not manipulated for the monitoring of survival.
In the zebrafish experiment, however, well plates had to be moved daily, as hatching
progression and mortality had to be monitored in a stereo microscope due to the small
size of zebrafish eggs and larvae. With increased handling comes an increased risk
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of contaminations, and although handling was kept to a minimum and stringent sterile
technique was applied, it is still a possible source of contamination.

Another possible explanation could be that the initial germ-free derivation of the ze-
brafish eggs failed, and that some bacteria survived the treatment. Protocols for germ-
free derivation of fish exists for several species, and both the use of chemical disinfec-
tants and antibiotics differ between protocols [80]. Thus, there is not one general, fool-
proof method for generating germ-free fish eggs, as species-specific considerations
must be taken to optimize sterility without negatively affecting host survival and devel-
opment. The main difference between the derivation protocols used in this experiment
was the use of bleach in the zebrafish experiment, and the range of antibiotics used.
In the zebrafish experiment, a mixture of two antibiotics, ampicillin and kanamycin,
and one antifungal chemical, amphotericin B, was used (Appendix A). In the salmon
yolk-sac fry experiment, an additional four antibiotics were used in addition to those of
the zebrafish experiment (Appendix A). In a previous master project at ACMS, it was
shown that a Flavobacterium sp. was able to survive the germ-free derivation process
[81]. Only an increased concentration of oxolinic acid was able to inhibit its growth. This
shows that both the composition of antibiotics, as well as the working concentrations of
these, is important for obtaining germ-free conditions. The narrower range of antibiotics
used in the zebrafish experiment will have increased the risk of bacteria surviving the
germ-free derivation of this experiment.

A final possibility is that bacteria were present in eggs intrachorionically. This would lead
to bacteria evading both the chemical disinfectants and antibiotics, as neither penetrate
the chorion of the eggs, but only sterilize their surface. Although the internal fish egg is
generally regarded to be sterile [32], studies have shown that some bacteria, amongst
them an Undibacterium species, are able to gain access to intrachorionic sites in fish
eggs [82]. Interestingly, the two most common ASVs in zebrafish tissue samples from
the germ-free condition were assigned to the Undibacterium family, although not above
the 0.8 confidence treshold. Still, there is a possibility that these ASVs perhaps came
from bacteria which resided on the inside of the fish egg chorions.

The routines for performing sterility tests differed between IBIS and ACMS. In the ze-
brafish experiment performed at IBIS, tests were done on TSA plates. This did not re-
veal that the germ-free wells were contaminated. At ACMS where the salmon yolk-sac
fry experiment was performed, sterility tests were done in four different liquid culture
media in addition to TSA plates (see Section 2.4.2). This resulted in the detection of
contaminations in two flasks after the derivation of germ-free eggs. These flasks were
therefore left out from the subsequent bacterial associations. For both flasks, the con-
taminations were detected in only one of the five media that were used. It is widely
known that most bacteria are unculturable in common growth media, and that when
comparing viable counts on growth medium to microscopic counts, there is a great dis-
crepancy in the estimated number of bacteria [50]. A wider range of growth media can
counteract this discrepancy to some degree, but ideally, culture-independent methods
such as flow cytometry should also be applied to properly control sterility in gnotobiotic
experiments [80]. The lack of such a method could be considered a weakness in the
experimental protocols followed in this thesis. Particularly, the use of only one growth
media to control sterility in the zebrafish experiment should be revised. The same range
of control media used for the salmon yolk-sac fry experiment should also have been ap-
plied for the zebrafish experiment. In addition, a culture-independent method such as
flow cytometry should be included to reveal unculturable potential contaminants. The
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fact that a likely bacterial contamination was overlooked in the zebrafish experiment
underlines the importance of a diverse range of control media, and preferably also a
culture-independent method, when performing sterility tests in gnotobiotic experiments.

4.1.3 Methods for sampling water microbiota

In both the zebrafish and salmon yolk-sac fry experiments, comprehensive sampling
was performed both of water and fish. Samples intended for flow cytometry analysis,
amplicon sequencing, and host gene expression analysis were collected in both exper-
iments (see Table 2.2 and Table 2.3).

Sampling of water for characterization of the water microbiota was performed differ-
ently in the two gnotobiotic experiments. There is no apparent reason as to why water
from the zebrafish rearing facilities of LARSEM should have less than half the number
of observed ASVs to that of the Atlantic salmon rearing facilities of SINTEF SeaLab.
The difference in observed ASVs in fish tissue samples was not significant between
the two host species. This, together with the results discussed Section 4.1.2 and Sec-
tion 4.5 , indicates that the water samples from the zebrafish experiment probably did
not represent the full diversity of the water microbiotas. Normally, Millipore® Sterivex™
0.22 0.22 µm filters are used both by both ACMS and IBIS to sample water microbiota.
However, this method was deemed unsuited for the experimental design utilized in this
thesis, as these filter units required a higher volume than what was available in each
replicate well. In the salmon yolk-sac fry experiment, water was sampled for ampli-
con sequencing using Whatman® Nuclepore™ 0.2 µm Track-Etched membrane filter.
This method is routinely applied in the ACMS group for sampling water microbiota from
low volume sources. In the zebrafish experiment, a method of sequential centrifugation
was utilized (described in Section 2.3.4) , as Nuclepore™ filters were not available at
IBIS. When the sampling was performed, no visible pellet was observed after the last
centrifugation, and it is likely that a considerable amount of bacteria were lost in the
discarded supernatant, from what was already relatively low bacterial concentrations.
These findings imply that the filtering method used in the salmon yolk-sac fry exper-
iment was superior to the sequential centrifugation method applied in the zebrafish
experiment in capturing the diversity of the sampled microbiotas.

4.2 Flow cytometry data

The bacterial densities in water from all the applied bacterial conditions, including the
mono-associations, were analyzed by flow cytometry of samples taken at the start
and end of both gnotobiotic fish experiments. These results indicated that the develop-
ment of bacterial densities varied greatly between conditions. A decrease in bacterial
density was observed in the B49 (Lactococcus sp.) mono-association in the zebrafish
experiment, as well as in the salmon yolk-sac fry experiment. In addition, two more
mono-associations also showed decreased bacterial densities in this experiment (B40
(Staphylococcus sp.) and 3.3 (Sphingomonas sp.)). Coincidentally, these three strains
were also those with the lowest determined µmax in the growth experiment at the lower
temperature. This suggests that these strains were not well adapted for colonizing the
rearing water, and that in the salmon yolk-sac fry experiment in particular, this might be
due to poor growth ability at the relevant rearing temperature. Furthermore, bacterial
densities in samples taken at the start of the experiments indicated that for most of
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the bacterial conditions, the target concentration of 5 × 105bacteria/mL was not met
and was consistently lower. A possible explanation for this is the uncertainties in the
determined relationships between OD600 measurements and CFU counts, which is
discussed in detail in Section 4.4.

Some bacterial strains showed changes in densities which, considering the experi-
mental conditions from which they where obtained, appeared unrealistic. For exam-
ple, the 3.28 (Microbacterium sp.) had a final determined concentration of 7828.04 ±
1515.53 104 bacteria/mL in the salmon yolk-sac fry experiment. This represented an
almost 3000-fold increase in bacterial concentration from what was found at the start
of the experiment. In the zebrafish experiment, one could expect an even greater in-
crease in bacterial concentration due to the higher rearing temperature, but here the
same strain showed an increased concentration of just 1.37 ± 0.27 104 bacteria/mL.
This probably indicates that at least some of the flow cytometry measurements of bac-
terial densities were erroneous. Due to the flow cytometer at ACMS being unavailable
because of a technical issue, samples were analyzed by KYTOS. As a result of this,
samples were collected according to what is the standard protocol at ACMS, which dif-
fers from the method of KYTOS, who have developed their own sampling system (KY-
TOvial). In processing of the raw data retrieved from KYTOS after analysis, some sam-
ples appeared over-diluted, as the event counts were especially low (Amalie Johanne
Horn Mathisen, verbal communication). This introduces uncertainty into the measure-
ments, apparent by the relatively high standard deviations observed for some bacterial
conditions (see Table 3.2 and Table 3.3). The over-dilution made it challenging to dis-
tinguish between actual bacterial counts and background noise. Careful consideration
should be taken when interpreting results from samples with low bacterial densities,
such as those from the germ-free conditions of both gnotobiotic experiments.

4.3 Optimal DNA extraction methods differed for zebrafish
and salmon yolk-sac fry tissue samples

In previous projects in the ACMS group, there had been challenges with obtaining con-
sistent PCR amplification of bacterial 16S rRNA genes from samples of yolk-sac fry
of salmon, probably due to low amounts of bacterial DNA relative to host DNA, and
the presence of PCR inhibitors in the DNA extracts. Trials were therefore performed
on a selection of samples from both the salmon yolk-sac fry and zebrafish gnotobiotic
experiments, to investigate what were the optimal DNA extraction conditions for these
samples, specifically focusing on the first lysis step.

Differing methodologies were shown to give best PCR results for zebrafish and salmon
yolk sac fry. For salmon yolk-sac fry samples, the best PCR results were obtained when
host tissue was removed before homogenization in Precellys homogenizer. This was
consistent with what was found for Atlantic salmon skin tissue samples in a master
project being performed concurrently to this work [65]. A plausible explanation for this
could be that the presence of PCR inhibitors and large amounts of host DNA when
including the yolk-sac fry in the homogenization step interferes with the subsequent
PCR reaction. For zebrafish samples, the best PCR results was obtained from sam-
ples where homogenization was performed with host tissue present. The effects of
host DNA and PCR inhibitors might not have come in to play to the same degree with
zebrafish samples as they did with samples of yolk-sac fry of salmon, as the amount
of host tissue was considerably smaller in samples. The average weight of zebrafish
larvae at 6 dpf have been determined to be less than 2 mg, whilst newly-hatched yolk
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sac-fry of salmon typically are > 200 mg [83, 84]. In the DNA extraction, there was
one individual per replicate sample for salmon yolk-sac fry, and three for zebrafish. Due
to the lower total amount of host tissue in zebrafish samples, it is also probable that
the amount of bacterial DNA present in these samples was considerably lower than
in salmon yolk-sac fry samples. This could explain why homogenization without ze-
brafish tissue resulted in less PCR products than what was observed for the salmon
yolk-sac fry samples subjected to the corresponding homogenization protocol. The fact
that undiluted samples were found to give the best PCR also implies that the amount
of bacterial DNA generally was low in samples.

4.4 Bacterial community compositions in SynCom water and
fish of the salmon yolk-sac fry experiment

Amplicon sequencing data of samples from the SynCom condition in the salmon yolk-
sac fry experiment contained several highly similar ASVs which represented the differ-
ent SynCom genera. It has been shown that polymerase errors become more common
in later cycles of PCR [85]. This could lead to the presence of erroneous sequences in
low abundances in the subsequent ASV assignment. In the 16S rRNA gene amplifica-
tion performed in this work, a fairly high amount of PCR cycles (X38) were performed.
Thus, a likely explanation to the observed diversity of ASVs representing SynCom gen-
era could be that they in fact represented the same sequences, but errors introduced in
the PCR amplification caused them to be assigned to different ASVs. For this reason,
an OTU clustering was performed. In retrospect, an increased annealing temperature
could have been considered, as this is known to increase stringency in PCR reactions
[86]. It is important to note however, that the PCR reaction parameters used for 16S
rRNA gene amplification in this work has been optimized throughout many amplicon
sequencing-based projects at ACMS, and that they generally have resulted in high-
quality sequencing data.

The resultant OTU table from OTU clustering revealed that nine OTUs accounted for
92.4 ± 7.7% of total reads in SynCom samples, and that all SynCom strains except
for the Sphingomonas sp. and Staphylococcus sp. were represented within these nine
OTUs. The remaining reads were accounted for by OTUs dispersed sporadically be-
tween samples in low abundances, probably representing noise derived from back-
ground levels of contaminating DNA from the experiment and the different steps per-
formed in library preparation. Instead of Sphingomonas sp. and Staphylococcus sp.,
OTUs assigned to Oceanobacillus and Pseudomonas were present among the nine
most common OTUs. It is therefore probable that these strains were added in place of
the Sphingomonas and Staphylococcus strains as intended. Both an Oceanobacillus
and a Pseudomonas strain were part of the strain collection from which strains were
obtained for this thesis, so there is a possibility that a labelling mistake from when the
collection was first established led to the unintended substitution of strains. Sequenc-
ing of the selected strains 16S rRNA gene was not performed prior to experiments to
confirm the strain identities. If this had been done, it could have revealed an accidental
substition of strains.

The community profiles of the water collected at the start of the experiment revealed
that although the intention was to add all strains in equal concentrations, relative abun-
dances varied both within and between replicate samples. OTU1 and OTU24, repre-
senting Psychrobacter and Oceanobacillus, were particularly abundant. The relation-
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ships between OD600 measurements and CFU counts were used to determine the
amount of each bacterial strain that was added to the SynCom wells. Uncertainties in
these relationships relationships could have led to differing strain concentrations used
for establishing the SynCom condition. Differences in growth morphologies is a com-
mon source of error in CFU counts, as single colonies can arise from multicellular
aggregates, giving an underestimation of the actual cellular density [87]. Similarly, cel-
lular aggregates in liquid cultures will lead to inaccurate measurements of turbidity, as
the assumed 1:1-correspondence between optical density and cell numbers are broken
[87].

Another possibility could be that strains were actually added in more equal amounts
than what the OTU-based community compositions suggests, but that PCR biases or
differences in gene copy number of the 16S rRNA gene between strains skewered the
relative abundances of OTUs [88]. Bacteria can have several copies of rRNA operons,
varying from 1 – 15 between different taxa, and this is a common source of uncertainty
in microbial community analyses based on 16S rRNA gene sequences [89]. The rrnDB
is a database which contains annotated information on 16S rRNA gene copy numbers
in prokaryotes [90]. The Psychrobacter species present in the rrnDB database had be-
tween three to six copies of the 16S rRNA gene, with a mean of 4.4. For Oceanobacillus
species, only two species were present in the database. These had 16S rRNA gene
copy numbers of seven and ten. However, according to the rrnDB database, several
of the other SynCom strains which had lower relative abundances in the start water
communities, also contained species with similarily high gene copy numbers. Hafnia
sp. were for example registered with either seven or eight gene copies of the 16S
rRNA gene in the rrnDB database, but the Hafnia OTU was still significantly less abun-
dant in start water communities compared to the Psychrobacter and Oceanobacillus
OTUs. Therefore, copy number was probably not the sole cause of the different rela-
tive abundances observed in these communities. PCR biases, including differences in
priming efficacy, as well as the effect of template GC-content on amplification efficacy,
are known sources of error when PCR approaches are used for inferring abundances
of taxa in amplicon sequencing [88]. It is therefore plausible that such biases could
have affected the observed abundances of OTUs in the SynCom samples. However,
these biases would probably be conserved for the different strains in the different sam-
ple types, except perhaps for the fish tissue samples, where the presence of host DNA
also could have an effect on PCR reaction conditions and outcome.

An additional OTU classified as Microbacterium, OTU175, also appeared in most Syn-
Com samples. Manual inspection of the OTU table revealed that its pattern of relative
abundance among the samples followed that of OTU8, the more abundant Microbac-
terium OTU, with highest relative abundances in end water samples. It is therefore
likely that OTU175 represented a second gene copy variant of the 16S rRNA gene
derived from the same Microbacterium strain. In the rrnDB database, genera from the
Microbacterium family had 16S rRNA gene copy numbers ranging from one to three
with an average of 2.0 [90], so it is possible that the Microbacterium strain used in this
thesis could have at least two copies of the 16S rRNA gene, giving rise to the two Mi-
crobacterium OTUs observed.

In the end water samples, OTU6 (Hafnia sp.) was the most dominant OTU, and its av-
erage relative abundance had increased significantly compared to the start water sam-
ples. In the growth characterization experiment, the Hafnia strain had the highest µmax
out of all strains in the growth experiment at both temperatures, indicating that this strain
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was better adapted to growth at temperatures relevant to rearing of salmon yolk-sac
fry. Hafnia sp. are facultively anaerobic heterotrophs belonging to the Enterobacterales.
Representatives of the genus are considered common members of aquatic microbiotas
and the gut microbiotas of animals, including fish, and they are known psychrotrophs
[91, 92]. Thus, it appears that the Hafnia strain was able to establish itself as the dom-
inant strain in the water microbiota through the course of the experiment, enabled by
its high µmax at low temperatures. Similarly, OTU8 representing Microbacterium had
a marked increase in relative abundance when comparing end water to start water.
This was also one of the strains with the highest determined µmax in the growth ex-
periment at the lower temperature, only beaten by the Hafnia and Arthrobacter strains.
The OTUs which initially dominated the water microbiota, OTU1 (Psychrobacter) and
OTU24 (Oceanobacillus), had significantly decreased relative abundances in the end
water samples. Together, these results imply that during the course of the experiment,
the Hafnia and Microbacterium strains were able to outcompete the initially dominant
Psychrobacter and Oceanobacillus strains in the water microbiota, aided by their high
µmax and ability to grow on the nutrients provided by the presence of the yolk-sac fry
host. Furthermore, it seems that a high growth rate in general growth media correlates
with a strain’s effectiveness in colonizing the salmon yolk-sac fry rearing water, poten-
tially providing a competitive advantage in the investigated system.

The PCoA based on Bray-Curtis similarities revealed that the water microbiotas’ com-
position in the SynCom condition had changed significantly during the course of the
experiment (Figure 3.6). When wells are inoculated with the bacterial strains, this could
be considered a batch system in which a system-specific selection regime containing a
set of niches ready to be exploited by the bacteria is established [93]. The salmon yolk-
sac fry supplies organic matter, nutrients, and, together with the rearing water, growth
surfaces and environments, for which the bacterial strains will compete. Such a sys-
tem has the potential to alter the bacterial community composition within the wells, as
strains better adapted to the present niches will out-compete other, less well-adapted
strains [93]. In other words, the observed alteration in community composition is prob-
ably driven by host-provided selection factors promoting competition for resources be-
tween the added bacterial strains.

Furthermore, it was also found that end water and fish tissue microbiotas were not
significantly different, although their community compositions indicated that clear dis-
tinctions could be made between the two sample groups (Figure 3.6). This implies that
the end water microbiota was more similar to the microbiota of fish tissue than to that
of start water, and that the environmental microbiota had a strong influence on the
microbiota of fish tissues. The importance of the environmental microbiota in shaping
fish host associated microbiotas has also been noted in previous studies. For example,
Fiedler et al. (2023) showed in a gnotobiotic experiment with salmon yolk-sac fry that
whether fish was reared in the presence of egg-derived or lake-derived microbiota had
a profound effect on the microbiota of both the host skin and gut, and that the effect
was more pronounced in skin microbiota [33]. Similarily, Bakke et al. (2013) showed
that rearing water microbiota had a greater effect than live feed microbiota on the com-
munity composition of host-associated microbiota in cod larvae (Gadus morhua) [94].

Fiedler et al. (2023) also reported that variation in community compositions was ob-
served between individual salmon yolk-sac fry from replicate flasks with the same ini-
tial bacterial conditions, and that replicate rearing vessels developed distinct system-
dependent microbiotas [33]. Similar variation in community structures was also ob-
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served between replicate salmon yolk-sac fry of the SynCom condition. One replicate
in particular had a microbiota more similar to end water microbiota. A revised one-way
PERMANOVA analysis excluding this sample revealed that the remaining fish tissue
samples had significantly different microbiota compositions compared to those of the
end water samples (p = 0.0321). Together, this indicates that although the microbiota
of water at the end of the experiment affected the fish microbiota compositions, clear
distinctions between the two sample groups were still observable.

This is consistent with what was reported by Vestrum et al. (2020) in a study where the
effects of ecological processes on bacterial community assembly in cod larvae were
investigated [34]. Here, they found that environmental bacterial communities were dis-
similar to those associated with the cod larvae, but that different environmental commu-
nities strongly affected the fish communities. Similarly, Bugten et al. found that changes
in rearing water microbiota induced by membrane ultrafiltration in a pilot-scale RAS for
rearing of Atlantic salmon parr directly influenced the parr hindgut microbiota, but that
the communities remained distinct from one another [95]. These distinctions could be a
result of host-provided selection factors, as different adaptations are required for growth
on fish tissue compared to those needed to grow in the rearing water. Comparison of
the community compositions at the family level supports this, as the relative abundance
profiles of the two sample groups appear distinct from one another, apart from the one
fish tissue sample which appeared to have a more similar microbiota composition to
end water samples than to the remaining fish tissue samples (Figure 3.5). Vestrum et
al. (2020) showed that stochastic processes such as ecological drift is important for cre-
ating variation in the initial community assembly of communities related to teleost hosts
[34]. It is likely that such processes contributed to the observed variation in microbiota
compositions of fish tissue samples also in this experiment.

4.5 Bacterial community compositions in the re-conventionalized
conditions

In the re-conventionalized conditions, 236 ASVs were detected in the zebrafish ex-
periment, and 517 ASVs in the salmon yolk-sac fry experiment. Proteobacteria, Bac-
teroidetes, and Actinobacteria were the dominant phyla in the re-conventionalized con-
ditions from both experiments. These phyla have also previously been found to be
abundant in salmon yolk-sac fry, both in a small scale experiment were fry were reared
in culture flasks in the presence of egg-derived microbiota [33], and in fry from a com-
mercial hatchery facility [96]. In zebrafish, Proteobacteria and Actinobacteria have pre-
viously been suggested as members of a core microbiota [97]. Bacteroidetes have also
been observed, although it is considered less common than the Proteobacteria and
Actinobacteria [98, 97]. The re-conventionalized water microbiota composition at the
start of the zebrafish experiment was found to vary more than what was expected be-
tween replicates. In the salmon yolk-sac fry experiment, the corresponding samples
had the most similar community compositions between replicates (see Figure 3.8 and
Figure 3.9). This fact, along with the great difference in ASV richness between the
zebrafish and salmon yolk-sac fry re-conventionalized conditions, are indications that
the water sampling method used in the zebrafish experiment did not work as intended
(see Section 4.1.3). Fish tissue and end water microbiotas from the re-conventionalized
conditions were more similar than the start and end water microbiotas, particularly in
the salmon yolk-sac fry experiment. This supports what was found in the SynCom con-
dition, and that has also been observed in previous studies, that the environmental
microbiota strongly affects the composition of the host-associated microbiota [33, 94].
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Although the overall α-diversity appeared to be higher in the salmon yolk-sac fry ex-
periment, probably as a results of improper water sampling in the zebrafish experiment
as discussed in Section 4.1.3, the evenness appeared relatively similar between cor-
responding sample types from the two experiments (Figure 3.7d). The microbial com-
munities in both experiments, particularly the zebrafish experiment, started out with
higher evenness, but ended up with one or a few families dominating communities in
the end water and fish tissue microbiotas. In the zebrafish experiment, these fami-
lies were Pseudomonadaceae, Flavobacteriaceae, and Comamonadaceae. However,
some caution should be taken when interpreting these observations due to the sus-
pected shortcomings of the water sampling method discussed previously. In addition,
only two replicate end water samples remained after rarefaction. In the salmon yolk-
sac fry experiment, end water and fish tissue microbiotas were also highly abundant in
Pseudomonadaceae and Flavobacteriaceae, as well as Comamonadaceae and Sphin-
gomonadaceae. Sphingomonadaceae specifically was only abundant in the end water,
and not the fish microbiotas. Some consideration should also be taken for these results,
as one replicate fish tissue sample was left out after rarefaction, and out of the three
remaining replicates, one differed significantly in community composition from the other
two (Figure 3.8b).

The predominant families observed in both experiments are all commonly observed in
aquatic environments and fish microbiota, and typically represent rapid-growing aero-
bic heterotrophs, particularly the Pseudomonadaceae and Comamonadaceae [87, 99].
From the SIMPER analysis, it was revealed that on the ASV level, single ASVs assigned
to Pseudomonadaceae and Comamonadaceae were dominant in each experiment
(see Table 3.4). Manual inspection of the ASV table revealed that the two ASVs repre-
senting the Pseudomonadaceae in the two experiments had both been determined on
the genus level above the confidence threshold level of 0.80 as Pseudomonas, show-
ing that two distinct Pseudomonas strains were dominant in each experiment. Bates et
al. have previously observed that representatives of Pseudomonas were dominant in
the microbiota of zebrafish embryos and larvae [100]. Similarly to what was observed
for the Hafnia sp. of the SynCom condition, it appears that the batch-like experimen-
tal system preferentially selects for fast-growing heterotrophs, which are able to rapidly
utilize the nutrients provided by the presence of host organisms, leading to microbiotas
dominated by such species. The observed increase in bacterial density measured by
flow cytometry in both re-conventionalized conditions further supports this. For salmon
yolk-sac fry fish tissue samples, two of the three replicates had communities which
were dominated mainly by Pseudomonadaceae, whilst the last replicate’s community
was dominated by Flavobacteriaceae and Comamonadaceae, and had a comparatively
low abundance of Pseudomonadaceae. Variation between replicate samples exposed
to the same bacterial conditions has also previously been observed by Fiedler et al.
(2023), and similar observations were also made in the SynCom condition, as dis-
cussed in Section 4.4 [33].

4.6 The adequacy of the gnotobiotic experimental systems

As already mentioned in the preceding sections, several observations were made in
the SynCom condition of the salmon yolk-sac fry experiment, as well as in both of
the re-conventionalized conditions, which suggested that the experimental conditions
of the gnotobiotic experiments provided a selection regime in which rapid-growing het-
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erotrophs ended up dominating the water and fish tissue microbiotas. In Vadstein et al.
(1993) the ecological theory concepts of r/K-selection is used to describe how carrying
capacity effects microbial community compositions in fish rearing systems, and how
these concepts can be used as a tool to steer towards more favorable microbial condi-
tions in such systems [101]. Here, the carrying capacity of a system is defined as the
maximum microbial biomass that can be sustained, determined by the system’s physi-
cal and nutrient-related restrictions [101]. Fast-growing, opportunistic heterotrophs are
considered r-strategists. Due to their high growth rates and rapid nutrient turnover, r-
strategists will quickly dominate systems were the bacterial load is below the carrying
capacity and competition for resources is low. K-strategists are slower-growing, special-
ized bacteria who are well-adapted to highly competitive systems near or at carrying
capacity, due to their higher substrate affinities compared to r-strategists [101]. Attra-
madal et al. (2014) states that K-selection is advantageous for the survival of reared
fish, as it provides a more stable microbial condition that disfavours opportunistic (r-
selected) bacteria that could cause detrimental host-microbe interactions [102]. Even
though these bacteria might not be specific pathogens, it has been shown high abun-
dances of r-strategists still could have detrimental effects on fish. For example, Vestrum
et al. (2018) found that genes associated with infections were up-regulated in cod lar-
vae were Arcobacter were abundant in the water and fish-associated microbiotas [103].

Typically, a re-conventionalized control condition is included in gnotobiotic experiments
to represent the stable, microbial rearing conditions to which host organisms ideally
would be subjected too in healthy rearing conditions or their natural environments [63].
However, when the bacteria of the re-conventionalized conditions were first introduced
to the germ-free host organisms in the batch-like conditions of this experiment, this
probably represented a sudden increase in the carrying capacity experienced by the
bacteria, as they were introduced to a system containing empty niches. Such a change
in carrying capacity could potentially open up for proliferation of rapid-growing oppor-
tunists, and the system could therefore be said to actually represent an r-selection
regime. The fact that end water and fish tissue microbiotas in the re-conventionalized
conditions of both experiments were dominated by only a few ASVs representing fam-
ilies typically associated with r-strategist bacteria, such as Pseudomonadaceae, sup-
ports this. In addition, the Hafnia sp. was dominant in end water and fish tissue mi-
crobiotas in the SynCom condition. This further indicates that the system is better de-
scribed as an r-selection regime, as this strain had the highest determined µmax in the
growth characterization experiment. This could perhaps represent a more general is-
sue with re-conventionalized controls used in short-term fish gnotobiotic experiments,
as most fish gnotobiotic research systems where water exchange does not occur have
a similar batch-like design to the systems used in this thesis, although at varying size
scales [80]. It would mean that the applied condition in such experiments does not
properly represent the natural, healthy microbial conditions as intended, but rather an
r-selected, potentially detrimental, condition.

4.7 Future work and perspectives

In this thesis, microbial community dynamics in host-associated microbiotas have been
investigated and compared in two gnotobiotic experiments of similar design using two
different host organisms; zebrafish and salmon yolk-sac fry. Amongst other findings, it
was shown that the experimental system design will have an impact on the investigated
microbial community compositions. As a consequence of this, re-conventionalized con-
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trol conditions might not actually represent a stable, healthy bacterial condition as is
usually the intention. This demonstrates that there still are gaps in the current knowl-
edge on the early bacterial colonization of newly hatched teleost larvae/fry, and the
systems used to study such interactions. Considering the substantial loss to mortality
in commercial hatchery facilities, often assigned to negative host-microbe interactions,
continued efforts should be directed towards better understanding the effects of rearing
selection regimes on host-associated microbiotas in the earliest life-stages of econom-
ically important teleost species.

Unfortunately, the planned assessment of host responses to the initial microbial colo-
nization of the two host models were excluded from this thesis, due to an unforeseen
delay in sample analysis at a third party. In addition, due to the contaminations ob-
served in the zebrafish experiment, this experiment would have had to be repeated
in order to perform comparisons betwen the two host organism’s responses, had the
gene expression analysis data been available. Still, the prospect of utilizing already es-
tablished model organisms, such as zebrafish, to model host-microbiota interactions in
economically important teleost species remains exciting. It has the potential to provide
new insights into the intricate relationship between the teleost host and its microbiota.
This could further contribute to improved fish health and knowledge-based decision
making in the aquaculture industry.

To bring this prospect further, the comparability of host responses between the model
organisms needs to be further investigated. Often, findings from different teleost host
model systems are extrapolated to aquaculture species. To assume that results are di-
rectly comparable might not necessarily be straightforward, considering the enormous
diversity within the teleost clade. However, it has already been shown that certain host
responses to the presence of a microbiota is conserved on the gene expression level
between zebrafish and mice [25]. As zebrafish and Atlantic salmon are more closely
related species, it is thus likely that even more host responses are conserved between
the two. Still, differences can be expected, and considerations such as the two species
differing life cycles, or the fact that their gastrointestinal system has markedly different
morphologies and functional capabilities, should be made. Instead of assuming that
findings are true across the teleost division when proven in one specific species, a more
systematic approach should be taken, investigating the comparability of responses of
special interest.

In this context, there is further a potential for investigating the effects of specific bacte-
rial taxa, which could potentially contribute to determining novel probiotic strains, and
unveiling the mechanisms behind positive host-microbe interactions on a new level of
detail. Currently, probiotic feeds and supplements for aquaculture species with doc-
umented effects are commercially available. However, such feeds are used in later
life-stages, and must be provided continuously, as the effects are not retained over a
prolonged period of time. As host-microbiota effects in the early life-stages of teleosts
are linked to the development of the innate immune system, and since teleosts are
considered sterile before hatching, it could be possible that the host microbiota is more
easily modulated in this life stage, and that more long-term effects could be achieved
with the development of probiotic treatments specifically for the earliest life-stages.
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5 Conclusions

This study aimed to characterize the initial microbiota of newly hatched zebrafish (Danio
rerio) and Atlantic salmon (Salmon salar) under gnotobiotic and re-conventionalized
conditions, and to assess whether host-responses to various bacterial conditions were
comparable between the two host organisms on the gene expression level. Unfortu-
nately, due to an unforeseen delay in the analysis of samples prepared for gene ex-
pression analysis, these results were not returned in time for them to be included in
this work. Still, the prospect of using an already established model organism to model
microbiota-induced host responses in economically important fish species remains ex-
citing.

Growth characteristics of nine bacterial strains previously isolated from the gut of com-
mercially reared Atlantic salmon were determined at temperatures relevant for rearing
of zebrafish larvae and yolk-sac fry of Atlantic salmon. A Hafnia strain was found to
have the highest maximum growth rate at both of the investigated temperatures. This
experiment showed that although strains were isolated from the same selection regime,
their growth rates were variable, and the effect of temperature on maximum growth rate
varied between strains.

Two gnotobiotic experiments were performed with the nine bacterial strains in zebrafish
and salmon yolk-sac fry host model systems. The established host- and water-associated
microbiotas were analyzed by 16S rRNA gene amplicon sequencing. Indications that
bacterial contaminations were present in the germ-free and SynCom conditions of the
zebrafish experiment was observed, as ASVs assigned to Oxalobacteraceae and Co-
mamonas, respectively, were abundant in samples from these conditions. Furthermore,
the water sampling method applied in the same experiment appeared to be unsuitedfor
sampling microbiota.

In the Syncom condition of the salmon yolk-sac fry experiment, ASVs assigned to Haf-
nia and Microbacterium dominated end water and fish tissue microbiotas. These strains
also had high maximum growth rates at the relevant temperature. In addition, the am-
plicon sequencing data indicated that the environmental microbiota had an influence
on the host-associated microbiota, but clear distinctions between the two microbiotas
could still be made, probably as a result of host-provided selection factors.

In the re-conventionalized conditions of the two gnotobiotic experiments, the evenness
of the microbiota significantly decreased. This reduction was due to the dominance of
one or a few ASVs representing rapid-growing, heterotrophic bacteria, such as Pseu-
domonas, in the final water and host-associated microbiotas. These results suggests
that in short-term gnotobiotic experiments with batch-like system characteristics, such
systems are better characterized as an r-selection regime, providing a competitive ad-
vantage to rapid-growing opportunistic bacteria.
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Supplementary Materials



Table S.1: Standard curves for growth characteristics based on OD600-measurements and CFU
counts for the nine bacterial strains used in this thesis.
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Table S.1: Samples that were discarded after rarefaction of ASV table to 4750 reads per sam-
ple. With the exception of one re-conventionalized water sample from the zebrafish experiment,
and one re-conventionalized fish tissue sample from the salmon yolk-sac fry experiment, all
discarded samples were germ-free control samples.

Zebrafish Salmon yolk-sac fry
Sample Number of reads Sample Number of reads

Start water
germ-free 2

14
Start water
germ-free 3

948

Start water
germ-free 3

1271
End water
germ-free 4

1280

End water
germ-free 3

209
Fish tissue
germ-free 4

111

End water
re-conventionalized 3

1146
Fish tissue
re-conventionalized 2

7
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Growth curves based on OD600-measurements at 22 °C for the nine bacterial
strains used in this thesis.
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Growth curves based on biomass gain measurements at 14.4 °C for the nine bac-
terial strains used in this thesis.
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Figure S.2: Gel electrophoresis of PCR products of indexed 16S rRNA genes after indexing
PCR at X10 cycles with Nextera XT indexing primers (Illumina™).
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Table S.2:RNA concentrations and the A260/A280-ratio obtained after RNA extraction from fish
tissue samples for the SynCom, germ-free, and re-conventionalized conditions obtained after
the gnotobiotic experiment in zebrafish.

Sample RNA concentration (ng/µL) A260/A280

SynCom 1 15.4 1.73
SynCom 2 26.4 1.70
SynCom 3 18.1 1.74
SynCom 4 38.7 1.66
Germ-free 1 20.4 1.70
Germ-free 2 22.4 1.72
Germ-free 3 42.1 1.73
Germ-free 4 29.7 1.76
Re-conventionalized 1 48.3 1.60
Re-conventionalized 2 26.7 1.82
Re-conventionalized 3 13.9 1.73
Re-conventionalized 4 14.6 1.75
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Table S.3: The taxonomic classification of the ten ASV’s with the highest average presence in
germ-free zebrafish samples. Eight germ-free zebrafish samples remained after normalization.

Taxonomic classification
Average number of
reads in zebrafish
germ-free samples

Number of samples
with ASV present

(out of eight)

f:Oxalobacteraceae 2510.75 Six
f:Oxalobacteraceae 545.25 Five
g:Corynebacterium 445.5 One
g:Corynebacterium 212 One
f:Comamonadaceae 202.5 Three
g:Corynebacterium 112.25 One
g:Rhizobium 78.75 Three
g:Corynebacterium 77.25 One
g:Cutibacterium 72.5 Two
g:Flavobacterium 65.5 Two
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Table S.4: cDNA concentrations and the A260/A280-ratio obtained from cDNA synthesis
from RNA extracts obtained from fish tissue samples for the SynCom, germ-free, and re-
conventionalized conditions in the salmon yolk-sac fry gnotobiotic experiment. cDNA synthesis
products were diluted 1:10 with nuclease-free water before concentration and purity measure-
ments.

Sample RNA concentration (ng/µL) A260/A280

SynCom 1 194.5 1.99
SynCom 2 139.9 1.88
SynCom 3 181.5 1.92
SynCom 4 175.4 1.91
Germ-free 1 183.0 1.92
Germ-free 2 185.5 1.91
Germ-free 3 192.5 1.94
Germ-free 4 160.4 1.91
Re-conventionalized 1 158.3 1.90
Re-conventionalized 2 99.8 1.79
Re-conventionalized 3 104.8 1.78
Re-conventionalized 4 117.8 1.84
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A - Media solutions

A.1 Tryptic soy broth (TSB)

Composition of tryptic soy broth (TSB) media used for plating bacteria in various experimental
sections.

Component Amount

Tryptic Soy Broth powder 22.5 g
Milli-Q® water 750 mL



A.2 Tryptic soy agar (TSA)

Composition of tryptic soy agar (TSA) media used for plating bacteria in various experimental
sections.

Component Amount

Tryptic Soy Broth powder 22.5 g
Agar powder 11.25 g
Milli-Q® water 750 mL
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A.3 Zebrafish Gnotobiotic medium with and without antibiotics (ZGM and
AB-ZGM)

Hank’s salt stock solutions were already prepared in advance in the Derome lab [104].
The media was prepared as described by Pham et al [62]. For filter sterilization, Nal-
gene™ RapidFlow™ 0.2 µm filter units were used. For the AB-ZGM, antibiotic stock
solutions as described by Pham et al. were also already prepared in the Derome lab
[62]. For these, Filtropur 0.2 µm syringe filters (Sarstedt®) were used.

Composition of 1 L Zebrafish Gnotobiotic Medium (ZGM) with and without antibiotics used for
rearing of zebrafish.

Component Amount

NaCl 0.8 g/L
KCl 0.04 g/L
Na2HPO4 0.0358 g/L
KH2PO4 0.06 g/L
CaCl2 0.1872 g/L
MgSO4-7H2O 0.246 g/L
NaHCO3 0.35 g/L
Milli-Q® water 950 mL
- - - - - - - - - - - -
→ Filter sterilize 1L total volume

Antibiotics for AB-ZGM Amount

Ampicillin stock 50 µL
Kanamycin stock 5 µL
Amphotericin B stock 100 µL
ZGM 49.6 mL
- - - - - - - - - - - -
→ Filter sterilize
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A.4 Salmon Gnotobiotic Medium (SGM)
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A.5 Antibiotic Salmon Gnotobiotic Medium (AB-SGM)
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B - Salmon embryo derivation protocol
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C - ZymoBIOMICS™ 96 MagBead DNA kit protocol
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D - SequalPrep™ Normalization Plate (96) kit proto-
col
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E - Amicon®Ultra Centrifugal Filter protocol
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F - Trizol™reagent user guide
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G - Quantabio qScript cDNA SuperMix protocol
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