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Abstract

In this master thesis, the nitrifying capacity, salinity tolerance, and microbial biofilm
community composition of biofilters operated at high salinities were investigated.
Lab-scale batch experiments were conducted with biofilm carriers from two com-
mercial RAS: one cultivating Atlantic Cod at 35 ppt and one cultivating post-smolt
at 15 ppt. Furthermore, the microbial community compositions of biofilm samples
from three different commercial RAS operated at high salinities were investigated.
Havlandet has a RAS operated at 35 ppt for the production of Atlantic cod and Erko
has a RAS operated at 15 ppt for the production of post-smolt of Atlantic salmon,
both using moving-bed bioreactors. Leroy Belsvik has a RAS operated at 22 ppt for
the production of post-smolt, using a fixed-bed bioreactor.

lllumina sequencing showed that Nitrospira and Nitrosomonas were the most im-
portant NOB and AOBs, with Nitrospira dominating the bacterial nitrifying communit-
ies, and ASVs representing Nitrospira were the most significant contributors to the
difference in the biofilm community composition between the facilities. The biofilm
carriers from Erko showed superior nitrification capacity with a max capacity of 0.12
mg L' min—! and had both a three times higher nitrifying capacity and relative
abundance of nitrifiers than the biofilm carriers from Havlandet. The capacity of the
Erko carriers was maintained both in 31 ppt salinity and in freshwater. The nitrify-
ing capacity was reduced by 50% in freshwater for biofilm carriers from Havlandet,
compared to brackish and seawater.

A low abundance of AOB was found in all biofilm samples, indicating that AOAs
might contribute to ammonia oxidation. The archaeal communities in the biofilm
samples from Havlandet and Erko were entirely dominated by one ASV represent-
ing Nitrosopumilus, known to oxidize ammonia. Another ASV, also representing Ni-
trosopumilus, dominated the biofilm communities in samples from Belsvik. Sanger
sequencing and gPCR confirmed the presence of an amoA gene sequence in the
samples from Havlandet and Erko that were identical to a previously reported for Ni-
trosopumilus oxyclinae. The results from Sanger sequencing indicated the presence
of multiple amoA gene sequences in samples from Belsvik.






Sammendrag

| denne masteroppgaven ble nitrifiseringskapasitet, sensitivitet for salinitet og de
mikrobielle biofiimsamfunn i biofiltre operert ved hgye saliniteter undersgkt. Lab-
skala batch-eksperimenter ble utfert med biofilm bezerere fra to kommersielle RAS:
en for produksjon av atlantisk torsk ved 35 ppt salinitet og en som for produksjon
post-smolt av Atlantisk laks ved 15 ppt. Videre ble sammensetningen av de mik-
robielle samfunnene i biofilmpraver fra tre ulike kommersielle RAS med hgy salinitet
undersgkt. Havlandet har et RAS som produserer atlantisk torsk ved 35 ppt, og Erko
har et RAS som produserer post-smolt ved 15 ppt, hvor begge bruker moving-bed
biofilm reaktorer. Lergy Belsvik har et RAS som produserer post-smolt ved 22 ppt,
hvor de bruker en fixed-bed biofilm reaktor.

lllumina-sekvenseringen viste at Nitrospira og Nitrosomonas var de viktigste nitritt-
og ammoniumoksiderende bakteriene, hvor Nitrospira dominerte de bakterielle ni-
trifiserende samfunnene, og ASVer som representerte Nitrospira var de viktigste
bidragsyterne til forskjellen i sammensetningen av biofilmsamfunnene mellom an-
leggene. Biofilm baererne fra Erko viste overlegen nitrifiseringskapasitet, med en
makskapasitet pd 0.12 mg L= min—! ,og hadde bade tre ganger sa hay nitrifiser-
ingskapasitet og relativ mengde nitrifiserende bakterier enn biofilm baererne fra
Havlandet. Kapasiteten til beererne fra Erko ble opprettholdt bade ved 31 ppt og
i ferskvann. Nitrifiseringskapasiteten ble redusert med 50% i ferskvann for biofilm
baererne fra Havlandet, sammenlignet med brakk- og sjgvann.

En liten mengde ammoniumoksiderende bakterier ble funnet i biofilm-pravene, noe
som indikerte at ammoniumoksiderende arker kan bidra til oksidering av ammonium.
Arkesamfunnene i biofilm-pragvene fra Havlandet og Erko var fullstendig dominert
av en ASV som representerte Nitrosopumilus, en arke kjent for & oksidere am-
monium. En annen ASV, som ogsa representerte Nitrosopumilus, dominerte arkes-
amfunnet i biofilmpravene fra Belsvik. Sanger-sekvensering og qPCR bekreftet
tilstedevaerelsen av en amoA-gensekvens i prgvene fra Havlandet og Erko som var
identisk den en tidligere rapportert Nitrosopumilus oxyclinae. Resultatene indikerte
ogsa tilstedeveerelsen av flere amoA-gensekvenser i pravene fra Belsvik.
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1 Introduction

The ocean which was considered an unlimited source of fishery products is now es-
timated to have reached, or will soon reach, the limit for the sustainable yield of many
species. The fast-growing population require new and improved technology for more
efficient production of fish ['I. The annual Fish Health Report (Fiskehelserapport)
from the Norwegian Veterinary Institute (Veteringerinstituttet) 2! reported high mor-
tality numbers for both salmon and lumpfish in 2021. A total of 54 million salmon died
following their transfer to sea cages, representing 15,5% of the total fish population.
There are several different causes of high mortality. Trauma linked to mechanical
removal of lice and cardiomyopathy syndrome, CMS, constitute the most common
causes. Even though a lot of resources have been put into making the production
more sustainable, and many good results have come from it, the fish mortality in the
industry is still too high. The biggest challenge in the salmon industry is the prob-
lem with salmon lice in sea cages. Deloucing is both an expensive treatment and to
some degree harmful for the fish. A high prevalence of salmon lice can have a neg-
ative impact on wild salmon. If salmon were kept in land-based systems for a more
extended period after smoltification, where rearing conditions are highly controlled,
they would be bigger and more robust, decreasing the lice issue, and decreasing the
problems linked to the sea cages due to spending less time there . The increasing
demand for food further drives the industry to advance, and in the context of fish
production, the discovery and development in the cultivation of new species can be
revolutionary.

1.1 Aquaculture in Norway

According to the annual report from the Federation of European aquaculture produ-
cers, FEAP, from 2022, Norway was the main producer of fish in Europe, accounting
for 58% of the total supply Bl. The industry had a breakthrough in 1970 after a
successful release of salmon to seawater. Since then, there has been strong devel-
opment and growth in the industry. Atlantic salmon is the main species produced
in Norway. Salmon is an anadromous species, meaning they inhibit both freshwa-
ter and saltwater. Their lifecycle starts with spawning and juvenile rearing in rivers,
followed by migration to seawater to feed, grow and mature. Finally, they return to
freshwater to spawn [“. Salmon is mainly cultivated in land-based facilities during
the freshwater phase and later put out in sea cages until fully grown. New techno-
logy has enabled also the sea phase to be on land in marine facilities.



In addition to salmon, there is increased production of trout, cod, halibut and sev-
eral more species. During the 2000s, intensive attempts at cod farming were made
in Norway, Iceland, the Faroe Islands and Canada. However, Norway’s attempt
was unsuccessful due to insufficient knowledge about cod biology and an economic
breakdown in Europe. The Atlantic cod population is known to be unpredictable, and
there have been reports of flocculation in quotas over the years. Moreover, the tradi-
tional fishery in Norway is highly seasonal, posing further challenges. To overcome
these issues, various strategies have been proposed, including stock enhancement,
capture-based aquaculture, and land-based cod farms .

In 2020, 1.5 million tonnes of Norwegian fish were produced and sold. In compar-
ison, the number of sold farmed fish in 1994 was just above 200,000 tonnes. That
is an increase of 59 billion kroner in 26 years 1. One of the key factors driving the
growth of aquaculture in Norway is the development of new farming techniques, such
as closed-containment systems and land-based facilities. These methods allow for
greater control over the production environment, enabling farmers to optimize feed-
ing, water quality, and other factors that affect fish health and growth. The growth of
land-based salmon farming in Norway has also led to innovations in breeding and
genetics, resulting in the development of faster-growing, more disease-resistant sal-
mon strains. This has helped to improve the overall efficiency and sustainability of
the industry 1.

1.2 Recirculating aquaculture systems

Recirculating aquaculture system (RAS) is a type of land-based aquaculture system
where the water is re-used, in comparison to a flow-through system (FTS) where
the water is used only once (Figure 1.1). FTS was previously the most used sys-
tem for land-based production, but due to the advantages of RAS, FTS is becoming
less common [, RAS gives a unique opportunity for control and stability of the sys-
tem, with optimal temperatures throughout the year and management of the rearing
conditions (i.e. oxygen, carbon dioxide, pH, alkalinity and total ammonia nitrogen)
which again creates an optimal environment for the fish. Due to the recirculation
of the water, RAS use significantly less water than a FTS. A disadvantage of RAS
is that the water needs to be treated before being reused. This requires advanced
technology in addition to being an expensive process. Compared to FTS, RAS re-
quires higher operational complexity, more capital expenditure, land area and higher
energy demand. RAS can in theory be placed anywhere in close proximity to a wa-
ter source, while a FTS needs to be by a coastline. This gives RAS the advantage
to be placed closer to the market, which will reduce emissions and costs linked to
transport Bl. There is a shift from ocean-based production to more intensive land-
based production. RAS is an environmentally friendly technology which can provide



the world per capita needs for aquatic species ['l. Due to the increasing global water
crisis, the aquaculture industry is facing an increasing access limitation to freshwa-

ter. Technologies and methods to decrease water use are more important than ever
(9]

Recirculating aquaculture system

P
Water |¢———
treatment

>

Water in Water out
Flow-through system
Water in Water out
»| Fish tank -

O

Figure 1.1: lllustration comparing a recirculating aquaculture system (top) and a
flow-through system (bottom).

1.3 Water treatment in RAS

Due to the reuse of water in RAS, the circulating water needs proper treatment
before being returned to the system. The treatment loop in a RAS usually consists
of a mechanical filter, biofilter, degasser and oxygen control 1. The mechanical
filter can be e.g. a drum filter or a belt filter and is responsible for the removal of
particles in the recirculating water. Particles originate from feed, faeces and bacteria
from biofilters and biofilm in the systeml'%. Accumulation of particles will affect both
the fish and the bacteria in the system. The biofilter removes toxic ammonia and
nitrite. A biofilter can be either emerged or submerged. A trickling filter, where
wastewater cascades over the biofilm media, is an example of an emerged biofilter,
while moving-bed bioreactor, MBBR, and fixed-bed bioreactor, FBBR, are examples
of submerged biofilters. In a MBBR, the biofilm carriers remain in suspension while
the wastewater run through the biofilter. In a FBBR, the biofilm grows on surfaces
with a fixed position in the systeml['®). The degasser removes CO; in the water.
CO, accumulates in the system and is toxic for the fish [''l. Before the water is
recirculated into the fish tank again, oxygen is added [,



Fish excrete ammonia mainly in the form of unionized ammonia through their gills
(121 Without water treatment for the recirculating water, the ammonia will accumu-
late and be toxic to the fish. In RAS, biological water treatment is used to convert
toxic ammonia to less toxic nitrate. Ammonia, nitrite and nitrate have high solubility
in water. Ammonia exists in two forms: ionized, NH, (ammonium) and unionized
NHz(ammonia), and the sum of ammonia and ammonium is total ammonia nitrogen,
TAN. Both ammonium and ammonia are toxic at high concentrations, but ammonia
is much more toxic ["3l. The proportion of ammonia and ammonium is determined
mainly by pH. At pH below 9, most ammonia is in the form of NH,". Nitrification is the
microbial process of converting TAN, NH,;/NH; to nitrate, NO3. This is a two-step
process, where ammonia-oxidizing bacteria or ammonia-oxidizing archaea, AOB or
AOA, convert ammonium to nitrite, NO,', and nitrite-oxidizing bacteria, NOB, convert
nitrite to nitrate, as shown in Equation 1.1 ['4],

AOB - NOB -
NH4+(toric) E— N02 (toxic) E— NO3 (non—toxic) (1 1)

AOB oxidize ammonium as shown in Equation 1.2. Nitrosomonas and Nitrococcus
are examples of AOBs, whilst Nitrosopumilus is a common AOA. Nitrite is then oxid-
ized by NOB as shown in Equation 1.3. Examples of NOBs are Nitrobacter, Nitros-
pira, Nitrospina and Nitrococcus. The entire nitrification process can be summarized
as shown in Equation 1.4 4],

NH4+ + 1502 — NOZ_ + 2H* + HZO (1 2)
NOs + 0.50, — NOg (1.3)
NH; + 20, — NOg + 2H" + H,0 (1.4)

It has recently been discovered that nitrifying microorganisms can oxidize both am-
monium and nitrite to nitrate. This process is called complete ammonia oxidation,
comammox. All comammox discovered per 2022 are identified as Nitrospira strains.
A low AOB:NOB ratio has been discovered in freshwater RAS, which can indicate
the presence of comammox organisms ['%1,



1.4 Parameters affecting the biofilter

Autotrophic bacteria, like ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing
bacteria (NOB), use oxygen as the oxidizing agent. In the biofilter, the bacteria
grow in a biofilm. Biofilm carriers can be made from various materials like plastic or
lightweight expanded clay aggregate (LECA), delivering a high surface area. To as-
sure optimal bacteria growth in the biofilters, several factors are important, such as
substrate and oxygen concentration, temperature, organic matter, pH and salinity!?.

In nitrification, the presence of sufficient substrate is critical, and a low concentration
of substrate can limit nitrification. The threshold of TAN and nitrite is 2 mg/L and 0.1
mg/L respectively, and concentrations below this can give a reduction in nitrification
rate. On the other hand, a high concentration of TAN or nitrite can inhibit nitrification.
In RAS, the substrate concentration is usually low, and therefore, the limitation of the
substrate is a bigger issue than the inhibition by substratel'®!.,

Heterotrophic bacteria, which use organic matter as a carbon source, have a faster
growth rate than nitrifying bacteria and coexist with nitrifying bacteria in the biofil-
ter. High concentrations of dissolved and particulate organic matter can cause het-
erotrophic bacteria to outcompete nitrifying bacteria for oxygen and space in the
biofilter, inhibiting nitrification. A low concentration of oxygen will therefore inhibit
nitrification I3,

The efficiency of the biofilter is significantly affected by the pH. The optimal pH for
Nitrosomonas is 7.2-7.8 and for Nitrobacter 7.2-8.2. Nitrification has a relatively
wide optimum pH range of 7-9, due to the bacterial adaptation to the rearing condi-
tions. In RAS, it is advised to keep the pH at the lower range to minimize ammonia
stress on the cultivated species. Rapid changes in pH, up to one unit during a short
time span can stress the biofilter and time to adapt to the new conditions is required.
Nitrification releases H*, causing a reduction in pH levels. Carbonate is therefore
much used as a buffer to keep pH at a neutral level 1%,

The temperature also affects the biofilter, with a wide range of optimum temperatures
for nitrification. For nitrifying bacteria, the optimal temperature range is typically
between 25°C to 30°C, although some species can tolerate temperatures up to 40°C
or down to 5°C. AOB and NOB have different optimal temperature ranges, with AOB
being more sensitive to low temperatures and NOB being more sensitive to high
temperatures ['%. Nitrifying bacteria can adapt to a broad range of temperatures,
and the optimum temperature for the cultivated species determines the temperature
at which the system is operated at ["6].



Salinity can have a significant impact on the performance of a biofilter, particularly
on nitrification. The presence of salt in the water can inhibit the activity of nitrifying
bacteria, which can negatively affect the efficiency of the biofilter ['7l. A change in
salinity can change the osmotic balance in a microorganism. Hyperosmotic shock
can occur when the salinity is increased rapidly. This causes inhibition of cell growth
and nutrient uptake due to dehydration and plasmolysis ['”l. Some microorganisms
are adapted to high salinity and are able to tolerate high-saline environments. These
are called halophiles. On the other hand, a decrease in salinity also has a negative
effect on microorganisms. Navada et al. ['® reported from a study looking into
strategies for increasing salinities in RAS that the nitrification rate can be reduced
in marine water compared to freshwater. However, nitrifying bacteria can adapt to
different salinity levels given enough time. It takes significantly longer for a biofilter
to acclimate to saltwater than freshwater. An increase in salinity can also have a
greater effect on nitrite oxidation than ammonia oxidation ['8l,

1.5 Marine recirculating aquaculture systems

RAS is widely used for the production of freshwater species like salmon, trout and
bass. Now, there is an increasing interest in producing marine stages of salmon in
RAS, in addition to other marine species. The marine RAS industry in Norway has
seen significant growth and developments in recent years. One of the key players
in this is Erko Seafood, who built the first marine RAS facility in Sagvag at Stord in
2015. The facility produced post-smolt that was moved to sea cages at a later stage
than smolt ['91. Another major contributor to the marine RAS industry in Norway is
Fredrikstad Seafood, which operated the country’s first large-scale land-based sal-
mon farm. Since its establishment in May 2019, the facility has produced Atlantic
Salmon of 3.5 to 6.0 kilos, with an annual production capacity of 1500 MT 2%, Lergy
Seafood As was established in 1899 and is today the second biggest producer of
Atlantic salmon and trout in Norway. In early 2022, their new post-smolt facility was
completed, with a planned production capacity of 5000 MT 2'l. Havlandet Marin
Yngel received in May 2020 the first concession for a cod hatchery in Norway which
was ready in 2022. They also had a goal to establish a facility producing cod up to
slaughter, and the first production cycle was expected to be completed in the sum-
mer of 2023 [22. After an incident of H,S poisoning at Havlandet during Christmas
2022 almost all the fish died. Despite this, the company remains optimistic to estab-
lish a successful cod production facility 231, Kristina Sigurdsdottir Hansen, the State
Secretary to the Minister for Fisheries and Ocean Policy said in April 2022 that the
Government wish that cod farming might be an even bigger adventure than salmon
farming in Norway 241,



1.6 Nitrifying biofilter in marine RAS

Nitrification is an important pathway in the nitrogen cycle and naturally occurs in
different environments like soil, ocean water, freshwater lakes and wastewater. Ni-
trification is a part of the ocean’s nitrogen cycle that produces the greenhouse gas
nitrous oxide and oxidizes nitrogen in forms that phytoplankton and other microor-
ganisms in the sea can utilize ?°1. One of the difficulties linked to marine RAS is
the problem to establish a well-functioning biofilter. The start-up time for a biofilter
in freshwater is significantly shorter than the start-up time in seawater 261, Attempts
to adapt well-functioning biofilters from freshwater systems to seawater have been
made, which turned out to be challenging in establishing marine biofilters. More
knowledge about the microbial communities in the biofilm of well-functioning biofil-
ters is needed, which can improve the process of establishing and adapting biofilters
in RAS to high salinities.

A recent study by Navada et al. 261 showed that biofilms from brackish water were
more robust to increase in salinity than freshwater biofilms. Starting up a biofilter in
brackish water had a significantly shorter start-up period than starting up in seawa-
ter. This indicated that a start-up in brackish water can be a strategy for improving
salinity acclimation in biofilms. There is today many RAS for salmon post-smolt with
a salinity of 15-22 ppt. For starting up biofilters for use in seawater systems, using
biofilters from brackish water systems as inoculums is an efficient strategy ?¢l. This
knowledge can enable land-based production of more species, like Atlantic cod, in
addition to facilities for producing post-smolt salmon on land.

A recent study by Tesdal from 202127! investigated two different start-up strategies
of a nitrifying MBBR biofilter at high salinity, 25 ppt, at Havlandet. The RAS at the
pilot-scale was for the production of grow-out Atlantic salmon. The first strategy was
to use liquid, commercial inoculums and clean biofilm carriers. When this strategy
did not give results of a successful nitrifying biofilter, the second strategy was used.
The biofilter was inoculated with 1,5 m? biofilm carriers from a marine RAS from Erko
Seafood operated at 15 ppt. The biofilter at Havlandet was at this point at 15 ppt
and later increased to 25 ppt. Successful nitrification was achieved just a few days
after the biofilm inoculum was mixed with clean biofilm carriers. One single ASV
representing Nitrospira was found with a relative abundance of 51% in the biofilm
inoculums from Erko, relating to Nitrospira salsa. The strain was highly abundant in
the biofilm on new carriers after a few days. The study also showed a 77% abund-
ance of nitrifiers in the marine biofilter [?7]. Previous studies show a range of 0-20%
relative abundance of nitrifiers in RAS biofilters 28,



Nitrospira are obligate chemolithotrophic bacteria, meaning they use inorganic com-
pounds as a source of energy. The species thrive and grow in high nitrite envir-
onments, the opposite of Nitrobacter which are less tolerant of high nitrite concen-
trations, making them well suited for use in biofilters. Nitrospira as the dominant
NOB in freshwater aquaria was first identified by Hovanec et al. 2° and Juretschko
et al.B% This genus was later found in marine aquaculture B'l. To understand the
bacterial community in RAS, bacterial diversity in marine biofilters has been invest-
igated using 16S rRNA amplicon sequencing. It was found in a study by Lee et al.
28] from a marine RAS that all nitrifying bacteria were associated with Nitrosomonas,
Nitrospira and Nitrospina. Nitrifying bacteria represented up to 16% of the bacterial
communities 281, Kumar et al.[*?! found that the most important organism performing
ammonia conversion in marine RAS was the AOBs Nitrosomonas sp. and Nitrococ-
cus sp, and for nitrite conversion, the NOBs Nitrospira sp. and Nitrobacter sp. A
study found that while in freshwater, the NOB guild was composed of species within
Nitrobacter and Nitrospira, in saltwater Nitrospira marina was found 231,

A low relative abundance of ammonia-oxidizing bacteria was found by Fossmark et
al. ' indicating the possible involvement of comammox Nitrospira or AOAs in am-
monia oxidation in marine biofilters. Per 2022, no marine comammox species have
been characterised. Comammox Nitrospira has previously been found in freshwater
RAS B4 so it is possible that it can be found in marine biofilters too 71, as evid-
enced by its reported importance as an oxidizer in salt marshes along the southern
coastline of China %, AOAs have previously been found in biofilters in RAS with a
higher abundance than AOBs [#7]. Little is known about the role AOAs have in RAS
biofilters and to what extent they play an important role in nitrification 21,

The microbial communities on biofilters are highly complex and diverse, composed
of numerous species that interact with each other and with the surrounding environ-
ment in intricate ways. Despite extensive research, much remains unclear about the
structure and function of these communities. The study of biofilter microbial com-
munities is thus an active area of research, with the potential to yield insights into
fundamental ecological and metabolic processes. In this context, understanding the
complexity of biofilter microbial communities is crucial for optimizing their perform-
ance and developing new approaches for sustainable water treatment.

1.7 Studying microbial communities

Microorganisms live in complex microbial communities, where they interact with
each other, the surrounding environment and other organisms®’l. Zuckandl and
Pauling in the 1960s, suggested that the evolutionary relationship between organ-
isms could be studied to find information about their macromolecules, in particular,
nucleic acids and proteins. If two organisms were related, the sequence of the in-
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dividual units in a macromolecule would be more similar than if the organisms were
not related 8, The studies used protein sequencing. In the 1970s, Carl Woese
pioneered the utilization of ribosomal RNA, rRNA, providing a better view of phylo-
genetic diversity. Three domains were identified by Woese, Bacteria and Archaea
have prokaryotic cell structures, and Eukarya with more complex eukaryotic cell
structures 81,

Two major breakthroughs in studying microbial communities have been made, start-
ing with the use of PCR targeting the 16S rRNA gene %, 16S rRNA is a marker
gene for microbial diversity. Itis universally distributed and present in all prokaryotes.
It consists of conserved and nine variable regions (v1-v9), allowing the use of a uni-
versal PCR primer. The variable region of the 16S rRNA gene is unique for every
species and is therefore fit to use for taxonomic identification, diversity and phylo-
genetic analysis “°. Many bacterias are only known through the sequencing of the
16S rRNA gene. Previous methods to identify sequence diversity of PCR products
were gel-based or based on Sanger sequencing. Sanger sequencing could only
sequence 800 nucleotides per reaction, and larger molecules had to be cut into
smaller pieces /1. The second big breakthrough was high-throughput sequencing
technology, HTS, that enabled the sequencing of several different DNA sequences
at once. lllumina sequencing is a high-throughput sequencing technology and is the
most common sequencing technique used today, enabling the processing of millions
of sequence reads at a time 11,

Nitrification is catalyzed in part by ammonia monooxygenase, AMO. AMO is en-
coded by the amo operon, consisting of three genes: enzyme active site, amoA,
enzyme subunit, amoB and membrane protein, amoC ¥, The amoA gene can be
used as a marker gene for studying the diversity and abundance of these nitrifying
microorganisms in microbial communities. PCR amplification of the amoA gene, fol-
lowed by sequencing and phylogenetic analysis, provides information on the taxo-
nomic diversity of AOB and AOA in a given environment. Real-time PCR (qPCR)
can be used to estimate the abundance of AOB and AOA in a sample 71, Nitrite
oxidoreductase (NXR) is a key enzyme of nitrite oxidation and is the best candidate
to become a specific functional marker for NOB, as AMO is for AOB 21,



1.8 Aims

There is currently limited knowledge about the microbial communities responsible for
nitrification in well-functioning biofilters in marine and brackish RAS. Gaining know-
ledge within the field can contribute to making start-up strategies more efficient, and
optimizing how marine biofilters should be operated. The overall aim of this project is
to improve the knowledge about nitrifying microorganisms in RAS biofilters operated
at high salinities.

This thesis aims to achieve the following objectives:

1. Determine and compare nitrification capacity and tolerance for varying salinity
for biofilm carriers from two commercial RAS: one RAS cultivating Atlantic Cod
at 35 ppt and one RAS cultivating post-smolt at 15 ppt, in small lab-scale batch
reactors.

2. Characterise the bacterial and archaeal communities of the nitrifying biofilm
from three different commercial RAS by amplicon sequencing of the 16S rRNA
gene.

3. Identification and quantification of the ammonia-oxidizing archaeal populations
by gPCR and Sanger sequencing targeting the amoA gene.
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2 Method

To gain more knowledge about marine biofilters and the microbial community com-
position in these biofilters, biofilm carriers from different well-functioning biofilters
operated at different salinities were investigated. Both the 16S rRNA and amoA
gene in bacteria and archaea were investigated to get a bigger understanding of the
nitrifying community in marine biofilters. The differences in the microbial community
between facilities, in addition to differences within the same facility over time and fol-
lowing a change in cultivating specie, were studied. This knowledge could be used
to evolve how marine biofilters should be started up and operated.

2.1 Sample collection

Samples used for analysis in this thesis were collected from three RAS facilities,
Havlandet, Erko and Lergy Belsvik. Erko has a marine RAS for the cultivation of
Atlantic salmon with a salinity of 15 ppt. During the start-up of this biofilter in 2017,
the system had a salinity of 25 ppt, before it later was reduced to 15 ppt. On Oc-
tober 14th, 1 litre of biofilm carriers for use in a batch experiment (see Section 2.2)
and for microbial community analyses were collected and shipped on ice overnight.
Three biofilm carriers were sampled and stored at -20°C until microbial community
analysis. The batch experiment was started the same day as the biofilm carriers
arrived, and how the carriers were handled is described further in Section 2.2. The
samples from Erko used in this project originated from the same biofilter that previ-
ously had been used as inoculum for the biofilter of the pilot-scale RAS at Havlandet.

The marine RAS at Havlandet AS was second in Norway in producing slaughter-
ready salmon in RAS. In June 2022 the production of salmon was terminated. The
salinity in the system was at this point 25 ppt. In August 2022, the pilot RAS was
used for the production of Atlantic cod. Prior to the cod production, from June to
August, the salinity was increased gradually to 35 ppt, and the biofilter was fed with
ammonia. For studying microbial communities, biofilm carriers were collected on
April 26th and May 10th, when salmon was cultivated. After switching the produc-
tion from salmon to cod, carriers were collected on September 2nd, 8th and 26th,
October 12th and November 16th and 27th. Between three and six carriers were
sampled at each sampling date. The samples were stored at -20 °C at Havlandet
until all samples had been collected. The samples were collectively shipped on ice
overnight and stored at -20 °C until microbial community analysis. On September
26th, 1 litre of biofilm carriers were collected for the use in a batch experiment and
shipped on ice overnight. The batch experiment started the same as the biofilm
carriers arrived, and how the carriers were further handled upon arrival is described
in Section 2.2.
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Lergy Belsvik (referred to as Belsvik) has a marine RAS for post-smolt production
at 22 ppt, which uses a fixed-bed biofilter rather than a moving-bed biofilter like at
Havlandet and Erko. Swab samples from the biofilter and sludge samples collected
during the back-washing of the biofilter were collected on November 28th. Swab
samples were directly stored at -20 °C upon arrival while the sludge samples were
centrifuged and the pellet was stored at -20 °C until microbial community analysis.
An overview of the samples in the study of the microbial community composition and
samples used in the batch experiment is given in Appendix A.

2.2 Batch experiments for assessment of nitrifying capacity and
salinity sensitivity

The batch experiments based on biofilm carriers from Havlandet and Erko were
performed to investigate the change in TAN, nitrite and nitrate concentrations over
time and determine the biofilm carriers’ nitrifying capacity and salinity sensitivity.
Details about the carriers are given in Table 2.1. The experiment was conducted in
bioreactors with oxygen supply and magnetic stirring to assure adequate circulation
and oxygen availability. Each bioreactor was filled with 350 mL biofilm carriers and
media to a total volume of 600 mL. For each facility, three batches were run in
parallel and three different medium was made with different salinity, 31 ppt, 15 ppt
and 0 ppt. The medium used in this experiment was made with a TAN concentration
of 10 mg L ~%. For the composition of the medium, see appendix B. The duration
of the batch experiment was three days, with the first two days dedicated to biofilm
carrier adaptation, followed by the actual experiment on the third day.

Table 2.1: Specifics on the biofilm carriers used in the batch experiment. Quantity, pieces and
specific surface area are used to calculate capacity per surface area.

.. Quantity
Salinity used in Pieces Specific surface
Biofilter  in biofiter  Modell ! P A
of origin [ppt] experiment per m? area [m?/m3]
[pcs]
Havlandet 35 ppt RK BioElements 80 255 000 750
Erko 15 ppt BWT15 200 640 000 800
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Before the batch experiment was started, the biofilm carriers were adapted as fol-
lows: First, upon arrival, the carriers were incubated overnight at the salinity from
which they originated, in media with a TAN concentration of 10 mg L=!. Next, 24
hours prior to the experiments, the carriers were divided into three equal portions
and incubated overnight in media of three different salinities, 31 ppt, 15 ppt, and 0
ppt. A magnetic stirrer ensured proper movement of the biofilter during the incuba-
tion time. Both the incubation and the experiment were conducted at room temper-
ature, 21 °C. On day three, the batch experiment was started, and each bioreactor
was filled with 350 mL biofilm carriers and media to a total volume of 600 mL. An
overview of the experimental design and timeline for the sampling points is shown
in Figure 2.1.

Incubation S
Day 1

Incubation

Day 2 :‘ﬁ

l ./‘Oa l 0z

Batch experiment
Day 3

0 ppt 15 ppt 31 ppt

0 min 30 min 60 min 90 min 120 min 150 min 180 min

Figure 2.1: Overview of the experimental setup of the batch experiment showing conditions
for incubation time and experiment. The timeline shows the duration of the experiment where
each sampling point is marked with a water sample.

During the 3-hour long batch experiment, water samples were collected every 15
to 30 minutes, each sampling point shown in Figure 2.1. The water samples were
filtered through a 0,2 um-filter before chloride-elimination kits were used to avoid
interference from the salt during spectrophotometric analyses. Chlorid-elimination
was performed as described in Appendix C.4. The samples were stored on ice dur-
ing the experiment and at - 20 °C until concentrations of ammonia, nitrite and nitrate
were measured using Hach-Lange kits measured on DR3900 Laboratory Spectro-
photometer for water analysis (HACH®), as described in Appendix C. Concentrations
of TAN, NO, and NO3; measured in the water samples are collected in Appendix D.1
and D.2, and were used to calculate the nitrifying capacity. This was done by linear
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regression from the measurements where the reduction in TAN was linear.

The biofilm carriers from Havlandet and Erko had different specific surface areas,
and different quantities of biofilm carriers were used in each batch experiment. This
gave a difference in total surface area. For the possibility to compare nitrifying ca-
pacity between the different biofilters, nitrifying capacity per surface area was calcu-
lated.

2.3 Characterization of microbial communities of nitrifying biofilms
by 16S rDNA amplicon sequencing

In order to characterise the microbial communities in the marine biofilters, an 16S
rDNA amplicon library was prepared. The amplicon library included samples from
the post-smolt and cod production in the pilot scale RAS at Havlandet, the Erko RAS
for post-smolt production and the Belsvik RAS for post-smolt production. Details are
given in Appendix A. Three parallels for each sampling date from Havlandet and
Erko and a total of five samples from Belsvik gave a total of 32 samples. PCR was
conducted using two different primer sets amplifying variable regions 3 and 4 of the
16S rRNA gene to target both bacterial and archaeal communities, resulting in a
total of 68 amplicons for sequencing.

2.3.1 DNA extraction

To extract DNA from the biofilm carriers, the MagAtiract® Powersoil® Pro DNA kit
(Thermo Fisher Scientific) with Thermo Scientific Kingfisher® Flex Purification Sys-
tem was used. The biofilm carriers were cut into smaller pieces with scissors and
approximately V4 of the carriers were used for each DNA extraction. For the swab
samples, the tip of the cotton stick was used as input for the DNA extraction. For
the sludge samples, the pellet was used for DNA extraction. To prevent DNA con-
tamination, the biofilm carriers were cut on a clean petri dish and the equipment
was disinfected with ethanol between each biofilm carrier and the Eppendorf tubes
were UV-radiated. The protocol for the DNA extraction kit was followed (Appendix
E.1) except for steps 3 and 5. In step 3, instead of using the Tissuelyser I, Pre-
celly 24 Tissue Homogenizer was used with 5500 rpm and 2x30 seconds. In step
5, the supernatant was collected in Eppendorf tubes instead of collection microtube
racks. There were a total of 32 DNA extracts in addition to positive and negative
DNA-extraction kit control. The positive kit control was a bacteria culture sample
where bacteria were known to be present.
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23.2 PCR

The 16S rRNA gene in bacterial and archaeal DNA was amplified by polymerase
chain reaction, PCR. Separate primer pairs targeting bacteria and archaea were
used to amplify regions v3 and v4. To amplify bacterial 16S rDNA, primers Ill 341F KI
and Il 805R were used. To amplify archaeal 16S rDNA, primers IlI-A-340F and IlI-A-
760R were used. Primer sequences are given in Table 2.2. A master mix was made
with the final concentrations of 1x Phusion HS buffer, 200 uM of each dNTP, 0.3
uM of each forward and reverse primer, and 0.02 units uL~! Phusion Hot Start DNA
polymerase. As a template for the PCR reactions, 1 uL of DNA extract was used.
The total volume for the PCR reaction was 25 L. For some samples that were not
successfully amplified, the DNA extract was diluted 1:10 and used as a template in a
new PCR with the same conditions. Temperature cycles were performed on BioRad
Thermal Cycler T100 with the program shown in Table 2.3.

Table 2.2: Primer pairs targeting 16S rDNA gene in bacterial and archaeal DNA. The target
sequences are shown in bold.

Primer name Sequence (5’-3°)
5-TCGTCGGCAGCGTCAGATGTGTATAAGA

W3HFKL GACAGNNNNCCTACGGGNGGCWGCAG 3

1l 8O5R 5-GTCTCGTGGGCTCGGAGATGTGTATAAGAG
ACAGNNNNGACTACNVGGGTATCTAAKCC-3

ILA34oF 5 TCGTCGGCAGCGTCAGATGTGTATAAGA
GACAGNNNNCCCTAYGGGGYGCASCAG-3'

LA 760" 5-GTCTCGTGGGCTCGGAGATGTGTATAAGAG

ACAGNNNNGGACTACCSGGGTATCTAATCC-3

Table 2.3: Temperature and cycling conditions used in the PCR reaction when amplifying the 16S
rDNA and when indexing PCR amplification products.

Step Temperature [°C] Time Cycles PCR Cycles indexing PCR
Denaturation 98 2 min

Denaturation 98 15 sec

Annealing 55 20 sec x35 x10
Elongation 72 20 sec

Final elongation 72 5 min
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2.3.3 Agarose Gel Electrophoresis

To evaluate the quality and quantity of the PCR products, an agarose gel electro-
phoresis was performed. A 1% agarose gel was made by dissolving agarose powder
in 1 x TAE buffer. The solution was heated to boil in the microwave. The solution
was cooled to 65 °C and GelRed was added to a final concentration of 50mM. The
solution was poured into a gel chamber with a gel comb and settled into a gel. The
PCR products (5 L) were mixed with 1 L of 6x Loading dye (Thermo Fisher Sci-
entific), applied to the gel and run at 105V for 1 hour or until sufficient separation.
GeneRuler™1 kb Plus DNA ladder (Thermo Fisher Scientific) was used as a size
marker. The gel was visualized using a UV chamber.

2.3.4 Preparation of amplicon library

The PCR products were normalized and purified using Sequal Normalization Prep
Plate Kit and performed according to the protocol (Appendix E.2). Next, indexing
PCR was performed for all 68 amplicons, where each amplicon was marked with a
unique combination of two indexes. A master mix with a final concentration of 1x
Phusion HS buffer, 200 M of each dNTP, and 0.02 units L~ Phusion Hot Start
DNA polymerase were mixed with a unique combination of two indexes (2.5 uL
of each) from Nextera XT DNA Library Preparation Kit. As a template, 2.5 uL of
normalized PCR product was used. The temperature cycle step was performed on
BioRad Thermal Cycler T100 as shown in Table 2.3

After indexing PCR, an agarose gel electrophoresis was performed to evaluate the
indexing PCR results. Another round of normalization was performed on Sequal
Normalization Kit as previously described. All samples were then pooled and af-
terwards concentrated using an AmiconUltra 0.5 centrifugal filter device, performed
according to the protocol (Appendix E.3), except for step 4, where the tube was
centrifuged at 14,000 g for 10 minutes. A gel electrophoresis was performed as
previously described, and an image of the gel was included when the sample was
shipped to the Norwegian sequencing centre (NSC), University of Oslo, and se-
quenced in one MiSeq run (lllumina, San Diego, CA) with v4 reagents (lllumina).
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2.4 Processing of sequencing data for microbial community ana-
lysis

Ingrid Bakke processed the sequencing data by using the Usearch pipeline v.11
[43] as follows: The fastq-mergepairs command was used to merge sequence pairs,
trim off primer sequences, and filter merged sequences shorter than 380 bp. The
fastq_filter command was used for quality-filtering with the default value of 1 for the
expected error threshold. Amplicon sequencing variants (ASVs) were generated
using the Unoise3 command 4. The recommended minimum abundance threshold
of 8 reads (in the whole data set) was used. The sintax command 5! was used to
assign taxonomy to the ASVs % with the Ribosomal Database Project (RDP) rdp
16S rRNA training set v18 as reference data. The resulting ASV table was manually
inspected. All ASVs classified as chloroplast were removed from the datasets. All
ASVs classified as archaea were removed from the ASV table representing bacteria,
and vice versa.

A PCR product was obtained for the negative control for the DNA extraction and
probably represented contaminating DNA from the DNA extraction or the PCR.
Moreover, the positive control for DNA extraction was sequenced. All ASVs that
were present in higher abundance in the negative control than in the samples, were
removed from the ASV table. Furthermore, the positive DNA extraction protocol had
a community profile that was very distinct from the biofilm samples. It appeared
that a few samples had been contaminated by the positive kit control during DNA
extraction, and therefore, ASVs representing the positive control were also removed
from the ASV table. A total of 74 ASVs were removed, resulting in a total of 5557
ASVs in the ASV table representing the bacterial communities and 97 ASVs in the
ASV table representing the archaeal communities. The ASV table representing the
bacterial communities was normalized to 48,000 reads per sample. The ASV table
representing the archeal communities was normalized to 20,000 reads per sample.
The normalized ASV tables were used in all further analyses.

2.5 Statistical analyses

PAST (version 4.12b) was used for statistical analyses of the community data [“6l.
A Bray-Curtis similarity matrix comparing community profiles between samples was
created and exported to Microsoft Excel for further analysis. Alfa diversity summar-
izes the structure of the ecological community. It is typically defined as the number
of species or ASVs in a specific sample or as a measure of the richness and even-
ness of the community. Species evenness describes the equitability of the species
abundance. Shannon’s diversity index takes both species richness and evenness
to account. A high Shannon’s diversity indicated a highly diverse community. The
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Bray-Curtis similarity index is a measure of beta-diversity and measurement of sim-
ilarity between two communities. Bray-Curtis similarity is given in values between 0
to 1, where 0 represents complete dissimilarity and 1 represents identical communit-
ies. These are two parameters commonly used to evaluate and describe microbial
diversity (471,

To visualize similarities and dissimilarities between the community profiles in the
biofilm samples, Principal Coordinate Analysis Ordinations, PCoA, based on Bray-
Curtis similarities were created. These PCoA plots are based on the Bray-Curtis
matrix. The distance matrix is transformed into a lower-dimensional space, typically
three-dimensional, with distances between samples indicating their level of Bray-
Curtis similarity. Coordinate 1 and coordinate 2 are the dimensions that capture
the most variation in the data. Each sample is represented as a point in the plot,
and samples that are more similar in terms of pairwise distances are plotted closer
together 461,

To assess whether there were any significant differences in the microbial community
profiles between sample groups, a one-way permutational multivariate analysis of
variance (PERMANOVA) based on Bray-Curtis similarities was conducted. The sig-
nificance threshold was set to a p-value below 0.05. When more than two groups
were being compared, one-way PERMANOVA with Bonferroni-corrected p-values
were used. Similarity Percentage (SIMPER) is a method to assess which taxa are
responsible for the difference between groups. Bray-Curtis similarity measure was
used to conduct both pairwise comparison and multi-group SIMPER [481,

In Microsoft Excel, an ANOVA test was used to assess whether or not it was a
significant difference between groups (p<0.05). If the ANOVA test confirmed a sig-
nificant difference, a Tukey HSD test was used to establish between which groups
the difference was significant (p<0.5).

2.6 Identification and quantification of archaeal amoA gene in
the biofilm communities

Results from lllumina sequencing indicated that one ASV classified as
Nitrosopumilus dominated the archaeal communities. Members of this genus are
known to oxidize ammonia (AOA). PCR and qPCR were performed to investigate
the presence and abundance of archaea amoA genes in the biofilm samples.
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2.6.1 Quantification of the amoA gene using qPCR.

gPCR is a method used to quantify the amount of DNA in a sample. The DNA
is amplified in a PCR and continuously labelled with SybrGreen, a fluorescent dye
binding double-stranded DNA. The amount of fluorescence correlates with the amount
of PCR product produced, and the PCR product can be detected in "real-time” dur-
ing the amplification. The cycle threshold, C7r, is defined as the number of cycles
needed for the fluorescent signal to cross the threshold. The Cr-value correlates
to the amount of target DNA in the sample. Using standard curves where the cor-
relation between the concentration of target-DNA and Cr-value is known makes it
possible to determine the amount of target-DNA a given Cr-value represents.

Two sets of gPCR primers were designed by PhD Fernando Fernando as explained
in Appendix (F) to target the Nitrosopumilus amoA gene sequence, Table 2.4. A
gPCR was performed to identify the optimal annealing temperature for the two primer
sets, AMOANSPA and AmoANSPB. A master mix with a final concentration of 1X
SYBR™Green master mix (ThermoFIsher Scientific) and 250nM each of forward
and reverse primer was made. The DNA extract used was diluted 1:100 and 4
pul was used as a template, making a total volume of 20 uL for each qPCR re-
action. gPCR was performed on QuantStudio™ 5 real-time PCR System. The
gPCR was set up with an annealing temperature gradient across the plate for the
two different sets of primers, 57°C, 59°C and 61°C. One sample from each facil-
ity, H27.11_A, Erko_A and Belsvik_swab_A, in duplicates, was used for the test run
(detailed samples names in Appendix A).

Table 2.4: Primers used in qPCR, targeting the Nitrosopumilus amoA gene. F=forward primer,
R=reverse primer

Primer name Sequence (5°-3’) Target
amoANSPA-F  GTAGTACGTTGCTGTGCCT Nitrosopumilus
amoANSPA-R CTTGGACTTCGTACACGGT amoA gene
amoANSPB-F TGGTCTGGTTAAGACGATGTAC Nitrosopumilus
amoANSPB-R CAAGCCCAGTCAGTGTAGAAG amoA gen

To be able to correlate the Cr-values obtained in the gPCR with copy numbers of
DNA molecules, a standard curve was generated using a specific target sequence
with known length and concentration as the template for each of the primer sets.
As a template, synthetic oligonucleotides were used. Their DNA sequence was
identical to representative Nitrosopumilus amoA gene sequences retrieved from
Genebank. These were used to create a dilution series with concentrations from
0.1 ng uL~! to 0.00000001 ng pL~t, and used as templates in gPCR. Each dilution
was run as a triplicate reaction. The log copy number for each standard dilution was
plotted against the C'r-values. The copy number (CN) was calculated using Equa-
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tion 2.1, with a DNA length of 107 bp for primer amoANSPA and 112 bp for primer
amoANSPB. Linear regression was used to find the slope. The slope was used to
calculate the amplification efficiency (Equation 2.2).

23 ( molecules
ON (molecules) _ DN Acone (%) *6.022 % 10 ( mol )
:U'L DNAlength(bp) * 660 (ﬁ)

E= (10(—ﬁpe) . 1) % 100% (2.2)

gPCR was performed, with the following samples: H Cod_27.11_A and
H_Cod_27.11_B from Havlandet, Erko_.PS_A and Erko_PS_B and Belsvik_Swab_A
and Belsvik_Swab_B (detailed sample overview in Appendix A). The DNA extracts for
the samples were diluted 1:100 and used as the templates. The annealing temperat-
ure was set to 61 °C, otherwise, the qPCR conditions were as described previously.
The CN for each sample was determined according to the Cr-values based on the
standard curve.

2.6.2 PCR amplification and Sanger Sequencing of the amoA gene.

lllumina sequencing showed that for biofilm samples from Havlandet and Erko, there
was one ASV classified as Nitrosopumilus dominating the archaeal community pro-
files. The end-point PCR was performed to amplify larger regions of the amoA
gene for the same samples as applied in the gPCR describes previously. Two dif-
ferent primer pairs were designed by phD Fernando Fernando as described in Ap-
pendix F(Table 2.5). Primer set AmoArch targeted the broader groups of archaeal
amoA gene sequences. The expected length of the PCR products amplified with
amoAArch was 546 bp. Primer set EPPCRNSP targeted the Nitrosopumilus amoA
gene. The expected length of the PCR product was 536 bp. For both primer sets,
an annealing temperature of 60 °C was applied, and for the rest, the PCR was per-
formed as described in Section 2.3.2.

Table 2.5: Primers used in PCR targeting the archaeal amoA gene and the Nitrosopumilus
amoA gene. F=forward primer, R=reverse primer.

Primer name Sequence (5’-3’) Target
amoAArch-F TCTACACTGACTGGGCTTGGACWTC Archaea
amoAArch-R ACCAAGCGGCCATCCATCT amoA gene
EPPCRNSP-F TACACTGACTGGGCTTGGA Nitrosopumilus
EPPCRNSP-R GCGGCCATCCATCTGTA amoA gene

The PCR with two different primer pairs targeting the archaeal and Nitrosopumilus
amoA gene resulted in two PCR products for each of the samples. QIAquick ® PCR
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purification Kit (Qiagen) was used to purify the PCR product by following the pro-
tocol (Appendix E.4). For each of the PCR products, two sequencing reactions were
set up; one where the forward primer was used as the sequencing primer, and one
where the reverse primer was used as the sequencing primer. The purified PCR
products (5 pL) and 5 uL of a 5uM primer solution were mixed before being shipped
to Eurofins Genomics for Sanger sequencing. That resulted in 12 sequencing reac-
tions.
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3 Results

The aim of this thesis was to obtain more knowledge about the microbial communit-
ies in biofilm from marine biofilters. Batch experiments were performed with biofilm
carriers from Havlandet and Erko, to determine the nitrifying capacity and salinity
tolerance of these two different marine biofilters. Furthermore, the microbial com-
munities present in the biofilm samples from Havlandet, Erko, and Leroy Belsvik
were analysed. The focus was to identify and compare the microbial community
composition and abundance of ammonia- and nitrite-oxidizing microorganisms in
the different biofilters.

3.1 Nitrification capacity from marine biofilm carriers as determ-
ined in batch experiments

3.1.1 Havlandet biofilm carriers

The biofilm carriers originated from a seawater RAS at Havlandet cultivating Atlantic
Cod at 35 ppt. The aim was to assess the nitrifying capacity of the biofilm under
varying salinities, 31 ppt, 15 ppt, and 0 ppt. The concentrations of ammonia, nitrite
and nitrate were determined throughout the experiment, collected in Appendix D.1.

A decrease in TAN concentrations was observed in all three reactors, with a faster
reduction in seawater and brackish water reactors than in freshwater (Figure 3.1).
The TAN concentration reached 0 mg L~! for seawater and brackish water reactors
after 180 minutes, while in the freshwater reactor, the TAN concentrations reached
half of the initial concentration before the experiment ended. Nitrite concentrations
remained below 1 mg L~! throughout the experiments, indicating efficient nitrite ox-
idation in all reactors. Despite efficient TAN- og nitrite-oxidation, at least at 31 ppt
and 15 ppt (Figure 3.1a and 3.1b), a corresponding increase in nitrate concentra-
tion was not observed. Only in the freshwater reactor did the nitrate concentration
correspond to the decrease of TAN (Figure 3.1c). The results showed a decrease in
total nitrogen in seawater and brackish water reactors while total nitrogen concen-
tration remained stable in the freshwater reactor.

The nitrification capacity was calculated using the linear area of the TAN reduction
in the graph in Figure 3.1. Nitrification capacities of 0.038 mg L=! min—!, 0.043 mg
L=! min~—! and 0.020 mg L' min—! were determined for seawater, brackish water
and freshwater, respectively. This experiment showed that the biofilm carriers from
Havlandet had the highest nitrifying capacity in seawater and brackish water, and it
was reduced by 50% in freshwater.
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Figure 3.1: Change in concentration of ammonium, nitrite and nitrate observed during a 3-
hour batch experiment in (a) seawater (31 ppt), (b) brackish water (15 ppt) and (c) freshwater
(0 ppt), all using biofilm carriers from the same biofilter from a marine RAS at Havlandet
originally operated at 35 ppt salinity. Media was added to 350 mL of biofilm carriers to a total
volume of 600 mL. The nitrification capacity was estimated by performing a linear regression of the

measured TAN concentrations.
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3.1.2 Erko

An equivalent batch experiment was done with biofilm carriers from Erko. These
biofilm carriers originated from a biofilter used in a RAS cultivating post-smolt at 15
ppt. The ammonia, nitrite and nitrate concentrations throughout the experiment are
collected in Appendix D.2.

A decrease in TAN concentrations was observed in all three reactors(Figure 3.2)
and the TAN concentration reached 0 mg L~! after 90 minutes in all three reactors.
Nitrite concentrations remained below 1 mg L~! throughout the experiments, indic-
ating efficient nitrite oxidation in all reactors. A corresponding increase in nitrate
concentration was not observed in the seawater and brackish water reactor, despite
sufficient oxidation of TAN and nitrite (Figure 3.2a and 3.2b). The increase in nitrate
concentration corresponded to the decrease of TAN in the freshwater reactor (Fig-
ure 3.2c). The results showed a decrease in total nitrogen in seawater and brackish
water reactors while total nitrogen concentration remained stable in the freshwater
reactor.

Nitrification capacities were found to be 0.10 mg L=! min—!, 0.11 mg L~! min—! and
0.12 mg L=! min~! for seawater, brackish water, and freshwater, respectively. The
similar nitrifying capacity indicated that the biofilm carriers from Erko was capable of
nitrification regardless of salinity.
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Figure 3.2: Change in concentration of ammonium, nitrite and nitrate observed during a 3-
hour batch experiment in (a) seawater (31 ppt), (b) brackishwater (15 ppt) and (c) freshwater
(0 ppt), all using biofilm carriers from the same biofilter from a marine RAS at Erko originally
operated at 15 ppt salinity. Media was added to 350 mL of biofilm carriers to a total volume of 600

mL. The nitrification capacity was estimated by performing a linear regression of the measured TAN
concentrations.
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3.1.3 Nitrification capacity

The two sets of biofilm carriers used in the experiments, from Havlandet and Erko,
differed in design, specific surface area, and size. To compare their nitrifying capa-
city, the nitrifying capacity per unit surface area was determined (Table 3.1). The
results showed that the biofilm carriers from Erko had, on average, a three times
higher nitrifying capacity, compared to those from Havlandet (Figure 3.3). Addition-
ally, in freshwater, the biofilm carriers from Erko exhibited over five times higher
nitrification capacity compared to those from Havlandet.

Table 3.1: The nitrifying capacity per surface area calculated for the two biofilm carriers from
Havlandet and Erko at 0 ppt, 15 ppt, and 31 ppt.

Capacity per surface area

Biofilter Salinity [mg N L-! min-! m2-1]
0 ppt 0.086
Havlandet 15 ppt 0.183
31 ppt 0.174
0 ppt 0.470
Erko 15 ppt 0.438
31 ppt 0.412
0.5
m 0.4
é g 0.3
23
2E 02
0
5%
%g 0.1
.*Z::
0.0

Seawater  Brackish Freshwater
water

Havlandet m Erko

Figure 3.3: The nitrifying capacity per surface area at different salinities for biofilm carriers
originating from biofilters at Havlandet and Erko. Seawater= 31 ppt, brackish water=15 ppt, and
freshwater=0 ppt.

27



3.2 Characterizing communities of the biofilm carriers.
3.2.1 ASVrichness and diversity

The biofilm communities were characterized using 16S rDNA amplicon sequencing.
A total of 5557 ASVs were identified in the ASV-table representing bacterial com-
munities. The archaeal dataset consisted of 97 ASVs. The ASV table was nor-
malized to 48,000 reads per sample for bacteria, and 20,000 reads per sample for
archaea.

ASV richness and exponential Shannon’s index, which considers both richness and
evenness, were used to evaluate the alpha diversity of the microbial community
compositions. For the bacterial biofilm communities, a comparison of the observed
and estimated ASV richness (Chao-1) gave an average coverage of 74.9 + 9.0%
of the richness at the present sequencing depth (Figure 3.4a). The bacterial biofilm
communities in the biofilm samples from the biofilter at Belsvik had a lower alpha
diversity than the other biofilm samples, both in terms of ASV richness (Figure 3.4a)
and exponential Shannon’s index (Figure 3.4Db).

The bacterial ASV richness was relatively similar for the sample groups, however, a
significant difference between the groups was found (ANOVA, p<0.05). Tukey HSD
confirmed a significant difference between the biofilm samples for Havlandet during
cod production and Belsvik(p<0.05). The exponential Shannon’s diversity was low
compared to ASV richness, (Figure 3.4b ). Considering a relatively high ASV rich-
ness, the low Shannon diversity pointed to a low evenness in the communities. Tukey
HSD confirmed a significant difference in Shannon’s diversity between samples from
Havlandet during cod production compared with Erko and Belsvik, and between
samples from Havlandet during post-smolt production and Belsvik (p<0.05).
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Figure 3.4: Alfa diversity indices for the bacterial biofilm communities for the samples from
the Havlandet, Erko, and Belsvik biofilters. (a) Observed and estimated (Chao-1) ASV richness,
(b) exponential Shannon’s diversity. The alpha diversity indices were based on the normalized ASV-
table (normalized to 48,000 reads per sample) All indices were calculated as the means and error
bars indicating standard deviation. H_PS= biofilm samples from Havlandet biofilter from the period
with post-smolt production at 25 ppt (six samples), H_.Cod= biofilm samples from Havlandet biofilter
from the period with cod production at 35 ppt (18 samples), Erko= biofilm samples from Erko biofilter
at 15 ppt (three samples), and Belsvik= biofilm samples including swab and back-washing sludge
from biofilter operated at 22 ppt (five samples).

For the archaeal communities, comparing observed and estimated ASV richness
gave an average coverage of 77.8 + 12.0% of the richness (Figure 3.5a). For the
samples from Havlandet and Erko, the exponential Shannon was extremely low with
a value of about 1, indicating that the communities were dominated by only one ASV
(Figure 3.5b). The observed richness for the samples from Belsvik was approxim-
ately four times higher than the observed richness in the samples from Havlandet
during post-smolt production. The lowest alpha diversity was found for the samples
from Havlandet during post-smolt production, both in terms of ASV richness and
exponential Shannon’s diversity. A significant difference in observed ASV richness
and Shannon’s diversity was found for the four groups (ANOVA, p<0.05). A Tukey
HSD test confirmed a significant difference in the observed ASV richness between
all groups except for Erko compared to Havlandet during cod production and Bels-
vik (p<0.05). For Shannon’s diversity, no significant difference was found between
the samples from Havlandet during post-smolt and cod production, and Erko (Tukey
HSD, p<0.05).
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Figure 3.5: Alfa diversity indices for the archaeal biofilm communities for the samples from
the Havlandet, Erko, and Belsvik biofilters. (a) Observed and estimated (Chao-1) ASV richness,
(b) exponential Shannon’s diversity. The alpha diversity indices were based on the normalized ASV-
table (normalized to 20,000 reads per sample) All indices were calculated as the means and error
bars indicating standard deviation. H_.PS= biofilm samples from Havlandet biofilter from the period
with salmon production at 25 ppt (six samples), H_.Cod= biofilm samples from Havlandet biofilter from
the period with cod production at 35 ppt (18 samples), Erko= biofilm samples from Erko biofilter at
15 ppt (three samples), and Belsvik= biofilm samples including swab and back-washing sludge from
biofilter operated at 22 ppt (five samples).
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3.2.2 Microbial community composition

Bacterial communities

The community composition at the class level showed no clear difference in the
bacterial communities between the sample groups (Figure 3.6). Flavobacteria, Al-
phaproteobacteria and Gammaproteobacteria dominated the biofilm communities in
all samples. A higher abundance of Nitrospira was observed in the samples from
Havlandet during the production of cod and in the samples from Erko.
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Figure 3.6: Bacterial community composition at the class level. Only classes with a maximum
abundance larger than 1% in at least one sample are included. Nitrospira® includes three abundant
ASVs classified as the phylum Nitrospirae at a confidence threshold of 0.63. H_.PS= biofilm samples
from Havlandet biofilter from the period with salmon production at 25 ppt, H.Cod= biofilm samples
from Havlandet biofilter from the period with cod production at 35 ppt, Erko_PS= biofilm samples
from Erko biofilter cultivating post-smolt at 15 ppt, and Belsvik= biofilm samples including swab and
back-washing sludge from biofilter operated at 22 ppt. The dates for the sampling are included in the
sample names. A, B and C indicate replicate carrier samples.

The bacterial community composition at the ASV level was examined to further in-
vestigate the composition of the communities (Figure 3.7). A considerable differ-
ence was observed in the community composition between the four different groups
A PERMANOVA confirmed a significant difference in the community compositions
between all groups, except between Erko and Belsvik (p<0.05). One ASV classified
as Maribacter was most common in the biofilm samples from Havlandet. The com-
munity composition in the biofilm samples from Belsvik stands out from the other
groups, with a high abundance of three ASVs classified as Alphaproteobacteria,
Flavobacteria, and Saprospira. The biofilm samples from Erko and the last samples
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from Havlandet during cod production have a high abundance of an ASV repres-
enting Acidobacteria. Two ASVs classified as Nitrospira, ASV9 and ASV12, were
highly abundant in the samples from Havlandet collected at the last sampling from
the cod production and the samples from Erko. These two ASVs were abundant
also in the other samples from Havlandet from the period with cod production but
at lower relative abundances. Nitrospira and Nitrosomonas were the most abundant
AOBs and NOBs observed in the communities.
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Figure 3.7: Composition at the ASV level for bacterial biofilm communities. Only classes with
a maximum abundance larger than 2% in at least one sample are included. For ASVs that could only
be classified at high taxonomic levels at the confidence threshold of 0.8, more detailed taxonomic
information is presented together with the relevant confidence value. H_PS= biofilm samples from
Havlandet biofilter from the period with salmon production at 25 ppt, H.Cod= biofilm samples from
Havlandet biofilter from the period with cod production at 35 ppt, Erko_PS= biofilm samples from
Erko biofilter cultivating post-smolt at 15 ppt, and Belsvik= biofilm samples including swab and back-
washing sludge from biofilter operated at 22 ppt. The dates for the sampling are included in the
sample names. A, B and C indicate replicate carrier samples.
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Archaeal communities

ASV1 classified as Nitrosopumilus almost completely dominated the communities
for the samples from Havlandet and Erko. ASV1 was also observed in samples
from Belsvik, however, ASV3, also classified as Nitrosopumilus, dominated the com-
munities. All ASVs observed were classified as either Nitrosopumilus, known for
ammonia-oxidizing, or Woesearcheaota.
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Figure 3.8: Composition at the ASV level for archaeal biofilm communities. Only ASVs with a
maximum abundance larger than 0.5% in at least one sample are included. For ASVs that could only
be classified at high taxonomic levels at the confidence threshold of 0.8, more detailed taxonomic
information is presented together with the relevant confidence value. H_PS= biofiim samples from
Havlandet biofilter from the period with salmon production at 25 ppt, H_.Cod= biofilm samples from
Havlandet biofilter from the period with cod production at 35 ppt, Erko_PS= biofiim samples from
Erko biofilter cultivating post-smolt at 15 ppt, and Belsvik= biofilm samples including swab and back-
washing sludge from biofilter operated at 22 ppt. The dates for the sampling are included in the
sample names. A, B and C indicate replicate carrier samples.
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3.2.3 Beta-diversity, comparison of communities between sample groups

Bacterial communities

A PCoA ordination based on Bray-Curtis similarities was performed to examine the
difference in the bacterial communities between the samples from different facilities
(Figure 3.9). The PCoA plot indicated that the community composition was different
in the samples from the different facilities. A PERMANOVA confirmed a significant
difference between Havlandet and Erko, and Havlandet and Belsvik (p<0.05). No
significant difference was found between the samples from Erko and Belsvik.
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Figure 3.9: PCoA ordination based on Bray-Curtis similarities for comparison of the bacterial
communities in the biofilters from Havlandet, Erko and Belsvik. Havlandet PS= biofilm samples
from Havlandet biofilter from the period with post-smolt production at 25 ppt, Havlandet Cod= biofilm
samples from Havlandet biofilter from the period with cod production at 35 pp, Erko= biofilm samples
from Erko biofilter from post-smolt production at 15 ppt, and Belsvik= biofilm samples including swab
and back-washing sludge from biofilter for post-smolt production at 22 ppt.
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Bray-Curtis similarities for comparison of biofilm communities within and between
the four facility groups are showed relatively high similarity within groups with av-
erage Bray-Curtis similarities between 0.7 and 0.9 (Figure 3.10). The similarities
between samples within Havlandet cod range from 0.35 to 0.9, indicating consider-
able variation in Bray-Curtis similarity between the samples in this group. Samples
from Havlandet were the only samples originating from one single facility covering
an extended time period, indicating a change in the biofilm communities over time.
Comparison of Bray-Curtis similarities between groups showed generally low simil-
arity.
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Figure 3.10: Box-plot based on Bray-Curtis similarities for comparison of biofilm communities
within and between the four groups; Havlandet post-smolt (H_PS), Havlandet cod (H_Cod),
Erko, and Belsvik. The dots represent individual data points, the solid line represents the median,
the box for the middle 50% of the data (the interquartile range or IQR), and whiskers that extend to
show the range of observations within 1.5 times the IQR.
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To study the potential changes in the bacterial communities in samples from Havlandet
over time, a PCoA ordination based on Bray-Curtis similarity was plotted to visualize
the variation in the communities between sampling times (Figure 3.11). The plot sug-
gested a difference in the communities in samples originating from the period with
post-smolt production compared to the period with cod production. A PERMANOVA
confirmed a significant difference in bacterial communities between samples from
post-smolt and cod production. Temporal dynamics of the biofilm communities in
samples from Havlandet were investigated further.
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Figure 3.11: PCoA-ordination based on Bray-Curtis similarities for comparison of the bacterial
communities in samples from Havlandet following the change in production from post-smolt
to cod. Havlandet PS= biofilm samples from Havlandet biofilter from the period with post-smolt
production at 25 ppt, Havlandet Cod= biofilm samples from Havlandet biofilter from the period with
cod production at 35 pp. The date of sampling is indicated in the group name.

The Bray-Curtis similarity for comparison of the biofilm communities in the samples

from Havlandet showed a decrease in similarities over time (Figure 3.12). Compar-

ing Bray-Curtis similarity between the samples from the last sampling from Havlandet

during post-smolt production and the samples from the last sampling day at Havlandet
during cod production gave an average similarity of 0.35. A Tukey HSD confirmed a

significant difference in Bray-Curtis similarities between samples from the first and

last sampling day at Havlandet during cod production.
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Figure 3.12: Box-plot based on Bray-Curtis similarities comparing biofilm communities
between samples from different sampling times at Havlandet. Each comparison is done between
the sample from the last sampling time at Havlandet during the production of post-smolt. H_Cod=
biofilm samples from Havlandet during cod production. The date of sampling is indicated in the
name. Dots represent individual data points, the solid line represents the median, the box for the
middle 50% of the data (the interquartile range or IQR), and whiskers that extend to show the range
of observations within 1.5 times the IQR.

To identify which ASVs contributed most to the difference in the bacterial com-
munities between the samples from Havlandet during post-smolt and cod production
period, a SIMPER analysis based on Bray-Curtis dissimilarities was performed. The
most contributing ASV was ASV9, suggested to represent the phylum Nitrospirae,
but at a confidence level of 0.65. It accounted for nearly 4% of the difference in the
communities between samples from Havlandet during the production of post-smolt
and cod. When comparing the first and last samples from Havlandet (H_.PS_26.04
and H_Cod_27.11), the average relative abundance of ASV9 increased by over 5%.
The second most contributing ASV was ASV12, also suggested to represent the
phylum Nitrospirae, but at a confidence level of 0.63. The average relative abund-
ance of this ASV increased by 4% from the first to the last sampling day. The SIM-
PER analysis also showed that ASV9 and ASV12 were the ASVs that contributed
the most to the difference in bacterial communities in samples from Havlandet post-
smolt and Erko, as well as between Erko and Belsvik, with a total contribution of
6.8% and 6.7%, respectively. The highest abundance of ASV9 and ASV12 was
found in the samples from Erko.
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Archaeal communities

A PCoA ordination was generated to compare the archaeal community in the samples
from four different groups (Figure 3.13a). The plot indicated a difference between
Belsvik and the three other groups. A PERMANOVA confirmed a significant dif-
ference between the archaeal community in samples from Belsvik compared to
samples from the three other facilities (p<0.0001). The samples from Belsvik were
excluded, and a second PCoA-plot suggested a difference between samples from
Havlandet during post-smolt production, Havlandet during cod production and Erko

(Figure 3.13b). A PERMANOVA confirmed this difference to be statistically signific-
ant (p<0.02).
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Figure 3.13: PCoA ordination based on Bray-Curtis similarities for comparison of the ar-
chaeal community composition in the biofilm samples. (a) Including all four groups; Havlandet
PS= biofilm samples from Havlandet biofilter from the period with post-smolt production at 25 ppt,
Havlandet Cod= biofilm samples from Havlandet biofilter from the period with cod production at 35 pp,
Erko= biofilm samples from Erko biofilter from post-smolt production at 15 ppt, and Belsvik= biofilm

samples including swab and back-washing sludge from biofilter for post-smolt production at 22 ppt.
(b) excluding Belsvik.
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A high similarity in the archaeal communities within groups was found for all groups
except Belsvik (Figure 3.14). A high similarity was observed in the comparison
between groups, also here in exception to comparing groups with Belsvik, indicating
variations in the communities between the samples from Belsvik.
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Figure 3.14: Box-plot based on Bray-Curtis similarities for comparison of biofilm communities
within and between the four groups; Havlandet post-smolt (H_PS), Havlandet cod (H_Cod),
Erko, and Belsvik. Dots represent individual data points, the solid line represents the median, the
box for the middle 50% of the data (the interquartile range or IQR), and whiskers that extend to show
the range of observations within 1.5 times the IQR.

Potential changes in the archaeal community in the biofilm samples collected from
Havlandet before and after the change of cultivated species and the change over
time were visualized in a PCoA ordination. A distinct difference in communities was
not clear from the PCoA-plot. A PERMANQOVA confirmed no significant difference
in the archaeal community between any of the samples collected at different time
points at Havlandet (p>0.05).
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Figure 3.15: PCoA-ordination based on Bray-Curtis similarities for comparison of the archaeal
communities in samples from Havlandet following the change in production from post-smolt
to cod. Havlandet PS= biofilm samples from Havlandet biofilter from the period with post-smolt
production at 25 ppt, Havlandet Cod= biofilm samples from Havlandet biofilter from the period with
cod production at 35 ppt. The date of sampling is indicated in the group name.

3.2.4 Nitrifying communities of the marine biofilm samples

By manually expecting the bacterial ASV table, all ASVs representing nitrifiers were
identified. A considerably higher abundance of nitrifiers was found in the samples
from Erko and the samples from Havlandet collected at the end of the cod production
period (Figure 3.16). On average, the bacterial community in the biofilm samples
from Erko had a relative abundance of nitrifier of 18%, approximately double the
abundance compared to the samples from Havlandet during cod production and the
samples from Belsvik, with a relative abundance of 8% and 7%, respectively. The
relative abundance of nitrifiers in the biofilm samples from Havlandet during post-
smolt production was on average as low as 1%.
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Figure 3.16: Relative abundance of ASVs classified as nitrifying bacteria in the biofilm
samples. Only ASVs with a maximum abundance larger than 0.5% in at least one sample are
included. The taxonomy for the ASV is given at the lowest level obtained at the 0.8 level of con-
fidence. For ASVs where this did not indicate a nitrifying taxon, the taxonomy obtained at a lower
confidence threshold (ct) is also specified.

The nitrite-oxidizing phylum Nitropira was dominant among the nitrifiers in most of
the samples. A BLAST search was performed, showing that ASV9, ASV12 and
ASV15 were all found to be closely related to N.salsa. ASV41, the fourth most
abundant ASV representing Nitrospira in the biofilm samples was closely related to
N. marina. A Neigbour-joining phylogenetic tree was generated, confirming previ-
ously mentioned ASVs to be closely related to N.salsa and N. marina (Figure 3.17).
No ASVs were closely related to comammox Nitrospira. Nitrosomonas, a genus
known for ammonia-oxidizing, was the second most abundant nitrifier. Generally, all
bacterial ASVs identified as nitrifiers were classified as either the phylum Nitrospirae
(NOB) or the order Nitrosomonadales (AOB). Nitrospira was on average six times
more abundant than Nitrosomonas in the samples from Havlandet during cod pro-
duction and in the samples from Erko, giving a high NOB:AOB ratio. In the samples
from Havlandet during the production of post-smolt, Nitrospira was three times more
abundant, and in the samples from Belsvik, the relative abundance of Nitrospira and
Nitrosomonas was approximately equal.
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Figure 3.17: A Neighbour-joining tree comparing most abundant ASVs classified as Nitros-
pira to previously described Nitrospira representing marine and comammox Nitrospira. The
sequences were retrieved from the NCBI Genbank or RDP database. The accession numbers are
specified with the species names. Comm is indicating comammox. The tree was generated using
the Multi-way alignment tool in Clone Manager (v.9).

The archaeal communities consisted of ASVs classified as only Nitrosopumilus or
Woesearchaeota. Nitrosopumilus is a known ammonia-oxidizing archaea 8, while
Woesearchaeota has no documented nitrifying activity 9. Nitrifying archaea ac-
count for over 90% of the archaeal communities in samples from the three facilities

(Figure 3.18).
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Figure 3.18: Relative abundance of archaeal ASVs classified as nitrifiers. H_PS=biofilm samples
from Havlandet during the production of post-smolt at 25 ppt salinity, H.Cod= biofilm samples from
Havlandet during the production of cod at 35 ppt salinity, Erko= biofilm samples from Erko during
post-smolt production at 15 ppt, Belsvik= biofilm and biofilter back-wash sludge samples from Belsvik
during the production of post-smolt at 22 ppt salinity.
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3.3 Archaeal ammonia-oxidizers of the marine nitrifying biofil-
ters

In the biofilm samples from Havlandet and Erko, the nitrifying communities were
dominated by Nitrospira, but a low relative abundance of AOB was found. The amp-
licon sequencing of the archaeal communities indicated the presence of AOA, and
the biofilm communities from Havlandet and Erko suggest that only one AOA pop-
ulation dominated. The type and quantity of the amoA gene were investigated by
end-point PCR followed by Sanger sequencing and gPCR. This was performed on
a selection of samples representing Havlandet, Erko and Belsvik.

3.3.1 Quantification of the archaeal amoA gene copies in the biofilm samples

The primer sets AmMoANSPA and AmoANSPB was designed to amplify the amoA
gene. In order to perform absolute quantification of the gene, standard curves cor-
relating the Cr-values and the copy numbers of the target gene were made. (Figure
3.19a and 3.19Db).

30 L 30 y=-4.4452x + 41.819
y = -4.6443x + 41.461 R2=0.988
R?=0.9828

0 2 4 6 8 10 0 2 4 6 8 10
Log copy number Log copy number

(a) (b)

Figure 3.19: gPCR standard curves for primer set targeting the Nitrosopumilus amoA-gene:(a)
AmoANSPA, (b) AmoANSPB. Copy number was calculated as described in Section 2.6.1. The
standard curve for amoA gene was based on a dilution series of synthetic oligonucleotides of (a) 107
bp and (b) 112 bp used as specific targets for the relevant primer pairs. Linear regression was used
to determine the relationship between DNA concentration and Cr-value, including the points shown
in light blue points.

The amplification efficiencies were calculated (Equation 2.2) based on linear regres-
sion. The amplification efficiency for AMoOANSPA was found to be 64.2% and for
AmoANSPB 67.9%. This was lower than expected. The low amplification efficien-
cies indicated that the PCR conditions were not optimal, and can lead to inaccurate
measurements of the abundance of the amoA gene.

The standard curves were used to determine the copy number of the amoA gene
in the biofilm samples (Figure 3.20). In general, amplification with the AmoANSPB
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primer set gave a higher concentration of the amoA gene than with the AmoANSPA
primer. A considerably higher abundance of the amoA gene was found in samples
from Havlandet during the production of cod and Erko than in the samples from
Havlandet during the production of post-smolt and Belsvik.
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Figure 3.20: Estimated copy number of the amoA gene based on qPCR with the primer sets
AmoANSPA and AmoANSPB. The standard curves (Figure 3.19) were used to correlate measured
Cr-values for the samples with DNA concentration. The copy number was determined based on
Cr-values and then normalized to the concentration av DNA in the original sample. H_.PS=sample
from Havlandet during post-smolt production, H_.Cod=sample from Havlandet during cod production,
Erko_PS=sample from Erko during post-smolt production, and Belsvik-Swab= swab sample from
biofilter at Belsvik. The sampling date for samples from Havlandet is indicated in the names. A and
B indicate replicate carrier/swab samples.

The products after qPCR were analysed by melting point analysis (Figure 3.21).
The melting point analysis indicated in general a specific PCR amplification for both
primer sets. The melt point curve for all samples amplified with both primer sets has
one single peak, but the peaks are slightly broad. The melt curve for Belsvik_Swab_A
when amplified with both sets of primers, had a lower and broader peak than the
rest of the samples, indicating the presence of non-specific products or poor-quality
amplification.
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Figure 3.21: Melt point curves after qPCR of the amoA gene amplified with primer
(a)AmoANSPA and (b) AmoANSPB. The average of three parallels for each sample was used.
H_PS=samples from Havlandet during post-smolt production, H_.Cod=samples from Havlandet dur-
ing cod production, Erko_PS= samples from Erko during post-smolt production, Belsvik_Swab= swab
samples from biofilter at Belsvik during post-smolt production. The sampling dates for samples from
Havlandet are indicated in the names. A and B indicate replicate biofilm samples.
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3.3.2 Determination of the archaeal amoA gene sequences

Parts of the archaea amoA gene were amplified with two primer sets targeting the
amoA genes; one broad coverage targeting the archaeal amoA gene (AmoAArch),
and one targeting the Nitrosopumilus amoA gene (EPPCRNSP). The PCR resulted
in specific PCR products of the expected length for both primer sets for all three
samples (Figure 3.22).

AmoAArch
EPPCRNSP

500 bp >

500 bp >

NTC H_Cod Erko Belsvik

NTC H_Cod Erko Belsvik|
(a) (b)

Figure 3.22: Agarosegel (1%) with PCR products amplified with primer set targeting (a) the
archeal amoA gene and (b) targeting the amoA gene in Nitrosopumilus. AmoAArch was a
broad coverage primer targeting the archaea amoA-genes. EPPCRNSP was targeting the amoA-
gene in Nitrosopumilus. NTC=non-template control, H_.Cod=biofilm sample from Havlandet during
cod production at 35 ppt salinity, Erko= biofilm sample from Erko during post-smolt production at 15
ppt salinity, Belsvik= biofilm sample from Belsvik during production og post-smolt at 22 ppt salinity.
One sample from each facility was included in the PCR. The expected lengths of PCR products are
shown in the figure.

The PCR products were sequenced by Sanger sequencing, with both forward and
reverse PCR primers as sequencing primers. For the samples from Havlandet
and Erko, sequencing of AmoAArch and EPPCRNSP PCR products resulted in se-
qguences of high quality (Appendix G). For the sample from Belsvik, sequencing of
AmoAArch and EPPCRNSP PCR product resulted in sequences of relatively good
quality, with some double signals for some positions, around 10-20%, yet due to
lower quality, non of the sequencing data was used in further analysis. A summary
of the sequencing results is presented in (Table 3.2). The sequences of high quality
were investigated further.

Table 3.2: Overview of sequence quality obtained from Sanger sequencing. PCR products
were sequenced with primer sets AmoAArch (broad coverage primer targeting archaea amoA gen)
and EPPCRNSP (targeting the amoA-gene in Nitrosopumilus). The length of the resulting sequences
is indicated in the table.

PCR product Havlandet Erko Belsvik
AmoAArch high quality (496 bp) high quality (496 bp) 15% double signal
EPPCRNSP  high quality (496 bp) high quality (496 bp) 20% double signal
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The sequencing resulted in two sequences, one for the AmoAArch and one for EP-
PCRNSP PCR products. An alignment in Clone Manager showed that the two se-
quences were identical. Next, a Nucleotide BLAST search (NCBI) showed that the
sequence was identical to the amoA gene of Nitrosopumilus oxyclinae which is clas-
sified as an AOA.
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4 Discussion

4.1 The nitrification capacity of marine biofilm carriers determ-
ined in batch experiments

The lab-scale batch experiments were conducted with biofilm carriers from marine
biofilters at Havlandet and Erko to determine the nitrification capacity and salinity
sensitivity of the biofilm carriers. Three parallels with different salinities, 31 ppt, 15
ppt, and 0 ppt, were run in each batch experiment.

The biofilm carriers from Havlandet originated from a biofilter in a RAS for the pro-
duction of cod at 35 ppt. The highest nitrification capacity was observed in the
seawater and brackish water reactors, while in freshwater, the capacity was halved
(Figure 3.1). In a study by Hipeden et al. %, a salinity tolerance test showed that
the nitrification capacity of brackish and marine nitrifiers was highly resistant and
maintained its nitrification activity over a wide range of salt concentrations. Like in
the test Hiipeden et al. conducted, the biofilm carriers from Havlandet, with nitrifiers
adapted to seawater, maintained their nitrification activity in seawater and brackish
water.

Regardless of the salinity, the biofilm carriers from Erko, which originated from a
brackish RAS biofilter operated at 15 ppt for post-smolt production, showed approx-
imately the same nitrification activity for all three salinities (Figure 3.2). The study by
Hipeden et al. % also showed that for the brackish nitrifiers, the highest nitrification
activity was observed at 0 ppt. Although the capacity for the Erko biofilm carriers
was approximately the same in all salinities, a slightly higher capacity was observed
in freshwater. The results from this batch experiment suggest that brackish biofilters
were more robust to salinity changes.

The biofilm carriers from Erko demonstrated superior nitrification capacity compared
to those from Havlandet, particularly in freshwater conditions (Figure 3.3). On aver-
age, a three times higher nitrifying capacity per surface area, and in freshwater five
times higher capacity, was observed for the biofilm carriers from Erko compared to
those from Havlandet. These biofilm carriers originated from two separate RAS facil-
ities, operated at different salinities, and considering that the batch experiment was
performed with identical conditions, it is conceivable that the nitrifying communit-
ies differ between the biofilters. Biofilm carriers from Erko were used as inoculums
during the biofilter start-up at Havlandet, indicating that the microbial community
compositions of the two biofilters have evolved to be different. Further investigation
was carried out to characterize the biofilm communities present on the biofilm carri-
ers to identify the nitrifying communities and investigate similarities and differences
in the microbial communities.
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The increase in nitrate concentration did not correspond with the decrease in TAN
concentration in seawater and brackish water reactors (Figure 3.1 and 3.2). To
eliminate the interference in nitrate measurements caused by the salt in the water, a
chloride elimination kit was used for the water samples from brackish and seawater.
In freshwater, the increase in nitrate concentrations corresponded to the decrease in
TAN concentrations. This indicated that the chloride-elimination kit may have failed
to avoid interference. However, since all the water samples from brackish water
and seawater were treated equally, it can be assumed that although the measured
concentration may not be precise, the comparison between them was still valid. The
concentration of TAN in the freshwater reactors indicated that the issue only applies
to the measurements of nitrate concentration.

4.2 Microbial community composition
4.2.1 Bacterial communities

The bacterial community composition at the class level showed no clear difference
in the communities between the different samples (Figure 3.6). Nevertheless, the
community composition at the ASV level revealed a significant difference (Figure
3.7). Maribacter was the most common ASV in the biofilm samples from Havlandet,
Nitrospira was the most common ASV in the biofilm samples from Erko, and three
ASVs classified as Alphaproteobacteria, Flavobacteria and Saprospira were most
common in the biofilm samples from Belsvik. Maribacter is a member of the fam-
ily Flavobacteriaceae and has been isolated from different marine environments ',
Flavobacteria has been found to be one of the most abundant taxa in marine consor-
tia 2. Flavobacteria, Alphaproteobacteria, Saprospira and Nitrospira are commonly
found in biofilters 3211271,

The presence and abundance of ASV9 and ASV12, representing Nitrospira, were
found to be key contributors to the dissimilarities observed in the biofilm samples, as
confirmed by a SIMPER analysis. The relative abundance of these two ASVs var-
ied between the three facilities, where the highest abundance was found in biofilm
samples from Erko. Nitrospira is commonly found in nitrifying biofilters and is be-
lieved to be the primary nitrifier in RAS biofilters 341 28],

There was a significant difference between the bacterial communities of the biofilm
samples from Havlandet during post-smolt production and the biofilm samples from
Erko. Considering Erko was used as inoculum under the start-up of the biofilter
at Havlandet for post-smolt production, the bacterial community composition in the
samples from Erko was more similar to the samples from Havlandet during the pro-
duction of cod. The difference was mainly distinct not considering the ASV present,
but the relative abundance of specific ASVs. The microbial communities seem to
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have evolved differently, indicating that a difference in operational conditions, like
salinity, creates different selection pressure. A study by Navada et al. 2 looking
into the effect of priming (prior exposure to seawater) on the nitrifying communities
showed that it affected the microbial community composition but not the nitrifying
taxa.

4.2.2 Archaeal communities

The archaeal communities in the biofilm samples from Havlandet and Erko were
entirely dominated by one single ASV representing Nitrosopumilus (Figure 3.8). In
contrast, the archaeal community in the biofilm samples from Belsvik had a higher
diversity and was mainly dominated by a different ASV representing Nitrosopumilus.
These findings suggested the presence of two distinct populations present in the
biofilm samples from Belsvik. All archaeal ASVs present in the biofilm samples were
either classified as Nitrosopumilus or Woesearchaeota. Nitrosopumilus is an AOA
previously found in biofilm communities in marine RAS for the cultivation of shrimp
(361, Nitrosopumilus was the only AOA identified in the biofilm samples. This is a
genus in the phylum Thaumarchaeota, also found in RAS biofilters, where they play
an important role in nitrogen removal %3, Nitrosopumilus dominated the archaeal
communities in biofilm samples from all three facilities, with a relative abundance
above 90% (Figure 3.18).

The highest abundance of ASVs classified as Woesearchaeota was found in the
biofilm samples from Belsvik. A recent study looking into the ecology, evolution
and metabolism of Woesearchaeota suggested that this phylum may play a role
in organic carbon degradation, as well as being involved in nitrogen cycling 4.
Woesearchaeota has been found to be abundant in libraries of wastewater treat-
ment systems, and some genes involved in the nitrogen cycle have been detected.
These genes are, amounts others, responsible for denitrification, converting nitrite to
dinitrogen. As mentioned, the biofilm samples from Belsvik originate from an FBBR,
where anoxic zones can appear in the biofilm. No genes involved in nitrite oxidation
have yet been found in Woesearchaeota *°l. Therefore, further research is needed
to understand the exact role of Woesearchaeota in a nitrifying biofilm.

4.2.3 Nitrifying communities

Nitrospira and Nitrosomonas were the most abundant AOB and NOB in the biofilm
samples. Nitrospiradominated the nitrifying communities in the biofilm samples from
Havlandet and Erko (Figure 3.7). The bacterial communities in samples collected
from Havlandet during the early stage of cod production were mostly dominated by
ASV15, while samples collected at a later stage during cod production, in addition to
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biofilm samples from Erko, were mostly dominated by ASV9 and ASV12, all repres-
enting Nitrospira. The bacterial nitrifying communities in the biofilm samples from
Belsvik were dominated by ASV21, classified as Nitrosomonas, commonly found in
RAS biofilters 3. From the phylogenetic tree, ASV9 and ASV12 were closely re-
lated to N.salsa, and ASV41 was closely related to N. marina. N. salsa has been
found in marine biofilters % and has previously been found to oxidate nitrite in mar-
ine environments in the Dutch coastal North Sea ®%. N. marina has previously been
found in saltwater aquaria ?®! and marine biofilters ¢, and was the most dominant
NOB in a study investigating ammonia- and nitrite oxidizers in marine aquaculture
biofilms 571,

A higher NOB: AOB was found for biofilm samples from Havlandet during cod pro-
duction and Erko, compared to the biofilm samples from Havlandet during post-smolt
production and Belsvik. A high NOB:AOB has previously been found in a study com-
paring two seawater adaptation strategies ['°l. A general low abundance of AOBs in
the communities indicated that the AOA were important ammonia-oxidizers in these
biofilms. Brown et al. 8l found a higher abundance of the archeal amoA gene than
the bacterial amoA gene in a marine biofilter for shrimp production, suggesting that
AOBs played a minor role in the nitrification activity in the biofilter.

Due to a high relative abundance of Nitrospira, and a low relative abundance of
AOBs, it was investigated if any of the ASVs representing Nitropsira was related to
complete ammonia oxidizers, comammox. Comammox Nitrospira has been found
in freshwater biofilters, and could possibly be found in marine biofilters 4. A high
NOB:AOB could indicate the presence of comammox, yet, no highly abundant ASVs
representing Nitrospira in the biofilm samples were related to comammox Nitrospira
based on the phylogenetic tree (Figure 3.17).

A difference in the bacterial nitrifying communities was observed when comparing
the relative abundance of nitrifiers in the biofilm samples from the different facilities.
The relative abundance of bacterial nitrifiers ranged from 1% to 18% between the
biofilm samples. The abundance of nitrifiers in marine biofilters has been reported
to range between 0-20% [, and Navada et al. reported a relative abundance of
nitrifiers under 30% during the start-up of a marine biofilter ['8]. A study by Tesdal
7] reported a surprisingly high abundance of potential ASVs representing nitrifiers
of 77% during the start-up of a marine biofilter. Successful nitrification was reported
for the biofilters from all three facilities, also during the production of post-smolt at
Havlandet, suggesting that a high abundance of nitrifiers might not be necessary to
achieve efficient nitrification.
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4.2.4 Change in microbial communities in biofilm samples from Havlandet
after a switch in salinity and cultivated species

By analysing samples taken from the biofilter at Havlandet both before and after the
switch from salmon to cod, as well as samples collected over a three-month period
after the introduction to cod, the impact of changes in both salinity and cultivated
fish species on the dynamics of the biofilm communities could be investigated.

Between the samples taken from the Havlandet biofilter during the production of
post-smolt (at 22 ppt salinity) and during the production of cod (35 ppt salinity), a
significant difference between the bacterial communities was found(Figure 3.11).
Comparing biofilm communities for samples collected at various time points during
the period of cod production with the biofilm samples collected on the last sampling
day during the production of post-smolt, revealed a decline in community similar-
ity over time (Figure 3.12). Notably, no discernible shift in similarity was observed
between September 8th and November 16th, indicating a relatively stable bacterial
community during this period. However, a significant decrease in Bray-Curtis similar-
ity was observed between the first and last samples collected during cod production,
indicating a shift in the bacterial community dynamics. A significant difference was
found for the archaeal communities from the biofilm samples from Havlandet during
the production of post-smolt and cod, yet no significant difference between any of
the samples over time was found (Figure 3.15).

From the ASV table (Figure 3.7), no ASV representing nitrifying bacteria with a max-
imum abundance larger than 2% in at least one sample was present in the biofilm
samples from Havlandet during post-smolt production. A slight increase in abund-
ance was observed when comparing these samples to some of the first samples
taken from Havlandet during cod production. An increase in the abundance of es-
pecially two ASVs representing Nitrospira, ASV9 and ASV 12, was evident between
the samples collected from Havlandet during the production of cod (Figure 3.7). In
general, a noticeable increase in the relative abundance of ASVs classified as ni-
trifying bacteria was observed (Figure 3.16). An increase from 4% to 14% in the
relative abundance of bacterial nitrifiers was observed between the samples from
the first and last sampling day at Havlandet during cod production. A SIMPER ana-
lysis confirmed that these two ASVs contribute most to the difference in bacterial
communities between the samples from Havlandet during cod production.

4.2.5 Differences in microbial communities affecting the nitrifying capacity

As previously discussed, the biofilm carriers from Erko exhibited a significantly higher
nitrification capacity than the biofilm carriers from Havlandet, on average three times
higher capacity (Figure 3.3) and relative abundance of bacterial nitrifiers (Figure
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3.16). It is plausible that the abundance of nitrifiers in the biofilters correlates with the
nitrification capacity. Salinity has been found to extensively influence and regulate
the community compositions and the abundance of ammonia oxidizers and nitrifying
activity in RAS 181, It should be noted that the characterization of the archaeal com-
munities indicated that AOAs were present in the biofilm and that these archaeal
nitrifiers also contribute to the nitrification activity in the biofilter. As there was no
significant difference in the abundance of AOAs between Havlandet and Erko, the
difference in nitrification capacity, in this case, may be linked to the abundance of
bacterial nitrifiers in the biofilm communities.

Three times higher NOB: AOB ratio was found in the biofilm carriers from Erko used
in the batch experiments, compared to the biofilm carrier from Havlandet. Gonzales
et al. 33 reported a fourfold higher NOB population than AOB in the freshwater re-
actor with almost complete ammonium conversion. These findings are in agreement
with Figuerola and Erijman % who reported that a high NOB:AOB ratio appeared
to correlate with good nitrification. The high NOB: AOB ratio in the biofilm samples
from Erko might be a cause of good nitrification activity in freshwater.

ASV246 and ASV255, classified as Nitrosomonas, were the only two ASVs, with a
maximum abundance higher than 0.5% in at least one sample, present in just the
biofilm samples from Erko and, with an average relative abundance of 0.7%. One
ASV with a low relative abundance of 0.1% representing Nitrospira was also only
present in the biofilm samples from Erko. As the biofilm carriers were more robust
to salinity changes and exhibited high nitrifying capacity in freshwater, these ASV
might represent bacteria with a higher tolerance to freshwater. As the biofilter at
Erko was operated at a lower salinity than the biofilter at Havlandet, the nitrifying
communities might be more robust to adapt to freshwater.

The number of biofilm carriers used in the batch experiments was taken into account
when calculating the nitrifying capacity per unit surface area. However, the number
of microbes per surface area could be different for the two biofilm carriers. The
higher nitrifying capacity for the biofilm carriers from Erko could therefore not only
be due to a higher relative abundance of nitrifying bacteria present but also because
of a larger number of bacterial- and archeal cells present per biofilm carrier used in
the experiment.

As both the bacterial and archeal nitrifying community in the biofilm samples from
Belsvik differed clearly from biofilm samples from Havlandet and Erko, it would be
interesting to look into the nitrification capacity of this biofilter. As the biofilter at
Belsivk was an FBBR, it was not possible to conduct a similar batch experiment for
investigating the nitrification capacity of this biofilter.
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4.3 Identifying and quantifying the ammonia-oxidizers archaea
in the biofilm samples

The archaeal communities were examined using amplicon sequencing, which re-
vealed the presence of Nitrosopumilus, known to oxidize ammonia. The biofilm
communities from Havlandet and Erko showed the dominance of a single archaeal
ASV (Figure 3.8). To further investigate, a subset of samples representing Havlandet
during cod production, Erko, and Belsvik were subjected to a qPCR followed by an
end-point PCR and Sanger sequencing to determine the presence and quantity of
the amoA gene in the biofilm samples.

The results from the end-point PCR and Sanger sequencing indicated that there
in the biofilm samples from Havlandet and Erko was one archaea-amoA-sequence
dominating. This sequence was identical in these biofilm samples. This sequence
was found to be identical to parts of the amoA gene in N. oxyclinae, previously
isolated from marine environments 9% 61 For the biofilm samples from Belsvik,
the Sanger sequencing resulted in messy results, indicating multiple targets for the
primer and possibly multiple amoA genes present in the biofilm sample, or unspecific
binding and amplification. However, from the gel-electrophoresis, the PCR products
were of the expected length (Figure 3.22). As the archaeal communities in the
biofilm samples from Belsvik were dominated mainly by a different ASV representing
Nitrosopumilus than Havlandet and Erko (Figure 3.8), a different variant of the amoA
gene could be present in the biofilm samples from Belsvik.

The archaeal communities might contribute to large parts of the nitrification activity
in regards to ammonia oxidation, as Nitrosopumilus, a known AOA, dominated the
archaeal communities in all the biofilm samples. However, without knowledge about
the relationship between the abundance of bacteria and archaea in the communit-
ies, it is uncertain whether the archeal nitrifying communities have a high relative
abundance in the microbial communities, or if it is the bacterial nitrifying community,
dominated by Nitrospira and Nitrosomonas, that is primarily responsible for the nitri-
fying activity of the biofilter.

A higher concentration of the amoA-gene was found in gPCR products amplified
with AmoANSPB (Figure 3.20). qPCR with primers AmoANSPA and AmoANSPB,
targeting the amoA gene in Nitrosopumilus was performed with low amplification
efficiency (64.2% and 67.9%, respectively), indicating that the PCR conditions were
non-optimal. As AmMoANSPB had a higher amplification efficiency than AmoANSPA,
that might explain the higher concentration of the amoA gene identified in the gPCR
with the AmMoANSPB primers. One implication of low amplification efficiency is that
it may lead to inaccurate quantification of the target DNA.
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4.4 Further work

In this master thesis, Nitrospira and Nitrosopumilus were found to be important con-
tributors to the nitrifying community composition of the biofilm samples from RAS
operated at high salinities. It could be interesting to investigate further why the
biofilm carriers from Erko had such a high nitrifying capacity and tolerance in both
high and low salinity. Continuous lab-scale MBBR would be run over a longer period
of time at high and low salinity, investigating how it affects the nitrifying communit-
ies. That could give an insight into which populations in a biofilm community are
the most important at different salinities. Similar lab-scale batch experiments could
be performed on biofilm carriers from multiple RAS operated at varying salinities to
further investigate the difference in nitrifying capacity and salinity tolerance and to
examine if there was a correlation between nitrifying capacity and the abundance of
nitrifiers in the biofilm.

Considering the superior nitrifying capacity and salinity tolerance of the biofilm car-
riers from Erko, it could be interesting to investigate the potential of these biofilm
carriers in a start-up of a new biofilter for a RAS operated at high salinities and
investigate how the biofilm community composition evolves and changes on new
biofilm carriers.

gPCR could be performed with primers targeting the 16S rDNA or the amoA gene in
both bacteria and archeal. From this, the ratio between bacteria and archaea in the
total community could be determined, giving insight into the relative abundance and
importance of archeal nitrifiers in the biofilm. In this way, the ratio between ammonia
oxidizers and nitrite oxidisers could be further investigated, and specific primers
targeting the amoA gene and nxr gene could be used in lllumina sequencing to
investigate the origin of the nitrifying genes. A challenge would be to design primers
targeting these genes in all microbes. The presence of comammox Nitrospira could
be investigated by using primers targeting the comammox amoA gene.
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5 Conclusion

The biofilm carriers from Havlandet demonstrated higher nitrification capacity in sea-
water and brackish water than in freshwater, where the capacity was reduced by
around 50%. In contrast, the biofilm carriers from Erko showed similar nitrification
capacity across all salinities. These results suggested that brackish biofilters may
be more robust to salinity changes. At 31 ppt and 15 ppt salinity, the biofilm carriers
from Erko had twice as high nitrification capacity as those from Havlandet, and in
freshwater, the capacity was as much as five times higher. The difference in the
nitrification capacity and salinity tolerance could be linked to the relative abundance
of bacterial nitrifiers in the biofilm communities.

The biofilm community composition in the samples from the different facilities showed
significant differences. Maribacter was common in the biofilm samples from Havlandet
during cod production, while three ASVs representing Alphaproteobacteria, Fla-
vobacteria and Saprospira were more common in the samples from Belsvik. The
relative abundance of nitrifiers in the biofilm samples ranged from an average of 1%
in the biofilm samples from Havlandet during post-smolt production to 18% in the
biofilm samples from Erko.

Nitrospira and Nitrosomonas were the most important NOBs and AOBs in the biofilm
samples. Nitrospira dominated the bacterial nitrifying communities in the biofilm
samples from Havlandet and Erko, and ASVs representing Nitrospira were the most
significant contributors to the difference in biofilm community compositions between
the facilities. An ASV representing Nitrosomonas was the most common bacterial
nitrifier in the biofilm samples from Belsvik, and other ASVs representing Nitrospira
were more common in the samples from Belsvik than the two ASVs representing
Nitrospira in the samples from Erko and Havlandet.

The archaeal communities in the biofilm samples from Havlandet and Erko were
dominated by one single ASV representing Nitrosopumilus, known to be ammonia
oxidizing. The biofilm communities in the samples from Belsvik were dominated by
another ASV, also representing Nitrosopumilus. The ASVs representing archaeal ni-
trifiers had a relative abundance above 90% of the archeal biofilm communities in the
samples.A low abundance of AOBs indicated that the archeal nitrifiers were import-
ant in the nitrifying activity in the biofilm. gPCR and Sanger sequencing confirmed
the presence of the Nitrsopulimus amoA gene in the biofilm samples from Erko and
Havlandet, shown to be identical to the amoA gene of N. oxyclinae . The results
from the Sanger sequencing further suggested the presence of multiple amoA gene
sequences in the samples from Belsvik.
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Appendix

A Sample overview

Table A.1: Overview of samples for the microbial community analysis.

Sample name

Collection
date

Type of

Facili
sample acility

Salinity

Cultivated
species

Biofilter

H_PS_26.04_A
H_PS_26.04_B
H_PS_26.04_C
H_PS_10.05_A
H_PS_10.05B
H_PS_10.05.C

26.04.2022

10.05.2022

Biofilm Havlandet

carrier

25 ppt

Atlantic salmon

MBBR

H_Cod_02.09_A
H_Cod_02.09_B
H_-Cod_02.09_C
H_Cod_08.09_A
H_Co0d_08.09_-B
H_-Cod_08.09_C
H_Cod_26.09_A*
H_Cod_26.09_B
H_Cod_26.09_C
H_Cod_12.10_A
H_Cod_12.10_B
H_Cod_12.10_C
H_Cod_16.11_A
H_Cod_16.11.B
H_Cod_16.11_C
H_Cod_27.11_A
H_Cod_27.11.B
H_Cod_27.11.C

02.09.2022

08.09.2022

26.09.2022

12.10.2022

16.11.2022

27.11.2022

Biofilm Havlandet

carrier

35 ppt

Atlantic cod

MBBR

Erko_PS_A
Erko_PS_B
Erko_PS_C

14.10.2022

Biofilm Erko

carrier

15 ppt

Atlantic salmon

MBBR

Belsvik_Swab_A
Belsvik_Swab_B
Belsvik_Sludge_A
Belsvik_Sludge_B
Belsvik_Sludge_C

28.11.2022

Biofilm

swab

Biofilm back-
washing
sludge

Lergy
Belsvik

22 ppt

Atlantic salmon

FBBR

* indicates the samples used in the batch experiment.



B Batch experiment medium composition

Table B.1: Addition in 1 L medium to get a concentration of 10 mg L=! TAN-N.

Components Quantity

(NH4)2SO, 0.047 g

NaH,PO, * 2H,0 0.272 g

Na,CO; 19

Trace metal (stock-solution) 10 mL

pH-adjustment 3-6 drops HCI till pH 7.5

Table B.2: Addition in 1 L stock solution adjusted to pH 7.5.

Components Quantity
MgSO,*7H,0O 25¢
CaCl,*2H.0 1.5¢
FeCl,*4H,0 0.2g
MnCl,*4H,0 0.55¢
ZnCl, 0.068 g
CoCly*6H.0 0.12g
NiCly*6H.0 0.12g
EDTA Titriplex 2849

C Protocol Hach-Lange

C.1 Hach-Lange Kkits

Table C.1: Hach-Lange kits for measuring ammonium, nitrite and nitrate with refer-
ence range

Measurement of Product code Reference range

TAN LCK303 2.0-47.0mg TAN L™
Nitrite-N LCK342 0.6 -6 mgNO; -NL™!
Nitrate-N LCK339 0.23-13.5mg NO3 -N L™!

Chloride-elimination LCW925 <20 g L~! NaCl




C.2 Ammonium-kit

G

8 < O
ﬂ |

1. Carefully remove the foil 2. Unscrew the DosiCap 3. Carefully pipet 0.2 mL of 4. Immediately screw the
from the screwed-on Zip. sample. DosiCap Zip back on;
DosiCap Zip. fluting at the top.

5. Shake vigorously. 6. After 15 minutes, 7. Insert the cuvette into the
thoroughly clean the outside  cell holder.
of the cuvette and evaluate. DR 1900: Go to
LCK/TNTplus methods.

Select the test, push READ.

Figure C.1: Protocol for Hach-Lange LCK 303 for measuring TAN

C.3 Nitrite-kit

il | la

<

1. Carefully remove the foil 2. Unscrew the DosiCap 3. Carefully pipet 0.2 mL of 4. Immediately screw the
from the screwed-on Zip. sample. DosiCap Zip back on;
DosiCap Zip. fluting at the top.

5. Shake vigorously until 6. After 10 minutes, invert 7. Insert the cuvette into the

the freeze-dried contents a few more times, cell holder.

are completely dissolved. thoroughly clean the outside DR 1900: Go to

of the cuvette and evaluate. LCK/TNTplus methods.
Select the test, push READ.

Figure C.2: Protocol for Hach-Lange LCK 342 for measuring nitrite



C.4 Nitrate-kit

A3

[ &= 1]

1. Carefully pipet 1.0 mL of 2. Carefully pipet0.2mL of 3. Close the cuvette and 4. After 16 minutes, 5. Insert the cuvette into the
sample. solution A. invert a few times until no thoroughly clean the outside cell holder.
more streaks can be seen. of the cuvette and evaluate. DR 1900: Go to

LCK/TNTplus methods.
Select the test, push READ.

Figure C.3: Protocol for Hach-Lange LCK 339 for measuring nitrate

C.5 Elimination of chloride

o7

Procedure

1. Draw 4.0 mL sample 2. Hold the syringe pointing 3. Invert for 1 minute. 4. Discharge the sample
into the syringe with the upward and withdraw the into a small beaker.
silver oxide. piston anather 0.5 mL (see Analyze the prepared
scale) so that air is drawn in. sample by following the
procedure of the cuvette
test.

Figure C.4: Protocol for Hach-Lange LCW 925 for elimination of chloride.



D Results Batch experiment

D.1 Biofilters from Havlandet

Table D.1: Concentrations of ammonium, nitrite and nitrate from batch experiment
of Havlandet biofilter in seawater, 31 ppt, given in mg L~!

Time [minutes] TAN[mgL!] NO,N[mgL-!] NO;-N[mgL™]
0 6.35 0* 0.499

15 5.9 0.04* 0.739

30 5.88 0.134* 0.810

60 4.63 0.265* 1.29

90 3.10 0.277* 1.73

120 2.25 0.271* 1.95

150 0.941~ 0.26* 2.15

180 0.215* 0.131* 2.52

*outside reference range

Table D.2: Concentrations of ammonium, nitrite and nitrate from batch experiment
of Havlandet biofilter in brackish water, 15 ppt, given in mg L™*

Time [minutes] TAN[mgL!] NO,-N[mgL~'] NOs-N[mgL™]
0 5.22 0* 0.728

15 5.64 0.062* 0.811

30 4.91 0.164* 1.23

60 4.56 0.261* 1.82

90 3.13 0.316* 2.81

120 2.07 0.306* 2.87

150 0.599* 0.297* 4.75

180 0.061* 0.099* 4.65

* outside reference range



Table D.3: Concentration of ammonium, nitrite and nitrate from batch experiment of
Havlandet biofilter in freshwater, 0 ppt, given in mg L™!

Time [minutes] TAN[mgL!] NO,-N[mgL!] NO;-N[mgL!]
0 7.3 0* 0.63

15 6.9 0* 0.967

30 6.77 0.043* 1.08

60 6.14 0.107* 1.59

90 5.75 0.106* 2.08

120 5.03 0.150* 2.81

150 4.47 0.203* 3.31

180 3.67 0.198* 3.95

* outside reference range

D.2 Biofilters from Erko

Table D.4: Concentrations of ammonium, nitrite and nitrate from batch experiment
of Erko biofilter in seawater, 31 ppt, given in mg L~*

Time [minutes] TAN[mgL!] NO,-N[mgL-!] NO;-N[mgL!]
0 6.54 0* 0.421

15 6.13 0.028* 0.515

30 5.24 0.063* 0.580

60 2.15 0.211* 1.35

90 0.207* 0.077* 1.85

120 0* 0* 2.13

150 0.068* 0* 2.47

180 0* 0* 3.64

*outside reference range
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Table D.5: Concentrations of ammonium, nitrite and nitrate from batch experiment
of Erko biofilter in brackish water, 15 ppt, given in mg L*

Time [minutes] TAN[mgL!] NO,-N[mgL!'] NO;-N[mgL!]
0 6.07 0* 0.826

15 5.38 0.066* 1.34

30 3.79 0.184* 1.88

60 0.466" 0.185* 4.45

90 0* 0* 6.43

120 0* 0* 7.64

150 0* 0* 8.16

180 0* 0* 7.9

*outside reference range

Table D.6: Concentrations of ammonium, nitrite and nitrate from batch experiment
of Erko biofilter in freshwater, 0 ppt, given in mg L*

Time [minutes] TAN[mgL!] NO,-N[mgL~'] NOs-N[mgL™]
0 6.66 0* 1.6

15 6.12 0.061* 1.98

30 4.88 0.250* 3.01

60 1.36* 0.773 5.67

90 0.028* 0.180* 7.57

120 0* 0* 7.93

150 0* 0* 8.02

180 0* 0* 8.04

*outside reference range

Vi



E Protocols for preparation of amplicon library

E.1 DNA-extraction kit

October 2020

Quick-Start Protocol

MagAitract® PowerSoil® Pro DNA Kit with
KingFisher®

This protocol describes the use of the MagAttract PowerSoil Pro DNA Kit (cat. no. 47109) with
the KingFisher Flex instrument. For use with the epMotion® instrument, please refer to the
MagAttract PowerSoil Pro DNA Handbook.

Solution CD2 should be stored at 2-8°C upon arrival. All other reagents and kit components
should be stored at room temperature (15-25°C).

Further information

® MagAttract PowerSoil Pro DNA Handbook: www.qgiagen.com/HB-2816
e Safety Data Sheets: www.qgiagen.com/safety

® Technical assistance: support.qgiagen.com

Notes before starting

e Use extralong pipette tips (1000-1250 pl) for collection microtube racks (CMTRs).

e Add 400 pl RNase A Solution to 80 ml Solution CD1 for each 96-well plate to be
processed.

® Prepare Buffer QSB1 and Buffer MW 1 according to the instructions on the bottles.

® 80% ethanol is required in this protocol and needs to be supplied by the user.

00000
— Sample to Insight QIAGEN —

VI



Procedure

1. Spin the PowerBead Pro Plate (cat. no. 19311) or the PowerBead Pro Tube (cat. no.
19301) briefly to ensure that the beads have settled at the bottom of the wells or tube.

2. Add up to 250 mg of soil or 100 mg of stool into the plate/tube, and 800 pl Solution
CD1/RNase A Solution. Seal the plate with sealing film or recap the tube.

3. Homogenize samples thoroughly using the Tissuelyser Il (cat. no. 85300). (For other
homogenization methods, please refer to the MagAttract PowerSoil Pro DNA
Handbook.)

3a. If using a PowerBead Pro Plate, place a silicone compression mat on top of the
sealing film, and then place the sealed plate and mat between 2 adapter plates
(cat. no. 11990). Shake for 5 min at 25 Hz.
Reorient the plates so that the sides that were closest to the machine body are now
furthest from it. Shake again for 5 min at 25 Hz.

3b. If using PowerBead Pro Tubes, place the tubes into a Tissuelyser Adapter Set
2 x 24 (cat. no. 69982), or into a 2 ml Tube Holder (cat. no. 11993) and Plate
Adapter Set (cat. no. 11990). Fasten the adapter into the Tissuelyser II. Shake for
5 min at 25 Hz. Reorient the adapter so that the side that was closest to the
machine body becomes furthest from it. Shake again for 5 min at 25 Hz.

4. Centrifuge the PowerBead Pro Plate at 4500 x g for 6 min, or the PowerBead Pro Tubes
at 15,000 x g for 1 min.

5. Transfer the supernatant to the CMTRs.

Note: Expect 500-600 pl. The supernatant may still contain some soil/stool particles.

2 MagAttract PowerSoil Pro DNA Kit with KingFisher  10/2020



10.

11.
12.

13.

14.

. Add 300 pl Solution CD2. Seal the CMTRs with the caps provided, and then vortex.
. Centrifuge the CMTRs at 4500 x g for 6 min at room temperature.

. Taking care to avoid any residual pellet, transfer no more than 450 pl supernatant from

each well to a clean KingFisher deep-well 96 plate.

. Resuspend MagAttract Suspension G Beads by vortexing. For each 96-well plate to be

processed, add 3 ml of the resuspended MagAttract Suspension G Beads to 44 ml Buffer

QSB1 and mix well. Immediately transfer to a multichannel pipette reservoir.

Note: Maintain the MagAttract Suspension G Beads in suspension to ensure uniform

distribution.

Add 470 pl of the MagAttract Suspension G beads/Buffer QSB1 mix to each well

containing lysate in a KingFisher 96 deep-well plate.
Place the plate on the robotic deck at the specified location indicated in the program.

Add 500 pl Buffer MW 1 to each well of one clean KingFisher 96 deep-well plate. Add
80% ethanol (provided by the user) to each well of 2 clean KingFisher 96 deep-well
plates. Place the plates on the robotic deck at the specified locations indicated in the

program.

Add 100 pl Solution Cé to each well of a clean KingFisher 96 microplate and place on

the robotic deck at the specified location. Initiate the robotic program.

Upon completion of the robotic program, cover the wells of the KingFisher 96 microplate

with an appropriate storage seal. DNA is now ready for downstream applications.

MagAttract PowerSoil Pro DNA Kit with KingFisher  10/2020 3
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E.2 SequalPrep Normalization plate (96) Kit

& invitrogen

SequalPrep™ Normalization Plate (96) Kit
Catalog no: A10510-01 Store at room temperature (15-30°C)

Contents and Storage

The components included with the SequalPrep™ Normalization Plate (96) Kit are listed in the table below. Sufficient reagents
are included to perform 10 x 96 purification/normalization reactions. Upon receipt, store all components at room
temperature (15-30°C). Store plates for up to 6 months.

Components Quantity
SequalPrep™ Normalization Plate (96) 2 bags of 5 plates each
SequalPrep™ Normalization Binding Buffer 40 ml
SequalPrep™ Normalization Wash Buffer 50 ml
SequalPrep™ Normalization Elution Buffer (10 mM Tris-HCI, pH 8.5) 40 ml

Description

The SequalPrep™ Normalization Plate Kit allows simple, one-step, high-throughput amplicon purification and normalization
of PCR product concentration (2-3 fold range) via a limited binding capacity solid phase. Each well of the SequalPrep™
Normalization Plate can bind and elute ~25 ng of PCR amplicon. Eluted PCR amplicon can be subsequently pooled and
subjected to a variety of massively parallel sequencing analyses. The SequalPrep™ Normalization Plate is compatible with any
automated liquid handling workstations without the need for shakers, magnets, or vacuum. The SequalPrep™ Normalization
Plate Kit when used with SequalPrep™ Long PCR Kit provides a complete PCR enrichment and amplicon normalization
system that is designed to complement amplicon sequencing workflows such as next-generation sequencing.

The conventional next generation sequencing workflows require laborious sample prep methods consisting of amplicon
purification, quantitation, and manual normalization to adjust amplicon concentration. The SequalPrep™ Normalization Plate
Kit eliminates the tedious amplicon quantitation and manual normalization steps.

SequalPrep™ Normalization Plate Kits utilize ChargeSwitch® Technology that provides a switchable surface charge depending
on the pH of the surrounding buffer to facilitate nucleic acid purification. Under low pH conditions, the positive surface
charge of the ChargeSwitch® coating binds the negatively charged nucleic acid backbone. Proteins and other contaminants
(such as short oligonucleotide primers) are not bound and are simply washed away.

System Overview

The SequalPrep™ Normalization Plate Kit is a solid phase, high-throughput amplicon purification and normalization system
in a 96-well plate format. PCR products (5-25 ul) are added to a SequalPrep™ Normalization Plate well and mixed with the
Binding Buffer. DNA binding to the plate is performed at room temperature for 1 hour. The wells are washed with Wash
Buffer to efficiently remove contaminants. Purified PCR products are eluted using 20 pl Elution Buffer at normalized

concentrations.

System Specifications

Starting Material: At least 250 ng PCR product (amplicon) per well

DNA Fragment Size: 100 bp to 20 kb

Elution Volume: 20 pl

DNA Yield: Up to 25 ng per well

Normalization Range: 2-3-fold

Plate Dimensions: Standard SBS (Society for Biomolecular Screening) footprint, semi-skirted 96-well plate
Plate Capacity: 0.2ml

Accessory Products
The following products may be used with the SequalPrep™ Normalization Plate Kit. For details, visit www.invitrogen.com.

Product Quantity Catalog no.
SequalPrep™ Normalization Wash Buffer 4 x50 ml A10510-03
SequalPrep™ Long PCR Kit with dNTPs 1,000 units A10498
Platinum® PCR Supermix 100 reactions 11306-016
Platinum® PCR Supermix High Fidelity 100 reactions 12532-016
Quant-iT" PicoGreen® dsDNA Assay Kit 1 kit P7589
PureLink™ Foil Tape 50 tapes 12261-012
E-Gel® 96 gels 1% (or 2%) 8 gels G7008-01 (G7008-02)
Part no: 100003531 Rev. date: 5 May 2008

For technical support, email tech_support@invitrogen.com. For country-specific contact information, visit www.invitrogen.com.
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Page 2

General Guidelines
e Wear a laboratory coat, disposable gloves, and eye protection when handling reagents and plate.

e Always use proper aseptic techniques when working with DNA and use only sterile, DNase-free tips to prevent DNase
contamination.

e If you are using only part of the plate for DNA purification, cover unused wells with the Plate Seal and leave them
attached while purifying DNA in the other wells. The plates can be stored at room temperature for up to 6 months.

™

e The SequalPrep™ Normalization Plates are compatible for use with automated liquid handling workstation; the
workstation must be capable of handling and manipulating 96-well plates.

e If you are using automated liquid handling workstations for purification, you may need additional Wash Buffer
depending on your type of workstation. See previous page for Wash Buffer ordering information.

Generating PCR Amplicon
You can generate the PCR amplicon using a method of choice. General recommendations for generating PCR amplicons are
listed below:

™

e To obtain the best results, we recommend using the SequalPrep™ Long PCR Kit with dNTPs (page 1) which provides a
robust system for long-range, high-fidelity PCR for use in next-generation sequencing applications.

e Other commercially available PCR supermixes and enzymes such as Platinum® PCR Supermix (page 1), Platinum® PCR
Supermix High Fidelity (page 1), or equivalent are suitable for use.

™

e Perform PCR in a separate plate. Do not use the SequalPrep™ Normalization Plate to perform PCR.

™

e Youneed at least 250 ng amplicon per well to use with the SequalPrep™ Normalization Plate (see below).

Sample Amount

To achieve robust normalization, we recommend adding at least 250 ng/well of amplicon. This input amount is easily
achieved using only a fraction of most PCR amplification reactions. An average efficiency PCR (20 ul reaction volume)
produces product in the range of 25-100 ng/ul, allowing you to purify 5-10 pl using the SequalPrep™ system.

Elution Options

Depending on the nature of the downstream application and target nucleic acid concentrations desired, the SequalPrep™ kit
offers the flexibility to elute purified DNA in a variety of options.

The standard elution method described in the protocol below is designed to elute purified DNA from each well using 20 ul
elution volume to obtain each amplicon at a concentration of 1-2 ng/pl.

The optional sequential elution method is designed to sequentially elute multiple rows or columns using the same 20 ul of
elution buffer to obtain higher amplicon concentrations. The amplicon concentrations will be additive as sequential wells are
eluted. For example, dispense 20 ul of elution buffer into the first column (A1-H1), mix well, and incubate for 5 minutes at
room temperature. Then, simply move this column of elution buffer to the next column (A2-H2), and again incubate for

5 minutes. Continue this step to obtain your specific elution needs for the downstream application of choice.

Materials Needed

e PCR reactions containing amplicons of the desired length (see Generating PCR Amplicon, above)

e DNase-free, aerosol barrier pipette tips
e Optional: automated liquid handling workstation capable of handling and manipulating 96-well plates
e Optional: PureLink™ Foil Tape (see previous page)

Binding Step
1. Transfer the desired volume of PCR product (5-25 pl PCR reaction mix, at least 250 ng amplicon/well) from the PCR

™

plate into the wells of the SequalPrep™ Normalization plate.

2. Add an equivalent volume of SequalPrep™ Normalization Binding Buffer.

™

For example: To purify 10 ul of PCR product, add 10 pl SequalPrep™ Normalization Binding Buffer.

™

3. Mix completely by pipetting up and down, or seal the plate with PureLink™ Foil Tape (page 1), vortex to mix, and
briefly centrifuge the plate.

4. Incubate the plate for 1 hour at room temperature to allow binding of DNA to the plate surface. Mixing is not necessary
at this stage.

Note: Incubations longer than 60 minutes do not improve results. However, depending on your workflow you may perform overnight
incubation at room temperature for the binding step.

5. Optional: If >25 ng DNA/well yield is desired, transfer the amplicon/Binding Buffer mixture from Step 4 to another,
fresh well/plate to sequentially bind more DNA. Perform DNA binding at room temperature for 1 hour.

Note: After binding is complete, you can remove the amplicon/Binding Buffer mixture from the well and store at —20°C for up to
30 days to perform additional purifications at a later time.

6. Proceed to Washing Step, next page.
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Washing Step

1. Aspirate the liquid from wells. Be sure not to scrape the well sides during aspiration.
Note: If you wish to store the amplicon/Binding Buffer mixture for additional purifications at a later time, aspirate the liquid from wells
into another plate and store at —20°C for up to 30 days.

™

2. Add 50 pl SequalPrep™ Normalization Wash Buffer to the wells. Mix by pipetting up and down twice to improve removal
of contaminants.

3. Completely aspirate the buffer from wells and discard.

To ensure complete removal of wash buffer and maximize elution efficiency, you may need to invert and tap the plate on
paper towels depending on the pipetting technique or instrument used. A small amount of residual Wash Buffer (1-3 ul)
is typical and does not affect the subsequent elution or downstream applications.

4. Proceed to Elution Step, below.

Elution Step
Review Elution Options (previous page).

1. Add 20 ul SequalPrep™ Normalization Elution Buffer to each well of the plate.

Note: Do not use water for elution. If you need to elute in any other buffer, be sure to use a buffer of pH 8.5-9.0. If the pH of the buffer is
<8.5, the DNA will not elute efficiently.

2. Mix by pipetting up and down 5 times or seal the plate with PureLink™ Foil Tape (page 1), vortex to mix, and briefly
centrifuge the plate. Ensure that the buffer contacts the entire plate coating (up to 20 pl level).

3. Incubate at room temperature for 5 minutes.

4. Transfer and pool the purified DNA as desired or store the eluted DNA at 4°C (short-term storage) or —20°C (long-term
storage) until further use.

Expected Yield and Concentration

The expected DNA concentration is 1-2 ng/ul when using 20 ul elution volume. The expected DNA yield is ~25 ng/well
normalized.

Optional: DNA Quantitation

™

The SequalPrep™ Normalization Plate Kit is designed to eliminate the quantitation and manual dilution steps typically
performed for normalization in next-generation sequencing workflows. You can pool the eluted amplicon and use the pooled
amplicons directly for your downstream applications without DNA quantitation.

However, if your downstream application requires DNA quantitation, you may determine the yield of the eluted amplicon
using Quant-iT™ PicoGreen® dsDNA Assay Kit (page 1). We do not recommend using UV spectrophotometric measurements
(A260/ A2so nm), as this method is inaccurate for low DNA concentrations.

Downstream Applications

™

The SequalPrep™ Normalization Plate Kit is designed to produce purified PCR products with normalized concentrations and
substantially free of salts and contaminating primers. PCR amplicons purified from this system can be used individually or
pooled in any downstream application for which normalization is an important sample preparation criterion such as next
generation sequencing applications.

™

Pooled amplicons purified using the SequalPrep™ Normalization Plate Kit have produced successful data from massively
parallel sequencing-by-synthesis on the Illumina/Solexa Genome Analyzer indicating that the amplicon purity is suitable for
other next-generation sequencing platforms (Roche/454 FLX, Applied Biosystems SOLiD™ system). For detailed sample
preparation guidelines, refer to the instrument manufacturer’s recommendations.

Continued on next page



Troubleshooting
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Problem Cause Solution
Low DNA yield Insufficient starting Be sure to input at least 250 ng amplicon per well for best results.
material
PCR conditions not Check amplicon on gel to verify the PCR product prior to
optimal purification. Use SequalPrep™ Long Polymerase (page 2) for best
results.
Incorrect binding Be sure to add an equivalent volume of SequalPrep™ Normalization
conditions Binding Buffer, mix completely, and incubate for 1 hour during the
Binding Step.
Incorrect elution Use 20 pl SequalPrep™ Normalization Elution Buffer for elution and
conditions ensure that the buffer contacts the entire plate coating (up to 20 ul
level). Do not use any water for elution.
DNA degraded DNA contaminated with | Follow the guidelines on page 2 to prevent DNase contamination.
DNase
Poor normalization | Insufficient starting Be sure to input at least 250 ng amplicon per well for best results.
material
Inconsistent pipetting or | Avoid introducing bubbles while pipetting and do not scratch the
handling plate surface while pipetting. To avoid pipetting inconsistencies, we
recommend using automated liquid handling workstations.
Incorrect binding Be sure to add an equivalent volume of SequalPrep™ Normalization
conditions Binding Buffer, mix completely, and incubate for 1 hour during the
Binding Step.
Too much (>3 ul) wash Completely remove wash buffer and if needed, invert and tap the
buffer remaining plate on paper towels to remove any remaining wash buffer.

Quality Control
The Certificate of Analysis provides quality control information for this product, and is available by product lot number at
www.invitrogen.com/cofa. Note that the lot number is printed on the kit box.

Limited Use Label License No. 5: Invitrogen Technology

The purchase of this product conveys to the buyer the non-transferable right to use the purchased amount of the product and
components of the product in research conducted by the buyer (whether the buyer is an academic or for-profit entity). The
buyer cannot sell or otherwise transfer (a) this product (b) its components or (c) materials made using this product or its
components to a third party or otherwise use this product or its components or materials made using this product or its
components for Commercial Purposes. The buyer may transfer information or materials made through the use of this product
to a scientific collaborator, provided that such transfer is not for any Commercial Purpose, and that such collaborator agrees in
writing (a) not to transfer such materials to any third party, and (b) to use such transferred materials and/or information
solely for research and not for Commercial Purposes. Commercial Purposes means any activity by a party for consideration
and may include, but is not limited to: (1) use of the product or its components in manufacturing; (2) use of the product or its
components to provide a service, information, or data; (3) use of the product or its components for therapeutic, diagnostic or
prophylactic purposes; or (4) resale of the product or its components, whether or not such product or its components are
resold for use in research. For products that are subject to multiple limited use label licenses, the most restrictive terms apply.
Invitrogen Corporation will not assert a claim against the buyer of infringement of patents owned or controlled by Invitrogen
Corporation which cover this product based upon the manufacture, use or sale of a therapeutic, clinical diagnostic, vaccine or
prophylactic product developed in research by the buyer in which this product or its components was employed, provided
that neither this product nor any of its components was used in the manufacture of such product. If the purchaser is not
willing to accept the limitations of this limited use statement, Invitrogen is willing to accept return of the product with a full
refund. For information on purchasing a license to this product for purposes other than research, contact Licensing
Department, Invitrogen Corporation, 5791 Van Allen Way, Carlsbad, CA 92008. Phone (760) 603-7200. Fax (760) 602-6500.
Email: outlicensing@invitrogen.com

©2008 Invitrogen Corporation. All rights reserved.
For research use only. Not intended for any animal or human therapeutic or diagnostic use.

SOLiD™ is a trademark of Applera Corporation.



E.3

Amicon Centrifugal Filter Device

Amicon Ultra-0.5 Centrifugal Filter Devices

How to Use Amicon Ultra-0.5 Centrifugal Filter Devices

1.
2.
3.

Insert the Amicon Ultra-0.5 device into one of the provided microcentrifuge tubes.
Add up to 500 pL of sample to the Amicon Ultra filter device and cap it.

Place capped filter device into the centrifuge rotor, aligning the cap strap toward the
center of the rotor; counterbalance with a similar device.

Spin the device at 14,000 = g for approximately 10—30 minutes depending on the
NMWL of the device used. Refer to Figure 1 and table 3 for typical spin times.

Spinat 14,000 =g

How to Use Amicon Ultra-0.5 Filter Devices, continued
5.

B.

Remove the assembled device from the centrifuge and separate the Amicon Ultra filter
device from the microcentrifuge tube.

To recover the concentrated solute, place the Amicon Ultra filter device upside down

in a clean micro centrifuge tube. Place in centrifuge, aligning open cap towards the
center of the rotor; counterbalance with a similar device. Spin for 2 minutes at

1,000 x g to transfer the concentrated sample from the device to the tube. The
ultrafiltrate can be stored in the centrifuge tube.

NOTE: For optimal recovery, perform the reverse spin immediately.

Fillrate Concentrate

Separale device Turn device upside
from fube diawn in clean tube Spinat 1,000 xg
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E.4 QIlAquick PCR purification Kit Protocol

QIAquick PCR Purification Kit Protocol

using a microcentrifuge

This protocol is designed to purify single- or double-stranded DNA fragments from PCR
and other enzymatic reactions (see page 8). For cleanup of other enzymatic reactions,
follow the protocol as described for PCR samples or use the MinElute Reaction Cleanup
Kit. Fragments ranging from 100 bp to 10 kb are purified from primers, nucleotides, poly-
merases, and salts using QlAquick spin columns in a microcentrifuge.
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Important points before starting
B Add ethanol (96-100%) to Buffer PE before use (see bottle label for volume).

B All centrifugation steps are carried out at 17,900 x g (13,000 rpm) in a
conventional tabletop microcentrifuge at room temperature.

B Add 1:250 volume pH indicator | to Buffer PB (i.e., add 120 pl pH indicator | to
30 ml Buffer PB or add 600 pl pH indicator | to 150 ml Buffer PB). The yellow color
of Buffer PB with pH indicator | indicates a pH of <7.5.

B Add pH indicator | to entire buffer contents. Do not add pH indicator | to buffer
aliquots.

B [fthe purified PCR product is to be used in sensitive microarray applications, it may
be beneficial to use Buffer PB without the addition of pH indicator I.

Procedure

1. Add 5 volumes of Buffer PB to 1 volume of the PCR sample and mix. Itis not necessary
to remove mineral oil or kerosene.

For example, add 500 pl of Buffer PB to 100 pl PCR sample (not including oil).

2. If pH indicator I has beein added to Buffer PB, check that the color of the mixture is
yellow.

If the color of the mixture is orange or violet, add 10 pl of 3 M sodium acetate, pH
5.0, and mix. The color of the mixture will turn to yellow.

3.  Place a QlAquick spin column in a provided 2 ml collection tube.

4. To bind DNA, apply the sample to the QlAquick column and centrifuge for 30-60 s.

5. Discard flow-through. Place the QIAquick column back into the same tube.
Collection tubes are re-used to reduce plastic waste.

6. To wash, add 0.75 ml Buffer PE to the QlAquick column and centrifuge for 30-60 s.

7. Discard flow-through and place the QlAquick column back in the same tube.
Centrifuge the column for an additional 1 min.

IMPORTANT: Residual ethanol from Buffer PE will not be completely removed unless
the flow-through is discarded before this additional centrifugation.
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10.

Place QlAquick column in a clean 1.5 ml microcentrifuge tube.

To elute DNA, add 50 pl Buffer EB (10 mM Tris-Cl, pH 8.5) or water (pH 7.0-8.5) to
the center of the QlAquick membrane and centrifuge the column for 1 min. Aliernatively,
for increased DNA concentration, add 30 pl elution buffer to the center of the QlAquick
membrane, let the column stand for 1 min, and then centrifuge.

IMPORTANT: Ensure that the elution buffer is dispensed directly onto the QIAquick
membrane for complete elution of bound DNA. The average eluate volume is 48 pl
from 50 pl elution buffer volume, and 28 pl from 30 pl elution buffer.

Elution efficiency is dependent on pH. The maximum elution efficiency is achieved
between pH 7.0 and 8.5. When using water, make sure that the pH value is within this
range, and store DNA at —20°C as DNA may degrade in the absence of a buffering
agent. The purified DNA can also be eluted in TE buffer (10 mM Tris-Cl, 1 mM EDTA, pH
8.0), but the EDTA may inhibit subsequent enzymatic reactions.

If the purified DNA is to be analyzed on a gel, add 1 volume of Loading Dye to
5 volumes of purified DNA. Mix the solution by pipetting up and down before
loading the gel.

Loading dye contains 3 marker dyes (bromophenol blue, xylene cyanol, and
orange G) that facilitate estimation of DNA migration distance and optimization
of agarose gel run time. Refer to Table 2 (page 15) to identify the dyes according
to migration distance and agarose gel percentage and type.

20
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F Primer design

Primer design

The ammonia monooxygenase sub-unit (amoA) gene encodes for the ammonia
monooxygenase, a key enzyme catalyzing the oxidation of ammonia (Arp et al., 2002).
The abundance of amoA gene has been therefore used to infer the nitrification activity in
the prokaryote communities (Bartelme et al., 2017; Hu et al., 2022). In this thesis, primer
pairs were designed to target the amoA gene. Using the NCBI gene database, the amoA
gene sequences in the Archaea domain were searched with the keywords: "ammonia
monooxygenase" [All Fields] AND (Archaea [Organism] OR archaea [All Fields])" and then
retrieved. The search and retrieval of sequences were implemented in R using the REntrez
package (Winter, 2017). The retrieved sequences were manually inspected before further
analysis.

A maximum likelihood (ML) phylogenetic tree was constructed to investigate the
evolutionary relationship and diversity of this gene.

Ca. Nitrosopelagicus brevis

Ca. Nitrosotalea devanaterra
Ca. Nitrosotenuis sp. DW1

Ca. Nitrosotenuis cloacae

Ca. Nitrosotenuis aquarius

100
Nitrosarchaeum sp. AC2

Nitrosopumilus sp. K4

Ca. Nitrosomarinus catalina
Nitrosopumilus maritimus SCM1
Nitrosopumilus piranensis
Ca. Nitrosopumilus koreensis AR1
66Lcq, Nitrosopumilus sp. SW
Nitrosopumilus ureiphilus
Nitrosopumilus zosterae
Ca. Nitrosopumilus sediminis
-Nitrosopumilus adriaticus
Nitrosopumilus cobalaminigenes
Nitrosopumilus oxyclinae
Ca. Nitrosocosmicus hydrocola
—mn[fc.a. Nitrosocosmicus oleophilus
Ca. Nitrosocosmicus franklandus

100 Ca. Nitrososphaera gargensis Ga9.2

—Rm'i—Ca Nitrososphaera evergladensis SR1

66|

‘Ca. Nitrosocaldus cavascurensis

100‘03, Nitrosocaldus islandicus

Figure 1: Phylogenetic tree of ammonia monooxygenase sub-unit (amoA) gene in the
Archeal domain constructed by maximum likelihood method. The numbers below the
branch points denote the confidence levels of the relationship of the paired sequences
determined by boot strap statistical analysis.

Figure 1 above shows that amoA gene in Archeal community is diverse. However, through
inspection of the Illumina 16S metabarcoding data (Figure 3.8), Nitrosopumilus was the
only previously known nitrifier taxa in the Archaeal domain; therefore, the gPCR primers
were designed narrowed down to amplify amoA gene of this taxa. The pipeline of primer
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design is described in Persson et al. (2022). The design process followed the extensive
guideline in Rodriguez et al. (2015). Afterward, the candidate primers were checked for
secondary structures, i.e., self-dimer, cross-dimer, and hairpin structure. The specificity of
the candidate primers was evaluated through alignment (BLAST) to the largest NCBI
Nucleotide database.
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G Chromatograms from Sanger sequencing

Figure G.1: Chromatogram of the archaeal amoA gene sequenced with Sanger
sequencing.
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Figure G.2: Chromatogram of the amoA gene in Nitrosopumilus sequenced with
Sanger sequencing.
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