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Abstract 
Fish are constantly in contact with microorganisms in the surrounding environment, and their 

mucosal surfaces; skin, gills and the gastrointestinal tract are colonized by microbiota that play 

vital functions for their health and welfare. Suboptimal rearing conditions may affect the 

stability and quality of the microbial communities associated with the rearing water and the fish 

host, allowing potentially harmful bacteria to proliferate.  

 

Small accumulating organic particles are a problem in recirculating aquaculture systems (RAS) 

and affects both the water quality and the health of reared Atlantic salmon parr. The objective 

of this thesis was to investigate the effect of membrane filtration on the microbial communities 

of the rearing water, gut and skin mucus of Atlantic salmon parr. Water and fish microbiota 

from two RASs, one conventional RAS (cRAS) and one RAS with a membrane filtration step 

implemented (mRAS), was examined at two different sampling times representing different 

feed loadings and water exchange rates. The period prior to the first sampling time (t1) was 

characterized by high water exchange rate and normal feed loading, while moderate water 

exchange rate and intentional overfeeding characterized the period prior to the second sampling 

time (t2). The water, gut and skin mucus microbiota were characterized by Illumina sequencing 

of the V4-region of the bacterial 16S rRNA gene. 

 
The salmon parr reared in mRAS grew larger compared to the fish in cRAS. The water 

microbiota was significantly different between cRAS and mRAS, with a more diverse microbial 

community in mRAS. Three OTUs representing Mycobacterium, 

Spartobacteria_genera_incertae_sedis and Legionella dominated the water microbiota in 

cRAS. The first two OTUs increased in abundance at t2. In mRAS, the water communities were 

dominated by a Sphaerotilus-OTU at t1 and a Flavobacterium-OTU at t2. Fish reared in mRAS 

had a significantly different gut microbiota and were more similar between the two sampling 

times compared to that of fish in cRAS. Carnobacterium was the dominant OTU in the gut 

microbiota of mRAS fish. A Brochothrix-OTU increased highly in abundance at t2, causing the 

largest difference between the two sampling times in mRAS. The OTUs Mycobacterium, 

Spartobacteria_genera_incertae_sedis and Legionella were more abundant also in the gut of 

cRAS fish compared to that of mRAS fish. The two former OTUs increased in abundance at t2, 

just as in the water microbiota. The skin microbial communities were significantly different at 

the two sampling times. Both Mycobacterium and Spartobacteria_genera_incertae_sedis 
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became more abundant after the feed overloading period (t2) in both systems, with a higher 

abundance in the skin microbiota of cRAS. The three presumed opportunists associated with 

the water also colonized the gut and skin mucus of the fish reared in cRAS. This strongly 

indicates that the water microbiota affected both the gut and skin mucus microbiota of Atlantic 

salmon parr. 
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Sammendrag 
Fisk er i direkte kontakt med mikroorganismer som koloniserer vannet, og i tillegg, er fiskens 

mukosale overflater; skinn, gjeller og tarm, kolonisert av mikrober som spiller en vital rolle for 

vertens helse og velferd. Oppdrettsforhold som ikke er optimale har potensial til å påvirke 

stabiliteten og kvaliteten til de mikrobielle samfunnene i vannet samt mikrobene som 

koloniserer fisken. Dette kan føre til at potensielt patogene bakterier øker i antall. 

 

Små organiske partikler som akkumuleres i vannsøylen er et problem i resirkulerende 

akvakultur systemer (RAS). De påvirker både den mikrobielle vannkvaliteten og lakseparrens 

helse. I denne masteroppgaven var det av interesse å undersøke hvilken effekt 

membranfiltrering har på det mikrobielle samfunnet som koloniserer vann, tarm og skinn hos 

Atlantisk lakseparr. Vann og fiskemikrobiota fra to RAS, ett konvensjonelt RAS (cRAS) og ett 

system med membranfiltrering (mRAS) ble undersøkt ved to prøvetidspunkt som representerte 

ulik fôringsbelastning og vannutvekslingsgrad. Perioden før prøvetidspunkt 1 (t1) var 

karakterisert med høy vannutveksling og normal fôringsbelastning, mens perioden før 

prøvetidspunkt 2 (t2) var karakterisert med moderat vannutveksling og høy fôringsbelastning 

av systemet. Vann, tarm og skinnmikrobiota ble karakterisert ved Illuminasekvensering av V4-

regionen til det bakterielle 16S rRNA-genet.  

 

Lakseparren i mRAS var større sammenliknet med parren i cRAS ved eksperimentslutt. 

Vannmikrobiotaen var signifikant forskjellig mellom cRAS og mRAS, med et mer mangfoldig 

mikrobielt samfunn i mRAS. Mycobacterium, Spartobacteria_genera_incertae_sedis og 

Legionella var de tre mest vanlige OTUene i vannet i cRAS. De to første ble mer vanlig ved t2. 

En Sphaerotilus-OTU dominerte i vannet i mRAS ved t1, mens en Flavobacterium-OTU ble 

mer vanlig ved t2. Det var signifikante forskjeller i tarmmikrobiota mellom fisk i cRAS og 

mRAS. Tarmmikrobiotaen for fisk i mRAS var mer lik ved de to prøvetidspunktene 

sammenliknet med fisk i cRAS. Carnobacterium var den dominerende OTU i 

tarmmikrobiotaen hos fisk i mRAS. Ved prøvetidspunkt 2 ble Brochothrix mye mer vanlig i 

mRAS, og skapte de største forskjellene mellom de to prøvetidspunktene. Mycobacterium, 

Spartobacteria_genera_incertae_sedis og Legionella var også de tre mest vanlige OTUene i 

tarmmikrobiotan hos fisk i cRAS sammenliknet med fisk i mRAS, hvor de to førstnevnte ble 

mer vanlig ved t2, slik som for vannmikrobiotaen. Det mikrobielle samfunnet tilknyttet fiskens 

skinn var signifikant forskjellig mellom de to prøvetidspunktene. Både Mycobacterium og 

Spartobacteria_genera_incertae_sedis ble mer vanlig ved t2 i begge system etter økt 



  vi 

fôringsbelastning. De var mer vanlig i skinnmikrobiotaen for fisk i cRAS. Siden de tre antatte 

opportunistene i vannet også var i stand til å kolonisere fiskens slimlag, er dette en sterk 

indikasjon på at vannmikrobiotaen påvirket den Atlantiske lakseparrens tarm- og 

skinnmikrobiota. 
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Abbrevations 
 

AOB  Ammonia oxidizing bacteria 

BF  Biofilter 

cRAS  conventional RAS 

DOM  Dissolved organic matter 

DS  Drum screen 

F  Fish  

FT  Fish tank 

FTS  Flow-through system 

G  Gut 

GI  Gastrointestinal (tract) 

HRT  Hydraulic retention time 

HTS  High-throughput sequencing 

LBCC  Land-based closed containment 

LBS  Land-based systems 

MBB  Moving-bed biofilter 

MF  Membrane filter 

mRAS  membrane RAS 

NOB  Nitrite oxidizing bacteria 

OTU  Operational taxonomic unit 

PCR  Polymerase chain reaction 

POM  Particulate organic matter 

RAS  Recirculating aquaculture system 

Sx  Sump 

SGR  Specific growth rate 

SM  Skin mucus  

TAN  Total ammonia nitrogen 

TGC  Thermal-unit growth coefficient 

TMP  Transmembrane pressure 

W  Water
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1. Introduction 
1.1 The Aquaculture Industry 

Aquaculture is the cultivation of marine or freshwater species, with some form of control over 

the population, like feeding and adjustment of water quality. It is thought to be among the fastest 

growing primary industries in the World, where China is one of the major contributors, 

producing over 60 % of the total and is the top exporter of aquaculture products (FAO, 2016). 

One of the reasons for the growth since 1990 is increased knowledge and improvements related 

to both biology, technology and nutrition. Due to the worlds’ increasing population and limited 

food resources, aquaculture and fisheries is believed to have a great potential in securing enough 

food. The industry is also offering jobs, which have both positive economic and social impacts 

(FAO, 2016). 

 

Norway is an important contributor to this growing industry. In 2016, the total production in 

the aquaculture sector was 1.3 million tons in total in Norway. The proportion of the two most 

produced species, Atlantic salmon (Salmo salar) and rainbow trout (Oncorhynchus mykiss), 

was 1 233 619 tons and 87 853 tons respectively (SSB, 2017). With this biomass production of 

Atlantic salmon, the nation is the worlds’ largest producer and also the top exporter of salmon 

(FAO, 2016). Salmon is an important source of nutritious food, containing high quality protein, 

omega-3 and important vitamins and minerals, making it a high-valued specie both nutritionally 

and economically (FAO, 2016).  

 

1.1.1 The biology of Atlantic salmon (Salmo salar) 

Atlantic salmon is a species in the Salmonidae family. They are wild caught and geographically 

distributed at both sides of the North Atlantic Ocean, in rivers located in North-America and 

Europe (Jobling et al., 2010). It is an anadromous fish, which means that the first years of its 

life cycle are spent as so-called parr in fresh water, before it smoltify and migrates to the sea. 

To “smoltify” means that the fish is adapting to higher salinities. Smoltification is a challenging 

process for the fish, and morphological, physiological and behavioral changes are necessary 

(Folmar and Dickhoff, 1980, Yamauchi et al., 1985). The smolt spends some years in sea water, 

where it grows, before the adult salmon return to its parental river again to spawn (Jobling et 

al., 2010).  
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1.1.2 The aquaculture production cycle and rearing conditions in land-based systems (LBS) 

A normal production cycle from fertilized egg to harvestable salmon takes around three years. 

The initial fresh water period, carried out in hatcheries and juvenile production facilities, are 

typically land-based and takes 10 – 16 months. After smoltification, the smolt is transferred to 

sea cages for on-growing to market size (3 – 7 kg). This production stage takes approximately 

14 – 24 months (Jobling et al., 2010). Transfer to sea cages is a challenging process for the 

smolt and is often characterized by high mortality rates. One of the main reason for this is 

thought to be suboptimal rearing conditions with low quality smolt outcome not able to handle 

stressful situations such as handling, transport and other critical situations related to sea transfer 

(Finstad et al., 2003, Iversen et al., 2005). 

 

Several important factors must be fulfilled to obtain successful cultivation of salmon in land-

based systems (LBS) (i.e. maximum growth and optimal health and welfare). To facilitate for 

optimal rearing conditions throughout the production cycle, it is important to have knowledge 

about their natural habitat, behavior, life cycle, developmental stages, nutrition, feeding regimes 

and water quality parameter limits. The increased demand for fish and the on-going 

intensification has increased the focus on fish health and welfare in order to optimize the 

rearing. Especially is conditions causing stress of interest (Ashley, 2007). Stress is the result of 

suboptimal rearing conditions (Lekang, 2013), and is defined by Barton and Iwama (1991, as 

sited by (Llewellyn et al., 2014) as “a physiological response to overcome a negative 

environmental stimulus or disturbance”. Fish that experience stress over a longer period grow 

slower because they are forced to use their energy to compensate for suboptimal rearing 

conditions. In addition, stressed fish is less resistant to diseases caused by pathogenic 

microorganisms (Llewellyn et al., 2014). There is increased attention on microorganisms 

associated with the rearing water and the fish host, focusing on microbial water quality and how 

detrimental bacteria cause stressful situations for the reared fish. The symbiotic communities 

are thought to change in response to stress, so how to facilitate for stabile microbial 

communities, both in the rearing water and those associated with the host, is of interest. 

Homeostasis of the host-associated microbiota is thought to be a central key to obtain optimal 

fish health and welfare (Chiarello et al., 2015, Llewellyn et al., 2014). 
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1.2 Smolt production in recirculating aquaculture systems (RAS) 

In 2013, there were 193 smolt production facilities for both salmon and rainbow trout in 

Norway. Of these, 165 were flow-through systems (FTS) and 25 were fully or partly 

recirculating aquaculture systems (RAS) (Mattilsynet, 2014). According to the Directorate of 

Fisheries (Fiskeridirektoratet), there was a total of 187 smolt production licences and 117 

companies in Norway in 2016, both for salmon, trout and rainbow trout (Fiskeridirektoratet, 

2017). How many RAS and FTS facilities that exist on a national basis today is unsure, but 

RAS is surely increasing in popularity (Badiola et al., 2017). Most of the newly build facilities 

are RAS and several companies rebuild their flow-through systems into recirculation systems 

(Personal communication, Fiskeridirektoratet). 

 

RAS is a land-based cultivation system used worldwide in rearing of both marine and 

freshwater species at different developmental stages. In contrast to traditional flow-through 

systems, RAS is re-using the outlet water from the rearing tanks (Figure 1.1). The used water 

is treated in a water treatment loop that controls and adjusts water quality parameters before it 

enters the tanks again (Lekang, 2013). Water quality variables that need to be controlled is the 

amount of organic matter in the system, oxygen, pH, temperature, salinity, the concentration of 

total ammonia nitrogen (TAN), carbon dioxide (CO2) concentration and the microbial stability, 

to mention some. 

 

 
Figure 1.1 Flow-through system (FTS) (top) compared to a recirculation aquaculture system (RAS) 

(below). Figure from Lekang (2013).  
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To describe a recirculating aquaculture system, three parameters are important according to 

Lekang (2013); the degree of re-use, water exchange with respect of fish or feed and the degree 

of purification. New water is added continuously or in batches, but continuous adding of water 

is most common. RAS systems allows for 90 – 99 % water recirculation (Badiola et al., 2012).  

 

Recirculating of rearing water has both positive and negative aspects. First of all, the volume 

of intake water to the system is reduced. This reduces the energy needed to heat and treat the 

inlet water (Lekang, 2013). With the reduced amount of water, it is easier to obtain a stable 

water temperature throughout the production year. There is limited access to good quality 

freshwater sources in the World, which is one of the reasons why many companies choose RAS 

rather than FTS. The reduction of water consumption is the main reason for why many 

companies in Norway choose RAS, as the authorities has set a limit for water use not to extend 

the volume used for salmon production in 2011. Another reason, is that the freshwater sources 

in Norway is often characterized with low pH, low buffering capacity and variable levels of 

metals like aluminum (Al) and iron (Fe) (Kristensen et al., 2009). RAS with treatment of the 

inlet water and treatment of the used water gives the farmer great control of both water quality 

and environmental parameters and may contribute to a healthier and more robust fish (Hambly 

et al., 2015, Badiola et al., 2012). Marine larvae reared in RAS has showed to onset growth 

earlier, have higher survival and higher tolerance to stressful conditions compared to larvae 

reared in FTS. This emphasizing the importance of the possibility to obtain stable, optimal 

rearing conditions, also for the microbiota (Attramadal et al., 2012, Verner-Jeffreys et al., 

2004).  

 

Investment and operating costs are the two major disadvantages of RAS (Lekang, 2013). 

Several steps in the water treatment loop are dependent on well-functioning technology and 

constant supply of electricity to be operated, and in case of failure, there is a need for back-up 

systems. However, these are not the only challenges. The intensification has brought up several 

challenges related to technology and biology that need to be solved in order to improve the 

rearing and outcome in RAS. Important issues suggested to improve the rearing conditions are 

more efficient removal of accumulated waste products, such as small particles and nitrogen 

compounds (Martins et al., 2010). 
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1.3 Water quality parameters and components of the treatment loop 

The components of the water treatment loop controls and adjusts the water quality parameters, 

so that they are well within the acceptable range for the reared species. Optimal water quality 

parameters for Atlantic salmon are given in Table A.1 (Appendix A). Typically, the first step 

in the water treatment loop is particle removal by for example mechanical filtration, before 

nitrifying bacteria in the biofilter convert ammonia to less toxic nitrate. Stripping of the 

metabolic end product carbon dioxide takes place in a degasser. Oxygen could be supplied at 

several locations in the system. One opportunity is to add directly to the intake water of each 

rearing tank. Several aquaculture facilities also include disinfection as one of the last treatments 

of the re-used water, where ozone and ultraviolet light (UV) are used with the intention to 

inactivate microorganisms and reduce the concentration to an acceptable level. There is a lot of 

different technologies and several possibilities of set-up and design of a RAS and its treatment 

loop. The most optimal is related to the reared species, but also to what the farmers wishes and 

the functionality of each individual system.  

 

1.3.1 Removal of particles and organic matter  

Organic matter is the carbon-containing material in the system. Overfeeding, defecation, 

shedding of biofilm and dead organisms are all contributing to the organic loading of the rearing 

water. Organic matter can be classified into particulate organic matter (POM) (> 0.001 𝜇m) and 

dissolved organic matter (DOM) (< 0.001 𝜇m) based on size (Lekang, 2013). Further, particles 

may be classified as colloids (0.001 – 1 𝜇m), supercolloids (1 – 100 𝜇m) and suspended 

settleable particles (> 100 𝜇m) (Lekang, 2013). Suspended non-settleable particles are smaller 

than 100 𝜇m, and include algae and other living organisms (Holan et al., 2014).  

 

The amount of organic matter in the system should be kept low for several reasons. Firstly, the 

suspended solids affect the fish health negatively by causing stressful conditions and gill 

irritation. This may cause reduced growth rates over time (Chapman et al., 1987, Fernandes et 

al., 2015). Secondly, the system itself could be negatively affected. Bacterial degradation of the 

particles contributes to oxygen consumption, as well as ammonia and CO2 production in the 

system. Large particles have the potential to clog pipes and settle at dead zones where the water 

current is not optimal. These areas may turn into anoxic zones and release toxic gases such as 

hydrogen sulfide (H2S). Moreover, high particle levels have the potential to reduce the 

effectiveness of ozone and UV disinfection, by shielding the pathogenic microorganisms 
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(Liltved and Cripps, 1999). Finally, POM and DOM are substrate for heterotrophic bacterial 

growth. High amounts of organic particles are followed by higher loads of bacteria in the 

system, which could cause rapid reduction of biofilter nitrification efficiency and additional 

unwanted problems described in more detail below section 1.3.4. Hence, removal of organic 

matter from the system is important to obtain optimal rearing conditions and good water quality. 

 

Different removal technologies exist to eliminate both larger and smaller particles. Removal of 

free moving particles can be done by sedimentation of settleable particles or with hydrocyclones 

that utilizes the centrifugal forces (Lee, 2015). Hindered separation can be performed by 

filtration with sieves and grids or with different types of filters. The pore size determines which 

size of particles are removed. The most commonly used mechanical separation methods are 

screens and rotating microscreens with pore sizes from 60 to 200 𝜇m available (Barrut et al., 

2013, Cripps and Bergheim, 2000). It is difficult to remove particles smaller than 50 𝜇m 

because they have slow sedimentation rates, and screen with small pore sizes results in reduced 

flow rate and finally clogging of the screen (Cripps and Bergheim, 2000). The consequence is 

accumulation of small particles, like colloids, and dissolved organic material in the RAS 

system’s water. This is a problem and affects the water quality negatively (Martins et al., 2010). 

Protein skimmers and membrane filtration are two technologies capable of removing the 

accumulating particles (Lekang, 2013).  

 

1.3.2 Membrane filtration technology 

Membrane filtration is a physical separation method that has been used for decades in the 

process industry. It is a relatively new method in treatment of waste water and drinking water 

(Lekang, 2013). The method is not widespread in the aquaculture sector but considered a 

promising water treatment technology for removal of accumulating organic particles in land-

based recirculating aquaculture systems.  

 

The membrane has a semi-permeable function, meaning that some substances are rejected, 

while others are allowed to pass. Most of the membrane filters are made of synthetic or natural 

organic polymers (Sagle and Freeman, 2004, Li et al., 2008). A membrane filter has the 

potential to remove suspended and colloidal particles from the water. If the pore size is small 

enough, also microorganisms are removed, thereby functioning as a disinfection step (Li et al., 

2008). 
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The main reason why membrane filtration is rarely used in aquaculture today is pore-blocking 

and fouling. These problems reduce the efficiency of the membrane and back-flushing is needed 

(Lekang, 2013). Membrane filters are expensive, so there are also some cost-related issues. 

Despite this, it is increasing in popularity due to its capability to improve the water quality by 

removing smaller organic particles that escape the traditional water treatment mechanisms 

(Wold et al., 2014). 

 

1.3.3 Nitrogen compounds and the biofilter  

The end product in the protein catabolism is inorganic nitrogen (ammonia). Most of the 

ammonia is excreted through the gills and some are released as urea in the urine. Ammonia is 

toxic for the fish (and other animals), even at low concentrations. The compound induces stress 

responses and reduce the growth. Longer exposure and high concentrations may have lethal 

effects (Randall and Tsui, 2002, Ruyet et al., 1997). Ammonia exists in two forms in water; as 

unionized ammonia (NH3) and ionized ammonium (NH4+), where NH3 is the most toxic form. 

The sum of NH3 and NH4+ is called total ammonia nitrogen (TAN). This equilibrium depends 

on pH, temperature and salinity (Ip et al., 2001, Randall and Tsui, 2002). 

 

The biofilter converts ammonia to less toxic nitrate in a two-step process called nitrification. In 

the first step, ammonia oxidizing bacteria (AOB) oxidize ammonia to nitrite (NO2-) before 

nitrite oxidizing bacteria (NOB) oxidize nitrite to nitrate (NO3-) in the last step. They grow in 

biofilm at surfaces (Chen et al., 2006). One possible setup commonly used in RAS is the 

moving-bed biofilter (MBB), where biofilm carriers with large surface area are suspended and 

mixed due to addition of air at the bottom (Rusten et al., 2006).  

 

The nitrifying bacteria are not the only bacteria occupying space in the biofilter. Also, 

heterotrophic bacteria are found here, generally representing over 80 % of the biofilm bacterial 

communities (Michaud et al., 2006). Heterotrophs have higher growth rates than the nitrifiers 

and can outcompete the nitrifiers if there is enough substrate, oxygen and space available. This 

creates an unwanted situation since the availability of O2 is lowered and the concentration of 

CO2 increases. Hence, it is important to control the level of heterotrophic bacteria because they 

could lower the efficiency of the biofilter and have negative effects on the water quality 

(Fjellheim et al., 2016). 
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1.3.4 Microbial control in RAS systems 

Microbial control is the control of the total number and types of microorganisms in the system. 

There is of interest to select for desirable water microbiota (i.e. microbial maturation) and to 

avoid proliferation of detrimental pathogens (Vadstein et al., 1993, Skjermo and Vadstein, 

1999). 

 

Microorganisms is a natural part of a recirculating aquaculture system. Some of them interfere 

with the fish and affect their health positively or negatively by causing diseases. The first barrier 

to avoid pathogenic entrance is disinfection of the inlet water. Furthermore, blooming of 

heterotrophic, opportunistic bacterial communities, due to high organic loading, is thought to 

affect the welfare of the fish negatively (Hambly et al., 2015). These bacteria may turn 

pathogenic and cause disease when the fish are weakened by stress (Vadstein et al., 1993). 

Therefore, several commercial recirculating facilities also include a disinfection step in the 

water treatment loop, intentionally to inactivate and reduce the microbial concentration in their 

system to an acceptable level. 

 

In commercial facilities there has been little focus on microbial ecology and conditions that 

promotes microbial stability of the rearing water. Several studies focusing on marine larvae has 

shown that control of the microbial state of the water is essential to obtain optimal rearing 

conditions, health and welfare of the reared species (Vadstein et al., 1993, Skjermo et al., 1997, 

Attramadal et al., 2014). There has been proposed several different strategies to obtain 

microbial control and stability. The strategies are related to the r/K-selection theory (Vadstein 

et al., 1993, Skjermo et al., 1997). K-strategists dominates in stable mature environments where 

there is low supply of substrate per bacteria. They are characterized by their high substrate 

affinity and low growth rate. On the other side is the fast-growing r-strategists which are 

considered as opportunistic. They are bad competitors and thrive in unstable pioneer 

environments where the supply of nutrients per bacteria is high (Vadstein et al., 1993). 

Detrimental opportunists are mainly found among the opportunistic heterotrophs present in the 

system. Opportunistic heterotrophs are always present, but to obtain microbial control, the aim 

should be to keep the percentage down. Proliferation of heterotrophic bacteria is avoided by 

reducing the amount of organic matter available. In addition, disinfection should be avoided as 

it creates an unstable environment with high amounts of substrate available per bacteria, 

conditions that selects for unwanted r-strategists (Blancheton et al., 2013, Attramadal et al., 

2012).  
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Attramadal et. al (2012) have suggested RAS as a possible strategy to obtain K-selection of the 

water microbiota. RAS operates with a high degree of water re-use, giving a long total system 

hydraulic retention time (HRT). The water remains in the system for a longer time period due 

to low water dilution. This keeps the slow-growing bacteria in the system. If a stable supply 

and removal of organic matter is obtained and disinfection of the re-used water is avoided, it is 

possible to maintain a low and stable carrying capacity throughout the system. This creates 

conditions that promotes K-selection, leading to more stable microbial communities over time 

and less variability between replicate tanks (Attramadal et al., 2012). Further, more efficient 

removal technologies for accumulating organic particles, such as membrane filtration, may 

improve the microbial water quality and the fish welfare. Atlantic cod (Gadus morhua) larvae 

reared in a RAS with membrane filtration showed higher survival and growth compared to the 

control group (Wold et al., 2014). 

 

1.4 Fish – microbe interactions 

The mucosal surfaces of vertebrates are colonized by bacteria, protozoa, virus, archaea and 

fungi, collectively called the microbiota. It is believed that the microorganisms outnumber their 

host cells by 10 to 1 (Turnbaugh et al., 2007). Several studies in this field has been performed 

on humans, where the “The Human Microbiome Project” launched in 2007 has been an 

important contributor in the study of the human microbiome and the relevance in normal 

physiology and disease (Turnbaugh et al., 2007). Through the studies of humans and model 

organisms like mice and zebrafish (Danio rerio), it has been revealed that commensal 

microbiota serves vital functions for their host. It is known that they, among other, facilitate 

digestion and nutrient absorption, synthetize vitamins, protect against pathogens and stimulates 

the immune system (Fraune and Bosch, 2010, Turnbaugh et al., 2007).  

 

1.4.1 Teleost fish and commensal bacteria  

Aquatic environments are highly colonized by microorganisms. Thus, fish and other aquatic 

animals are constantly in contact with water microbes, which includes both pathogenic and non-

pathogenic species. The skin, gills and gastrointestinal (GI) tract are the primary mucosal 

barriers between the fish and its environment, and the site of colonization by commensal 

microbiota (Figure 1.2).  
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Figure 1.2 The commensal microbiota colonizes the primary mucosal barriers; skin, gills and gut 

(anterior and posterior gut) of the fish. Figure adapted from Lowrey et. al (2015). 

 

The mucosal surfaces of teleost fish resemble the mammals’ in several ways even though there 

exist some structural and functional differences (Gomez et al., 2013, Peterson, 2015). Mucus is 

a viscous secrete continually produced and secreted by goblet cells in the epithelial layer 

(Ángeles Esteban and Cerezuela, 2015). The main constituents are water, electrolytes, lipids 

and various proteins, making it a nutrient rich substance for adherence and growth of microbiota 

(Bansil and Turner, 2018, Gomez et al., 2013). It also contains lysozyme and different 

antimicrobial peptides, creating an antimicrobial barrier for invading pathogens (Bansil and 

Turner, 2018). A well-functioning mucus is characterized by balanced secretion of mucus and 

a stable number of commensal bacteria that outcompetes pathogens by competing for substrate 

or adhesion sites (Olsen et al., 2008).  

 

Colonization of the mucus layers by commensal bacteria happens early in development. Teleost 

fish eggs becomes colonized possibly during oviposition and/or when it comes in contact with 

the surrounding water (Llewellyn et al., 2014). Water flow or chemotaxis mechanisms make 

the microbes come in contact with the egg (Merrifield and Rodiles, 2015). The skin of the newly 

hatched larvae become colonized by both the existing egg chorion bacteria and additional 

environmental bacteria (Llewellyn et al., 2014). Microbiota may colonize the gut after mouth 

opening and first-feeding, indicating that bacteria present at the fish surface, in the water and 

feed represent the initial gut communities (Llewellyn et al., 2014, Romero and Navarrete, 

2006). Throughout life, the bacterial communities develop and matures due to different 

influencing factors described in the next two sections.  
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1.4.2 The Commensal Microbiota of the Gastrointestinal Tract 

The gastrointestinal tract of salmonids is divided into esophagus, stomach, pyloric caeca, 

anterior intestine and posterior intestine, and is the site of food digestion (Bone, 2008, Løkka, 

2013). Anatomical and physiological differences in each compartment favors different types 

and numbers of colonizing microbiota. Their main task is to facilitate nutrient absorption and 

protect against pathogenic invasion (Navarrete et al., 2008). The bacteria colonizing the GI tract 

are either autochthones or allochthones. Autochthones binds the mucus and allochthones do 

not. The transient allochthones lack the ability to colonize the mucus epithelial layer, or they 

are outcompeted, and will thus remain in the luminal content (Nayak, 2010b, Navarrete et al., 

2008). Proteobacteria, Firmicutes, Bacteriodetes and Tenericutes has been found to be the 

dominating phyla in gut microbiota of teleost fish (Llewellyn et al., 2014, Dehler et al., 2017b, 

Sullam et al., 2012). 

 

Homeostasis of the microbial community is important to avoid disease and maintain good 

health of the organism. The gut possesses a selective environment and the composition of 

microbiota is determined by developmental stage, host genetics, diet, stress and the surrounding 

water (Nayak, 2010b, Sullam et al., 2012, Merrifield and Rodiles, 2015). It is still under debate 

on which level host genetics determines the composition of commensal bacteria in the gut (and 

other mucosal surfaces), but it is thought that the innate immune system plays a major role 

(Llewellyn et al., 2014). 

 

Feed and nutrition is also a factor that may shape the GI microbial communities. During first-

feeding of rainbow trout the bacterial load of the gut increased, causing a change in the gut 

microbial communities (Ingerslev et al., 2014). Ringø et. al (2006) found that the gut microbiota 

of Atlantic cod fed with fish meal, standard soya bean meal and bioprocessed soya bean meal 

was affected by their different diets. However, Bakke et. al (2013) found that microbiota 

associated with the diet may not be the major determinant of shaping the gut microbiota in cod 

larvae, but rather the microbiota associated with the rearing water. 

 

A third factor that affects the commensal communities is the environment. The physiology of 

the environment; pH, organic loading, temperature, salinity and so on, determines which 

microbes are present in the first place. Dehler et. al (2017b) studied the gut associated 

microbiota in Atlantic salmon parr reared in two different environments, one recirculating 

laboratory aquarium and one open freshwater loch, and found that the environment most likely 
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was the reason for different gut community composition representing the two groups. One of 

the reasons stated was that the fish in the natural open loch was exposed to higher bacterial 

loads and had access to additional food sources. In addition, the composition of bacterial 

communities in the intestine were found to differ between freshwater species and species living 

in seawater (Nayak, 2010b, Roeselers et al., 2011).  

 

1.4.3 Teleost Skin and Associated Microbiota 

The skin is the largest organ of the body and is often referred to as the integumentary system. 

It serves many functions, such as maintaining body shape, protection against physical damage, 

as well as invasion by pathogens. It consists of three layers, the mucus layer, epidermis and 

dermis, where the symbiotic microbiota colonize the outermost mucosal surface (Ángeles 

Esteban and Cerezuela, 2015).  

 

The microbiota associated with the skin of teleost have been less studied than those associated 

with the gut. Still, little is known about the residing bacteria and their function and role in fish 

health (Lowrey et al., 2015). Studies so far, have found that the phyla Proteobacteria, 

Bacteriodetes, Firmicutes and Actinobacteria is abundant at teleost skin (Boutin et al., 2014, 

Lowrey et al., 2015, Chiarello et al., 2015). Lowrey et. al (2015) found that the diversity of 

bacteria associated with the skin of rainbow trout was higher than those associated with internal 

surfaces and may be due to the skins direct contact with the surrounding water. 

 

The skin and its mucosal surface is the first barrier between the fish and its environment, and 

like the gut, influenced both by environmental factors and host-associated factors (Chiarello et 

al., 2015). These interacting factors create different physical and chemical surfaces colonized 

by microbiota that vary between teleost species, individuals and body parts (Larsen et al., 2013, 

Chiarello et al., 2015). Studies performed on Atlantic salmon migrating from freshwater to 

seawater, found that the phylogenetic diversity of skin mucus increased in the marine stage, 

indicating an environmental effect (Lokesh and Kiron, 2016). Host-associated factors that 

shapes the skin microbiota are genetics and excretion of metabolic waste and mucus. The 

different body parts of the fish are exposed to water flow and secrete in varying degree, creating 

different colonization surfaces for the microbiota (Chiarello et al., 2015).  

 

To summarize, the gut and skin microbiota are influenced by several of the same complex 

shaping factors. Still the bacterial communities in these two mucosal habitats are dominated by 
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different genera, indicating that different selection pressures exist (Merrifield and Rodiles, 

2015, Dehler et al., 2017b). Water and fish mucus surfaces has shown to be colonized by 

different bacterial communities (Minniti et al., 2017, Giatsis et al., 2015). As mentioned, 

different treatment of the rearing water, such as disinfection, microbial maturation and 

membrane filtration affects the microbial communities associated with the system water. But it 

is still unknown if and how the water microbiota affects the mucus associated microbiota which 

is determinant for fish health and welfare.  

 

1.5 Investigation of microbial diversity – High-throughput sequencing (HTS) of 16S 

rRNA amplicons 

The study of teleost symbiotic microbiota was previously based on culture-dependent methods. 

It is well-known that culture-dependent methods underestimate the bacterial diversity in 

samples from natural habitats (von Wintzingerode et al., 1997). Actually, more than 99 % of 

the species in environmental samples have never been successfully grown in the laboratory 

(Madigan et al., 2015). This is because laboratory conditions fail to mimic conditions that is 

necessary for the organism to proliferate (Muyzer et al., 1993). Thus, cultivation-dependent 

methods give no valid estimation of richness and abundance and does not represent the actual 

biodiversity (von Wintzingerode et al., 1997). 

 

1.5.1 16S rRNA gene as marker gene 

The 16S rRNA gene encodes the 16S rRNA component of the 30S subunit of the ribosome and 

is one of the most used marker genes in classification, phylogenetic analyses and microbial 

diversity analyses of microbial communities (Pepper, 2015). It holds a conserved secondary 

and tertiary structure (Gluick and Draper, 1992). The gene contains nine variable regions (V1 

– V9) which can be amplified by polymerase chain reaction (PCR) with the use of universal 

bacterial primers that targets the conserved regions (Muyzer et al., 1993, Cole et al., 2014). 

Databases such as “The Ribosomal Database Project” (RDP, 2013) is offering tools for e.g. 

taxonomic assignment (Cole et al., 2014). PCR amplification of the 16S rRNA gene may not 

necessarily lead to results that represents the exact diversity of the microbial community 

because amplification may be affected by suboptimal hybridization and specification of the 

primers (von Wintzingerode et al., 1997). In addition, bacterial genomes have variable numbers 

of rRNA gene regions (rrn operons) which may cause over-representation of some bacteria (von 

Wintzingerode et al., 1997). 
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1.5.2 High-throughput sequencing (HTS) 

An alternative method to study microbial diversity is by metagenomics and high-throughput 

sequencing (HTS). HTS is a collective name for a group of modern sequencing techniques, 

such as Illumina sequencing. These methods allow the researcher to sequence deoxyribonucleic 

acids (DNAs) and ribonucleic acids (RNAs) quicker and cheaper, in contrast to traditional 

Sanger sequencing, since the sequencing process runs in parallel (Clark, 2012, Reuter et al., 

2015). Sequences representing the 16S rRNA gene is filtered out and used to describe the 

microbial community of interest (Pepper, 2015). 
 

Illumina is one of the sequencing methods that dominate in HTS (Reuter et al., 2015). After 

generating an 16S rRNA amplicon library with primers containing Illumina adapters, the PCR 

amplicons is normalized to purify and obtain an even concentration of amplicons in each sample 

(Caporaso et al., 2012, de Muinck et al., 2017). In the next step, they are pooled together. This 

is possible because the adaptor contains a unique index that identifies every single amplicon. 

The double-stranded templates are cleaved into single-stranded sequences, and with the help of 

the adaptor, annealed to oligonucleotides bound to a flow cell surface (Illumina Inc, 2018). 

DNA polymerase and un-labeled nucleotides are added to initiate bridge amplification where 

double-stranded bridges are made, generating clusters of identical DNA strands. The following 

denaturation step leaves the sequencing templates single-stranded on the flow cell surface, 

before DNA polymerase, primers and reversible fluorescent deoxyribonucleotide triphosphates 

(dNTPs) are added. Each nucleotide is tagged with a fluorescent dye, where one color 

corresponds to each of the four dNTPs. The fluorescent tag ensures that only one nucleotide is 

added at each time by terminating further DNA-synthesis at the 3’-OH ends. A computer 

analyzes the fluorescent signal, telling which base is added, thereby sequencing the region of 

interest. With the help of the unique sequence indices each sequence read can be sorted 

according to belonging sample (Illumina Inc, 2018). 
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1.6 Objectives of the study 

This master’s thesis was part of the research project RAS-ORGMAT. The overall goal in the 

RAS-ORGMAT project was to examine the potential of membrane filtration to reduce the 

amount of accumulating organic particles in the rearing water of land-based closed containment 

recirculation aquaculture systems (LBCC-RAS) with Atlantic salmon parr to improve the water 

quality and smolt health and welfare.  

 

The objective of this master project was to investigate the effect of membrane filtration on the 

microbiota associated with rearing water, gut and skin mucus of Atlantic salmon parr by 

Illumina sequencing of bacterial 16S rDNA amplicons. Furthermore, a sub-aim was to compare 

the microbial communities after a period with high water exchange rate and normal feed loading 

(day 90 – 118 of the experiment) (sampling time 1), and after a period with moderate water 

exchange rate and feed overloading of the system (day 119 – 140) (sampling time 2). To 

summarize, the aims of this thesis is to: 

 

• Evaluate the effect of membrane filtration on; 

 

o Water associated microbiota  

 

o Gut associated microbiota 

 

o Skin mucus associated microbiota 

 

• Compare the microbial communities associated with rearing water, gut and skin mucus 

within and between systems at the two sampling times (t1 and t2), representing different 

levels of feed loading and water exchange rates. 
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2. Materials and methods 

2.1 Design and setup of the fish experiment 

The fish experiment was carried out at NTNU’s Centre of Fisheries and Aquaculture (SeaLab) 

at Brattørkaia in Trondheim. This experiment was part of the research project “Developing 

water treatment technology for land-based closed containment systems (LBCC-RAS) to 

increase efficiency by reducing the negative effects of organic matter” (project acronym: RAS-

ORGMAT, 2016 – 2018, ERA-Net COFASP). SINTEF Ocean was the main responsible for 

the experiment, experiment setup, maintenance and water quality measurements. Gaute 

Helberg (master student, NTNU) was responsible for sampling and analyses related to fish 

health and performance. Ragnhild Fossmark (PhD student, NTNU) was responsible for 

sampling and analysis of water samples. Sampling and analyses of salmon gut and skin mucus 

microbiota were performed by the author of this thesis. 

 

The experiment consisted of two recirculating aquaculture systems (RAS), one conventional 

RAS (cRAS) and one that included a water treatment step with membrane filtration (mRAS). 

Each system contained six rearing tanks (FT) (400 L/tank) (Nofitech, Norway) and a 

recirculation loop with water treatment. The rearing tanks were squared with rounded corners. 

A lid was installed on top of each tank to obtain photoperiodic light control. Each of the 

recirculating loops contained, a sump (S1), a mechanical drum screen filter (DS) (HEX, CM 

Aqua Technologies, Denmark), a second sump (S2), a moving bed biofilter (BF) (Nofitech, 

Norway) and a CO2 degasser (CO2). A membrane filtration step (MF) was installed between 

sump 2 and the biofilter in the mRAS system.  

 

The two mechanical filters with a pore size of 63 𝜇m and 26 𝜇m, cRAS and mRAS respectively, 

were driven by pressure forces. To pump the water into the biofilter, a frequency-controlled 

pump (Grundfos, Denmark) was used. The membrane filter in the mRAS was a X-FLOW 

Compact 4.0G ultrafiltration membrane (PENTAIR, Netherlands) with 8 mm diameter and with 

a mean pore size of 30 nm. A 10 % side-stream of the total water flow was treated by the 

membrane. The transmembrane pressure (TMP) was set to approximately 0.2 bar. Each RAS 

contained a water volume of 3500 L in total. The total system hydraulic retention time 

throughout the experiment period is given in Table 2.1. For each system, the biofilter consisted 

of three connected chambers, each with a volume of 250 L and was prior to the experiment 

matured by addition of ammonium chloride (NH4Cl) and fish feed for approximately two 
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months. Biofilm carriers with a total surface area of 100 m2 were added to each chamber, giving 

a total carrier surface area of 300 m2. The intake water was treated with UV before entering the 

systems.  

 

 
Figure 2.1. Illustration of the setup of mRAS (left) and cRAS (right). Each system consisted of six fish 

tanks (FT), two sumps (S1 and S2), a drum screen filter (DS), pumps (P), moving bed biofilter (BF) and 

a degasser (CO2). In addition, mRAS had a membrane filter (MF) implemented before the biofilter, 

treating 10 % of the rearing water. Figure constructed by Jenny Nesje (master student, NTNU). 

 

A total of 60 S. salar parr (40 ± 4 g) was stocked in each tank at day 0 (density: 6 kg/m3). They 

came from the same sibling group and had been reared in a flow-through system before entering 

the experiment tanks. The experiment lasted for 140 days in total (24.01.17 – 13.06.17). Table 

2.1 shows the rearing conditions for each of the experiment periods. Period 1 was an 

acclimatization period for the fish and the system, where the system was run as one unit to 

ensure equal start conditions. During period 2, the system was only semi-closed, giving the 

same water to the rearing tanks, but different water (membrane filtered or not) to the two 

biofilters. In period 3, the system was split in two separate systems (as cRAS and mRAS). 

Period 3 was characterized by low water exchange rate and moderate feed loading. Period 4 
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had high water exchange rate and normal feed loading. The last period, period 5, was 

characterized by moderate water exchange rate and high feed load to the systems. The first 

sampling (t1) was performed at day 118 (22.05.17), and reflects period 4, while the second 

sampling (t2) was performed at day 140 (13.06.17) and reflects period 5. 

 
Table 2.1. Rearing conditions for the fish experiment. Each period was characterized by its respective 

average intake water volume (L/d), recirculation degree (%/d), total system hydraulic retention time (d) 

and degree of feeding (g/FT/d). In the last period (period 5) there was of interest to increase the load on 

the system by high overfeeding. 

Day Period Intake water 

(L/d) 

Recirculation degree 

(%/d) 

HRTtot 

(d) 

Feed 

(g/FT/d) 

0 – 13  1 190.1 94.6 18.4 31.7 

14 – 52 2 190.1 94.6 18.4 43.5 

53 – 89  3 273.1 92.2 12.8 73.3 

90 – 118 4 2056.6 41.2 1.7 87.9 

119 – 140  5 1478.0 57.8 2.4 192 

 

From day 2 and throughout the experiment, the fish were fed dry feed (3.5 mm, Nutra Advance 

RC, Skretting, Norway) at every twenty minutes (3 – 4 times/hour) during the seven hours light 

period (8:00 – 15:00). Automatic feeders (Arvo-Tec Oy, Finland) were installed at every fish 

tank. Feed spill and feces were collected in a sieve located outside the tanks and were removed 

manually each day. 

 

2.1.1 Sampling of rearing water, skin mucus and posterior gut content 

Throughout the experimental period, water, skin mucus and posterior gut content were sampled. 

Water samples (approximately 200 mL) were collected in Erlenmeyer flasks from the outlet of 

fish tanks 1, 2 and 3 (cRAS) and 7, 8 and 9 (mRAS), before filtration through a sterile filter 

(0.22 µm) (Sterivex™) using a 60 mL syringe. The water volume filtered was approximately 

200 mL for mRAS and 100-150 mL for cRAS. The filters were stored at -20 ℃ until further 

analysis. 

 

Four fish from each of the tanks 1, 2 and 3 from cRAS and 7, 8 and 9 from mRAS were sampled. 

The fish were transferred with a dip net to a bucket and anesthetized in a 1:10 dilution of AQUI-

S (16 mL) and 20 mL water from the recirculation system for approximately one minute. A 
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second bucket with 1 mL of the dilution and 10 L rearing water was prepared. The fish were 

transferred to the low concentration to maintain sedation and then euthanized before sampling. 

 

Skin mucus was scraped off from each side of the fish (from right behind the pectoral fin, 

backwards and towards the end of the dorsal fin), transferred to a cryo tube (2 mL) and stored 

on ice. Posterior gut content was sampled by stroking the stomach from just behind the dorsal 

fin, and backwards following the intestine, and squeezed into a petri dish. The smallest fish 

were cut open, and gut content pushed out from the intestine with a tweezers. The gut samples 

were transferred into a cryo tube (2 mL) with a scalpel. Equipment used were rinsed with 

ethanol (70 %) between each fish. The samples were stored at -20 ℃ until further analysis.  

 

2.2 DNA extraction 

DNA was extracted from water (12 samples), skin (48 samples) and gut (48 samples) samples 

sampled at t1 and t2. The filter used during water filtration was cut into small pieces with a 

scalpel in a petri dish and transferred to a microcentrifuge tube (1.5 mL). A disposable 

inoculating loop was used to transfer approximately 25 mg feces and skin mucus to a 

microcentrifuge tube (1.5 mL). QIAamp® DNA Mini Kit (Qiagen, Germany) was used to 

extract total DNA from the samples according to manufacturer’s protocol with minor 

alterations. An extra lysis step was added to ensure lysis of Gram-positive bacteria by using an 

enzymatic lysis buffer (180 𝜇L) consisting of 2mM EDTA, 20 mM Tris-HCl (pH 8) and 1.2 % 

Triton and lysozyme (0.06 g), before a 1 hour incubation at 37 ℃. Proteinase K (40 𝜇L) and 

ATL buffer (180 𝜇L) were added in step 3 of the protocol (Appendix B) before the samples 

were vortexed and incubated at 56 ℃ for 2 hours. After adding AE buffer (200 𝜇L) in step 11 

and 12, the samples were incubated for 5 minutes in room temperature both times and 

centrifuged (Appendix B). The DNA concentration in each sample was determined using 

NanodropTM One (Thermo Scientific). 

 

2.3 Polymerase chain reaction (PCR) 

Polymerase chain reaction (PCR) was conducted to amplify the variable 4 region (V4) of the 

bacterial 16S rRNA gene from water, skin mucus and gut samples. The amplification was 

performed using Phusion Hot Start II DNA polymerase (Thermo Scientific). PCR reactions 

were performed with 0.2 mM of each dNTP (TaKaRa Clontech), 0.3 𝜇M of each primer 

(Ill805R and Ill515F, SIGMA), 0.5 mM spermidine (Sigma-Aldrich), 2 mM MgCl2 (Thermo 
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Scientific), 0.02 U/𝜇L Phusion Hot Start II DNA polymerase and reaction buffer from Thermo 

Scientific in a total reaction volume of 25 𝜇L, included ~1 ng/𝜇L undiluted DNA extract as 

template. The primers contained Illumina adapters and their sequences are given in Table 2.2. 

A non-template control was always included, as well as a negative control for the DNA 

extraction kit using milliQ water instead of tissue sample with the DNA extraction kit. The PCR 

reactions were run with 36 temperature cycles using a T100TM Thermal Cycler (BioRad) (Table 

2.3). 

 

Table 2.2. Primer sequence for forward and reverse primers used during PCR amplification of the V4 

region of the bacterial 16S rRNA gene. Illumina adapter sequences are given in red. 

Primer name Primer sequence (5’ – 3’) 

Ill805R 5’- GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG 
ACA G NNNN GAC TAC NVG GGT ATC TAA KCC-3’ 

Ill515F 5’- TCG TCG GCA GCG TCA GAT GTC TAT AAG AGA 
CAG NNNN GTG CCA GCM GCC GCG GTA A-3’ 

 
Table 2.3. Temperature steps for the PCR cycling. Step 2 – 4 were repeated for 36 cycles. 

Step Reaction Temperature (℃) Time 

1 Denaturation 98 1 min 

2 Denaturation 98 15 sec 

3 Annealing 55 20 sec 

4 Elongation 72 20 sec 

5 Elongation 72 5 min 

6 Storage 4 ∞ 

 

2.4 Agarose gel electrophoresis 
To examine quality and yield of the amplified PCR products, agarose gel electrophoresis was 

performed. A 1 % agarose gel was made by heating agarose (2 g) in 1 x TAE buffer (200 mL) 

in the microwave until the agarose was dissolved. For each gel, approximately 50 𝜇L of 1 % 

agarose and a volume of 2.5 𝜇L GelRed (Biotium) was mixed. The solution was poured into a 

gel tray and left for solidifying for 15 – 30 minutes. PCR products (5 𝜇L) were mixed with 

DNA loading dye (1 𝜇L, x6, Thermo Scientific) and applied to the wells. As size marker, 

GeneRuler 1 kb Plus ladder (Thermo Scientific) was used. The gel was run at 140 Volt for 45 

– 75 minutes, depending on the size of the gel. 
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2.5 Illumina sequencing 

The PCR products generated using primers with Illumina adapters were further used to make 

an amplicon library for Illumina sequencing. A SequalPrep Normalization Plate (96) kit 

(Invitrogen, USA) was used for normalization and purifying the PCR products. The protocol 

included in the kit was followed (Appendix C).  

 

Nextera XT Index kit (Illumina) was used to add unique index sequences to each PCR product. 

The kit contains unique sequence tags attached during PCR, where 8 different sequence indexes 

are used with the forward primer and 12 different sequence indexes used with the reverse 

primer, which gives 96 unique index pairs in total, one unique index to each well. The indexes 

(2.5 𝜇L each) were added just after the reagents (17.5 𝜇L in total), followed by normalized 

template (2.5 𝜇L), giving a total reaction volume of 25 𝜇L. The reagents added were 0.25 mM 

of each dNTP (VWR), 2 mM MgCl2 (Thermo Scientific), 0.015 U/𝜇L Phusion Hot Start DNA 

polymerase and reaction buffer (Thermo Scientific). The PCR mixtures were distributed to a 

96-well plate (BioRad) and run in a T100TM Thermal Cycler machine (BioRad), with the 

program given in Table 2.4. To examine the PCR yields, gel electrophoresis was performed.  

 
Table 2.4. Temperature during PCR used for indexing of 16S rDNA amplification. Step 2 – 4 was 

repeated for 10 cycles. 

Step Reaction Temperature (℃) Time 

1 Denaturation 98 1 min 

2 Denaturation 98 15 sec 

3 Annealing 50 20 sec 

4 Elongation 72 20 sec 

5 Elongation 72 5 min 

6 Cooling 4 1 min 

7 Storage 10 ∞ 

 

The index amplicons were normalized first time after indexing using a Sequal Prep 

Normalization plate (Invitrogen) following the same procedure as described above, before they 

were pooled to generate the amplicon library. 

 

To concentrate the pooled sample, AmiconUltra 0.5 Centrifugal Filter (Merck Millipore, 

Ireland) was performed as described by the manufacturer (Appendix D). At step 4, TE buffer 
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(500 𝜇L) was added before spinning down at 14 000 G in 10 minutes. This step was performed 

two times, and the eluate discarded. After the concentration, approximately 50 𝜇L of 

concentrated DNA sample was obtained. The concentration and purity of the concentrated 

pooled sample was measured with NanoDrop. Gel electrophoresis was performed to examine 

the yield of the amplicon library. 

 

The amplicon library was sequenced on a MiSeq lane (Illumina, San Diego, CA) with V4 

reagents (Illumina) at the Norwegian Sequencing Centre (NCS). 

 

2.6 Illumina sequencing data processing 

The Illumina sequencing data were processed with the USEARCH pipeline (version 9.2; 

https://www.drive5.com/usearch/). During merging of paired reads, also primer sequences were 

trimmed and reads shorter than 230 base pairs were filtered out. The processing further included 

demultiplexing, quality trimming by the Fastq_filter command (with an expected error 

threshold of 1). Chimera removal and clustering at the 97% similarity level was performed 

using the UPARSE-OTU algorithm (Edgar, 2013). Taxonomy assignment was based on the 

Sintax script (Edgar, 2016) with a confidence value threshold of 0.8 and the RDP reference data 

set (version 15). 

 

2.7 Statistical Analyses 

Statistical analyses were performed using the program package PAST version 3.18 (Hammer, 

2001). To examine the 𝛼-diversity for the microbial communities associated with individual 

rearing water, gut and skin samples, observed number of operational taxonomic units (OTUs), 

estimated richness (Chao1) and Shannon’s diversity index (H’) were calculated. 

 

The observed numbers of OTUs reflects the numbers of species observed in a microbial 

community. But, there will always be some undetected species in a taxonomic survey and the 

observed richness do not represent the true species richness in a community. Chao1 is a non-

parametric estimation of the total numbers of species present. It is calculated based on 

singletons and doubletons (sequence reads observed once and twice) (Chao, 1984, Chao, 2016).  
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Shannon’s diversity index (Equation 2.1) includes both the species richness and species 

evenness, expressed by (Peet, 1974, as sited in (Beisel and Moreteau, 1997)); 

 

𝐻( = 	−∑ -	./
.
0 -	𝑙𝑛 	./

.
03

456          (2.1) 

 

where, S corresponding to OTU richness, ni to number of reads assigned to OTU i and n to the 

total number of sequence reads. 

 

To investigate the 𝛽-diversity for comparing community profiles between samples, a Bray-

Curtis similarity matrix were generated in PAST to compare microbial communities. The index 

describes the similarity between community profiles of two samples, ranging from 0 to 1, where 

the value 0 indicate no similarity between community profiles and 1 indicates fully identical 

community profiles (Bray and Curtis, 1957).  

 

To visualize the 𝛽-diversity observed by the Bray-Curtis similarity matrix, a principal 

coordination analysis (PCoA) plot based on the Bray-Curtis similarities was computed. In 

PCoA, the Bray-Curtis similarity matrix is used to plot the samples in a multidimensional 

coordinate plot (Hammer, 2001). The distance between two samples in the plot reflects their 

similarity or dissimilarity; the closer positioned in the plot, the more similar the two microbial 

communities are to each other.  

 

A one-way permutational multivariate analysis of variance (PERMANOVA) test based on 

Bray-Curtis similarities was conducted to examine whether there were significant differences 

in the microbial communities between two or more groups of samples (Anderson, 2001). If p < 

0.05, they are significantly different (Hammer, 2001). Bonferroni-corrected p-values were used 

when more than two groups were compared. 

 

To identify which OTUs contributed the most to the difference in community profiles between 

groups of samples, a Similarity Percentage (SIMPER) analysis was performed. The SIMPER 

analysis was based on the Bray-Curtis similarities. 
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Two-sample t-tests were used to examine whether diversity indices were significantly different 

among groups of samples, between samples and to examine individual variations within 

samples. 

 

2.8 Fish growth and performance 

Growth and performance of the salmon parr reared in cRAS and mRAS were examined and 

compared by calculating daily specific growth rate (SGR) according to Equation 2.2 (Cech et 

al., 1984): 

 

𝑆𝐺𝑅	(%/𝑑) = 	 @ABCD@ABE
FD	FE

× 	100            (2.2) 

 

where Wt is the average weight at time t (average weight of 4 fish per fish tank 1, 2 and 3 from 

cRAS and 7, 8 and 9 from mRAS at t2) and W0 is the initial weight (of 4 fish per fish tank 1, 2 

and 3 from cRAS and 7, 8 and 9 from mRAS at t1) at time t0.  

 

The thermal-unit growth coefficient (TGC) was calculated to correlate for the temperature 

differences in cRAS and mRAS (Appendix D, Table D.1 and D.2) according to Equation 2.3 

(Jobling, 2003):  

 

𝑇𝐺𝐶 =	 LBC
M D	 LBEM

N(FD	FE)
× 1000         (2.3) 

 

where T(t – t0) is degree-days based on the average temperature (℃) from period 4 and 5. 
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3. Results 
The bacterial communities associated with rearing water (W), gut (G) and skin mucus (SM) of 

Atlantic salmon parr reared in two different recirculating aquaculture systems, one conventional 

RAS (cRAS) and one that included a membrane filtration step (mRAS) was examined by 

Illumina amplicon sequencing of the V4 region of the bacterial 16S rRNA gene. Water from 

three replicate fish tanks (FT) per system and gut and skin mucus samples from four fish (F) 

per tank were sampled at two different sampling times, t1 (day 118 of the experiment) and t2 

(day 140 of the experiment) (Table 2.1). In the time before t1, the systems were characterized 

by high water exchange rate and normal feed loading. The time period before t2 was 

characterized by moderate water exchange rate and intentional feed overloading of the system 

(see Table 2.1). Raw data of water quality parameters and fish performance from the respective 

periods and statistical analyses was collected and performed by Gaute Helberg (master student, 

NTNU). 

 

3.1 Richness and diversity of the microbiota associated with rearing water, gut and skin 

mucus of Atlantic salmon parr 

A total of 6 502 926 sequence reads were obtained for samples of water (12 samples), gut (48 

samples) and skin mucus (48 samples) after quality filtering and chimera removal, giving an 

average of 60 212 ± 41 590 reads per sample (Appendix F, Table F.1). The gut samples had 

the highest number of reads (average 94 933) followed by water samples (average 84 007) 

(Table 3.1). Number of reads for the skin mucus samples were highly variable and there were 

large variations between samples with an average of 19 543 reads per sample (Table 3.1).  

 

Table 3.1. The average number of sequence reads (± standard deviation) achieved after quality filtering 

and chimera removal for water, gut and skin mucus samples. 

Sample category Average number of reads (± SD) 

Water 84 007 ± 19 329 

Gut 94 933 ± 22 965 

Skin 19 543 ± 16 069 

 

By comparing estimated OTU richness (Chao1) and the observed OTU richness, the sequencing 

effort was found to cover on average 86 % of the estimated richness for water samples, 91 % 

for the gut and 77 % for the skin mucus samples. 
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The bacterial communities associated with rearing water had both the highest OTU richness 

(Figure 3.1) and Shannon’s diversity (Figure 3.2), followed by gut and skin microbiota. For the 

microbiota associated with the rearing water, mRAS showed both higher OTU richness and 

diversity compared to cRAS (t-test, observed OTUs: p = 0.003, Chao1: p = 0.009, H’: p = 0.02). 

Thus, membrane filtration of the water appeared to result in a more diverse water microbiota. 

The gut microbial communities within mRAS were less diverse compared to cRAS at both 

sampling times (t-test, p = 0.001) (Figure 3.2), suggesting that membrane filtration may have 

lowered the diversity of the gut microbiota. The bacterial diversity decreased from t1 to t2 for 

the water in cRAS, whereas it increased for the rest (Figure 3.2). A t-test confirmed that the 

diversity was significantly different at t1 and t2 in both systems (W cRAS: p = 0.02, W mRAS: 

p = 0.003, G cRAS: p = 4.22 × 10-5, G mRAS: p = 0.004). No significant differences were 

observed in the diversity of the skin associated microbiota, neither between systems nor 

between the two sampling times (Figure 3.1 and 3.2).  

 

 
Figure 3.1. Average observed OTU richness and Chao1 richness index for water (W), gut (G) and skin 

mucus (SM) samples in cRAS and mRAS at sampling times t1 and t2. Error bars indicate standard 

deviation (±SD).  
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Figure 3.2. Shannon´s diversity index for water (W), gut (G) and skin mucus (SM) samples in cRAS 

and mRAS at sampling time t1 and t2. Error bars indicate standard deviation (±SD). 

 

The relative abundances of the bacterial classes associated with the samples of rearing water, 

gut and skin mucus of salmon parr are represent in Figure 3.3. Water, gut and skin mucus are 
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were dominated by Betaproteobacteria and Alphaproteobacteria (16.09 ± 4.83 % and 15.48 ± 
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affected the community composition of the skin microbiota, where Bacilli dominated at t1 and 
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3.2 Bacterial communities associated with the rearing water 

A principal coordinate analysis (PCoA) suggested that the water microbiota was different 

between systems and sampling times (Figure 3.4). A One-Way PERMANOVA test confirmed 

that the microbial communities in cRAS and mRAS were significantly different (p = 0.002). 

There were larger differences in the water microbiota between systems at t1 and t2 (average 

Bray-Curtis similarities 0.32 – 0.35) than between sampling times within each system (average 

Bray-Curtis similarities 0.44 – 0.50) (Figure 3.5), indicating that membrane filtration affected 

the water microbiota composition. Average Bray-Curtis similarities showed large similarities 

between replicate tanks within each system at both sampling times (> 0.85) (Figure 3.5), which 

is in accordance with the PCoA plot (Figure 3.4).  

 

  
 

 
Figure 3.4. Principal coordinate analysis (PCoA) plot based on Bray-Curtis similarities for comparison 

of the microbiota associated with the rearing water of the mRAS (green) and cRAS (red) at sampling 

time t1 (filled circles) and t2 (open circles).  
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Figure 3.5. Average Bray-Curtis similarities for comparison of water microbiota witnin and between 

the two systems (mRAS and cRAS) and sampling time t1 and t2. Error bars indicate standard deviation 

(±SD). 

 

The most common OTUs in the rearing water in cRAS were Mycobacterium (OTU_4), 

Spartobacteria_genra_incerae_sedis (OTU_6) and Legionella (OTU_16) (Table 3.2). For 

mRAS, the most abundant OTUs were Sphaerotilus (OTU_14), Rhodobacteraceae (OTU_34) 

and Zymophilus (OTU_28) (Table 3.3). 

 

To examine which OTUs contributed the most to the differences observed between the water 

microbiota in cRAS and mRAS, a SIMPER analysis based on Bray-Curtis dissimilarities was 
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mRAS (Appendix G, Table G.5 and G.6). Flavobacterium (OTU_27) became the most 

abundant OTU in mRAS water microbiota at t2 (Appendix G, Table G.6) and was the fifth 

OTU contributing to the dissimilarities between cRAS and mRAS (3.91 %) (Appendix G, Table 

G.7). The results suggest that membrane filtration prevented proliferation of Mycobacterium 

(OTU_4), Spartobacteria_genera_incertae_sedis (OTU_6) and Legionella (OTU_16). 
 

Table 3.2. The five most abundant OTUs in water samples of cRAS with average relative abundance.  

OTU ID Taxonomy Average relative 

abundance 

4 Mycobacterium (Actinobacteria) 0.17 

6 Spartobacteria_genera_incertae_sedis 

(Spartobacteria) 

0.12 

16 Legionella (Gammaproteobacteria) 0.07 

14 Sphaerotilus (Betaproteobacteria) 0.05 

34 Rhodobacteraceae (Alphaproteobacteria) 0.04 

 
Table 3.3. The five most abundant OTUs in water samples of mRAS with average relative abundance. 

OTU ID Taxonomy Average relative abundance 

14 Sphaerotilus (Betaproteobacteria) 0.14 

34 Rhodobacteraceae (Alpharoteobacteria) 0.06 

28 Zymophilus (Negativicutes) 0.06 

27 Flavobacterium (Flavobacteria) 0.06 

25 Lachnospiraceae (Clostridia) 0.05 
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3.3 Gut associated microbiota 

Figure 3.6 show PCoA analysis of the microbial communities associated with the gut of salmon 

parr reared in cRAS and mRAS at different sampling times (t1 and t2). There were no large 

differences between the gut associated microbiota in cRAS and mRAS at t1 (PERMANOVA, 

Bonferroni-corrected p = 0.05). At sampling time 2, the gut microbial communities were 

different between the two systems (PERMANOVA, Bonferroni-corrected p = 0.0001). The gut 

microbiota in mRAS were relatively similar at t1 and t2 (PERMANOVA, Bonferroni-corrected 

p = 0.10) and may indicate that the gut community profiles in mRAS were more stable through 

time despite different feed loading. There was less variation in gut associated microbiota among 

individuals within each system (average Bray-Curtis similarities 0.5 – 0.6) (Figure 3.7). 

Additionally, the gut microbiota in mRAS was significantly more similar between individuals 

at both t1 and t2 compared to that in cRAS (t-test, p < 0.01) (Figure 3.7). Furthermore, the gut 

microbiota in cRAS and mRAS were significantly different (PERMANOVA, p = 0.0001).  

 

Figure 3.8 show PCoA analysis comparing the gut microbial communities in tanks within each 

system. The gut samples grouped according to each fish tank at t2 (Figure 3.8B). The gut 

microbiota in the replicate tanks in mRAS was more similar to each other at t2 (Figure 3.8B). 

The replicate fish tanks of each system were not significantly different at t1 nor at t2 in either 

of the systems (PERMANOVA, p > 0.05) (Figure 3.8A and B). 
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Figure 3.6. Principal coordinate analysis plot based on Bray-Curtis similarities for comparison of the 

gut microbiota of salmon parr in mRAS (green) and cRAS (red) at sampling time t1 (filled squares) and 

t2 (open squares).  

 

 
Figure 3.7. Average Bray-Curtis similarities for comparison of salmon parr gut microbiota within and 
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(±SD). 

 

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

cRAS mRAS cRAS vs mRAS mRAS cRAS

Av
er

ag
e 

Br
ay

-C
ur

tis
 si

m
ila

rit
y

t1

t2

t1 vs t2



 36 

  
Figure 3.8. PCoA plot based on Bray-Curtis similarities for comparison of gut microbiota between 

replicate fish tanks in cRAS (FT1, 2 and 3, red color palette) and mRAS (FT7, 8 and 9, green color 

palette) at A) sampling time 1 (filled squares) and B) sampling time 2 (open squares). 

 

Carnobacterium (OTU_2), Brochothrix (OTU_1) and Rhodococcus (OTU_3) were the most 

abundant genera in the gut microbial communities (Table 3.4). On average, OTU_1 

representing the genus Brochothrix was the most abundant OTU in the gut microbial 

communities in cRAS, followed by Carnobacterium (OTU_2) and Mycobacterium (OTU_4) 

(Table 3.4). For mRAS, the most abundant OTU was OTU_2 Carnobacterium (Table 3.5). 

Brochothrix (OTU_1) and Rhodococcus (OTU_3) were the second and third most abundant 

OTUs in mRAS respectively (Table 3.5). 

 

A SIMPER analysis showed that Mycobacterium (OTU_4) and 

Spartobacteria_genera_incertae_sedis (OTU_6) were the second and fifth OTUs contributing 

to the Bray-Curtis dissimilarities between cRAS and mRAS at sampling time 2 (contributing 

13.55 % and 4.11 % respectively) and were most abundant in the gut of cRAS fish (17 % and 

5 % respectively) (Appendix H, Table H.3). They were rarely not present in the gut microbiota 

of fish in mRAS at this sampling time. In addition, OTU_4 and OTU_6 were the two most 

abundant OTUs in the rearing water in cRAS (Table 3.2). Legionella (OTU_16), also abundant 

in the cRAS rearing water, was present as the 39th most abundant OTU in the gut microbial 

communities of fish in cRAS. The OTU that contributed the most to the dissimilarities between 

the two systems at t2 was Carnobacterium (OTU_2) (15.16 %) (Appendix H, Table H.3). This 

OTU was most abundant in the mRAS (23 %) (Table 3.5). Rhodococcus (OTU_3) and 

A B 
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Brochothrix (OTU_1) were also more abundant in mRAS at sampling time 2 (Appendix H, 

Table H.3).  

 

Furthermore, OTU_4 representing Mycobacterium, increased highly in abundance from t1 to 

t2 in cRAS (Appendix H, Table H.4). This OTU contributed the most to the differences 

observed between the two sampling times (12.36 %). Weisella (OTU_8) increased in abundance 

at sampling time 2 and was the fifth OTU causing the differences between t1 and t2 (4.72 %). 

Mycobacterium (OTU_4), Rhodococcus (OTU_3) and Brochothrix (OTU_1) were more 

abundant at sampling time 1 in cRAS (Appendix H, Table H.4). There were no large differences 

between the gut microbiota at t1 and t2 in mRAS (Appendix H, Table H.5). The main difference 

was caused by OTU_1, which increased considerably in abundance through the overfeeding 

period (Appendix H, Table H.5). Interestingly, also in the gut communities, the membrane 

filtration of the water seemed to prevent dominance of OTU_4 (Mycobacterium), OTU_6 

(Spartobacteria_genera_incertae_sedis) and OTU_16 (Legionella). All three OTUs were not 

present among the 100th most abundant OTUs in mRAS gut microbiota. 

 
Table 3.4. The five most abundant OTUs associated with the gut of salmon parr reared in cRAS and 

average relative abundance. 

OTU ID Taxonomy Average relative abundance 

1 Brochothrix (Bacilli) 0.12 

2 Carnobacterium (Bacilli) 0.10 

4 Mycobacterium (Actinobacteria) 0.08 

3 Rhodococcus (Actinobacteria) 0.08 

8 Weissella (Basilli) 0.05 

 

Table 3.5. The five most abundant OTUs associated with the gut of salmon parr reared in mRAS and 

average relative abundance. 

OTU ID Taxonomy Average relative abundance 

2 Carnobacterium (Bacilli) 0.27 

1 Brochothrix (Bacilli) 0.14 

3 Rhodococcus (Actinobacteria) 0.13 

11 Pseudochrobactrum (Alphaproteobacteria) 0.05 

10 Microbacterium (Actinobacteria) 0.04 
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3.4 Skin mucus associated microbiota 

Figure 3.9 show PCoA analysis of the microbial communities associated with the skin of 

salmon parr reared in cRAS and mRAS at different sampling times (t1 and t2). The PCoA plot 

indicated that sampling time, or the different loading of the system, influenced the changes in 

the skin microbiota more than water treatment. A PERMANOVA test confirmed that the skin 

microbiota within each system were significantly different between t1 and t2 (Bonferroni-

corrected p = 0.0006) but not between cRAS and mRAS (p = 0.19). Average Bray-Curtis 

similarities further suggested that the skin associated microbiota within cRAS and mRAS were 

different between t1 and t2 (< 0.15) (Figure 3.10). The individuals at t1 showed a larger 

individual variation in the skin microbial communities both in cRAS and mRAS (average Bray-

Curtis similarities < 0.20) (t-test, p < 0.01) (Figure 3.10). 

 

The replicate fish tanks within each system were compared by a PCoA analysis to investigate 

dissimilarities between skin microbiota (Figure 3.11A and B). The skin samples in both mRAS 

and cRAS were more clustered and similar at sampling time 2 (Figure 3.11B), which was also 

supported by the average Bray-Curtis similarities (Figure 3.10). The skin microbiota in the 

replicate fish tanks of each system were not significantly different at t1 nor at t2 in either of the 

systems (PERMANOVA, p > 0.05). 

 

 
Figure 3.9. Principal coordinate analysis plot based on Bray-Curtis similarities for comparison of the 

skin microbiota of salmon parr in mRAS (green) and cRAS (red) at sampling time t1 (filled triangles) 

and t2 (open triangles).  
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Figure 3.10. Average Bray-Curtis similarities for comparison of salmon parr skin microbiota within and 

between systems (mRAS and cRAS) at sampling time t1 and t2. Error bars indicate standard deviation 

(±SD). 

 

 
Figure 3.11. PCoA plot based on Bray-Curtis similarities for comparison of skin microbiota between 

replicate fish tanks in cRAS (FT1, 2 and 3, red color palette) and mRAS (FT7, 8 and 9, green color 

palette) at A) sampling time 1 (filled triangles) and B) sampling time 2 (open triangles). 
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systems (SIMPER, 19.31 % for cRAS and 11.23 % for mRAS) (Appendix I, Table I.2 and I.3. 

It was more abundant in cRAS compared to mRAS and increased highly in abundance at t2 in 

cRAS (37 %). Pelomonas (OTU_15) was the OTU that contributed the second most to the 

differences in cRAS (SIMPER, 8.27%) and decreased in abundance through time. 

Propionibacterium (OTU_13) decreased in abundance in cRAS at t2 and was the OTU that 

caused the third most differences observed between t1 and t2 in cRAS (Appendix I, Table I.2). 

 

For mRAS, the OTU causing the second largest dissimilarity between t1 and t2 was 

Carnobacterium (OTU_2) (11.07 %) (Appendix I, Table I.3). The OTU decreased in abundance 

at sampling time 2. Pelomonas (OTU_15) was also present in mRAS and increased in 

abundance at t2. OTU_1 representing Brochothrix decreased drastically at t2 in mRAS and was 

the OTU that contributed fifth most to the dissimilarity in skin microbiota between sampling 

times. Mycobacterium (OTU_4), Spartobacteria_genera_incertae_sedis (OTU_6) and 

Legionella (OTU_16) were all among the ten most abundant OTUs in both systems. They 

followed the same developmental pattern as for the rearing water, indicating that the skin 

associated microbiota was affected by the surrounding water. 
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Table 3.6. The five most abundant OTUs associated with the skin of salmon parr reared in cRAS and 

average relative abundance. 

OTU ID Taxonomy Average relative abundance 

4 Mycobacterium (Actinobacteria) 0.20 

15 Pelomonas (Betaproteobacteria) 0.12 

13 Propionibacterium (Actinobacteria) 0.07 

26 Staphylococcus (Bacilli) 0.03 

45 Sphingomonas (Alphaproteobacteria) 0.03 

 
Table 3.7. The five most abundant OTUs associated with the skin of salmon parr reared in mRAS and 

average relative abundance. 

OTU ID Taxonomy Average relative abundance 

4 Mycobacterium (Actinobacteria) 0.11 

2 Carnobacterium (Bacilli) 0.10 

15 Pelomonas (Betaproteobacteria) 0.09 

13 Propionibacterium (Actinobacteria) 0.08 

26 Staphylococcus (Bacilli) 0.06 
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3.5 Comparison of rearing water, gut and skin samples 

The microbial communities in water, gut and skin mucus were significantly different 

(PERMANOVA, Bonferroni-corrected p = 0.0003, average Bray-Curtis similarities, 0.07 – 

0.10) (Figure 3.12). Water and skin microbiota were more equal to each other than to the gut 

microbiota (PCoA analysis of Bray-Curtis similarities, Figure 3.12). The skin microbial 

communities showed the largest individual variation (average Bray-Curtis similarities, 0.18) 

(Figure 3.13). 

  
Figure 3.12. PCoA plot based on Bray-Curtis similarities for comparison of water (blue), gut (orange) 

and skin (green) associated microbiota based on A) mRAS (light colors) and cRAS (dark colors) and B) 

sampling time t1 (filled symbols) and t2 (open symbols).  

 

 
Figure 3.13. Average Bray-Curtis similarities for comparison of the bacterial communities associated 

with rearing water (W), gut (G) and skin (SM). Error bars indicate standard deviation (±SD). 
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The OTU Carnobacterium (OTU_2) was found to account for the largest difference between 

water, gut and skin samples (SIMPER, 9.20 %) (Table 3.8). The highest abundance of OTU_2 

was found within the gut samples (19 %). Mycobacterium (OTU_4) contributed with 8.25 % to 

the dissimilarity between the three sample groups, with highest abundance in the skin samples 

(16 %). Also, OTU_1 and OTU_3, Brochothrix and Rhodococcus respectively, were more 

abundant in the gut samples. Pelomonas (OTU_15) was rarely not present in the water samples 

and was more abundant in skin samples (9.60 %). None of the five OTUs accounting for the 

majority of differences between the sampling groups were more abundant in water, which 

indicated that different microbial community profiles dominated within the fish host compared 

to water.  

 
Table 3.8. The five OTUs contributing the most to the dissimilarity observed between rearing water 

(W), gut (G) and skin (SM) microbiota.  

OTU Taxonomy  Contribution 

% 

Mean 

abundance 

W 

Mean 

abundance 

G 

Mean 

abundance 

SM 

2 Carnobacterium 

(Bacilli) 

9.20 0.01 0.19 0.06 

4 Mycobacterium 

(Actinobacteria) 

8.25 0.09 0.04 0.16 

1 Brochothrix (Bacilli) 6.14 0.006 0.12 0.03 

3 Rhodococcus 

(Actinobacteria) 

4.71 0.0008 0.10 0.02 

15 Pelomonas 

(Betaproteobacteria) 

4.38 7.63×10-5 0.002 0.10 
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3.6 Fish growth and performance 

The salmon parr reared in mRAS were significantly longer, grew larger and had a significantly 

higher specific growth rate (SGR) and thermal-unit growth coefficient (TGC) compared to the 

fish in cRAS (Table 3.9). This indicate that the fish in mRAS grew and thrived better.  

 

Table 3.9. Specific growth rate (SGR) and thermal-unit growth coefficient (TGC) from sampling time 

1 to sampling time 2. Weight (g) and length (cm) measurements represent t2. All parameters are given 

in average ± SD. 

Parameter cRAS mRAS p-value* 

SGR 0.64 ± 0.83 0.93 ± 0.92 0.001 

TGC 0.15 ± 0.19 0.20 ± 0.20 0.008 

Weight (g) 124.22 ± 22.90 140.63 ± 28.80 2.22×10-10 

Length (cm) 21.96 ± 1.43 23.02 ± 1.67 1.17×10-11 

*statistical analyses (SGR and TGC: Welch Two Sample t-test, length and weight: Mann-Whitney-

Wilconxon test) were performed by Gaute Helberg (master student, NTNU) 

 

The mortality through the experiment period (day 0 – 140) was three fish per system, resulting 

in a survival rate of 99 %. 
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4. Discussion 

4.1 Evaluation of Illumina sequencing method and data quality 

4.1.1 Illumina sequencing of 16S rDNA amplicons 

To study the bacterial communities associated with rearing water, gut and skin mucus of 

Atlantic salmon parr reared in two RAS systems with different water treatment, Illumina 

sequencing of bacterial 16S rDNA amplicons was used. Illumina sequencing provides high 

number of sequence reads, high resolution and detailed taxonomic information (Illumina Inc, 

2018). There exist several databases with tools that allows for processing and analyses of 16S 

rDNA sequence data (Bacci et al., 2015). There are, however, also drawbacks and biases related 

to deep sequencing of 16S rDNA amplicons that may affect the resulting community profiles. 

Bacterial genomes contain variable numbers of the rRNA gene regions (rrn operon), which 

cause over-representation of certain bacteria in the community. PCR bias may also give a wrong 

representation of the bacterial community in the sample. Metagenomics is an alternative method 

to study microbial communities. The total DNA from a defined habitat is isolated and cloned, 

before the microbial sequences of interest in the DNA library is analyzed (Sleator et al., 2008, 

Langer et al., 2006). Thus, PCR bias is avoided. However, the method requires more complex 

bioinformatic analyses, and if the microbial community is diverse, metagenomics may give low 

resolution (Jünemann et al., 2017, Cibrián-Jaramillo and Barona-Gómez, 2016). HTS of 

bacterial 16S rRNA amplicons is preferred to study the microbial community diversity.  

 

The number of sequence reads varied among both water, gut and skin mucus samples. 

Especially the sequence reads for the skin samples were highly variable, indicated by their high 

standard deviation (Table 3.1). This may have given a wrong representation of the actual 

bacterial richness and diversity. 

 

4.1.2 The skin mucus samples and co-amplification of salmon gene sequences 

The skin samples had the lowest average numbers of reads per sample (~20 000 on average), 

more than five times lower than water and gut samples (Table 3.1). There were several problems 

related to analyses and processing of the skin mucus samples. First of all, they had lower DNA 

concentration during the extraction of DNA. Secondly, PCR amplification of the bacterial V4-

region of the 16S rRNA gene turned out to be more difficult than for the other samples, 

indicating that the fish skin mucus may have contained some sort of inhibitors. Lastly, the 
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Illumina sequencing results for skin samples showed to be highly dominated by a mitochondrial 

(mt) 12S rRNA sequence from S. salar.  

 

The samples were processed two times using the USEARCH pipeline. First, a threshold of 

minimum 150 bp was set for the paired sequences. However, the resulting community profiles 

were highly dominated by an OTU representing the salmon mt 12S rRNA gene. An “OTU_1” 

was found to represent the mitochondrial 12S rRNA gene of S. salar, where especially the skin 

samples were highly represented by this OTU (average abundance in all skin samples was 0.88, 

and up to 0.97 average abundance at the most in one sample). The co-amplified mt 12S rRNA 

PCR product was expected to be 214 bp (including primers). To compare with the gut samples, 

the average abundance of OTU_1 in the gut samples was 0.04. Thus, at the second processing, 

the minimum threshold for paired sequences was increased to 230 bp to eliminate the mt 12S 

rRNA gene reads from the data set. The reason for this may be that the skin samples contained 

low numbers of bacteria and a larger proportion of salmon-DNA (Personal communication, 

Ingrid Bakke).  

 

A possible strategy to avoid co-amplification of the S. salar mt 12S rRNA gene is to use other 

broad-range 16S rDNA primer sets. The primers used in this project were 515F and 805R 

(amplifies the V4 region), which have large homology to the regions in the salmon 12S rRNA 

gene. The forward primer 338F (amplifies the V3 region) is an alternative which has less 

homology to the salmon rRNA genes. The primers, however, gives a longer PCR product in 

combination with 805R (V3-V4 region), which in turn may result in poorer amplification 

efficiency. When using the primer combination 338F/805R for amplification of the V3-V4 

regions of the 16S rRNA gene of problematic samples, such as fish skin samples, there is often 

problems with primer dimer formation (Personal communication, Ingrid Bakke).  

 

After removal of the salmon mt 12S rDNA reads, ten skin mucus samples had lower than 10 000 

sequence reads (ranging from 4000 to 10 000 reads). With this low number of sequence reads, 

compared to that for the other skin samples, the observed number of OTUs in these samples 

may be less than the actual number of OTUs in the skin bacterial community profiles. The 

samples with low sequence reads were compared to the other samples in a PCoA analysis 

(Appendix J, Figure J.1) which showed that they had no deviant community profile. No large 

effect in the PCoA plot was observed if they were excluded (Appendix J, Figure J.2). This was 

the reason for why they were included in further statistical analyses. 
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4.1.3 Propionibacterium and Sphingomonas, possible contaminants? 

DNA extraction kits have shown to be contaminated by DNA, probably during the production 

process (Mollerup et al., 2016, Peters et al., 2004, Evans et al., 2003). The genera 

Propionibacterium and Sphingomonas has been detected in non-template controls for DNA 

extraction kit (milliQ water instead of tissue sample during DNA extraction) during PCR and 

affected the sequencing results in studies of microbial community diversity (Salter et al., 2014). 

In this study, two OTUs representing these genera were detected in the QIAamp DNA mini kit 

negative control (“kit-blank”) at low abundances (average relative abundance 1.80	×	10-5 and 

0.03, respectively). The negative control for the DNA extraction kit was amplified and 

sequenced on another sequencing lane. Therefore, it cannot be excluded that other contaminants 

can be represented in the data set in this study. Furthermore, the data set in this study showed 

that Propionibacterium (average relative abundance 0.03) and Sphingomonas (average relative 

abundance 0.01) OTUs were represented in 37 of 48 gut samples and were the third and sixth 

most abundant OTUs associated with the skin mucus of Atlantic salmon parr respectively 

(Appendix E, Table E.1). The ten skin mucus samples with the lowest numbers of reads (4000 

– 10 000) had higher abundances of these two OTUs that the skin samples with higher number 

of reads. Moreover, since the most abundant OTU in the control was an Azomonas-OTU 

(average relative abundance 0.50), which was not represented in the fish microbiota at all, and 

the two OTUs were relatively little represented in the “kit-blank”, is it highly likely that the 

Propionibacterium and Sphingomonas OTUs were not contaminants. Boutin et. al (2013) 

investigated the effect of stress on skin associated microbiota of brook charr (Salvelinus 

fontinalis) and detected Propionibacterium and Sphingomonas as two of the most abundant 

genera of the skin microbial communities of unstressed healthy fish. Both genera have also 

been isolated from the GI tract of Atlantic salmon (Dehler et al., 2017b, Zarkasi et al., 2017).  

 

4.2 The effect of membrane filtration on fish growth and performance 

The fish reared in mRAS was significantly larger and grew faster compared to the fish in cRAS 

in period 4 and 5 (Table 3.9). The water in mRAS had a higher temperature compared to cRAS, 

but the temperature corrected growth (TGC) was still significantly higher for the fish in mRAS. 

Studies performed on marine larvae has shown that larvae reared in a RAS with an implemented 

membrane filter grew better compared to the control (Wold et al., 2014). This result may 

indicate that membrane filtration and removal of accumulating organic particles from the water 

facilitated for more optimal water quality and microbial state of the rearing water, and thus, 

increased growth of the fish. The fish reared in cRAS may have been more stressed due to 
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higher particle levels and poorer microbial water quality. This may have had an impact on the 

microbiota colonizing the salmon parr, causing the lower observed growth rate.  

 

Furthermore, the observed growth rates of the fish in both cRAS and mRAS were lower than 

the potential growth rates previously found at the respective water temperatures (Austreng et 

al., 1987). This may indicate suboptimal rearing conditions within both systems. Throughout 

the experiment period there were shorter and longer periods with unstable and suboptimal water 

quality variables, such as very high particle levels in cRAS, increased water temperature due to 

heat production by the membrane and sudden activation of the emergency oxygen. Such 

variations in water quality may have triggered stress responses in the exposed fish. Chronic 

stress exposure is known to reduce the growth rate of Atlantic salmon parr (Madaro et al., 2015) 

and also lower the resistance against opportunistic bacteria (Llewellyn et al., 2014). Potential 

opportunistic pathogens were detected, however, there were no signs to disease in either of the 

systems and the survival rate was equal in both systems. 

 

4.3 The effect of membrane filtration on the water microbial communities 

The bacterial communities associated with the rearing water had the highest richness and 

Shannon’s diversity index of all three sample groups (Figure 3.1 and 3.2). Furthermore, the 

water microbiota of mRAS had a significantly higher diversity compared to cRAS (p < 0.05) 

(Figure 3.2). This indicates that the membrane filter may have affected the alpha diversity 

related to the bacterial communities, both by removal of bacteria directly and by removal of 

their substrate, organic matter. Removal of organic matter reduces the carrying capacity of 

heterotrophic bacteria and may promote formation of a more stable environment with high 

competition for substrate, favoring proliferation of K-strategists. On the other hand, large 

perturbances (e.g. addition of organic matter), unstable conditions and a high and unrealized 

carrying capacity promotes r-selection and opportunistic proliferation. K-strategists dominates 

in mature communities which are characterized by high diversity (Vadstein et al., 1993). The 

significantly higher diversity in mRAS suggest that the system may have gained a more K-

selected water community, or at least a less r-selected community. These findings coincide with 

a study performed on post-smolt reared under the similar conditions as in this experiment, with 

one conventional RAS and a RAS with membrane filtration (Fossmark, 2016). At the second 

sampling time, the diversity of the water microbiota was reduced in cRAS and increased in 

mRAS, compared to that of the first sampling time. The feed overloading period prior to the 

second sampling time increased the bacterial carrying capacity and probably facilitated for a 
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pioneer community with lower diversity in cRAS compared to mRAS (Figure 3.2), where a few 

species (opportunists) dominate.  

 

The most noticeable difference between the water microbiota communities at OTU and class 

level was the presence of Mycobacteria (Actinobacteria) and 

Spartobacteria_genera_incertae_sedis (Spartobacteria). At the OTU level, also Legionella 

(Gammaproteobactera) contributed to the differences. Interestingly, they were all more 

abundant in cRAS, the system with a higher bacterial carrying capacity. A Sphaerotilus-OTU 

(Betaproteobacteria) dominated in mRAS at t1 and Flavobacterium (Actinobacteria) became 

the most abundant OTU at t2. The microbiota present in the water is a reflection of the water 

quality variables such as temperature, pH, salinity and substrate availability. Mycobacterium 

(Actinobacteria) are rod-shaped but may even undergo filamentous growth. They thrive in 

different natural water environments and several opportunistic species of the genus have been 

isolated from municipal water distribution systems (Madigan et al., 2015, Percival and 

Williams, 2014). Spartobacteria is a class in the phylum Verrucomicrobiota, ubiquitous in 

freshwater sources, but little studied (He et al., 2017). This genus is found to co-occur with 

cyanobacterial blooms in brackish water of the Baltic sea during the summer period (Herlemann 

et al., 2013) and increase in abundance during periods with more labile dissolved organic matter 

(DOC) (Arnds et al., 2010). Legionella is a well-known genus consisting of several waterborne 

opportunistic pathogens (Madigan et al., 2015). 

 

Furthermore, the feed overloading period (day 119 – 140) affected the water microbial 

community profiles in both systems. Both OTU_4 and OTU_6 increased in abundance after the 

feed overloading period in cRAS, whereas Sphaerotilus (Betaproteobacteria) decreased in 

abundance in mRAS. There was not observed large concentration differences of DOC between 

the systems during the last two periods (day 95 – 128), but cRAS had a higher total organic 

carbon (TOC) concentration (Appendix B, Table B.2). The supply of DOC and TOC increased 

during the feed overloading period in both systems, but more extreme in cRAS (since a lot of 

the organic matter was removed by the membrane in the mRAS). This may explain why 

Mycobacterium and Spartobacteria increased even more in abundance in cRAS (Figure 3.3). 

These findings indicate that membrane filtration facilitated for a mature community with higher 

competition for substrate that prevented proliferation of these presumed opportunists. A 

microbial environmental balance is an important factor to prevent opportunistic heterotrophic 

blooms and thought to facilitate for good health and well-being of the reared fish (Llewellyn et 
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al., 2014). These results indicate that membrane filtration may be a strategy to obtain a more 

preferable water microbial community in recirculating aquaculture systems.  

 

4.4 The effect of membrane filtration on the gut associated microbiota 
The bacterial communities associated with the gut of Atlantic salmon parr reared in cRAS and 

mRAS were found to be significantly different from each other (p < 0.05). The gut microbiota 

of the fish in mRAS were less diverse compared to that of fish in cRAS (Figure 3.2). Factors 

that are known affect and shape the gut microbial composition are genetics, developmental 

stage, diet, environmental conditions and stress (Nayak, 2010b, Sullam et al., 2012, Merrifield 

and Rodiles, 2015). The salmon parr in this experiment had the same genetic background, were 

in the same developmental stage and fed the same diet. Because of this, the observed differences 

in the microbial communities between cRAS and mRAS were most likely were caused by 

different exposure to stress and/or the two rearing environments colonized by different 

microbiota. 

 

Membrane filtration reduces the number of organic particles in the water column. A reduction 

in particle levels is related to both stress reduction and improved water quality. Colloids and 

fine suspended solids that accumulate during operation may adhere to the gill tissue and further 

affect respiration and osmoregulation, causing consecutive stressful situations for the fish 

(Chapman et al., 1987, Fernandes et al., 2015). A study performed on Atlantic salmon showed 

that stress induced structural changes in the GI tract; with increased shedding of mucus and 

changes the content of colonizing microbiota in the gut (Olsen et al., 2002). Thus, the fish in 

cRAS may have been more stressed due to higher particle levels in the water column, causing 

the significant differences in fish gut microbiota between cRAS and mRAS. Furthermore, the 

environment and associated microbiota may affect the intestinal microbial communities. The 

water microbiota compositions in cRAS and mRAS were found to be significantly different 

from each other and may be the reason for the different gut microbiota in the two systems. 

Giastis et. al (2015) found that changes in the gut microbiota of tilapia larvae most likely 

correlated with changes in the microbial communities of the surrounding water. Another study 

performed on Atlantic salmon parr reared under two different rearing conditions, one RAS and 

one open loch facility, found that the dissimilarities in the gut microbial communities between 

the two groups probably were a reflection of the different water microbiota (Dehler et al., 

2017b). In addition, seawater transfer affected the intestinal community profiles of Atlantic 

salmon (Dehler et al., 2017a). The results in this study indicates that the bacterial taxa common 
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in the rearing water, are also more common in the fish gut. Especially for cRAS was this the 

case. Spartobacteria_genera_incertae_sedis (Spartobacteria), Mycobacterium 

(Actinobacteria) and Legionella (Gammaproteobacteria) (OTU_16) were highly abundant in 

the gut microbiota of fish in cRAS. All of these OTUs were abundant in the rearing water of 

both systems, but interestingly, OTU_4, OTU_6 and OTU_16 were nearly not present in the 

gut of the fish reared in mRAS. These findings strongly indicate that the gut microbiota was 

affected by the water microbiota and that the three presumed opportunists were able to colonize 

the gut of fish reared in cRAS. Even though the water microbiota clearly had an influence on 

the communities associated with the gut, there were low similarities between the microbiota 

associated with water and gut due to other selection pressures existing in these environments. 

 

The diversity of the gut microbiota in both systems increased from t1 to t2, which may be due 

to the feed overloading period. It also created noticeable different gut microbiota in cRAS 

compared to the more similar gut microbiota in mRAS (Figure 3.6 and 3.7). The two OTUs that 

increased in abundance in the water at t2, OTU_4 and OTU_6, also increased in abundance in 

the gut microbiota, further suggesting that the microbial state of the gut became altered after 

the feed overloading period. Carnobacterium (Bacilli) and Brochothrix (Bacilli) were the two 

most abundant OTUs in the gut microbiota in both systems, but interestingly, mRAS fish had 

a higher abundance of these OTUs in their gut at both sampling times (Table 3.4 and 3.5). 

Carnobacterium is thought to be a part of the normal gut flora in healthy fish (Ringø and 

Gatesoupe, 1998). It is a common probiotic used in aquaculture due to its potential to inhibit 

growth of fish pathogens such as Aeromonas salmonicida and different Vibrio spp. (Nayak, 

2010a, Ringø, 2008), but some species could also be pathogenic (Leisner et al., 2007). 

Brochothrix has been isolated from the intestine of Atlantic cod and used as probiotic against 

Aeromonas bestiarum in rainbow trout (Ringø et al., 2006, Pieters et al., 2008). These findings 

further indicate that membrane filtration may prevent large changes in the gut microbiota in 

periods with different feed loading due to more stable concentration of organic particles in the 

water column. 

 

Thus, different exposure to stress and/or the different water microbiota may be the reason for 

the different gut microbiota between the cRAS and mRAS. There is, however, no guarantee 

that the microbes associated with the water actually affects gut microbiota of fish. Studies 

performed on teleost fish in early life stages (tilapia and Atlantic cod larvae) showed that the 

water microbiota affects the colonizing of the gut (Giatsis et al., 2015, Bakke et al., 2015). 
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However, research on how water microbiota affects the gut microbiota of fish in later 

developmental stages are scarce. 

 

4.5 The effect of membrane filtration on the skin associated microbiota 

The bacterial communities associated with the skin were significantly different between the two 

sampling times (p < 0.05), but not between cRAS and mRAS (Figure 3.9). The largest 

differences between the skin microbiota between the two systems was the higher dominance of 

Mycobacterium (Actinobacteria) in cRAS compared to mRAS. Furthermore, Carnobacterium 

(Bacilli) and several other related genera was more abundant in mRAS (Figure 3.3). The 

microbiota associated with fish skin is little studied, but species of the class Bacilli are known 

to belong to the normal microbiota in fish gut (Ringø and Gatesoupe, 1998). In the present 

study, Bacilli was the most abundant class in the gut microbiota of fish reared in mRAS. The 

skin is directly and constantly in contact with the surrounding water, and the environment and 

associated microbiota are one of the factors thought to affect the skin communities (Lokesh and 

Kiron, 2016, Chiarello et al., 2015). The skin and its mucus are colonized by several of the 

same bacterial strain as found in the environment (Minniti et al., 2017, Boutin et al., 2013) and 

a change in the environment reshape the skin associated microbiota (Lokesh and Kiron, 2016). 

Lokesh and Kiron (2016) showed that transition of Atlantic salmon from freshwater to seawater 

increased the diversity of the bacterial skin community. Interestingly, in the present study, 

OTUs representing Mycobacterium (Actinobacteria), Spartobacteria_genera_incertae_sedis 

(Spartobacteria) and Legionella (Gammaproteobacteria) were highly abundant in the skin 

microbiota of fish in both systems. This indicate that the skin associated microbiota was 

strongly affected by the surrounding water microbiota. Like for the gut microbiota, there was 

still differences in the microbial community compositions in the rearing water and fish skin due 

to different selection pressures.  

 

Furthermore, stress may induce changes in the skin microbial communities. A study performed 

on brook charr found that stress may affect the skin microbiota by lowering the abundance of 

commensal microbiota, allowing potential pathogenic bacteria to colonize the skin. The skin 

microbiota of stressed brook charr was dominated by Actinobacteria strains (Boutin et al., 2013, 

Llewellyn et al., 2014). Thus, the higher particle levels in cRAS may have induced stress 

responses, allowing the three presumed opportunists (OTU_4, OTU_6 and OTU_16) found in 

the rearing water to colonize the skin of fish in cRAS to a higher extent than in mRAS. 
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The microbial communities associated with the skin of the salmon parr were different between 

sampling time t1 and t2 (Figure 3.3, Appendix I, Table I.2 and I.3). This was most likely due 

to different feed loading prior to t1 and t2. As for the water and gut microbiota, both 

Mycobacterium (Actinobacteria), Spartobacteria_genera_incertae_sedis (Spartobacteria) and 

OTUs that could not be classified at the class level, became more abundant in the skin-

associated communities in both systems. Feed overloading of the systems thus increased the 

abundance of the presumed opportunists on the skin of the fish. Two OTUs representing 

Propionibacterium and Sphingomonas were found to be highly abundant in the skin microbiota 

of fish in both systems. They decreased in abundance in cRAS and increased in abundance in 

mRAS after the overloading period. Interestingly, Boutin et. al (2013) found that 

Propionibacterium and Sphingomonas were the two most abundant genera of the skin microbial 

communities of unstressed healthy fish, further indicating increased stress exposure in cRAS 

due to higher levels of organic matter. 

 

These results further indicate that optimal and stable water quality variables (including 

microbial quality) are even more important for the skin associated microbiota, since the skin is 

constantly in contact and probably shaped by the rearing water and associated microbiota. 

 

4.6 Comparison of the water, gut and skin microbiota 
The skin samples had the lowest richness and diversity among all three sample groups (Figure 

3.1 and 3.2). Lowrey et. al (2015) found, in contrast to this study, higher microbial diversity 

compared to the internal colonization sites. They suggested that the intestine has a more stable 

community “that shape specialized microbial communities” (Lowrey et al., 2015). The reason 

for the low diversity in this study, might have been problems related to PCR amplification and 

the low number of reads obtained for the skin samples. 

 

The bacterial communities associated with rearing water, gut and skin mucus were significantly 

different from each other (p < 0.05). The fish host possess a selective environment, offering a 

different environment compared to the surrounding water. Several studies have shown that the 

host microbiota and water microbiota are different from each other (Minniti et al., 2017, Bakke 

et al., 2013). Interestingly in this study is that several OTUs in the rearing water colonized both 

the gut and skin environment of salmon parr in both cRAS and mRAS. 
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4.7 Future work and perspectives 

Research on microbial stability in land-based aquaculture systems has mainly focused on 

marine larvae. There has been little focus on rearing of Atlantic salmon parr toward sea transfer. 

The most hazardous phase of the salmon production cycle is the transfer of smolt to sea cages 

and the following weeks at sea. A larger smolt with good health and welfare are thought to 

handle this stressful situation better. How to facilitate for optimal and stable rearing conditions 

and microbial state of the rearing water is valuable information that can be used to facilitate for 

better health and welfare of salmon parr in RAS.  

 

The results in this study showed that the salmon parr reared in mRAS were larger compared to 

the fish in cRAS. An explanation for the differences in growth may be that the fish in cRAS 

were stressed due to high amounts of accumulating organic particles in the water column. Stress 

and a poorer microbial water quality may have affected the commensal microbial communities, 

causing the observed differences. More knowledge related to the effect of stress and the effect 

of water microbiota on the commensal microbial communities associated with the fish is 

needed. The experimental period investigated here was characterized by periods with 

suboptimal rearing conditions that varied over time within and between the systems. This may 

have affected both the fish growth and the microbial communities associated with water and 

fish in the two systems differently. It would be more optimal to compare two systems with 

equal and stable water quality variables, only differing by the membrane filtration step. In future 

studies, water, gut and skin samples from a larger number of sampling times should be analyzed 

to investigate the effect of water microbiota on the microbial communities associated with the 

host. It could be interesting to study the growth, welfare and the total production output of smolt 

reared in membrane filtered water also after transfer to on-growing in sea cages. Microbial 

water quality is expected to be even more important for salmon in early developmental stages 

because they are less robust. A “first-feeding experiment” with salmon fry and the importance 

of optimal and stable microbial water quality would be interesting to study. Better health and 

welfare in early developmental stages is fundamental for further development. Furthermore, 

gene expression analyses (for example; transcriptomics, qPCR or microarray analyses) could 

be applied to study the effect of different microbiota on fish gene expression, for example, how 

expression of genes in the fish immune system is affected by bacterial loads or different 

pathogens, giving a more detailed information beyond growth responses. 

 



 55 

5. Conclusions 
The objectives of this thesis were to evaluate the effect on membrane filtration on the microbial 

communities associated with rearing water, gut and skin mucus of Atlantic salmon parr reared 

in cRAS and mRAS at two sampling times (t1 and t2) with different levels of feed loading and 

water exchange. The major findings were as follows: 

 

The microbial communities associated with the rearing water in cRAS and mRAS were 

significantly different. The microbial communities in mRAS were more diverse compared to 

that of cRAS. In cRAS, three OTUs representing Mycobacteria, 

Spartobacteria_genera_incertae_sedis and Legionella were more abundant compared to 

mRAS. Except from Legionella, these OTUs increased in abundance in cRAS after the feed 

overloading period. A Sphaerotilus-OTU dominated in the water community of mRAS at t1, 

before an OTU representing Flavobacterium became more abundant at t2.  

 

The gut microbiota of fish reared in cRAS and mRAS were significantly different from each 

other. Fish reared in mRAS had a more similar gut microbial composition between the sampling 

times, despite different feed loading. This may indicate that the gut microbiota was more stable 

over time. The OTUs Mycobacterium, Spartobacteria_genera_incertae_sedis and Legionella 

were more abundant also in the fish gut microbiota in cRAS. After the overfeeding period, the 

two former OTUs became even more abundant. This indicated that membrane filtration reduced 

these few opportunists associated with the rearing water from colonizing the gut. 

 

The microbial communities associated with the skin of salmon parr were significantly different 

between t1 and t2, but not between cRAS and mRAS, suggesting that the skin microbiota was 

more affected by the change in feed loading than water treatment. Mycobacteria, 

Spartobacteria_genera_insterae_sedis and Legionella colonized the skin mucus of salmon parr 

in both systems, but with a higher dominance in the fish of cRAS. Also, in the skin 

communities, both Mycobacterium and Spartobacteria_genera_incertae_sedis increased after 

the feed overloading period.  

 

The three presumed opportunists associated with the rearing water were able to colonize both 

the gut and skin mucus of the salmon parr. These results indicate that the water microbiota 

affected the microbial communities associated with the gut and skin mucus. 
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The Atlantic salmon parr reared in mRAS grew larger compared to the fish reared in cRAS. 

Higher particle levels and suboptimal microbial water quality may have induced stress 

responses and affected the microbiota associated with the fish, causing the lower growth rate 

of fish in cRAS.  
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Appendix A Optimal water quality variables for rearing of Atlantic salmon 

parr at commercial scale 
 

Table A.1 Optimal water quality variables for rearing of Atlantic salmon parr. 

Parameter Value Reference 

Temperature (℃) 12 – 14  Elliot (1991) 

Oxygen (%) > 60 EFSA (2008) 

CO2 (mg/L) < 15 Bregnballe (2015) 

pH 6.5 – 7.5 

(Nitrification: 7.0 – 8.0) 

Bregnballe (2015) 

TAN (mg/L) < 0.02  Bregnballe (2015) 

Nitrite (mg/L) < 0.5 Bregnballe (2015) 

Nitrate (mg/L) < 100 Bregnballe (2015) 

Salinity (ppt) < 10  EFSA (2008) 

Alkalinity (mg/L)   

TSS (mg/L) < 15 Thorarensen and Farell 

(2011) 

Water flow (cm/s) < 60 Peak et. al (1997) 
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Appendix B QIAamp® DNA Mini Kit extraction protocol (Qiagen) 
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Appendix C SequalPrep ™ Normalization Plate (96) Kit  
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Appendix D Amicon® Ultra-0.5 Centrifugal Filter Devices User Guide 
 

 
 

 

 

 
 



 XI 

 
 

 

 

 
 

 



 XII 

Appendix E Water quality variables at period 4 and period 5 in cRAS and 

mRAS 

 
Water quality variables measured throughout period 4 (day 90 – 118) and period 5 (day 119 – 

140) were temperature, oxygen saturation, CO2 concentration, pH, total ammonia nitrogen 

(TAN), nitrite (NO2 – N), nitrate (NO3 – N), salinity, alkalinity, DOC, TOC and turbidity. 

Average variables (± SD) are given in Table E.1 for period 4 and Table E.2 for period 5. 

 

Table E.1 Average water quality parameters (± SD) for cRAS and mRAS at period 4 (day 90 – 118).  

Parameter cRAS mRAS 

Temperature (℃) 12.28 ± 0.25 13.79 ± 0.06 

Oxygen (%) 104.82 ± 11.46 98.98 ± 27.43 

CO2 (mg/L) 1.62 ± 0.68 1.6 ± 0.59 

pH 7.76 ± 0.08 7.79 ± 0.09 

TAN (mg/L) 0.06 ± 0.02 0.07 ± 0.07 

Nitrite (mg/L) 0.02 ± 0.01 0.02 ± 0.01 

Nitrate (mg/L) 13.44 ± 4.98 17.15 ± 6.89 

Salinity (ppt) 1.78 ± 0.43 1.2 ± 0.3 

Alkalinity (mg/L as CaCO3) 48.92 ± 2.22 47.76 ± 2.59 

DOC (mg/L) - - 

TOC (mg/L) - - 

Turbidity (NTU) 3.9 ± 1.63  0.68 ± 0.39 
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Table E.2 Average water quality variables (± SD) for cRAS and mRAS at period 5 (day 119 – 140).  

Parameter cRAS mRAS 

Temperature (℃) 12.71 ± 0.48 14.01 ± 0.46 

Oxygen (%) 94.38 ± 6.00 86.18 ± 6.14 

CO2 (mg/L) 1.62 ± 1.08 2 ± 1.09 

pH 7.64 ±	0.25 7.61 ± 0.26 

TAN (mg/L) 0.08 ± 0.03 0.08 ±	0.05 

Nitrite (mg/L) 0 ± 0 0.01 ± 0 

Nitrate (mg/L) 5.4 ±	1.07 8.60 ± 2.81 

Salinity (ppt) 1.65 ± 0.2 1.62 ± 0.31 

Alkalinity (mg/L as CaCO3) 48.53 ± 5.63 49.63 ± 8.27 

DOC (mg/L) * 5.64 ± 0.68 5.47 ± 0.61 

TOC (mg/L) * 8.58 ± 1.20 6.39 ± 0.88 

Turbidity (NTU) 6.45 ± 3.49 2.55 ± 1.75 

*Average DOC and TOC from day 95 – 128  

 

The temperature was higher in mRAS overall due to heat production by the membrane and 

uneven distribution of temperature in the fish hall. cRAS had a slightly higher oxygen saturation 

during period 4 and 5 than mRAS due to differences in oxygenation. 
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Appendix F Total number of reads per sample  
Table B.1 Number of sequence reads for water (blue), gut (orange) and skin (green) samples. Sample ID 

explanation for gut and skin samples: R2 = cRAS, R1 = mRAS, T# = fish tank, F# = fish, T = gut, S = skin 

mucus, 22 = t1, 13 = t2. For water samples: 14-71 = mRAS t1 FT9, 14-72 = mRAS t1 FT8, 14-73 = mRAS 

t1 FT7, 24-71 = cRAS t1 FT3, 24-72 = cRAS t1 FT2, 24-73 = cRAS t1 FT1, 16-91 = mRAS t2 FT9, 16-92 

= mRAS t2 FT8, 16-93 = mRAS t2 FT7, 26-91 = cRAS t1 FT3, 26-92 = cRAS t2 FT2, 26-93 = cRAS t2 

FT1. 
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Appendix G The most abundant OTUs in the water samples and SIMPER 

analyses 

 
Table G.1 The five most abundant OTUs in the rearing water in cRAS with average relative abundances. 

OTU 

ID 

Taxonomy Average relative 

abundance 

4 Mycobacterium (Actinobacteria) 0.17 

6 Spartobacteria_genera_incertae_sedis 

(Spartobacteria) 

0.12 

16 Legionella (Gammaproteobacteria) 0.07 

14 Sphaerotilus (Betaproteobacteria) 0.05 

34 Rhodobacteraceae (Alphaproteobacteria) 0.04 

 
Table G.2 The five most abundant OTUs in the rearing water in cRAS at sampling time 1 with average 

relative abundances. 

OTU 

ID 

Taxonomy Average relative 

abundance 

16 Legionella (Gammaproteobacteria) 0.13 

4 Mycobacterium (Actinobacteria) 0.09 

6 Spartobacteria_genera_incertae_sedis 

(Spartobacteria) 

0.07 

14 Sphaerotilus (Betaproteobacteria) 0.07 

29 Actinomycetales (Actinobacteria) 0.04 
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Table G.3 The ten most abundant OTUs in the rearing water in cRAS at sampling time 2 with average 

relative abundances. 

OTU 

ID 

Taxonomy Average relative 

abundance 

4 Mycobacterium (Actinobacteria) 0.25 

6 Spartobacteria_genera_incertae_sedis 

(Spartobacteria) 

0.17 

34 Rhodobacteraceae (Alphaproteobacteria) 0.06 

51 Bacteria 0.05 

47 Polaribacter (Flavobacteria) 0.04 

50 Cytophagaceae (Cytophagia) 0.04 

1315 Albidiferax (Betaproteobacteria) 0.03 

64 Comamonadaceae (Betaproteobacteria) 0.03 

43 Bacteroidetes 0.03 

14 Sphaerotilus (Betaproteobacteria) 0.02 

 

Table G.4 The ten most abundant OTUs in the rearing water in mRAS with average relative abundances. 

OTU ID Taxonomy Average relative abundance 

14 Sphaerotilus (Betaproteobacteria) 0.14 

34 Rhodobacteraceae (Alphaproteobacteria) 0.06 

28 Zymophilus (Negativicutes) 0.06 

27 Flavobacterium (Flavobacteria) 0.06 

25 Lachnospiraceae (Clostridia) 0.05 

31 Xanthomonadaceae (Gammaproteobacteria) 0.04 

30 Blastopirellula (Planctomycetia) 0.04 

49 Lachnospiraceae (Clostridia) 0.02 

2 Carnobacterium (Bacilli) 0.02 

16 Legionella (Gammaproteobacteria) 0.02 
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Table G.5 The ten most abundant OTUs in the rearing water in mRAS at sampling time 1 with average 

relative abundances. 

OTU 

ID 

Taxonomy Average relative 

abundance  

14 Sphaerotilus (Betaproteobacteria) 0.20 

28 Zymophilus (Negativicutes) 0.10 

25 Lachnospiraceae (Clostridia) 0.06 

31 Xanthomonadaceae (Gammaproteobacteria) 0.05 

34 Rhodobacteraceae (Alphaproteobacteria) 0.05 

49 Lachnospiraceae (Clostridia) 0.03 

53 Prevotella (Bacteroidia) 0.03 

2 Carnobacterium (Bacilli) 0.03 

30 Blastopirellula (Planctomycetia) 0.02 

6 Spartobacteria_genera_incertae_sedis 

(Spartobacteria) 

0.02 

 
Table G.6 The ten most abundant OTUs in the rearing water in mRAS at sampling time 2 with average 

relative abundances. 

OTU ID Taxonomy Average relative abundance 

27 Flavobacterium (Flavobacteria) 0.11 

14 Sphaerotilus (Betaproteobacteria) 0.08 

34 Rhodobacteraceae (Alphaproteobacteria) 0.08 

30 Blastopirellula Planctomycetia) 0.06 

25 Lachnospiraceae (Clostridia) 0.05 

31 Xanthomonadaceae (Gammaproteobacteria) 0.04 

16 Legionella (Gammaproteobacteria) 0.03 

766 Microbacteriaceae (Actinobacteria) 0.02 

94 Pedobacter (Sphingobacteria) 0.02 

133 Devosia (Alphaproteobacteria) 0.02 
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Table G.7 The five OTUs that contributed most to the difference (as measured by the Bray-Curtis 

dissimilarity) between microbial communities in cRAS and mRAS as determined by SIMPER analysis. 

The mean abundance in each system is included. 

OTU Taxonomy Contribution 

% 

Mean 

abundance 

cRAS 

Mean 

abundance 

mRAS 

4 Mycobacterium (Actinobacteria) 11.47 0.17 0.01 

6 Spartobacteria_genera_incertae_sedis 

(Spartobacteria) 

8.37 0.12 0.01 

14 Sphaerotilus (Betaproteobacteria) 7.04 0.05 0.14 

16 Legionella (Gammaproteobacteria) 4.66 0.07 0.02 

27 Flavobacterium (Flavobacteria) 3.91 0.01 0.06 
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Appendix H The most abundant OTUs in the gut samples and SIMPER 

analyses 

 
Table H.1 The ten most abundant OTUs associated with the gut of salmon parr. OTU ID, related 

taxonomy, average normalized and maximum numbers of reads are shown.  

OTU Taxonomy  Average relative abundance 

2 Carnobacterium (Bacilli) 0.19 

1 Brochothrix (Bacilli) 0.13 

3 Rhodococcus (Actinobacteria) 0.10 

11 Pseudochrobactrum (Alphaproteobacteria) 0.04 

4 Mycobacterium (Actinobacteria) 0.04 

8 Weissella (Bacilli) 0.04 

10 Microbacterium (Actinobacteria) 0.03 

17 Leuconostoc (Bacilli) 0.02 

12 Psychrobacter (Gammaproteobacteria) 0.02 

18 Arthrobacter (Actinobacteria) 0.02 

 
Table H.2 The five OTUs that contributed most to the difference (as measured by the Bray-Curtis 

dissimilarity) between gut microbial communities in cRAS and mRAS as determined by SIMPER 

analysis. The mean abundance in each system is included. 
OTU Taxonomy  Contribution 

% 

Mean abundance 

cRAS 

Mean abundance 

mRAS 

2 Carnobacterium 

(Bacilli) 

18.44 0.10 0.28 

1 Brochothrix (Bacilli) 9.77 0.12 0.14 

4 Mycobacterium 

(Actinobacteria) 

7.46 0.09 0.0002 

3 Rhodococcus 

(Actinobacteria) 

5.77 0.08 0.13 

8 Weisella (Bacilli) 3.66 0.05 0.030 
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Table H.2 The five OTUs that contributed most to the difference (as measured by the Bray-Curtis 

dissimilarity) between gut microbial communities in cRAS and mRAS at sampling time 1 as determined 

by SIMPER analysis. The mean abundance in each system is included. 
OTU Taxonomy  Contribution 

% 

Mean 

abundance 

cRAS t1 

Mean 

abundance 

mRAS t1 

2 Carnobacterium (Bacilli) 22.80 0.15 0.32 

1 Brochothrix (Bacilli) 12.40 0.19 0.16 

3 Rhodococcus 

(Actinobacteria) 

5.73 0.12 0.12 

12 Psychrobacter 

(Gammaproteobacteria) 

4.70 0.03 0.03 

11 Pseudochrobactrum 

(Alpharoteobacteria) 

4.07 0.06 0.06 

 
Table H.3 The five OTUs that contributed most to the difference (as measured by the Bray-Curtis 

dissimilarity) between gut microbial communities in cRAS and mRAS at sampling time 2 as determined 

by SIMPER analysis. The mean abundance in each system is included. 
OTU Taxonomy Contribution 

% 

Mean 

abundance 

cRAS t2 

Mean 

abundance 

mRAS t2 

2 Carnobacterium (Bacilli) 15.16 0.04 0.23 

4 Mycobacterium (Actinobacteria) 13.55 0.17 0.0004 

3 Rhodococcus (Actinobacteria) 7.29 0.05 0.14 

1 Brochothrix (Bacilli) 7.05 0.05 0.12 

6 Spartobacteria_genera_incertae_sedis 

(Spartobacteria) 

4.11 0.05 4.34E-05 
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Table H.4 The five OTUs that contributed most to the difference (as measured by the Bray-Curtis 

dissimilarity) between gut microbial communities in cRAS at t1 and t2 as determined by SIMPER 

analysis. The mean abundance in each system is included. 
OTU  Taxonomy Contribution 

% 

Mean abundance 

cRAS t1 

Mean abundance 

cRAS t2 

4 Mycobacterium 

(Actinobacteria) 

12.36 0.001 0.17 

1 Brochothrix (Bacilli) 11.02 0.19 0.05 

2 Carnobacterium 

(Bacilli) 

9.23 0.15 0.04 

3 Rhodococcus 

(Actinobacteria) 

5.19 0.12 0.05 

8 Weisella (Bacilli) 4.72 0.02 0.08 

 
Table H.5 The five OTUs that contributed most to the difference (as measured by the Bray-Curtis 

dissimilarity) between gut microbial communities in mRAS at t1 and t2 as determined by SIMPER 

analysis. The mean abundance in each system is included. 
OTU Taxonomy Contribution 

% 

Mean 

abundance 

mRAS t1 

Mean 

abundance 

mRAS t2 

2 Carnobacterium (Bacilli) 18.49 0.32 0.23 

1 Brochothrix (Bacilli) 10.90 1.61E-01 0.12 

3 

Rhodococcus 

(Actinobacteria) 7.06 0.12 0.14 

11 

Pseudochrobactrum 

(Alphaproteobacteria) 4.65 0.06 0.05 

8 Weisella (Bacilli) 4.36 0.01 0.05 
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Appendix I The most abundant OTUs in the skin mucus samples and 

SIMPER analyses 
 
Table I.1 The ten most abundant OTUs associated with skin of Atlantic salmon parr. 

OTU Taxonomy Average relative 
abundance 

4 Mycobacterium (Actinobacteria) 0.16 
15 Pelomonas (Betaproteobacteria) 0.10 
13 Propionibacterium (Actinobacteria) 0.07 
2 Carnobacterium (Bacilli) 0.06 

26 Staphylococcus (Bacilli) 0.04 
45 Sphingomonas (Alphaproteobacteria) 0.03 
1 Brochothrix (Bacilli) 0.03 

16 Legionella (Gammaproteobacteria) 0.02 
6 Spartobacteria_genera_incertae_sedis 

(Spartobacteria) 
0.02 

41 Vibrionaceae (Gammaproteobacteria) 0.02 
 

Table I.2 SIMPER analysis generating the top five genera contributing to the dissimilarities observed 

between cRAS at sample time 1 (t1) and 2 (t2).  

OTU Taxonomy Contribution 

% 

Mean 

abundance 

cRAS t1 

Mean 

abundance 

cRAS t2 

4 Mycobacterium 
(Actinobacteria) 

19.31 0.04 0.37 

15 Pelomonas 
(Betaproteobacteria) 

8.27 0.18 0.07 

13 Propionibacterium 
(Actinobacteria) 

6.28 0.11 0.03 

26 Staphylococcus (Bacilli) 2.91 0.005 0.05 
1 Brochothrix (Bacilli) 2.54 0.04 0.003 
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Table I.3 SIMPER analysis generating the top five genera contributing to the dissimilarities observed 

between mRAS at sample time 1 (t1) and 2 (t2).  

OTU Taxonomy Contribution 
% 

Mean 
abundance 
mRAS t1 

Mean 
abundance 
mRAS t2 

4 Mycobacterium 
(Actinobacteria) 

11.23 0.02 0.20 

2 Carnobacterium (Bacilli) 11.07 0.19 0.02 
13 Propionibacterium 

(Actinobacteria) 
5.97 0.06 0.10 

15 Pelomonas 
(Betaproteobacteria) 

5.23 0.07 0.11 

1 Brochothrix (Bacilli) 4.31 0.07 0.0001 
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Appendix J Evaluation of Illumina sequencing data quality 
 

 
Figure J.1. Principal coordinate analysis (PCoA) plot based on Bray-Curtis similarities for the bacterial 

communities associated with skin of salmon parr. Red stars represent the ten samples which obtained 

4000 – 1000 reads. Light green represents cRAS and dark green represents mRAS. Filled triangles 

represent sampling time 1 (t1) and triangles represent sampling time 2 (t2).  

 
Figure J.2. Principal coordinate analysis (PCoA) plot based on Bray-Curtis similarities for the bacterial 

communities associated with skin of salmon parr. The ten samples that obtained 4000 – 1000 reads are 

removed. Light green represents cRAS and dark green represents mRAS. Filled triangles represent 

sampling time 1 (t1) and triangles represent sampling time 2 (t2).  


